
Response to reviewers 
 

Review RC2 
 
We thank you for evaluating our manuscript and providing very detailed suggestions to 
enhance the clarity and readability of our manuscript. As suggested, we have changed the 
definition of the heat budget, made a clearer separation between results and discussion 
sections and provided several clarifications throughout the manuscript, including more 
references to specific figures (panels). Please find a detailed response to all review 
comments below.  
 
Major Comments:​
1. Although generally well-written, the paper could profit from a native English speaker to 
further improve the language and syntax throughout the manuscript. This would improve the 
clarity of the paper for the benefit of the reader.  
 
We thank you for the feedback and have done our best to improve the structure and 
readability of the manuscript.  
 
2. The heat budget formulation used in the paper, aims at representing advection fluxes 
throughout partial interfaces of the selected region (Equations 2 & 3). However, the way that 
is currently mathematically formulated is rather ambiguous, according to Lee et al., (2004) 
and Kim et al., (2006), mostly representing internal processes redistributing heat within the 
domain under investigation. Unless this is the overall goal of the writers, I would advise 
reading those two works and reformulating the mixed layer heat budget to represent the 
external processes that control the domain’s heat content and then estimate the effect of the 
heat contribution through each of the region’s boundaries, following the proposed 
mathematical formulation. Alternatively, the writers can use the traditional mathematical 
formulation of the heat budget, but assessing the heat contribution of the to total (horizontal 
and vertical) advection instead.  
 
Thank you for pointing us to this better formulation of the heat budget. When calculating this 
heat budget, we used other (sometimes even newer references) that did not use this 
formulation, but we agree that using a non-zero reference temperature has advantages. 
Accordingly, we have replaced the zero temperature reference with the temporal varying, but 
volume integrated temperature (see section 2.4). The heat content and surface heat flux are 
not changed compared to the zero temperature reference, but the horizontal and vertical 
heat transports are changed by the new reference. In general the main results derived from 
the heat budget remain valid, but we think that it is still more convincing to use the more 
reasonable “new” method.  Note that based on later comments in this and other reviews, we 
have substantially changed the results section concerned with the heat budget. All of these 
results are now based on the new reference temperature.  
 
3. The description of the results is often ambiguous due to the lack of clear references to the 
corresponding figures, which may lead to reader confusion. I strongly recommend that the 



authors improve the numbering of their figures and carefully review the manuscript to ensure 
that each figure and its subplots are cited appropriately within the relevant text. Please refer 
to my comments below for specific suggestions.  
 
We fully agree that at many occasions the references to the figures need to be clearer. In 
addition to following the suggestions given below, we have carefully checked the entire text 
and added more references to figures (and subpanels of the figures).  
 
4. Some methodological choices in the study, such as the selection of the 1st and 6th cycle 
of the simulation, are not clearly justified at the beginning of the paper but are introduced 
later. To enhance clarity and avoid potential confusion for the reader, I recommend that the 
authors provide a clear and explicit justification for all methodological decisions early in the 
manuscript. Please refer to my comments below for specific suggestions.  
 
As suggested, we have added reasons for our choices throughout the manuscript. Please 
see our detailed response below for specific changes that were applied to the manuscript.  
  

 5. The description of the results is often intermingled with elements that belong in the 
discussion, which detracts from the clarity of the paper. I recommend that the authors more 
clearly separate these two sections, while also enhancing the structure and clarity of the 
methods section.  
 
We thank the reviewer for helping us better structure the manuscript. We followed the 
specific suggestions below and re-edited the results section to achieve a better separation 
between reporting and interpreting the results. Note however that some choices for the 
analysis are based on previous results and therefore a certain interpretation is needed to 
explain these choices.   
 
Minor – Detailed Comments: 
Line 104: Could you clarify the specific rationale behind selecting the 1st and 6th cycle of the 
model for analysis? This section is where you should define the key characteristics of the 
simulations and justify your choices, ensuring that readers understand the reasoning behind 
them. Providing this information early on will help familiarize readers with the terminology 
and framework, allowing for a clearer interpretation of the results later in the paper.  
 
We agree that this should be explained already at this point and have added the following 
statement: 
“The first cycle is selected, as it is closest to the observation-based initial state and 
especially in the context of high-resolution modelling, often simulations only cover the forcing 
period once. At the same time it is subject to a strong model drift that will be investigated 
later. The 6th cycle represents an equilibrated model state. Because it had the longest 
spin-up time, model drift is minimised.” (Lines 106-109). 
 
Lines 125 – 130: I recommend that the authors present a more structured and clearly 
organized overview of the different simulations/experiments conducted, along with their key 
characteristics. This could be achieved through a matrix or bullet points, explicitly 
highlighting the distinctions between the two experiments. A clearer presentation of these 



details will enhance the readability of the manuscript and provide readers with a solid 
understanding of the analysis that will follow.  
 
Thank you for this suggestion. Nevertheless, as the manuscript is mainly based on two 
experiments with the only difference being the initial conditions (and subsequent model drift), 
we think a table would provide little information. Instead, the explanation of what the cycles 
represent in the context of our study will also help to better understand our modeling 
approach.  
 
Line 134: Does that mean that the results will be the same with other baseline approaches 
(e.g. Smith et al., 2025)?Clarify. 
 
Of course, different baselines result in different MHW statistics, but there are many similar 
baselines. For example, whether one uses the 1980-2009 or 1991-2020 climatology or any 
other possible 30-year timespan does not change the qualitative results of this study. We 
have added this statement to the text (line 139).  
​
Line 172- Equation 2: I understand that this is the conventional approach to formulating 
horizontal advection flux through each boundary of a given area or section. However, as 
demonstrated by Lee et al. (2004) and Kim et al. (2006), this formulation renders the 
conventional temperature flux through a partial boundary problematic. Their research 
highlights that temperature flux, when expressed in this manner, becomes ambiguous 
because mass is typically not conserved through a partial interface. Consequently, the 
advection flux, as derived from the Gauss/divergence theorem, cannot be meaningfully 
decomposed into western, eastern, southern, and other directional components as 
presented here. Instead, they propose an alternative formulation that ensures the 
temperature flux through a partial section remains meaningful by referencing it to the 
domain-averaged temperature. I advise the writer to carefully read the studies and modify 
their calculations according to what they would like to represent (total advection flux or 
advection through a partial boundary)  
 
Thank you for your suggestions to make the heat budget analysis more meaningful. After 
reading the suggested literature we have replaced the zero temperature reference with a 
volume integrated reference temperature. As described above, we have made substantial 
changes to the analysis of the heat budget and its relation to individual MHWs. This new 
analysis is based on the updated formulation of the heat budget (see section 2.4).  
 
