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Author Response to Peer Review Comments on 2023AV001059 
 
We would like to thank the two reviewers for the valuable comments and their time taken to 
provide detailed and constructive suggestions. They have certainly increased the quality and 
clarity of the manuscript. 
 
Here are the most important changes we have made in response to the reviews: 

1. The evaluation with respect to MHW and OAX has been updated to be more 

quantitative. Furthermore, we have added mean state evaluations of pH and O2, and 

an evaluation of the 150uM depth of O2. 

2. Additional analyses on the hindcast has been added as supporting evidence for some of 

the inferences made about the drivers of CCXs. 

3. The manuscript text has been revised to be clearer about when the inferences are 

supported, and when they are made from existing literature. 

 
Response to Reviewer #1:  

 The authors use CESM hindcast simulation over the last six decades to identify single extremes 
and compound extremes in the global upper ocean water column. Requiring individual events 
to cover at least 50m oder the upper 300m, they analyze high temperature (MHW), high [H+] 
(OAX), and low-oxygen (LOX) extremes, as well as compound MHW-OAX, MHW-LOX, OAX-
LOX, and MHW-OAX-LOX extremes (column single extremes (CSX) and column compound 
extremes (CCX), respectively). The authors use both relative and absolute thresholds for 
defining extremes. They analyze occurrence relative to a fixed baseline (1950s conditions) as 
well as relative to a moving baseline, where the thresholds evolve are shifting to account for the 
trends in T, [H+], and [O2]. After evaluating the model simulation against observation-based 
surface T and [H+], they analyze changes in CSX and CCX occurrence under a fixed baseline. 
Relying on a moving baseline, they analyze difference in characteristics of the CCX and their co-
occurrence with ENSO variability, as well as spatial patterns of occurrence and event metrics. 
Finally, the depth structure of CCX is analyzed regionally using a k-means clustering approach. 



 

 

This is done by defining six 50m depth bins and summing the intensity indices of single 
extremes during the column compound events in each bin over the whole time series.  
  
In my point of view, the study is very comprehensive, an impressive piece of work, and 
represents an important contribution both to the research on oceanic compound events and 
also on subsurface extremes in the ocean. As such it is suitable for publication in AGU 
Advances, given my points from above can be addressed.  
  
We thank the reviewer for the positive comments on the manuscript and the constructive and 
helpful comments on how to improve it. We truly appreciate the depth and carefulness of the 
review.  
 
Main comments:  
* Is habitat compression a good name, given that impacts can not be directly inferred from the 
identified extremes, as pointed out in the discussion? It sounds at places a bit overstated, e.g. in 
L460-461. I would propose going with something more neutral like "affected ocean volume" or 
so, and then go into the potential ecosystem impacts in the discussion. 
 
We certainly agree that the impacts cannot be directly inferred from the extremes. However, we 
think that the expressions  “habitable space” and “habitat compression” are still good choices in 
that during extremes, the habitats of organisms are directly affected, without yet making an 
assumption on the degree of impact. Furthermore, this expression has been used in very 
comparable studies, e.g., Santora et al., (2020) and Schroeder et al., (2022).  
 
 
* I am unsure about the fact that MHW volume fraction is above 5% during the first years 
(Figure 5a). The average volume covered by T > 95th percentile should be 5% by definition 
(assuming the fixed baseline is representative for the first years). CSX pose the additional 
constraint that at least 50m of volume need to be extreme at the same time - so I think these 
should have a smaller volume fraction than 5%. I am likely missing something, but some 
clarification would be appreciated.  
 
It is true that the definition of the relative threshold imposes a 5% limit on the number of days of 
extremes a single grid cell experiences over the hindcast period. However, this may not necessarily 
translate to the volume, since the vertical resolution decreases with depth. Furthermore, the 5% 
may not have an even distribution over time, since it is applied to all years in the hindcast. For 
example, the global surface ocean did not have as strong a warming trend between 1960-1970, as 
compared to 1970-present. Thus, one cannot expect that on a fixed baseline, 1961 produces the 
smallest number of MHWs. 
 
In a wider sense I am surprised how close all volume fractions in the first years in Fig. 5a are to 
the 5% that would be expected without constraining at least 50m to be affected - does this 
mean the 50m constraint does not exclude many extreme events in single grid cells? 
 
The 50 m constraint does not require the grid cells to be vertically adjacent to one another (see 
Figure 2d). Thus it only constrains the extremes when the total is <50 m in the column at a single 
time step, but there is no constraint in the vertical dimension (also explained in the manuscript). 
Therefore, if the volume fractions are close to 5%, this means that when single grid cell extremes 



 

 

occur, there tends to be at least 50 m of the column also being extreme. This must also be 
considered with the previous comment (that more than 5% of the volume can be extreme simply 
due to a non-linear trend and interannual variations). 
 
* Is there a simple reason why CCX including [H+] do not become more frequent over time 
under under a moving baseline (Figure 6), as it may be expected from increases in [H+] 
variability (e.g. Orr and Kwiatkowski, 2018, Burger et al., 2020)? 
 
The main difference is both cited studies have looked at the future under a high CO2 scenario, 
where the ocean acidification signal is substantially larger and hence also the effect stronger. In 
contrast, the CESM hindcast in this study ends in the year 2020. Thus this effect is not yet an 
important determinant for the variability of OAX. 
 
* I am somewhat confused with the different size and location metrics (Table 2). I suppose the 
"volume fraction" in Figs. 5 and 6 refer to how much ocean volume is under CCX or CSX 
conditions at any point in time, averaged over the 60y duration. But how does that compare to 
the "vertical fraction" panels in Figs 8 and 9 that go all the way to 100%? I expect this metric 
refers to how much water column is extreme during the CCX, and not in general. I would 
propose to add more details to the Extreme Event Metrics section and / or Table 2. 
Furthermore, I don't see yet the advantage of the metric "contiguous habitable space" 
compared to just the "vertical fraction". Some more motivation what we learn from this metric 
would be good. 
 
We have added some clarification to the description of the mentioned metrics. The volume fraction 
is calculated on the total global volume (of the top 300m), regardless of whether there is an 
extreme event. The vertical fraction and contiguous habitable space fraction are the mean fraction 
occupied by extremes, but only averaged over columns containing CCXs. We also updated the 
headings in the figures to make this clearer. 
 
The “contiguous habitable space” metric helps to quantify the amount of space within a column an 
organism can inhabit before it has to enter waters with extreme conditions. For example, an 
organism that performs diel vertical migration may not be impacted if 25% of the column is 
extreme. However, if the 25% sits in the middle of the column rather than entirely at the bottom, it 
implies that the organism likely has to enter extreme waters during its migration. We acknowledge 
that the manuscript can explain this more clearly, and we have done so in the metrics section. 
 
* How well does the model simulate mean oxygen concentrations at subsurface? The skill in 
doing so is necessary to have meaningful extremes relative to the absolute threshold 150 muM. 
Mean oxygen content at subsurface may be something that can be evaluated based on 
observational data.  
 
We thank the reviewer for pointing out the importance of evaluating oxygen. We have added the 
evaluation of the mean state of oxygen concentrations in the revised manuscript, based on the 
GOBAI-O2 observational product. We have also evaluated the mean depth of [O2] = 150uM. 
 
* For the clustering, I am not sure whether the conclusions are a bit too strong. As far as I 
understand, the depth structures represented by the cluster centroids could also arise as a 



 

 

result of different types of CCX occurring in the same region, particularly relevant when a 
bimodal structure occurs. See my comments on lines 592-599 and 663-679. 
 
