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Version 0: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) Please refer to page 35.

Referee #2 

(Remarks to the Author) 
Dr. Hijma and his co-authors present a remarkably comprehensive sea-level data set for the North Sea basin. These data 
should absolutely be published -- and Nature could be a good outlet -- due to their extent and completeness. I fully agree 
with the authors' statement that this data set is a key analog to understand how ice sheets affect sea level at a time that was 
much like the present -- and sso can give us critical information about sea-level response to the demise of even diminished 
ice sheets. 

While reading the article, I had the consistent sense that it could be significantly more powerful if it were more streamlined. 
At its core is an excellent new data set gained through enormous effort. Its secondary piece is the calculation to remove local 
GIA impacts and therefore isolate periods of more rapid ice-sheet melt. Here, the implications are interesting but the 
description of the process left me lost and wondering and paging back and forth between the main text, the Methods, and the 
SI. The third objective of the paper is to consider where these ice-sheet sources of melt are. This is where the authors get 
into a bit of trouble regarding the influence of lakes on sea-level change and in applying area--volume scalings. 

While only my view, I wonder whether a paper like this could be a strong(er) candidate for Nature if the authors tell a 
straightforward story that focuses towards their strengths. 
(1) Fantastic new data set
(2) Remove local GIA component [can simplify]
(3) Generate sea-level curve to look for changes in rate [derived from their current Figure 4]
(4) Compare to other sea-level records to consider why even *corrected* SLR was less in the North Sea than in the current
eustatic curves. Conversely, you might be interested that Evan Gowan et al. (2021) obtained a RSL record with less ice
volume by providing physics-based constraints to ice-sheet volume and combining this with sea level and GIA.

Although this is not quite the brazenly positive review that everyone wishes for, I hope that these thoughts are helpful to the
authors in their journey towards publication and to the editors as they make their decisions. 

Andy Wickert 
Minneapolis 

Line-by-line: 

69-70. I wonder if this statement about depth uncertainties could mislead because different species have different associated
uncertainties, and I presume that corals with a range of depth-habitat precision are dated. 

154. 1D VM5a with the ICE-6G history?



152-155 & more. I am confused about how you created plots (Figure 3) with so little misfit, as well as why this be reasonable,
because it seems from the text that you are not taking into account the large volumes of ice melt (and hence, global mean
sea-level rise) sourced in North America and Antarctica. Are you instead taking some kind of hybrid approach in which you
are accounting for the whole water balance but simply not for its GIA effects? 
[Perhaps l. 328-330 in Methods answer that you used ICE-6G inputs for these -- this seems something to note in the main
text as well as in the Methods.] 

Figure 3: These "absolute misfit" plots seem useful, but are hard to interpet because of how many data points are plotted
over one another. Do you think that you could make the data points semi-transparent and/or find some other way to modify
the symbology? 

167-168. The two subsequent uses of "model" have different meanings; could you change your language to clarify
("simulation"? "solid-Earth rheological structure"?) 

180-182. I am unsure what you mean by "cumulative residual RSL": if it is cumulative, should it have units of [length * time]?
Perhaps just "total RSL change"? 

Figure 4. This looks more like what I expected when reading your Methods than your Misfit figure did. 

203-205. While it is strictly true that the draining of Lake Agassiz-Ojibway increased the SL Rise peak, it would have done
so only by centimeters. I think that you could simplify this and your lines 185-187 comment to be consistent with the fact that
the SLR-inducing mass losses are from the ice sheets themselves, with the lakes affecting their dynamics but storing a
relatively small (compared to the oceans!) volume of water. 

206-213. [Now that I have read your 217-218: I am largely agreeing with you.] If I were to make a guess for the source of this
residual SLR signal, it would be from North America. Following the end of the ice readvance ca. 11.6--10.5 ka ("Marquette"
in Lake Superior), the Laurentide Ice Sheet rapidly shrank (see April Dalton's NADI-1 paper for for a good visual). This
occurred during rapid Early Holocene warming. 
I agree that lakes can influence ice dynamics, and that this can be significant. Indeed, Quiquet et al. (2021) show how this
could be, and we (Austermann et al., 2022) demonstrate how an asymetrical GIA response could amplify the importance of
proglacial lakes during ice retreat. 
This said, I think that looking for lake drainage alone (unless considering its role in larger scale ice dyanmics) will probably
leave you ~2 orders of magnitude low on the water volume needed to reproduce these periods of excess sea-level rise. 