Line 180: Which depths does the integration happen?This needs to be clarified from the 
beginning to provide the readers with a solid understanding of the analysis that will follow. 
 
We thank the reviewer for pointing out that the integration part was unclear. Actually, this 
belonged to an earlier manuscript version, where the heat budget was shown in larger depth 
ranges (multiple model layers). However, we have decided to only show individual model 
layers for the submitted manuscript, such that there is no vertical integration used in the 
manuscript. This has been corrected. 
​
Lines 200-202: Which figure do these results correspond to? Please provide a clear 
reference to the corresponding figures.  



 
We thank the reviewer for recognizing that the correlations were misplaced in the text and 
have moved them to the correct place with a figure reference.  
 
Line 209: Do you mean Figure 3a-d? The figure subplots should have a different 
numbering/letter in order to tell them apart more easily. 
 
We have grouped the different depths into a single subplot. To clarify that we have removed 
the space between the sub-panels and specifically refer to the upper 2 rows of subplot 3a,b. 
The depths are indicated in the panels. 
​
Lines 210-214: Please, provide a clear reference of the results described here to the 
corresponding figures.  
 
All these results refer to figure 3, which is referenced in the beginning of the paragraph. We 
included several distinct references to individual sub-panels. 
 
Lines 214-215: Could you clarify further the connection between the MHW threshold 
behavior at 2200m and the mid-depth ocean warming observed in the 1980s compared to 
the 1990s? The relationship between these two aspects is not immediately clear. 
 
We thank the reviewer for spotting this mistake. The fixed (30-year) baseline period used 
here was 1980-2009 (not 1991-2010 as previously stated). Therefore, excluding the LAST 
ten years lowers the threshold temperature and therefore leads to even more MHWs after 
2010 compared to the fixed baseline (1980-2022).  
​
Line 217: To ensure clarity and consistency for the reader, it is best to use a single term 
throughout the text. Either "detrending" or "linear increase in baseline" or even better find 
more intuitive names for the experiments and use throughout the text. This avoids potential 
confusion  
 
To avoid confusion we have renamed the baselines. We refer to the former “linear baseline” 
as “detrended baseline” now. Along with this change we always use the term detreding when 
referring to the detrended baseline.  
 
Lines 218-219: "Therefore, it is not possible to recover the MHW statistics from 
non-detrended temperatures in the 6th cycle by detrending the 1st cycle (e.g. 1st-linear does 
not match 6th-fixed/WMO)". Could you clarify whether you mean that one should not expect 
similar MHW statistics when comparing non-detrended temperatures (which include both 
climate trends and model drift) to temperatures detrended using only the first cycle? What 
would be the rationale for such an approach? In the first case, strong model drift is present, 
whereas in the second, detrending removes real-world climate trends. It is unclear why one 
would expect comparable results under these conditions. Additionally, the distinction 
between the first and sixth cycle temperatures should be more rigorously defined in the 
Methods section using precise scientific terminology. 
 
The main point here is that often models are detrended in order to remove the model drift.  
There is no way to know which part of the trend is forcing and which part is model related. 



Essentially, this means one can not use the first cycle with a fixed baseline, because the 
usual way to deal with model drift also removes the forcing related trends (as one would 
expect). Ideally one would like to derive the fixed baseline statistics of the 6th cycle, from the 
1st (to avoid a multi-centennial spin-up that is very costly). This does not seem possible.  We 
have re-structured the corresponding paragraph. Also, we have clarified the differences in 
the temperature evolution of the two cycles in more detail in the method section.  
​
Line 222: Did you mean Figure 3a, b? Additionally, the red lines in Figure 3a and 3b appear 
similar, could you clarify where the dissimilarities are?  
 
The MHW statistics are shown in figure 3,a,b. The next sentence referred to the temperature 
timeseries itself with an example shown in figure 2.  Overall, the red lines are very similar in 
3a,b . In particular, at the surface. We have added correlations between the different 
timeseries here to make this statement clearer. For example, at 1000m depth, the 6thcycle 
shows a weaker increase in MHW days after 2015 compared to the 1st cycle. This is 
reflected in a correlation that is lower than 1.  
 
Lines 224-225: Problem with the syntax of this sentence. 
 
The sentence was restructured. 
​
Lines 226-227: What do you mean disadvantages due to finite length of the timeseries. 
Could you elaborate this more so that the reader understands it better? 
 
We have added to the following explanation to the manuscript: 
“A moving average leads to a loss of data at the beginning and end of the timeseries, or the 
averaging window has to be modified at the beginning and towards the end which can 
introduce spurious signals. Therefore the non-linear shifting baseline is not further discussed 
in this manuscript.” (Lines 2046-248). 
​
Figure 3d: The two regions should be highlighted in different colors and explicitly referenced 
in the text for clarity. Additionally, why are only the results of the WMO shown, while those of 
the linear 1st and linear 6th are omitted? Also, it would be helpful to include a brief 
description of what the 1st and 6th cycle represent in the caption of the figure, for the benefit 
of the reader. 
 