We have revised some of the conclusions according to the suggestions made (see the specific 
comments). 
  
Specific comments:  
* L65: What is meant exactly with "when stressors reinforce each other"? that one stressor 
causes another stressor, or that the impact from multiple stressors at the same time on an 
organism is larger than if they had occurred independently? 
 
We mean the latter, and we have revised the statement to make it clearer. It now reads “When 
different stressors act synergistically, they can cause an impact disproportionately larger than that 
of individual stressors”. 
 
* L81-L86: I see the difficulty of being comprehensive in this part of the text, but these numbers 
are somewhat dependent on the extreme event definition and there may be ways of hinting 
towards the threshold definitions, like "Based on approach X, Y showed that the frequency of 
MHWs increased by Z".  
 
We have added a detail specifying that these studies used a fixed baseline, since it is the most 
relevant aspect when talking about trends. Since this is an introduction paragraph, it would be 
difficult to add more specific details. 
 
* L109-L111: How about adding Amaya et al., 2023 ( https://doi.org/10.1038/s41467-023-36567-
0) here? 
 
Thanks for the suggestion. The reference has been added. 
 
* L260: Please refer here to Supporting Information Text S1, otherwise the definition of the 
seasonally varying thresholds is unclear (e.g., the application of a 11d rolling window) 
 
The reference to Text S1 has been added at the end of the paragraph. 
 
* L270: The definition of the fixed baseline appears somewhat unusual relative to standard 
fixed baseline approaches where percentiles are just defined over some baseline period, e.g. 
1961-1990. How is the choice here motivated? 
 
This choice was made to have consistency between the fixed and moving baseline methods, so 
that both are centered upon the same baseline year. 
 
* How is the moving baseline defined for [O2] with the additional criterion [O2] < 150 muM on 
top of the relative thresholds? 
 
The moving baseline for all 3 types of extremes were done in the same way- 95th percentile on the 
detrended variable. The absolute threshold for oxygen was applied on the not-detrended oxygen 
concentration with a “logical AND” with the relative threshold. We have added a sentence in the 
methods section for more clarity. It reads “For LOX, we 

https://doi.org/10.1038/s41467-023-36567-0
https://doi.org/10.1038/s41467-023-36567-0
https://doi.org/10.1038/s41467-023-36567-0
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require the oxygen concentration to be below the 5th percentile value (again seasonally varying), 
and after which values above 150μM (∼3.5 ml/L) are masked”. 
 
* L308: How is the intensity index for a single grid cell aggregated over the water column for 
CSX? The average over all affected grid cells in the CSX, or the maximum over these? 
 
The maximum intensity index of the column of the year is taken. In the plots, this maximum 
number is averaged annually. This is described as “Maximum intensity index” in the metrics table. 
 
* Equation 4: I think the case N=Nr != 0 is not covered, although I would expect CP to be zero 
then. This could be probably solved by using >= or <= in one of the first two cases. 
 
Thank you for spotting that. The equation has been revised according to your suggestion. 
 
* L334-335: CP is not really proportional to N, is it? that would be CP = constant * N. Please 
clarify. 
 
In equation 4, N_r and N_max are constants. In particular, N_r may vary spatially but is a constant 
for each grid cell. Thus, CP is proportional to N. 
 
* What are differences (advances / disadvantages) of taking CP vs LMF? For example, an 
advantage of CP seems to always have the same range of values, irrespective of threshold 
definition. On the other hand LMF seems to be advantageous, as a LMF of, say, 2 has direct 
meaning, implying events to be twice as likely as by chance. It may be worth to add a sentence 
motivating the choice. 
 
That is true, by normalising the LMF, CP does not have the ability to directly imply the absolute 
change in frequency. However, the ceiling of +1 gives us the view of ‘how far’ the grid cell is away 
from the 2 (or 3) CSXs always occurring together. We have added a statement explaining this with 
a brief comparison with LMF. 
 
* L357ff: why are CESM MHW evaluated against monthly SST data, given availability on daily 
resolution? Is it because the hindcast simulation was forced with monthly atmospheric data? 
Connected: For the evaluation of MHW, were CESM MHW recalculated based on monthly-
mean resolution? (L364ff)  
 
The manuscript has been updated with the evaluation of MHW on a daily resolution (See Model 
Evaluation Section). 
 
* L393: I would add here the reference Ma et al., 2023 (10.1029/2023GB007765), since therein 
supp info table 6, the low non-seasonal variability in OceanSODA (for pCO2) is nicely shown 
 
Thank you for the suggestion. The reference has been added. 
 
* L454-455: triple compound events have become 6 times more intense -> This sounds like a 
lot, but I think it is important to note that the CCX intensity, as defined by the Euclidian norm 



 

 

over the 3 intensities, is here basically controlled by [H+] intensity. Some care must be taken in 
interpreting these numbers, as it does not mean that the triple compound event has become a 
lot more intense in all dimensions. 
 
That is an astute observation. We have modified the sentence to ensure that the statistic is not 
misleading. It was also alluded to in the previous paragraph. The statement added reads “This 
strong increase is to a substantial degree driven by the increase in the intensity of the OAX.” 
 
* L477-480: I think the Spearman correlation coefficient may not be a very good choice when 
comparing a numerical variable (volume fraction of double CCX -> I suppose the total volume 
covered by either of the three CCX?) with a categorical variable (|ONI|>0.5 -> why do you use 
the absolute value here? wouldn't this also include La Nina?). Is the correlation coefficient 
similarly high when comparing directly against ONI? 
 
Indeed, the manuscript is quite unclear here. The correlation was done on the numerical values of 
ONI (but only those above 0.5). The modulus is a typo (probably a copy and paste error). We have 
now simplified the correlations in this paragraph to give a brief picture of ENSO correlations with 
the volume fraction. It now reads “The global volume fractions of CCX are strongly correlated with 
positive ONI (Pearson’s R = 0.50 to 0.68), and less so with negative ONI (Pearson’sR=−0.06 
to−0.27).” 
 
* L477-488: are the numbers provided in this section all for the tropical Pacific? 
 
Yes, they were. But we have now revised this for the global volume fraction. 
 
* L481f: What is meant with "an asymmetric relationship with CCX volume fraction as 
compared with El Niño"? 
 
We mean that the increase in volume fraction due to the decrease in ONI during La Nina is not to 
the same magnitude as with El Nino. However, we have now revised the whole paragraph. 
 
* L489-494: OAX-LOX events affect most volumes because they have a large tendency to fall 
together? and longest duration because they tend to occur at subsurface where events tend to 
last longer? Some discussion would be interesting here. 
 
OAX-LOX clusters 1 and 2 have similar vertical fractions and durations to the other CCXs (Figure 
10), so the larger volume fraction is due to their higher frequency (cluster 1 and 2), which in turn is 
due to the fact that they have similar drivers. We added a statement about this in section 4.4. 
 
In contrast, cluster 3 has a long duration, which is likely due to the slower time scales associated 
with anomalies in the subtropical gyre strength. However, we do not consider this significant for 
the manuscript. 
 
* L497f: It should be "maximum intensity index" I think  
 
Thanks for spotting this. We have edited in the manuscript. 
 