207-209. I wonder whether bringing up the Scandinavian chronology may undermine the argument behind your study -- that
being, that you are excluding Eurasian sources. Or: have you taken the GIA impacts of Scandinavian ice into account
without taking the ice-volume changes, thereby retaining this as a source of water for the observed sea-level rise? 

211-212. While I do really like Lake Superior, this flood event does not seem nearly big enough in the context of global sea
level. From its geometry, it should have raised sea level ~1 cm. At this time, Lake Superior was not connected to any ice
sheet. 

245-248. It seems to me that you are trying to counter the first paragraph in this section by noting that, in fact, there was less
early Holocene sea-level rise -- and therefore, that your North Sea data better represent reality than the far-field data. Is this
correct? It is not very clear to me. 

247-248. See 439-441 note; I am concerned that this better match (via decreasing the NAISC volume) could relate to a
misapplication of the area--volume scaling. 

Extended Data Figure 4: Could you explain why there are such different RSL predictions with 1D vs 3D simulations that both
use the same spherically symmetric solid-Earth rheological structure? The color bar -- 9 meters -- does not seem so "small"! 

439-441 and SI 6: I read into your area--volume scaling. Unfortuanately, this scaling (including its application by Ullman et
al., 2016, whom you cite) includes the assumption that the ice thickness goes to 0 at its margins. However, based on how
you split the NAISC, many individual sectors have margins with volumes that are significantly greater than 0. Therefore, I
think that your provided numbers must be an underestimate. Unfortunately, this then un-solves the discrepancy that you note
with respect to sea level. 

References [for you, if useful: no need to consider citing unless you have a good reason] 

Gowan, E. J., Zhang, X., Khosravi, S., Rovere, A., Stocchi, P., Hughes, A. L., ... & Lohmann, G. (2021). A new global ice
sheet reconstruction for the past 80 000 years. Nature communications, 12(1), 1199. 

Quiquet, A., Dumas, C., Paillard, D., Ramstein, G., Ritz, C., & Roche, D. M. (2021). Deglacial ice sheet instabilities induced
by proglacial lakes. Geophysical Research Letters, 48(9), e2020GL092141. 

Austermann, J., Wickert, A. D., Pico, T., Kingslake, J., Callaghan, K. L., & Creel, R. C. (2022). Glacial isostatic adjustment
shapes proglacial lakes over glacial cycles. Geophysical Research Letters, 49(24), e2022GL101191. 



Referee #3 

(Remarks to the Author) 
This manuscript produces new sea-level data points from the North Sea to examine Early Holocene sea-level rise. Through
analysis of these new high-resolution data, combined with GIA modeling, they find two peaks of accelerated sea-level rise
(>10 mm/yr) due to North American and Antarctic ice sheet melt. This expanded early Holocene dataset has also helped to
solve the mismatch between global mean sea-level rise estimates from ice-sheet reconstructions and Early Holocene sea-
level data. Having a more detailed understanding of sea-level change in the Early Holocene is very valuable for the sea-
level community, but these results are also very relevant and exciting for the broader community as they provide key
information about the links between rapid climate change, ice sheet melt, GIA, and sea-level change, which is crucial when
considering future climate projections today. 

The paper is very well written and clear and organized, and includes appropriate and defined statistical analyses. I also
appreciate the extensive supplemental material which is very thorough in detailing the precise methods and techniques
used in the research. I would recommend the manuscript for publication. I just have a few suggestions below which could
strengthen the applicability of the results. 

Because of the relevance of these results to understanding and projecting modern/future climate change, can the authors
include a brief discussion of temperature changes over the Holocene? The role of temperature change is only mentioned
once in Ln 52, but it would be interesting to relate temperature to the sea-level and ice melt changes observed in the early
Holocene and with current and projected temperature change. For example, Kaufman et al 2020 “A global database of
Holocene paleotemperature records” provides Holocene temperature records that may include two early Holocene peaks
that could relate to the sea-level findings here? Considering the underlying role of temperature changes, I think it would be
useful to have some further discussion of its influence on and relation to this new data to expand the applicability of these
new results. 