As for the entire Atlantic, the detrended baseline results show almost no difference between 
the decades. They would only show 4 additional straight lines close to zero that do not add 
information. To reduce the amount of lines in the subplot, we have decided to omit them. As 
colors indicate the baseline (to be consistent with panel 3c), they were not changed. The 
different regions are indicated by the different line styles (solid and dashed).  We added a 
short description of what the cycles represent in the caption of figure 3.  
​
Line 229: Could you clarify how the MHW statistics were calculated? Were events identified 
separately at each grid point and depth level across the entire Atlantic, followed by 
averaging over longitude and latitude? Or was the Atlantic first averaged at each latitude and 
longitude, reducing the dataset to only the vertical dimension, with the MHW detection 
algorithm then applied separately at each level? Or were MHWs first identified at the 



surface, with MHW days at depth determined based on the timing of surface MHW events? 
Please clarify the methodology used for constructing the vertical MHW dataset, preferably in 
methods section.​
Additionally, what explains the minimal differences between the 1st linear and 6th linear 
experiments? Why are the differences in the number of MHW days between the first and last 
10 years so small?Clarify. Also what about the differences between the 1st and 6th linear in 
FIgure 3d?why are they not mentioned anywhere? 
 
The Hobday et al. (2016) definition of MHWs is defined for a single timeseries. We applied 
this definition to all grid points in the horizontal and vertical individually (i.e. there is no 
spatial information involved in the detection, but only the local temperature evolution at each 
grid point). This description can be found in the method section (lines 126-127):  
“MHWs are defined locally, meaning the definition is applied separately at each individual 
grid point on the three dimensional grid without considering information from other grid 
points.” 
Averages (e.g. for the Atlantic) were calculated afterwards on the MHW statistics 
themselves. The small difference between the detrended baseline result indicates that the 
major difference between the decades was a long term warming/cooling (depending on 
depth) with little differences in the shape of the distribution (standard deviation and 
skewness). The latter is removed by applying the detrended baseline, such that differences 
between the decades could only arise if the temperature distribution changed shape. This 
however is probably less important in most regions, reflected in minor differences between 
the decades.  
As mentioned in our response above, the detrended baseline results are omitted in Figure 
3d, because they would double the amount of lines in the figure, without adding any 
interesting insights. However, to avoid that other readers have the same questions we briefly 
mention these thoughts in the manuscript (lines 254-257): 
“When using a detrended baseline, changes in the mean temperature between the decades 
are mostly removed and the resulting changes in MHW days are almost zero. This indicates 
that changes in the shape of the temperature distribution (standard deviation, skewness) that 
could lead to differences between the decades with a detrended baseline played a minor 
role.” 
​
Lines 236-240: This section leans more toward discussion rather than results, which should 
focus solely on reporting numbers, percentages, and observed changes. Any further 
interpretation or commentary should be reserved for the discussion section. 
 
Here we mainly try to motivate the choice of the two regions, by shortly describing the most 
important dynamical differences and how they lead to the shown results. Although the 
sentence could go to the discussion we think it is important to briefly mention these 
differences between the regions when showing the results.  
​
Line 241: "in any case" is not an appropriate scientific expression. Rephrase 
 
The word was replaced.  
​
Lines 242-248: This section leand more towards conclusion than results. 
 



We have deleted the paragraph from the results section and included it in the “Discussion 
and Conclusion” section.   
​
Lines 246 - 247: What is the rationale behind selecting this specific type of simulation for 
your analysis? A clear explanation and objective justification for this choice are necessary, 
either early in the methodology, where all the steps of your methods should be clearly 
defined, or here. 
 
Although we fully agree that such choices would be ideally all described in the methods 
section, the choice of the 6thcycle is fully based on the results described in section 3.1. 
Therefore, we can only justify at this point why we use the 6thcycle in the following analysis. 
The main reason is that the first cycle can not be used to study long-term changes in MHW 
statistics below 100 m (this is the main result of section 3.1). However, it is these changes 
that we aim to study in the following. To keep the manuscript concise we decided to focus on 
just one experiment (and baseline) to avoid too many sub panels and overly long and 
complicated descriptions of the figures. We have expanded on our decision in the 
manuscript (lines 266-272): 
“In the following we focus on the characteristics of MHWs detected by applying the fixed 
baseline in the 6th cycle. As argued above the 1st cycle can only be used to study MHWs 
relative to a detrended baseline, but we are explicitly interested in studying the impact of 
long-term changes in the surface forcing and ocean circulation on MHWs. Even though 
temperature trends in the deep ocean are highly uncertain due to the lack of long-term 
observations, the well spun-up 6th cycle is regarded as the best estimate available.” 
​
Line 252: Why did you select maximum intensity as a metric for comparison instead of mean 
intensity? A clear and well-supported justification is needed. Also, while the model generally 
underestimates maximum intensity across most of the Atlantic, it appears to overestimate it 
in the Gulf Stream region. Therefore, this argument is not exactly correct. 
 

We chose the maximum intensity as it is the most intuitive and easy to interpret metric and 
just states how much the temperature deviated from the “normal” temperature in the 
maximum. It is therefore not dependent on the length of the MHW or the exact temperature 
evolution (e.g. a very strong temperature anomaly followed by a sustained weak temperature 
anomaly could result in a relatively weak mean intensity). We have also analysed other 
metrics, such as the mean, or cumulative intensity. The choice of the intensity metrics 
ultimately depends on the exact scientific question (e.g. impact on marine species). With the 
physical oceanography view of our study, the choice was to focus on the most extreme 
values of the temperature distribution (the days with the highest anomalies). 
The model indeed shows a slightly stronger intensity of MHWs on the northern GS side. We 
have mentioned this in the manuscript, although it does not change the general statement 
that the model underestimates the maximum intensity in most regions.  
​
Line 254: What do these statistics represent?an average over the Atlantic? This should be 
mentioned in the text. not only in the figure caption. 
 
Yes, it is an average over the Atlantic, which was added to the text.  
​
Lines 263-265: How can model and observations agree on regions with longer and shorter 



durations but at the same time the differences between high and low durations be more 
pronounced in the model?That sentence is confusing. Clarify 
 
We thank the reviewer for pointing out this unclear formulation. We have replaced it with the 
following sentences (lines 289-291): 
“In particular between the equator and 20°N, VIKING20X shows very long, but OISST very 
short MHWs. In most other regions the model and satellite data agree on whether MHWs are 
comparably long or short (e.g. long MHWs North of the GS separation and short around the 
UK), but VIKING20X generally overestimates the duration.” 
​
Line 268: How does the vertical resolution of the model play a role when talking about 
differences in surface MHW characteristics?Unless the writers mean something else. Please 
clarify. 
 