 

 

* L490: I am confused by the correspondence between volume fraction and absolute numbers 
in km3. It says 735km3 would be equal 0.73% of the volume in the upper 300m, if I understand 
correctly. However, the global ocean has a surface area of around 360e6 km2, multiplied by 
0.3km (for 300m) yields a total volume of around 100e6km3, such that 735km3 should be 
something like 1/1000 of a percent rather than almost a percent. This point concerns all 
numbers in section 4.2. Please clarify. Hopefully, this means that the 12 km3 for the triple CCX 
is not correct, this number is really small given that a single water column in a 1{degree sign} 
grid would have a volume of about 100km*100km*0.3km=3000km3. 
 
Thanks for spotting this error, the numbers were typed incorrectly. It is 735 000 km3, instead of 735 
km3. We have adjusted the numbers in the subsection accordingly. 
 
L495-498 and Figure 6: Why is the intensity index for MHW-OAX larger than for the other two 
double CCX? some more discussion would be interesting 
 
This highlighted to us an inconsistency in the way we calculated the intensity time series compared 
to that in the maps. We have now fixed it and the intensity values are now consistent with what 
we see in the other figures, where OAX-LOX has the highest intensity index of the double CCXs. 
This is due to the tendency of OAX and LOX occurring in the same grid cell, increasing the intensity 
index of the column. 
 
* L508-509; Figure 7a,b: How much can the model results be trusted close to the Antarctic 
continent? given the relatively coarse model resolution there and the lack of high-quality 
observational data to compare against. 
 
It is true that the model is coarse there, and small scale effects may not be accurately represented. 
The main result from that region is the MHW-OAX cluster 4, which covers an extensive area 
around the continent and is linked to upwelling of the CDW and surface wind stress. We considered 
that the model should represent such a large scale mechanism satisfactorily. However, it remains 
that the evaluation was not focused on the Antarctic region. We have added a caveat regarding 
this point. 
 
* L511: "typically less than a week" seems to propose that MHWOAX frequency is very similar 
to the subtropical and southern high latitude ocean, where "one week" is under these 
conditions. Some less rounded numbers would be helpful. See also the comment below about 
colorbars in Figure 7.  
 
We have made the numbers more specific in the paragraph. 
 
* L514-515: Am I right in assuming this is because [O2] does not fall below 150 muM in these 
regions? I think this should be brought up. The same aspect comes back in L535, where it is 
discussed that CCX including oxygen mostly occur in the tropics. 
 
That is right. We have added this statement to the text: “This absence is a consequence of the high 
level of oxygenation in these regions with O2 staying generally above the 150μM threshold.“ 
 
L516: "Last typically less than 7 days" - is this referring to number of days per year or duration? 
 



 

 

It is duration, and has been made clearer in the text. 
 
* Figure 7: I have the impression increasing the number of levels in the colorbar for panels 
a,c,e,g would help highlighting the spatial patterns and discussing them in the text 
 
Thanks for the suggestion. We have increased the number of levels in the colorbar. 
 
* Figure 8: panels c) and d) are already shown in Figure 7, correct? If so, I would propose to 
mention that in the caption. Same holds for Figure 9c,d 
 
This has been added to the captions. 
 
* L542-543: Not sure if I understand correctly. The intensity at the threshold during a CSX 
would be 1, the corresponding CCX intensity for this case would be thus sqrt(2). One could also 
write: "2 to 4 times the intensity of the threshold for a single event". 
 
Thanks for the suggestion, we have adopted the phrasing. 
 
* L544-546: From Fig 8b, I can not really read off that MHW-OAX have low intensity throughout 
the tropics. Maybe be more specific. 
 
We have included more specific numbers in the text. 
 
* L546: should it be "while" instead of "when"?  
 
Yes, we have edited the sentence. 
 
* Figures 8 and 9, panels b: intensity can not be below 1, can it? In this case the colorbar should 
start from 1 and not from 0. 
 
The colorbars have been changed. 
 
* L563: "for the two other CCX event types"  
 
The change has been adopted. 
 
* L592-599: I am not sure whether I understood it correctly. This text reads like any individual 
CCX must have this bimodal depth structure for grid cells that fall under cluster 1. However, 
with my understanding of the clustering approach, it may as well be that there are separate 
surface CCX and to a lesser extend subsurface CCX that occur in these regions, and that the 
MHW-OAX signal in individual events thus not need to be transported from surface to 
subsurface or vice versa. 
 
Yes, we have indeed (incorrectly) implied that these extremes are occurring together at the surface 
or subsurface. The transport of the extreme signals to the subsurface is an inference we made on 
the subsurface extremes and are not necessarily related to the surface signals in the same 
columns. We have made major revisions to this section, and they now more accurately reflect the 
interpretation of the violin plots. One of the sentences read as “Since the violin plots reflect the 



 

 

sum of extreme signals over the hindcast period, these modes do not necessarily occur at the same 
time.” 
 
* L627-628: "Cluster 2 events are located higher in the water column" -> this does not seem the 
case, from Fig. 10 it just looks the other way round 
 
Yes, there was a mix up between the numbers of cluster 1 and 2. This has been corrected. 
 
* L634-636: The conclusion that extremes occur because of variations in the extend of OMZs 
seems only one option. Extremes could also occur in a water that is permanent below 150 muM, 
just because the additional 5th pctl threshold is surpassed. 
 
That is correct, and is implied by “variability in intensity” in the text. 
 
* L649-651: I would write that MHW-OAX-LOX cluster 5 and MHW-LOX cluster 4 are rather 
similar than identical. The numbers provided in this sentence mix the characteristics from both 
clusters, which is confusing, e.g. duration is from MHW-LOX, while intensity is from the triple 
CCX. Likewise, I would point out everywhere in the paragraph the similarity between MHW-
LOX and MHW-OAX-LOX clusters rather than stating that they are identical. 
 
We imply their similarity (but not identicality) by saying they are “analogous”. However, we agree 
that this paragraph can be much clearer in that respect. We have made some major edits to this 
paragraph. 
 
* L660-663: Am I right that this is a bit speculative as the actual drivers can not be identified in 
the study? If this is true, please reformulate a bit more cautiously. For example, the role of 
biology can not be identified, or can it? 
 
We have added some analysis to the manuscript supporting some of the inferences made in the 
study. One of them is a logistic regression against POC export anomaly, which is used as an 
indicator of biological productivity. For example, the logistic regression of MHW-OAX-LOX cluster 
2 events show a strong negative relationship with POC export (odds ratio = 0.64), implying that an 
anomalous reduction of biological productivity may be a driver of the CCX. 
 
* L663-679: The discussion here is very interesting. However, it would be interesting to me 
whether the individual triple compound events in this region generally have this bimodal 
temperature structure seen in Fig. 10 (as also shown in the supporting movie) or whether one 
could get this type of cluster also from different types of triple compound events occurring in 
the same region, one with surface warming and one with subsurface warming (related to the 
point on L592). 
 
It is certainly possible as the case presented requires a heating driver on the surface such that the 
induced subsurface MHW persists below the thermocline. It is thus likely that during weaker 
surface heating events, only a surface MHW is present. It is not within the scope of this study to 
isolate and/or cluster individual events, though it is a logical next step in developing the CCX 
analysis. For the subsurface (only) case, the mechanism leading to that is more difficult to imagine 
as it would require lateral advection of warmer waters at the tropics, which seems unlikely. Again, 



 

 

while the lateral movement of extremes is clearly interesting, we have to defer its study to future 
work . 
 