Following on the above comment about temperature, can anything be said in the conclusions sections to relate these early
Holocene changes to modern climate change? There is a fair amount of text in the intro that alludes to relating early
Holocene climate changes to modern/future climate. GMSLR projections are included in Figure 4, but could any further
details be added to compare early Holocene temperature/ice melt/sea-level rise with future projections to reinforce the
importance of having the context of paleo data? 

Also, very minor, but in Ln 158, it should be “EIV-IGP model” 

Referee #4 

(Remarks to the Author) 
I read the manuscript by Hijma et al. entitled “Two phases of accelerated sea-level rise in the Early Holocene revealed from
North Sea peats” with great interest. They present a new, high-resolution relative sea-level (RSL) record from submerged
peatlands in the North Sea offering unprecedented resolution from the time period spanning 13.7-6.2 ka. They use glacial
isostatic adjustment (GIA) modelling to remove contributions from land level changes resulting from ice loading of the
Eurasian ice sheet to reveal two peaks in the rate of early Holocene sea-level rise at ~10.1 and ~8.3 ka related rapid
background rates of ice melt and the drainage of proglacial lakes. Their analysis also reconciles a mismatch that existed
between early Holocene GMSL estimates from ice sheet reconstructions and RSL data. The high-quality North Sea RSL
record is important because it offers valuable information about how the North American and Antarctic ice sheets melted
during the later stages of deglaciation and enhances knowledge on how the Earth system responds to climate change. The
significance and broader implications of the North Sea dataset will be of interest to a wide audience. 

My primary expertise lies in producing and compiling records of RSL change from sedimentary archives, and my overall
assessment of the new record generated is that it is robust and of high quality (although I have few mostly minor comments
detailed below). The methods used to develop the record are clearly explained in detail in the main text and supplemental
materials. That said, I did find some other issues with the manuscript that could be improved: 

1. Inconsistencies in the terminology used to describe different contributions to sea-level changes. These inconsistencies
made the methods difficult to understand and thus fully assess. I recommend that the authors carefully review the
terminology they use in the paper to make sure it aligns with the conventions set in Gregory et al., 2019, Surveys in
Geophysics. In particular, I find the use of ‘residual MSL’ to be troublesome. It could be interpreted in the context of global
mean sea level (e.g., global mean of relative sea-level change due to the change in the volume of the ocean) or mean sea
level (the tidal datum or sometimes used to refer to the mean sea surface). 

2. Somewhat related to the last point, (too) many abbreviations are used in the paper, especially to describe various terms
related to sea-level changes. If at all possible, try to reduce the number that are used to help readers that may be less
familiar with the topic. 

3. Organisation and clarity of the methods. Information that is central to interpret the general analytical approach taken in the
paper is spread across the methods and supplemental information, detracting from the overall story presented in the main
paper text. There are descriptions of what was done, but no clear explanation as to why. In particular, I found the description



of the rationale for removing Eurasian ice sheet contribution to the North Sea RSL records and the fingerprinting approach
(barystatic-GRD fingerprint cf. Gregory et al., 2019) difficult to follow and assess (see detailed comments below). After
reading methods and the supplemental in details, I could understand the rationale for the approach, but it could be much
more clearly and succinctly explained in the main text. 

4. Validation of major findings. I've mentioned some specific instances in my detailed comments below where some of the
major findings in the paper (e.g., GMSL estimates) could be better validated to demonstrate that they are robust. Again, my
main expertise lies in generating sea-level records from sedimentary archives, so a GIA or ice sheet modeller may have
better insight here. One example I can comment on though is the authors' claim to have solved the discrepancy between
GMSL inferred from ice sheet reconstructions and far-field sea-level records. To me, the reason for far-field records varying
by ~10 m from GMSL estimated from the North Sea record could be better scrutinized. The team of authors seem well
positioned to address at least one of the three reasons (not accounting for spatially varying GIA-fingerprinting effects across
widely scattered far-field shelf and island locations) they give to explain the difference. 

In addition to the overarching issues above, there are a number of other minor points to address that I’ve detailed by line
number, figure number, or supplemental section below: 

Line 34: recommend revising “solving” to “reconciling”. This work “reconciles” a mismatch, but I think it’s an overstatement to
claim that this issue is definitely “solved”. See comment on line 254 for further explanation. 