The vertical resolution can be very important, if shallow mixed layers develop during MHW 
events. In this case the surface heat flux is mixed over a too large volume in the model and 
therefore the temperature evolution near-surface is not correctly simulated (neither the 
model, nor the satellite product represents temperatures directly at the surface). We have 
clarified this in the manuscript.  
​
Line 270: The term "broken section" is not scientific. Please, rephrase.​
Also, it is unclear how the black lines in Figure 5 correspond to the regions mentioned. Are 
they representing a simple vertical section along specific points across the Atlantic? If so, the 
exact latitude and longitude coordinates defining the start and end of these sections should 
be clearly documented in a table rather than solely in the figure maps, ensuring 
reproducibility. Alternatively, do these lines represent a spatially averaged area around the 
sections? This distinction needs to be clarified. Furthermore, the rationale behind selecting 
these specific regions should be explicitly stated. What criteria were used to define these 
areas, and why were they chosen for analysis? A clear justification is necessary. 
 
We have just replaced it with “section” as it is shown in the figure that the section consists of 
multiple sub-sections. As the section follows the model grid, the end-point coordinates are 
not sufficient to reproduce the section. Therefore an additional table would not increase 
reproducibility in our opinion. The script to how the section was extracted from the model 
output is uploaded along with the research data. The section shows profiles at individual grid 
points, not an area average. We have added a short reason for the choice of the section, 
which is mainly to show dynamically different regions (e.g. subpolar gyre, western boundary 
current systems, mid-atlantic ridge,...) in a single plot.  
​
Lined 271 - 272: Syntax error in the sentence. 
 
The sentence was corrected.  
​
Line 275: Which area does this sentence refer to?  
It refers to regions that are deeper than approximately 4500 m (although an exact depth can 
not be stated as it is not known where model drift still affects the temperature). This was 
added to the text. 
 



Lines 277–278: It is unclear whether this statement is directly related to the preceding 
sentence or introduces a separate result. Additionally, the specific section to which this 
sentence refers is not clearly defined. Clarification is needed to ensure coherence and 
precision. 
 
The statement refers to the fact that the sections shown in figure 3a,b have mostly opposing 
patterns, i.e. a long  mean duration of MHWs coincides with a low frequency and vice versa. 
The figure reference was added to the text and the sentence was clarified.  
​
Line 290: does Labrador Sea correspond to Canada section in FIgure 5? Not clear. It is 
better to keep a consistent name of your areas both in the text and in the figures.  
 
Yes, the Labrador Sea is seen as the section between Greenland and Canada.  This 
reference was added to the text.  
 
Line 295: For clarity and to benefit the reader, it is essential to use the same regional names 
in the text as those used in the figure. Additionally, please refer to the corresponding subplot 
in Figure 5 to further enhance clarity. 
 
The figure labels only state the name for the land features to give a geographical context. 
There are too many different currents and ocean regions to label all of them in the figure, 
therefore we always included a reference to the corresponding land masses in the text, or 
the newly introduced labels for the section vertices (see also our response to your comment 
on figure 5 below).  
​
Line 300-302: It is important to reference specific subplots of Figure 5 and use consistent 
terminology for the regions throughout the text. Additionally, the explanation provided here 
appears to be more suited for the discussion section. Please ensure that the results section 
remains focused strictly on presenting the findings, without further interpretation.Also the 
MLD does not increase. Instead it gets shallower.  
 
We have added references to the specific subplots here. We also thank the author for 
pointing out that we meant to write the MLD decreases. Although we often followed your 
advice to move parts to the discussion section, we think that in this case a short 
interpretation of the results is appropriate for the reader to immediately understand the 
results. 
 
Figure 5: The subplots of this figure need to be named separately for clarity purposes and 
ease of reading in the text. 
 
Figure 5 does only consist of 5 individual subplots. The vertical lines just mark the individual 
section segments, but the plot shows a continuous section through the Atlantic. For a better 
orientation along the section, we have labeled the vertices of the section in figure 5 and 4 
with letters.  
​
Lines 212-213: Can you provide evidence to support this, or is this a claim based on 
theoretical assumptions? It is important to substantiate this statement with relevant data, 
references, or a clear rationale to strengthen the argument.  



Although it states lines 212-213, we assume this comment refers to lines 312-313, based on 
the order of the comments. This statement is based on additional analysis that is not shown 
in the manuscript. We have also detected bottom MHWs with the detrended baseline and we 
found that differences between the baselines are overall small inthe  6th cycle, except for the 
abyssal ocean areas. It is not possible to know whether this is caused by model drift, or by 
forced circulation changes. Based on the long adjustment timescale of the deep ocean 
model drift can not be ruled out. We have clarified this in the manuscript.  
 
Lines 316,320,323: You need to reference the relevant figure here, as it is unclear which one 
the reader should be looking at. Including a specific figure reference will enhance clarity and 
guide the reader effectively. 
 
We have added more references to the figure subpanels in the respective paragraphs.  
​
Lines 317-318: I do not understand this sentence. Do you mean that the interior and near 
coastal regions of the ocean, have similar sea-floor, depths? This sounds strange. Also, 
what does it mean" even if the sea floor is located in similar depths"? What would happen if 
the sea-floor was located in different depths (which it does not, at least comparing the 
coastal and interior areas of the ocean). 
 
This sentence was just meant to state that the lower duration along the continental slope can 
not just be explained by the bottom being located at shallower depth compared to other 
regions of the ocean. For example along most of the western boundary the duration is lower 
than along the Mid-Atlantic Ridge, but the sea-floor along the Mid-Atlantic Ridge is shallower 
than along the lower continental slope along the western boundary. We added an additional 
explanation to the text.  
 