* L684ff: the discussion of cluster 4 - "there is not any known deep water mass of higher 
temperature in these areas". How about the role of seasonality in general here? During which 
seasons do the tripple compound events occur in the Bering Sea? During winter time, it may 
well be possible to have higher subsurface temperatures. Such a more general discussion may 
be necessary, since cluster 4 occurs not only after the blob, but throughout the time series (Fig. 
S11) 
 
We have reviewed the literature regarding warm anomalies in the Bering sea and have refined the 
inferences, including the degradation of the cold pool during winter. The section now reads “One 
possible cause of MHW-OAX-LOX in cluster 4 are preceding warm atmospheric conditions which 
cause sea-ice retreat and surface MHW (Carvalho et al., 2021). Another source of warm waters in 
the specific case of 2018 could be the Pacific Blob event in 2014-2016, which saw intense MHW 
covering the northeastern Pacific, mixing into the subsurface and persisting below the mixed layer, 
then advecting northward. Subsequently, lower sea-ice cover in the winter led to weakened 
stratification and allowed the warm water to penetrate the subsurface (Stabeno & Bell, 2019; 
Basyuk & Zuenko, 2020; Scannell et al., 2020). OAX and LOX are then are result of the anomalous 
temperatures driving increased [H+] and decreased oxygen solubility. Later, the increased 
stratification associated with this cluster (Table S1) hindered ventilation of the subsurface, 
maintaining the triple compound at depth. T” 
 
* L708: "up to 10 days per year" I would change the colorbar in Figure 11 to a finer scale - 
otherwise increases by up to 10 days per year are hard to see. 
 
The resolution on the colorbar has been increased and the text updated. 
 
* L710-712: I can not see how Fig 11a is 20 days larger than Fig11b in the subtropics and tropics - 
particularly since there is quite a distinct increase in MHW-OAX during La Nina in the western 
Pacific. Do I understand the statement correctly? 
 
This sentence only refers to El Nino (i.e. Fig 11a), and not about La Nina (Fig 11b). 
 
* Figure 11: El Nino and La Nina phases are defined as in Fig. 6 or differently?  
 
They are defined with the ONI definition of being more (or less) than 0.5 degC, crossing that 
threshold for at least 5 months. The events in Figure 6 have been filtered to include only ‘strong’ 
events- as in the caption. 
 
* L763: "the entire UPPER OCEAN water column", same in L863  
 
The changes have been made to the text. 
 
* L767: Rather Section 4.4 than Section 4?  
 
The change has been made to the reference. 
 



 

 

* L783: and remineralization also enriches the water with carbon, driving OAX. This may be 
worth adding. 
 
That has been added to the text. 
 
* L798-800: I struggle to see how MHW-OAX events in the subtropics are driven by ENSO when 
looking into Fig. 11a,b - connected to my point above in Section 4.5. 
 
We made this observation while comparing the cluster outline of MHW-OAX-2 (can be seen in 
Figure 12) with Figure 11, where strong ENSO enhancements may be seen in the subtropical South 
Atlantic (El Nino and La Nina), subtropical Pacific (La Nina), and to a lower degree El Nino in the 
subtropical Pacific. There are also some areas of suppression within this cluster, hence leading to a 
lower average ENSO change days in Figure 12. We refrained from drawing the cluster borders in 
Figure 11 to avoid making it cluttered. To make this clearer, the sentence is added: “Within this 
cluster we see a positive association with both phases of ENSO.” 
 
* Figure 12: Values for the fixed baseline: are these also averages over the whole period 1961-
2020? The colors for MHW-OAX-LOX 4 and 5 are relatively hard to distinguish on the map, 
maybe it would be worth to increase the brightness difference between the two.  
 
Yes, the values of the fixed baseline are averaged across the hindcast period. The colours of the 
triple compound extremes have been updated in the figure. 
 
* L813-814: how can you tell that the association to ENSO is low due to neglection of lag times, 
and not that the cluster may be also strongly driven by local processes or other large scale 
modes of variability? 
 
The statement was written to refer to the specific event in 2018, but we agree that even for that, it 
is too definite a statement without investigating other possible drivers. We have edited it to make 
it more accurate. 
 
* L816: "strong sub-cluster enhancements and suppression": The relatively little amount of CCX 
data during El Nino / La Nina phases surely also adds considerable noise to the results, making 
the shifts in CCX occurrence from ENSO potentially hard to detect. This may be worth adding.  
 
On the contrary, we find a large volume of MHW-OAX occurring in these Antarctic subclusters (SI 
Figure 20), which indicates a significant change in CCXs during ENSO phases. However, it is true 
that when CCX occurrence is low (like in the triple compound), the change is less significant. We 
have added the total ENSO months in the section: “Enhancement and Suppression of CCX during 
ENSO Events”. 
 
* L828: is harbinger the right word here?  
 
This section has been edited and rearranged and the word is no longer used. 
 
For the vertically migrating organisms, is it also relevant how much of vertical displacement the 
anomalies in T, [O2], and [H+] correspond to during the extreme events? For example, when an 
extreme event in [H+] would only imply conditions in [H+] that are usually prevalent only 10m 



 

 

deeper in the water column, I could image the impacts to be not so severly, compared to if they 
would correspond to a much larger displacement. [H+] may be a particularly good example, 
given that global [H+] increases by about 5 mumol kg-1 from surface to 300m depth. If an 
extreme in [H+] would imply a departure of [H+] by 0.5 mumol kg-1, that would mean 
something on the order of 30m of vertical displacement. I think this can definitely be significant 
- just thinking loudly here because it seems like a relevant aspect to me (the line of thought is a 
bit similar to the "Thermal displacement by marine heatwaves" paper by Jacox et al., just for 
the vertical). 
 
It is certainly relevant, and we feel it should be addressed by adjusting the thresholds. If the 
defined threshold already presupposes that organisms are affected during extremes, then the 
organisms will be impacted whether the extremes occupy 50m or 60m of space. In a way, by 
defining a 50m threshold in this manuscript, it establishes a baseline “amount” of the column 
which should be affected before organisms are impacted. This is a very useful discussion and we 
have added to the section on impacts : ”The impact of column extreme events on such vertically 
migrating organisms can be quantified with the choice of threshold. While a small vertical 
displacement of [H+] or [O2] anomalies may not lead to much impact, a choice of at least 50m in 
this study implies that organisms could be 50m away from waters with normal conditions, 
increasing the amount of time spent in extreme conditions.” 
 
* L887-888: This sounds a bit like the biases would only occur in upwelling regions, which is not 
the case (Fig 4d,e). It may be also worth noting here that the biases can be read both ways - it 
may also be the data product that underestimates variability, specifically for OceanSODA.  
 
This has been edited to more accurately reflect the location of the bias. The suggestion has also 
been adopted. 
 
* L892: is the co-occurrence propensity really only a product of large scale processes? This 
sounds a bit too much simplified to me. 
 
We used the wrong term, and instead meant to refer to the physical and biogeochemical processes. 
 
* L925-929: A nice recent reference that points towards the necessity of compound extreme 
conditions for impacts may be Le Grix et al., 2023 ( https://doi.org/10.1111/gcb.16968) 
 
The reference has been added. 
 
* L936-937: as pointed out before, the occurrence of all CCX including oxygen mainly in the 
tropics and the north Pacific seems a direct consequence of the assumed fixed threshold of 150 
muM for oxygen. I think the manuscript would benefit from pointing this out  
 
We agree and have added this in section 4.3: “In contrast, OAX-LOX events are wholly absent in 
the North Atlantic and the ocean south of about 30degreeS. This absence is a consequence of the 
high level of oxygenation in these regions with O2 staying generally above the 150uM threshold.” 
 
* L941-943: this seems a bit contradictory to the discussion on the ENSO related MHW-LOX 
cluster 4 and MHW-OAX-LOX cluster 5, where the bimodal structure for temperature is pointed 
out. 

https://doi.org/10.1111/gcb.16968
https://doi.org/10.1111/gcb.16968


 

 

  
We agree that those mentioned clusters defy the conclusion, though we consider them outliers 
among the other ENSO-related CCXs. The statement in the text also allows for their possibility 
with the phrase “tend to be driven”, indicating that it is not a hard rule. 
  
Small comments:  
L356: remove dot before 'covering'  
L527: "understand"  
L660: ". ." Typo  
L805: "El Ni no"  
L871: "occur" instead of "occurs"  
Supporting information, L8: please adjust "SX", see also L31  
 
Thank you for spotting these errors. All the above corrections have been made. 
 
Supporting information Figs. S4 and S6: The depth threshold = 100m plots seem to show 
almost everywhere extremes (non-white area), that are not present for 75m depth thresholds. 
Is there a plotting problem? 
 
It was a plotting inconsistency of how zero was treated, but we have made all the plots consistent 
now. 
 
 

  



 

 

Response to Reviewer #2:  

Summary  
The authors present a study of single and multiple extremes found in the water column 
throughout the global ocean over the past 60 years. To do so, the authors utilize a single 
hindcast simulation from the Community Earth System Model with embedded 
biogeochemistry model to explore where and when marine extremes of high temperature 
(heatwaves), low oxygen, and acidity occur, both in isolation and together, with impacts on 
marine life still an open question. Furthermore, the authors analyze various metrics, including 
event duration, intensity, and frequency and evaluate how these metrics have changed over the 
study time period (largely, increased). Lastly, the authors present a complex but informative 
summation and categorization of their findings through a k-means clustering scheme in order 
to highlight particular hotspots in the global ocean where the water column is especially 
vulnerable to compound extremes in the water column, driven by complementary or 
competing factors, likely owing to both local (e.g., sea ice) and large-scale (e.g., ENSO) 
variability.  
  
Appropriate for AGU Advances?  
While studies until very recently have primarily focused on investigating single surface extreme 
events, especially marine heatwaves (MHWs), the presented study dives deeper into the water 
column and across types of extremes in order to focus on and include the conditions most 
relevant to marine ecosystems, and their management in the future. While this not the first 
study to use a hindcast simulation to investigate global temperature, oxygen, and pH extremes 
in the water column (e.g., Gruber et al. 2021), this study presents a new metric or identification 
scheme by which to identify multiple extremes in the water column, coined Column-Compound 
Extremes (CCXs); this could either turn out to be a one-off method or the basis of a future 
standardized scheme. While the majority of my comments (below) are minor in nature, there 
are a few items that the authors would need to consider addressing prior to acceptance and 
final publication. 
 
We thank the reviewer for his/her positive comments on the manuscript and the constructive and 
helpful comments on how to improve it.  
  
Top comments:  
  
The majority of the figures are illustrative and effective, while the tables present clear and 
useful information. Before final publication, however, the manuscript text as a whole requires 
additional attention concerning grammar and punctuation errors, to improve clarity and 
readability.  
 
In response we have revised the manuscript substantially, focusing on improving clarity and 
readability, especially in the results and discussion sections. 
  
While the authors state their level of confidence in the model's representation of MHWs and 
OAXs, I am not as confident in the latter. I expand on some of the specifics behind my 
hesitation in the Specific Comments section below, but in short, the authors fail to provide the 
necessary quantitative information to be able to effectively draw conclusions on the utility of 
this particular model in representing OAXs (and completely fail to attempt any validation of 
oxygen/LOXs entirely). Instead, the authors present side-by-side visual (qualitative) 



 

 

comparisons, between the simulation and an observation-based product, which demands sole 
reliance on a subjective eye and full acceptance of the (seemingly inflated) conclusions 
presented by the authors. Therefore, I strongly recommend that the authors pay considerable 
attention to this component of their analysis while in revision. A great deal of the interesting 
and substantial findings of this study involve OAXs (e.g., the most pronounced trends reported 
include an OAX component), making it all the more important that it's handled with care. 
Additionally, I suggest they include at least a short statement in the validation section as to why 
they cannot or will not attempt to validate LOXs (I believe the final section of the paper includes 
a first and only reference to a lack of data). See also specific comments further down. 
 
We acknowledge the need for the manuscript to improve on its validation of OAX and LOX, and 
hence, have made an effort to improve the quantitative aspect of the evaluation, as also include an 
evaluation of the mean state of oxygen concentrations in the revision. In general we have found an 
overestimation of pH and O2 near the surface, and in the subsurface near upwelling regions, 
alluding to biases in the stratification and/or mixing in the model. We also evaluated the depths at 
which [O2]=150uM since we use an absolute threshold, revealing biases of up to +/-30, also 
reflecting the sign of biases in the mean state of pH and O2 in the subsurface. The evaluation 
section has been now updated with these additional comparisons, and supporting figures have 
been added to the Supporting Information. Further, the section on Caveats and Limitations has 
been updated with these findings. 
  
I describe a significant source of perplexity as follows and I hope the authors can clear things up. 
The authors employ a single model simulation (hindcast) throughout their analysis but do not 
choose to use it to further identify the concurrent behavior and trends of supporting variables 
(upwelling, pH, MLD changes, etc.) to help explain and inform their results on extremes. 
Instead, it appears that they point to previous and independent studies to draw conclusions. 
While the mechanisms they employ to contextualize their extremes results are scientifically 
reasonable, without actual quantification with the same modeling tool, there's an obvious 
sense of unfinished business apparent throughout this study. The authors may be personally 
confident in the model's representation of MHWs and OAXs but this does not automatically 
translate to confidence in other atmospheric or physical and biogeochemical ocean processes 
that could influence these extremes. 
 
We thank the reviewer for directing the manuscript towards a more comprehensive investigation of 
the drivers. We have now made a significant change to the analysis of the drivers of CCXs. 
Specifically, we have quantified the attribution of temperature changes to pH in CCXs involving 
both MHW and OAX. We have also included a logistic regression of CCXs on the anomalies of 
thermocline depth, stratification, and POC export. These correlations are used to support some of 
the inferences we have made in the manuscript. For example, the logistic regression of MHW-OAX-
LOX cluster 2 events show a strong negative relationship with POC export (odds ratio = 0.64), 
implying that an anomalous reduction of biological productivity may be a driver of the CCX. 
  
General comments:  
  
The authors define ocean acidity and low oxygen extremes as OAX and LOX, respectively. 
Throughout the manuscript, the in-/exclusion of an additional usage of the word extremes is 
inconsistent. For example, one sentence may read, "For OAX, trends increase ... ." and another 



 

 

may read, "For OAX extremes, trends increase ... ." I recommend that the authors choose one 
and make it consistent throughout. 
  
We have chosen to exclude the word ‘extremes’ and have made this consistent across the 
manuscript. 
 
The authors have isolated the regions of the World Ocean where and when multiple extremes 
tend to occur, highlighting the most prominent in severity. While the authors discuss possible 
drivers and general impacts on pelagic species, I feel there's also a missed opportunity to really 
hit home this key finding with just a couple of additional sentences that briefly highlight the 
significance of these hotspots with respect to well-known areas of the world, like the OAX-LOX 
and MHW-OAX CCXs near the Great Barrier Reef and the OAX-LOX CCXs throughout the major 
fisheries within the California Current Large Marine Ecosystem, for example. And if the authors 
were to pull on that thread even more, they could use these regional highlights as an 
opportunity to further discuss the longer-term trends at these sites specifically (e.g., how much 
have MHW-OAX CCXs increased in/near the Great Barrier Reef region over the study time 
period, highlighting how continued increases in extremes into the future would be devastating 
to this unique and important ecosystem).  
 