Line 326: It is unclear what is meant by "linear trend" in this context. Does it refer to a trend 
in temperatures or a trend applied to identified MHWs? Please clarify the specific variable or 
process being referenced by the term "linear trend." 
 
This refers to a linear trend in the MHW characteristics themselves, not a trend in the 
temperature for example. This was clarified in the manuscript.  
​
Lines 327-329: These sentences require improved grammatical flow and syntax, in addition 
to clear references to the appropriate subplots of Figure 6 for enhanced clarity. What specific 
trends are being referred to? Are these linear trends in temperature, or do they pertain to 
trends in MHW duration or intensity? The current phrasing is unclear and needs further 
specification. 
 
We have added a more clear description of the trends that are described here. Also, we 
have simplified the sentences for better readability. As the paragraph is rather short and 
figure 6 is explicitly referenced in the beginning of the paragraph, we did not introduce 
additional references. 
 
Lines 339 - 340: Please provide a justification for your choice of the WMO baseline over the 
linear one. Additionally, clarify where you demonstrate that the conclusions are independent 
of the baseline selection. 



 
We have chosen to focus on the fixed baseline here, since it allows us to investigate the 
impact of long-term trends. As shown in the previous part of the manuscript, a long model 
spin-up is needed to do so. Having such a long model spin-up at 1/20° resolution is very rare 
and therefore including the trends provides unique insights that are new and not easily 
obtained.   
The following text was added to the manuscript (lines 267-270): 
“As argued above, the 1st cycle can only be used to study MHWs defined with detrended 
baseline, but we are explicitly interested in studying the impact of long-term changes in the 
surface forcing and ocean circulation on MHWs. Because including the trend requires a very 
long-model spin-up that is rare at 1/20° resolution, this provides unique and novel insights 
into the characteristics of MHWs and the impact of long-term temperature changes.” 
​
Lines 348-349: The statement regarding the mean frequency being similar, yet higher in 
VIKING20X, is contradictory. Please clarify how these two observations can be reconciled.  
 
We have clarified in the manuscript that the similarity only refers to the temporal variability 
(reflected by a high correlation of 0.94), but there is a difference in the time mean MHW 
frequency.  
 
Lines 350-351: These sentences belong to discussion 
 
Although we agree this is an interpretation of the results, it is also the justification to use 
VIKING20X over ORCA025 for the majority of our analysis. In particular, it strongly 
contributes to considering the 6th cycle of VIKING20X as our best estimate available. 
Therefore, we think that a short statement which dataset we consider more realistic is 
needed at this point.  
​
Lines 355-357: In addition to the fact that this sentence belongs in the discussion section, 
how can the entire Northeast Atlantic MHW features be attributed solely to the 
Mediterranean outflow, rather than interactions between the North Atlantic Current and 
waters of (sub)polar origin? Please provide evidence to support this claim. 
 
We have moved parts of the paragraph to the discussion section, but a certain explanation 
of the results, mainly linking changes in the MHW characteristics (figure 7) to the differences 
in the temperature and circulation of the model configuration (figure A1), belong to the 
results. We have added more figure references here to indicate that these sentences are a 
description (and interpretation) of the result figures.  
We mainly argue that the high vertical temperature gradient between the Mediterranean 
Outflow Water (MOW) and North Atlantic Deep Water (NADW) or Subarctic Intermediate 
Water (SAIW) is responsible for strong MHWs (see Liu & Tanhua 2021 for a discussion of 
water masses in the region). Individual MHWs are not necessarily driven by changes in the 
MOW properties itself (or changes in the other water masses involved). They are more likely 
caused by vertical or horizontal advection anomalies in the presence of the strong gradients, 
or internal waves that displace the isotherms. Figure 1 below clearly shows that the intensity 
of MHWs is strong where the isotherms are closer together, representing a strong gradient. 
The transition between MOW and NADW between 30 and 50°N is mostly associated with a 
change of temperature in vertical direction, while further north the transition between MOW 



and SAIW also has a horizontal component. South of 30°N the vertical gradient is smaller 
(distance between isotherms increases) and the strongest gradient is shallower than 1000 
m. This results in less intense MHW, in particular at 1000 m depth.  
We have expanded our explanation in the revised manuscript to clarify the role of these 
water mass transitions in more detail.  

 
Figure 1: 1980-2023 mean MHW maximum intensity (a) and mean temperature (b) along a 
section at 20°W. The labeling of water masses is based on Liu & Tanhua (2021).  
 
Lines 358-370: These sentences belong to the discussion. 
 
See our response to the comment above, as it applies to the entire paragraph. Note that we 
have also moved lines 377-379 of the initial manuscript to the discussion.  
​
Lines 376: Have you shown that somewhere?supplementary material perhaps?not clear. 
 
We have looked at similar plots as Figure 7 for other depth levels as well. To avoid having a 
huge number of figures we decided to only show 1000 m as an example here. Nevertheless, 
we think it is important to mention that the results obtained for 1000 m depth are valid for a 
larger depth range, although this is not explicitly shown here. We have added this 
explanation to the text.  
​
Line 391: The phrase "are not in phase" is not the most appropriate syntax here. An 
alternative phrasing could be: "The surface MHW characteristics differ from those observed 
at depth." Additionally, you need to specify which subplot of Figure 9 you are referring to, as 
it is currently unclear where the reader should focus. 
 
It is not necessarily about the mean characteristics, but we want to emphasise that their 
variability has a different timing at different depths. For example a period of short MHWs in 
the early 2010s at the surface goes along with a period of long MHWs below 100m. As this 
is seen in all characteristics, we have added a reference to figure 9a-c.  This example was 
also added to the manuscript. Also, we have replaced “in-phase” with “coherent” variability.  
​
Line 392: Could you clarify what you mean by "explained variance"? Was a statistical test 
conducted to analyze the MHW characteristics?  



 
The explained variance is defined as the squared correlation coefficient (R2) and chosen 
here because it is often used in the MHW literature. This was added to the manuscript with 
an extended explanation of what the metric shows.  
 
Lines 393-394: How do the atmospheric heat fluxes relate to this figure, which focuses on 
MHW characteristics? 
 
We agree with the reviewer that this reference to the surface heat flux was unclear.  We refer 
to the heat flux here, because it accounts for most of the variability in the surface layer. We 
have clarified this in the revised manuscript. The sentences now read (lines 433-435): 
“This means that variability of the surface metrics, which are strongly linked to variability of 
the surface heat flux as will be shown later, accounts for only a small fraction of the variance 
in the MHW characteristics at depth.” 
​
Lines 396-397: The decoupling of surface and deeper MHWs is generally not attributed to 
long-term trends. Instead, the distinct variability and decoupling of MHW characteristics are 
typically the result of differing oceanic processes at the surface (high-frequency variability) 
and at depth (low-frequency variability). Therefore, the physical relevance of this sentence is 
unclear.  
 
This is true and the main point we try to make here. Nevertheless, in the presence of strong 
temperature trends, the long-term warming will cause a coherent increase in MHW statistics 
regardless of other drivers and could decouple surface from sub-surface variability. For 
example a long-term warming (that is stronger near the surface) will lead to an over 
proportional occurrence of MHWs in the upper layers compared to deeper layers, even 
though the drivers of individual events (e.g. anomalous solar influx or eddy transport) act 
coherent over the depth layer. We have rephrased the sentence and explained in more detail 
why different trends could be important. We think this is an information that is worth 
mentioning even though most people may correctly assume that oceanic processes are 
more important here.  
 
Line 400: Again, what is explained variance here? Was there a statistical test performed 
here? 
 
We have added a definition to the manuscript text where explained variance is mentioned 
first (see our response above). 
​
Lines 403-404: If this refers to a different dataset or data handling process, it is essential to 
provide a clear reference to the methods section for better context and understanding. 
Please ensure that the relevant details are adequately explained and linked to the 
methodology for clarity. 
 
If this comment refers to the scaled maximum intensity, it is just another “standard” 
characteristic of MHWs, similar to frequency, or duration. This sentence is just a short 
reminder what the difference between the maximum and scaled maximum intensity is. 
 



​
Line 406: Please ensure that the subplots in Figure 5 are clearly labeled and referenced in 
the text. This will help guide the reader to the correct location for the relevant information. 
The current lack of clarity makes it difficult to understand which specific subplot is being 
referred to. 
 
This line referred to Figure 5c. We have added this reference to the text.  
​
Lines 406-407: The typical range of MHW variability is unclear in this context. Please ensure 
that you reference the appropriate figure or subplot to guide the reader. Without this 
reference, it is difficult to determine which data you are referring to. 
 
Thanks for pointing out this unclear formulation. This refers to the temperature anomaly 
associated with MHWs compared to the typical range of temperature variability. This 
explanation was added to the text (line 450): 
“This means relative to the typical range of temperature variability, the anomaly associated 
with MHWs is similarly strong at all depths.” 
​
Line 411: The statement that MHWs show no considerable trends at this depth appears 
contradictory. From Figures 9a-c, it is evident that there is a higher number of events at the 
beginning of the timeseries, with a decreasing trend toward the end. Please clarify this 
inconsistency. 
 
We agree with you that there is still a trend towards less MHWs, but compared to all other 
depth layers the trend is much weaker and the MHW statistics show more variability on short 
timescales.  We have changed the respective sentence accordingly (lines 455-456): 
“Between 3000 and 4000 m there is a small (compared to other depth layers) decreasing 
trend in frequency and duration, but variability on interannual timescales dominates the 
timeseries” 
​
Lines 412-413: These sentences belongs to methods. Also the phrase "MHWs vary in 
phase" everywhere in the text. This sentence is unclear and contains syntax errors. It is 
important to specify whether this refers to the relationship between surface and subsurface 
layers or if it applies to other layers. Please clarify the intended meaning, or consider 
rephrasing with a more precise expression for better clarity.  
 
In order to avoid any misunderstandings, we have replaced “in-phase” by either “coherent 
variability”, or “same temporal evolution” which all refer to MHWs in different depths showing 
increases/decreases at the same time.  
Although we fully agree that this refers to the method, this sentence was not meant  to 
introduce a new method, but to remind the reader that MHWs were detected at individual 
grid points (and depth levels) and thus it is not granted that there is any coherence across 
the vertical extent of the water column. We have explicitly phrased this as a reminder and 
included a reference to the method section to avoid confusion.  
 
Figure 9: Depth ranges between Figures a-c is up to 3800m while in Figures d-f up to 
1500m. This inconsistency should be addressed. Consistency across the figures is essential 
for clarity and accuracy in presenting the data.Also in the caption of this figure, a new 



simulation is mentioned "WMO baseline but with the trend removed after calculating the 
annual mean MHW characteristics ". However, this simulation/experiment has not been 
mentioned previously in the Methods section, making it the first reference to it in the figure 
caption. It would be more appropriate to introduce and explain this simulation in the Methods 
section to adequately prepare the reader before mentioning it in the figure caption. 
 
The reason for showing only the top 1500 m is twofold. First, the figure focuses on whether 
the characteristics of deep MHW vary coherently with those at the surface. Therefore, the 
plot should emphasize the surface ocean. As the variability is clearly distinct between the 
surface and sub-surface already between 0 and 100 m there is no physical process that 
could explain a higher correlation between the surface and depth beyond 1500m. Second, 
the very computationally demanding detection of MHWs throughout the entire ocean (here 
beyond 1500m) was only done for the fixed 30-year baseline, but not the detrended 
baseline. Therefore, we can not extend the plot to 4000m  
The additional dashed lines do not represent a new experiment, or different method to define 
MHWs. After applying the 30-year fixed baseline  to the 6th cycle of VIKING20X (solid lines) 
we have removed the linear trend from the MHW characteristics themselves (dashed lines). 
This is meant to support our statement that different long-term trends at different depth can 
not explain the decoupling of near-surface and sub-surface MHWs (see our response to the 
comment on lines 396). We have clarified this in the figure caption.  
​
Line 420: It is not clear which specific subplot of Figure 10 is being referenced here, nor 
which experiment these results pertain to. It is essential to clearly specify the relevant 
subplot and provide context regarding the experiment to avoid confusion for the reader. 
 