Many thanks for this excellent suggestion. In response, we have updated the section on Potential 
Impacts to reflect specific regions where CCXs have occurred. It now reads:  
 
“Even though we cannot identify yet the specific biological impacts of the compound extremes we 
identified and described in this study, we point out that these CCX occur in ecologically and 
biogeochemically sensitive regions. Of particular concern is the tropical nature of many CCX given 
that these regions contain the highest diversity across nearly all trophic levels , ranging from 
phytoplankton, zooplankton, fish, to top predators . Furthermore, these tropical regions are also 
the locations of major fisheries. The co-occurrence of many double and triple compound extremes 
in the central and eastern tropical Pacific make this region among the most vulnerable. Also of 
concern are the western tropical Pacific, Southeast Asian seas, and the Coral Sea where MHW and 
OAX co-occur as well as OAX-LOX compound extremes, while being characterized as the world's 
region with the highest marine biodiversity. Furthermore, the EBUS, home of some of the highest 
fishery catches, are subject to regular compound extremes (especially OAX-LOX). Also, the 
frequent occurrence of very intense MHW-OAX events in the high latitude Southern Ocean hits a 
very sensitive ecosystem, with a relatively high diversity and home to very unique organisms and 
ecosystems” 
 
  
Heads up, Supplementary Figures S3, S4, S5, and S6 are not explicitly cited/referenced in the 
main text (at least through a command-F quick search). This could be an error or it could 
suggest that they are not necessary. Also, the data repository the authors point to doesn't 
appear to have consistent figure counts/naming convention (e.g., I don't see a Figure 13 in the 
main manuscript but there are 'fig13' files in the repository). 
 
These figures were referenced in line 282 (of the original submission pdf).  
 
The data repository has been edited to reflect the revised version of the manuscript. 
  



 

 

Specific comments:  
  
Key Point #1  
The sentence structure of this point is confusing. Perhaps reword to read, "Column-compound 
extremes (CCX) occur when 50 m of the top 300 m is extreme in multiple parameters, reducing 
habitable space by up to 75%." 
 
We have adopted the phrasing from the reviewer. 
  
L26-29 Combining or rearranging these two sentences might improve readability and flow (and 
avoid beginning a sentence with 'they'). For example, "Removing this effect with a moving 
baseline permits us to better understand the key characteristics of CCXs, revealing a typical 
duration of 10-30 days and a predominant occurrence in the tropics and high latitudes, regions 
of high potential biological vulnerability." 
 
We have adopted the phrasing from the reviewer. 
  
L56-63 Rearranging this sentence might improve readability and flow. For example, "Receiving 
increased attention are extremes in ocean acidity (OAX) [citations] and low oxygen (LOX) 
[citations], with particular emerging concern about compound marine extremes, when 
conditions are extreme in more than one stressor [citations].  
 
We have adopted the phrasing from the reviewer. 
  
L64-66 The use of 'that is' here is clunky. Could it be removed?  
 
We have rephrased this sentence. 
  
L68 I believe the semicolon here is meant to be a comma.  
 
We are not certain which semicolon  the reviewer is referring to. The semicolon we can spot is in the 
citations, which follows the style of the journal. 
 
L64-77 This paragraph reads as two versions of the same sentiment (L64-72 and then again L72-
77). Is there a way to achieve conciseness through editing? 
 
We have removed the sentence since it seemed unnecessary. 
  
L78 What is meant by 'strong' here? Large/steep slope? Unwavering? Please clarify or present 
the info differently. (Further down in this paragraph, I see that the meaning of strong can be 
inferred but only in the case of OAX.) 
 
The word ‘strong’ was only used for ocean acidification in this sentence. 
  
L84 The authors should consider avoiding words like 'going' when describing quantitative 
results. Instead, 'For OAX, the trends are even stronger, increasing from ... ." 
 
We have edited the sentence. 



 

 

  
L93 The authors might consider including a time reference to the "Blob" event.  
 
We have added a time reference. 
  
L94 Remove comma after "They speculated ... ."  
 
The comma has been removed 
  
L89-91 For some reason, this sentence doesn't sit right with me. Perhaps it's too strong of a 
statement or evokes too much certainty with the use of the word 'must.' Perhaps an alternative 
such as, "As a consequence of these trends in single-stressor extremes, increasing compound 
extremes naturally follow."  
  
We have adopted the reviewer’s suggestion. 
 
L91 To avoid too many mid-sentence breaks in this paragraph, the authors should consider 
beginning the sentence with 'For example, Gruber ... ." instead. 
 
We have adopted the reviewer’s suggestion. 
  
L129-132 Sentence structure quite clunky. Perhaps rearranging will help with flow and 
efficiency, "As for generating and maintaining marine extremes at depth, other biological-
physical mechanisms (e.g., mesoscale eddies; [citations]) are critical. 
 
We have adopted the reviewer’s suggestion. 
  
L145-147 This sentence jumps around unnecessarily, making it difficult to follow the thread. 
Instead, "... but they affect many remote regions through connected changes in large-scale 
ocean and atmospheric circulations (aka teleconnections)." 
  
We have adopted the reviewer’s suggestion. 
 
L155 'also' unnecessary here  
 
It has been removed. 
  
L159-177 The last 2 paragraphs of this section would benefit from editing, for all the reasons 
indicated so far. 
  
We have edited the 2 paragraphs to make them more concise. 
 
****For the sake of time and to avoid copy editing the paper, I realize by the end of this first 
section that I must refrain from continuing to explicitly note the lines that I feel warrant editing 
for grammar, clarity, readability, flow, conciseness, etc. As such, I recommend that the authors 
address the rest of the paper themselves before final publication. Nevertheless, the comments 
so far serve as some appropriate examples. 
 



 

 

We thank the reviewer for helping to improve the readability of the introduction, and we have 
made changes in the rest of the manuscript towards that same aim. 
  
Section 2  
While editing is needed, this is a valuable section and the figure is effective.  
  
L253 The authors discard the first 3 years of the available hindcast simulation. Is this simply 
because an even 60 years is personally desired or because there still exists some residual spin 
up? Either way, please include a reason in the manuscript. 
 
The reason (residual spinup) has been added to the Model Simulations subsection. 
  
L260-262 Does this mean the authors first computed the 5th percentile across all O2 
concentrations or only on times and depths when O2 < 3.5 ml/L? Just want to be clear on the 
order of operations for reproducibility. The use of the word 'simultaneously' blurs this a bit.  
 
The 5th percentile was computed across all concentrations, after which the absolute threshold was 
applied. We have made this clearer in the manuscript. 
  
L267 Out of curiosity, what is the shortest duration event found in the hindcast simulation? 
 
The shortest durations are 1 day long. 
  
L275-277 The authors admit that the choice of a 50 m minimum extension is subjective (a few 
lines down). The 300 m depth analysis range also seems subjective, as vertical migrations occur 
throughout the twilight zone (can extend down to ~1000 m). I'm not advocating for an 
alternative depth cut-off for this study, just for additional explanation surrounding the choice of 
300 m; I looked through the 3 citations provided and 300 m didn't necessarily jump out as an 
obvious maximum depth, so the authors must have put additional thought into this.  
 