We agree that it was not always clear to which experiment our results referred. We have 
added more reference to the specific subplots in figure 10.  
​
Line 422: This sentence is unclear. What is meant by stating that the linear trend had a 
minor impact on the Cape Verde Archipelago? The linear trend can only affect the MHW 
characteristics in the Cape Verde region, not the region itself. Please clarify. 
 
We have clarified that this refers to MHWs in the Cape Verde Archipelago region.  
​
Line 423: The MHW coverage differs between the two simulations (Fig. 10a-b), particularly 
at depth, and is not similar at the surface.Clarify. 
 
Although there are some differences between figure 10a and b in the mixed layer the 
differences are much smaller compared to other depths. Note that we have replaced the 
MHW coverage in figure 10 with individual MHWs detected in the (horizontal) mean 
temperature timeseries of the Cape Verde archipelago region. Nevertheless, the argument is 
still similar and was clarified in the revised manuscript.  
​
Lines 425-426: I do not understand how can you physically connect temperature anomalies 
(that are above the 90th percentile) and that have been identified at each layer separately. 
The application of the Hobday et al., 2016 at each layer does not guarantee spatial 
coherence of events at surface or at depth and so the events are not demonstrated to be 
connected from one layer to the other just because there is a temporal continuation of 



temperature anomalies. How can you know if the process that is responsible for the 
development of temperature anomaly at let's say 600m is physically and mechanistically 
related to the temperature anomaly identified at surface? This is an implicit assumption 
which can be made only by looking at the figures but it is not physically proven. Especially 
because these are anomalies above the 90th percentile at each layer. If an anomaly at a 
selected depth is below the90th percentile for some days but then comes back above the 
threshold, will it still be considered as a MHW?This is a problem inherent to the statistical 
MHW framework. Therefore assumptions of the vertical continuation of MHWs should not be 
made lightly. 
 
We fully agree that the coherence of MHWs in different layers does not allow for any 
statement about the physical drivers. Following the usual procedure, the temperature 
anomaly is allowed to fall below the 90th percentile for 2 days during a single MHW. If it stays 
below the 90th percentile for longer and then exceeds it again, this is considered a separate 
event.  
To study whether the apparent coherent occurrence of MHWs is related to specific drivers, 
we have replaced the former heat budget analysis with an event based view of MHWs. For 
that we have detected MHWs in the spatially averaged temperature of the Cape Verde 
archipelago. In contrast to the previously used area covered by MHWs, this allows for well 
defined start and end dates of events. With that we define the contribution of the different 
heat budget terms to the development of heat content anomalies associated with MHWs. 
Note that heat, as defined in our study, is linearly related to temperature and therefore a 
MHW is also a heat extreme. Thereby, it is possible to attribute the heat content change (i.e. 
temperature increase) related to a specific MHW event to a specific driver. Our results show 
that indeed, the layers in which MHWs occur at the same time are related to specific drivers 
or changes in the vertical structure of these drivers.  For example throughout the mixed layer 
it is clearly the surface heat flux that contributes most. Below the mixed layer lateral and 
vertical heat transport both contribute to events, while below vertical heat transport dominate 
the onset phase of MHWs. This is shown in the updated figures 10 and 11 and the 
corresponding text in section 3.4.2 and 3.4.3. 
 
 
Line 430-434: You need to reference the appropriate subplot of the figure for clarity. It is 
currently unclear which part of the figure these sentences refer to. 
 
We have added additional references to the subplots in the paragraph. Please note that this 
paragraph has substantially changed due to our new approach to investigate the drivers of 
individual MHW events. 
​
Lines 437: The specific figure being referenced here is unclear, and the concept of 
"disconnection between the two depth layers" is not well-explained.  
 
We have added more figure references and replaced the mentioned part of the sentence. It 
now reads (line 490):  
“Using the detrended baseline, MHWs additionally occur after 2010 (figure 10b)” 
 
Lines 438- 439: Please provide a clearer explanation of this result, and ensure the 
appropriate figure is cited for better clarity. 



 
This sentence summarises the previous paragraph and with the added references in the 
previous two sentences it is now clearer to which figure this is linked. Also, we have added 
additional explanation how this statement is derived from the comparison of the detrended 
and fixed baseline results.  
​
Line 441-442: Has this long-term cooling trend seen anywhere?An appropriate figure 
(subplot) should be cited here.Otherwise this looks as a general statement without proof.  
 
We have added more figure references in the respective paragraph. Although figure 10 has 
changed, the cooling trend itself is still visible in figure 10a as a continuous decrease in heat 
content.  
 
Lines 443-444: The similarity being discussed is between the simulations/experiments that 
identify MHWs using the WMO and linear baselines, not between the baselines themselves. 
This distinction needs to be clearly defined throughout the text. As it stands, the sentence is 
unclear and requires better clarification.   
 
Similar variability can be seen in the same model experiment (VIKING20X-6th), but with 
different baselines (fixed, detrended) used to detect MHWs in these experiments. The first 
cycle of VIKING20X is not used after section 3.1. This is mentioned at the end of section 3.1, 
but we have additionally added this statement to the methods section.  
 
Lines 446- 455: This paragraph belongs to the discussion. 
 
This part has been deleted following the updated heat budget analysis.  
​
Lines 457-458: The phrase "hint on connection to the surface" is unclear. To improve clarity, 
the authors should specify what indicators or evidence suggest a connection between 
surface and subsurface events  
 
This part has been deleted following the updated heat budget analysis.  
 
Line 464: The base of the mixed layer should be clearly defined in the text or figure legend, 
as it is not evident from the figures. Additionally, it is essential to reference the specific figure 
or subplot to ensure the reader knows exactly where to look for the relevant information. For 
clarity, the layer's depth or definition should be described in relation to the figure presented. 
 
This part has been deleted following  the updated heat budget analysis. The term base of 
the mixed layer is not used any longer. 
 ​
Line 465: As previously mentioned, the MLHB format utilized in this study introduces 
ambiguity when representing temperature flux across a partial interface (x, y, z). It currently 
reflects the redistribution of heat within the domain rather than the change in heat content at 
the interface due to temperature variations. See my comment above 
 
We thank you for this comment. As outlined above we have changed the heat budget as 
suggested.  



​
Line 468-472: This description probably refers to Figure 1? however, as no specific figure is 
cited, it is unclear where these results correspond to. Please clarify by referencing the 
appropriate figure (subplot) to ensure the reader knows where to look. Currently, this 
sentence is vague. 
 
This part has been deleted following  the updated heat budget analysis.  
​
Line 474 - 475: This sentence is unclear. The sentence cites Figure 11b, discussing the 
impact of removing the linear trend, while the caption of Figure 11b describes the ocean heat 
content change based on the linear baseline. Please clarify the relationship between the two, 
as the current wording is contradictory. 
 
This part has been deleted following the updated heat budget analysis. The new figure 10 
now shows only heat content anomalies, not the heat content changes.  
​
Lines 475-476: Have you shown or read that before?Otherwise it is an arbitrary statement. 
 
This part has been deleted following the updated heat budget analysis.  
​
Lines 477-478: This sentence is confusing. Please clarify or rephrase. 
 
This part has been deleted following the updated heat budget analysis.  
​
Lines 478 - 483: Once again, the specific location of these results is unclear, and it is not 
evident which figures to refer to. Additionally, why is the description of the heat content 
provided for only one experiment/cycle used in the study, and not for both? Is there a notable 
difference between them? Please clarify. 
 
This part has been deleted following the updated heat budget analysis, but the reason for 
using only one cycle here is that the heat budget (and other analysis presented here) is very 
extensive. We have focused solely on the 6th cycle of VIKING20X, after discussing the 
impact of model drift. We think the well spun-up 6th cycle provides a more realistic 
temperature evolution (at depth) compared to the 1st cycle.  Trends in MHW characteristics 
derived from the 1st cycle would be very different, but variability on shorter scales is 
expected to be more similar.   
​
Line 484: This statement requires proper citation of figures. Currently, it is unclear which 
figure is being referenced. Please ensure that the relevant figures are cited explicitly for 
clarity. 
 
This part has been deleted following the updated heat budget analysis.  
​
Lines 486-487: Could you please clarify the depth of the mixed layer base? Additionally, the 
colors used in Figure 11e are not distinct enough to clearly distinguish the different 
processes described. I recommend adjusting the color scheme for better clarity and 
differentiation of the processes. 
 



The term mixed layer base is not used any longer in the revised manuscript. 
​
Line 497: Could you clarify what you mean by "changing relative importance"? The 
expression is unclear. A rephrasing or further explanation would help ensure clarity. 
 
This part has been deleted following the updated heat budget analysis.  
​
Lines 501-511: This paragraph is more conclusion section and not results. 
 
We agree that the entire paragraph belongs to the conclusion and was therefore removed. 
Parts of the content were added to the “Summary and Conclusion” section. 
​
Figure 11: Could you specify the climatology period used to calculate the ocean heat content 
anomaly plot? This is currently unclear. 
 
We have applied the same methodology as for the heat waves. As we have updated the 
figures corresponding to the heat budget analysis, the new figure 10 shows the heat content 
anomaly based on the fixed 30-year (figure 10a) and detrended (figure 10b) baselines. This 
information was added to the caption. 
​
Line 546: Could you clarify what you mean by stating that the WMO and fixed baselines are 
not applicable below 100m? What specific application or context are you referring to? 
 
We have clarified our statements in the revised manuscript and removed the word 
“applicable”. The main argument is that in the presence of model drift, MHWs detected with 
a fixed baseline are only reflecting the model’s adjustment to the initial conditions. Therefore, 
the detected MHWs are not reflecting any processes that occur in the real ocean, such as 
circulation changes forced by wind, heat- or freshwater flux variability. In that sense the 
model drift dominated MHW statistics are not useful for any kind of application.  
​
Line 565: Could you clarify what you mean by "in the upper ocean, temperatures cover a 
large range"? Temperature is a fundamental and ubiquitous property of the ocean, so it 
would be helpful to specify what aspect of the temperature variability or range you are 
referring to.  
 
We thank you for pointing out this unclear formulation. We were referring to the range of 
variability, but replaced this formulation with the more simple statement that the upper ocean 
temperatures are much more variable than deep ocean temperatures (higher variance).  
  
Lines 585-586: Once again, I do not believe the influence of the Mediterranean Sea Outflow 
(MSO) has been adequately demonstrated here. It appears to be inferred based on unclear 
deductions. Please provide compelling evidence to support the claim that the variability 
described is indeed related to the MSO, or alternatively, clearly state it as a speculative 
observation. Additionally, which specific depth are you referring to? Given that the study 
examines multiple depths throughout the water column, this statement may not hold true 
across all depths analyzed. Please be more precise in your reference to the depth in 
question.  
 



We have extended and clarified the link between MHWs in 1000 m depth and the 
mediterranean outflow. Please see our response to your comment (Lines 355-357) above 
and figure 1 of this response letter. We have also added a specific depth range (0-1500 m) 
we are referring to. This is the depth range where the transition between water masses is 
often associated with large temperature gradients.   
 
Line 588 - 591: For which of the experiments conducted here does this apply? Or are these 
observations valid for both experiments? Please clarify. 
 
These observations are indeed valid for both experiments, which was added to the text.  
​
Line 593: A decrease in extreme positive temperatures? How is this observed? Which 
figures illustrate this? Please clarify.   
 
This was just used as a synonym for MHWs, but we agree that it may be confusing and 
decided to stick with the term MHW.  
 
Lines 614-615: Which publication. give examples. 
 
We have added a few references here that are of particular relevance as examples.  
​
Line 619: The word "pitfall" is not an appropriate word for a scientific paper. Use, limitation or 
challenge instead.  
 
We have replaced the word as suggested.  
  

 