At the study sites in Bianchi et al (2013), mesozooplankton was recorded to migrate to various 
depth ranges from 200-400m (up to 700m at one site). We chose a limit of 300m as a balance 
between a biological motivation and constraining the vertical range of the study. We have added 
this explanation in the text. 
  
L288-290 This last sentence seems to be placed prematurely and is perhaps better suited under 
the subsequent subsection on such 'metrics.' 
 
The sentence has been shifted to the next section. 
  
L325-327 Does 'high' and 'low' here mean positive and negative, respectively?  
 
Yes it does, and the sentence has been rectified. 
  
L331-332 Does the hindcast simulate leap years, where DY could also = 366?  
 
No, the hindcast runs on 365-day years. A small note has been added in this paragraph. 
  



 

 

Section 3.5  
Are there previous studies that have used the OceanSODA-ETHZ observational product and 
have drawn their own conclusions on its quantitative representation of their region of interest? 
If so, please include this/these for the reader. If this confidence can be achieved from the 
original Gregor & Gruber, 2021 paper alone, please indicate this somehow (such as, "specific 
details on the data set's representation of the observed ocean can be found in ...). This is 
particularly relevant in L378-380, where an appropriate citation would be helpful.  
 
Yes, we have added a citation to a recent publication which has evaluated the dataset’s 
representation of pH. They showed that the OceanSODA-ETHZ product has relatively lower 
variability compared with other pCO2 products. We have included this in the section on Model 
Evaluation. (https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023GB007765) 
 
Section 3.5  
While low oxygen is one of the three extreme events analyzed in this study, there is no mention 
of O2 in this section on model evaluation (not even to say there isn't sufficient observational O2 
data to assess, if that's the case). Yet, the authors conclude (L407-409) 'that the hindcast model 
is able to capture not only the mean state of the ocean's physical and biogeochemical state, but 
also its variability, which is a critical requirement to investigate extremes.' Since the authors 
only assess the model's representation of acidity ([H+]), their conclusion, as stated, is too 
strong, without sufficient discussion on the quantitative assessment of acidity and the same for 
O2. As I'm sure the authors know, a model could capture characteristics of one biogeochemical 
variable to a certain level of confidence, but not necessarily for another.  
 
We agree that this is a gap in the evaluation, and have now added the evaluation of O2 as well as 
pH in the manuscript (and supporting information). 
  
L360-363 While well-known, the El-Nino Southern Oscillation should first be spelled out before 
shortening to ENSO. 
 
It has been added to the text. 
  
Figure 3 (L364-376)  
The authors' description and graphical representation of the comparison between the hindcast 
simulation and the observational product is more qualitative than quantitative. For example, 
the authors mention the model's simulation of the distribution of the mean duration of 
detected MHWs as 'correct,' but do not show a histogram/PDF (*unless the authors meant 
spatial distribution here, unclear). By eye (Figure 3b,c), the model-product difference is at least 
by 1 month, on average, across most of the global ocean. Again, this is just a result of one 
person's qualitative assessment of the model-product differences shown ("by eye"). I suggest 
the authors consider updating this figure to include more quantitative information, such as that 
computed from common metrics (bias, root mean square error, etc.). This will allow the reader 
to see for themselves all that the authors claim ('great fidelity', 'correctly,' 'very well', 
'overestimate') in this accompanying paragraph. I appreciate that this model-product 
comparison is not the focus of this study, but since the authors have already chosen to include a 
figure, it could be slightly tweaked to highlight the most useful and quantitative information 
that will also help to minimize subjective evaluation. 
 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023GB007765


 

 

We thank the reviewer for pointing out this area where the evaluation can be improved. We have 
updated the evaluation figures with bias maps and quantitative evaluation metrics, and also 
evaluated MHWs on a daily time resolution. The RMSE, R, and bias plots help us to quantify the 
biases and these are now referenced in the Model Evaluation section. 
  
Figure 3a/L365-366  
Since the authors do not include an additional contour representing a chosen ENSO index for 
the reader to confirm the statement on 'closely coupled fluctuations,' perhaps the authors 
should consider including additional text pointing out the sharp peaks around the large El Nino 
events of ~1998 and ~2015, as guidance.  
 
This has been added to the text. 
  
L371 The inclusion of the phrase, 'while there are clearly issues with the models,' reads clunky 
and out of place. What is meant by this? Perhaps this is just a restatement of the first part of the 
sentence (unnecessary), but if not, the authors should consider expanding on what they mean 
by such a statement in the appropriate context.  
  
The phrase has been removed from the text. 
 
L394-396 The grammar muddles the meaning of this statement ('especially not with regard to'). 
Please clear up. 
 
The statement has been made more concise. 
  
Page 12/Figure 4  
Can a statement on trends in OAXs or their CCXs be made confidently when we're unsure of the 
model's representation of their duration and intensity? I suggest the authors explore additional 
ways that might help either (1) increase our confidence level in these reported findings or (2) to 
consciously and explicitly overstate the inherent uncertainties throughout (and not just in the 
caveats section at the end). 
 
We have made the OAX evaluation more quantitative, showing how the bias in the model may 
affect the results. We have also added an evaluation on the mean state of pH and the implications 
on CCXs. 
  
Figure 4 (L377-397)  
As for my comments on Figure 3 and its accompanying description above, Figure 4 and its 
description would also benefit from an update from qualitative to quantitative, especially given 
the model's poorer representation of H+ extremes, relative to SST extremes. 
 
The figure and text have been updated to make the section more quantitative. 
  
L417-419 I see value in reporting these underlying trend values. For example, what percent 
change in acidity did the global ocean experience over the 60 year period? 
 
These have been added to the manuscript. 
  



 

 

L419-421 If you mean that these results are consistent with the previous studies cited, please 
edit to be more explicit. Currently, it could be interpreted as the column results simply 
mimic/are tied to the surface within your own analysis. Also, could the authors expand on this 
point? How so? For example, the authors describe the OAX-CSX change as 'rapid,' but do these 
previous studies show an equivalent rapid change around the same time period as this study? 
 
We have revised this paragraph to include a clearer comparison with previous studies, and 
explained the contribution of the surface extremes to the volume metric. 
  
L424-426 Regarding the described 'smaller trends in oxygen,' please provide a reference 
value/magnitude. Also, is it truly just a small negative trend in underlying global oxygen 
concentration or is it a result of heterogeneity in global O2 trends that tend to cancel/dampen 
the resulting signal? If the former, please elaborate as to why the additional 150 uM constraint 
would act to further 'mute' the trend in LOX-CSX. 
 
A value of the trend in oxygen on a fixed baseline has been provided. It is both a small negative 
trend, and heterogeneity in the trend which leads to a small global trend. We have added this 
explanation in the text.  
 
Regarding the additional constraint- it was meant to be the reason for the muted magnitude and 
not the trend. However, the sentence is unclear and we have corrected this. 
  
Figure 5a  
Since confidence isn't necessarily strong in the hindcast's ability to represent OAX across the 
globe, the authors might consider including a discussion on specific model behavior that could 
be influencing the underlying trend in global ocean acidity. For example, what role does model 
drift, if any, play, especially at depth? And on that note, what proportion of the water column 
appears to drive the OAX-CSX volume trend (full 300 m, more of the surface, more of the 
subsurface, etc.)? 
 
As pointed out above, we actually have quite some confidence in the model’s ability to represent 
OAX. First, the model is able to simulate the ocean background state quite reliably, as well as the 
uptake of anthropogenic CO2 as recently summarized in DeVries et al. (2023). Second the model 
simulates the observed OAX quite reasonable, especially when considering also the uncertainties in 
the observational product. That said, the model has been shown to underestimate the uptake of 
anthropogenic CO2 (DeVries et al., 2023), although this affects primarily the deeper layers of the 
model (below 500 m), and especially the uptake into the deep Atlantic. Thus, the actual trend of 
anthropogenic CO2 in the upper 300 m is quite well captured by the model. Model drift turns to be 
essentially a non issue. First, the model was spun up for a considerable number of years (195 years 
pre-industrial, 108 years cycling of pCO2 (1972-2018)) before starting the historical simulation. 
Second, the diagnosed drift is more than one order of magnitude smaller than the trend in 
anthropogenic CO2 (see also discussion in DeVries et al., (2023), not only at the surface, but also at 
300 m depth. Finally, owing to the trend in anthropogenic CO2 to differ relatively little between the 
surface and 300 m depth, there is not a large difference in the relative contribution of the upper and 
lower parts of the top 300 m to the trend in OAX. In fact, while  the volume of OAX-CSX between 
0-150m and 150-300m increases in the fixed baseline case to the same degree up till the year 1985, 
the deeper layer (150-300m) increases actually slightly faster thereafter. In conclusion, we have 



 

 

no reason to believe that model biases in CESM have a substantial impact on our conclusions 
and therefore consider our results and discussion as robust.  
 
 
Figure 5b (L439-442)  
Are the positive trends in double CCXs having OAX (MHW-OAX and OAX-LOX) driven purely by 
the trend in OAX-CSX (Figure 4a) or are there fundamental differences in the spatial 
distribution globally of these double events vs. single OAX events? 
 
Since all OAX-CCXs necessarily contain OAX-CSXs, the increasing trend in OAX-CCXs must be 
attributed in part, to the increasing trend of the constituent CSXs (including MHWs). With the 
analysis on the moving baseline, we later showed the differences in spatial (horizontal and vertical) 
distribution between MHW-OAX and OAX-LOX, which are then attributed to different 
mechanisms. Though we did not conduct the same spatial analysis for the fixed baseline, we 
expect the distributions to be similar for the fixed baseline. 
  
L440 Another example of editing needs: the use of 'jumped up' is too colloquial.  
  
This has been edited. 
 
Section 4.2  
An accompanying table would be beneficial for the quantitative information reported in this 
section, either for the reported ENSO correlations or the stressor type characteristics (duration, 
volume, etc.). 
 
We have made the text easier to read with the quoted numbers in this section. We refrained from 
adding a table as this is only meant to give the reader an initial grasp on the extent of CCX on a 
global scale. More emphasis is placed on the later ENSO analysis by region and cluster where the 
numbers are included in the figures. 
 
L477-488 Please be explicit about significance tests employed and where/when significance is 
achieved alongside the reported correlation values. 
 
We have made the correlation values more explicit in the text. 
  
L514-515 This kind of result is the perfect opportunity for the authors to expand upon/include a 
discussion on the 'why' behind these spatial patterns. For example, what about these basins 
would preclude OAX-LOX CCX events? Is 300 m too shallow to see a signal here? Is the N. 
Atlantic well-oxygenated relative to other basins? Please provide more interpretation and 
discussion. 
 
The discussion on the spatial distribution has been expanded in the manuscript. 
  
Figure 7  
This figure made me realize that an additional or supplementary figure containing maps of the 
global average temperature, oxygen concentration, and acidity would be helpful, perhaps 
shown at the surface and again at 300 m; especially helpful to those that can't immediately 



 

 

recall which basins are relatively low in [O2], for example. A reference/baseline of the average 
model parameters of interest like this would allow for better interpretation of Figure 7. 
 
Plots of the mean values of the variables in the first and last decade of the hindcast have been 
added to the supporting information and referenced in the section on trends. 
  
Figure 7 caption  
It would also be helpful to include in the caption a short refresher on what +/- propensity values 
indicate so the reader doesn't have to go back and reference the Methods section. 
 
This has been added. 
  
L588-590 It's unclear whether the authors have actually confirmed/documented increased 
stratification, reduced nutrient supply, and suppressed biological productivity in the hindcast or 
if these are hypotheses. 
L600-623 I appreciate the inclusion of discussion and mechanistic understanding in this 
paragraph (and the rest of this subsection), but just want to point out that the authors have also 
chosen to have an entire main section dedicated to discussion (5); this paragraph sticks out 
because up until now, any expansion or discussion has been non-existent or muted. The answer 
is subjective, but perhaps the authors should reflect on the overall structure of their manuscript 
and make final adjustments accordingly. ... Have the authors confirmed any of these underlying 
mechanisms in the hindcast? It reads as if the mechanisms cited are hypotheses based on 
current understanding. For example (L617-619), have the westerlies over the ACC strengthened 
to drive enhanced upwelling of CDW here? If the authors have not, what is their reasoning? 
Regardless, I recommend these analyses, which would be consistent within the model 
framework (and readily available). 
 
Responding to the above two comments, we have added a supporting analysis of drivers to the 
results and discussion (Also in a response to a previous comment). These include the attribution of 
pH changes to temperature changes, and logistic regressions between CCX and anomalies in the 
thermocline, stratification, and POC export. While our analysis of drivers is not exhaustive, we 
make some inferences based on existing literature and current knowledge. We have also made it 
clearer in the manuscript when such inferences are being made. 
  
Figure 10  
The colors corresponding to the violin plots are not explicitly stated. Please include either as a 
key within the figure or noted in the caption. 
 
A legend has been added to the figure. 
  
L624-631 I don't see a consistent match between what's presented in the figure (10, top middle, 
violin plots) and the descriptive text. For example, "Cluster 2 events are located higher in the 
water column, between 50 and 200m ..." yet the violin plots show both events as lower in the 
water column (centered ~200 m) relative to Cluster 1. Please double-check the validity of all 
OAX-LOX clusters shown/described here. 
 
There was a referencing error here and the correct cluster numbers are now in the text. 
  



 

 

L678-679 Thanks for sharing the video; illustrative to see the authors' description come to life. 
  
L675-678 Figure 12 is invoked before Figure 11. Please reorder to make it sequential. 
 
This has been corrected. 
  
Figure 12 With such little area occupied by the MHW-OAX-LOX 4 and 5 clusters combined with 
the very little shading difference between the two dark/black colors chosen, it's very difficult to 
discern which is which on the map itself. Please make the black shades more distinct from one 
another (which may mean the authors have to lighten the color of the continents further). Also, 
the caption states that the values from the fixed baseline are in brackets but appear in 
parentheses in the figure; please update. It would also be helpful to again include the single-
double-triple event coloring triangle key from Figure 1b for ease/reference. 
 
The contrast has been increased, the caption updated, and the legend included. 
  
L819-823 The authors state, "These CCXs have been found to be driven by ... " and go on to cite 
previous studies. The way this is worded suggests that previous studies have indeed 
investigated CCXs before and that this is not the first study to define and analyze them in this 
way.  
 
This has been corrected. 
  
L893-897 The authors could consider employing an observational product, like the recent 
GOBAI-O2 product from Jon Sharp, to include in their model validation efforts, especially as 
there is currently no comparison to observed O2 whatsoever in the study. Sharp study here: 
doi.org/10.5194/essd-15-4481-2023.  
 
We thank the reviewer for the recommendation and have included an evaluation of the model 
against the GOBAI-O2 product. 

 