Line 64: Given the broad audience of the journal, I’d recommend a more careful explanation of SLIPs than as written. The
description implies that the elevation of the indicator is a direct measure of past sea level. Suggest revising to something like
“SLIPs, which are derived from dated indicators that formed in close relationship to sea level and delimit the past position of
sea level in space and time” 

Line 154: Not well articulated how using the two EuIS reconstructions with two different Earth models isolates the EuIS
component from NAISC and AIS contributions contained in the Early Holocene RSL records. I don’t follow the logic. Below
in line 161, it sounds like the signal is removed, not isolated. 

Line 159: What’s the significance of the 3D 9925 model? If VM5a and 9925 are not explained here (although most readers
familiar with the topic will understand what VM5a is), remove the references for simplicity/clarity. 

Line 158-159: something missing here. Presumably the second lowest average misfit comes from the ICE-6G-1D VM5a
model pairing, but not indicated in the text (only the earth model is listed). 

Line 160: The EuIS RSL contribution includes barystatic, land deformation, gravitational, and rotational contributions from
the EuIS? This could be more clearly explained. 

Line 162: Uncertainty specification of what? 

Line 163: Should be “EIV-IGP” not EIV-IPG. Could also be defined here (which would avoid the confusion in abbreviation).
Error-in-variables Integrated Gaussian Process model. 

Line 165: Presumably “precision” or “uncertainties” (not “accuracies”) is the appropriate term to use here. Accuracy would
imply true or accepted RSL values are known for this time period (which is not the case). 

Line 165-166: “The rates are regarded as a centennially averaged EHSLR signal (100-200-yr window).” I assume this is
referring to the prediction time interval of the model (which could either be 100 or 200 years but not a range). I.e., the model
outputs rates and RSL estimates at either 100 or 200 year time steps, but not both. 

Line 166-168: Somewhere a caveat should be included that explains that NAISC and AIS are the dominant contribution to
EHSLR once EuIS is removed, but there may still be some minor contributions from mountain glaciers, thermometric effects,
or other unspecified sources. I see that this has been done starting at line 176, but to me it would make more sense to
include it here where the method and rationale is being explained. 

Line 176, 183: Has SLR or GMSLR been defined? I’m somewhat concerned about the use sea-level terminology used
throughout the text. 

Line 181: It is somewhat unclear to me the value of presenting rate trends of RSL change with the EuIS component removed.
Looking at EDF 6, there is still substantial spatial variability (on the order of meters) in RSL regions across the study area
due to NAISC, so I find it difficult to reconcile how this signal (later referred to as residual MSL without much explanation) is
a good measure of ice volume changes from NAISC and AIS as implied in line 188-189. Although minimal compared to the
NAISC and AIS, the EuIS also contributes to barystatic sea level changes during the early Holocene, so excluding this
component in the discussion of land ice volume changes between lines 181-190 seems misleading to me. 

Line: 194: “Based on our current understanding of EHSLR, however, differentiation in the mechanism behind the occurrence
of the two peaks is possible.” Could this be more clearly phrased? 

Line 239: Can you clarify what is meant by “systematic effects resulting from far-field data-type heterogeneity”? The



reference provided does not really help to explain what is meant here. 

Line 231: The methods section and EDF 8 alone do not really help to explain how the North Sea captures 78% of GMSLR.
Is this determined from ref 45 or analysis presented in this paper? I had to go into SI Section 6 to find the basic rationale to
support this approach (and this section was not referenced here). In SI Section 6.2 there are typos and poorly defined
equations that detract from the explanation. At least some of the information presented in SI Section 6.2 should appear in the
main text and methods of the paper as its central to interpretation of one of the major findings from this paper. 

Line 235: It does not seem beyond the scope of this paper to account for the spatially-varying sea-level fingerprints of far-
field sea-level estimates to validate the estimates based on the North Sea data. 

Line 254: As in the abstract, I don’t like the use of “solve” here. As the authors indicate in the previous section, their
estimates here rely on a GMSL fingerprint ratio that should be re-evaluated, and the estimates of early Holocene sea-level
rise are in disagreement with far-field sites. This work “reconciles” a mismatch, but I think it’s an overstatement to claim that
this issue is solved. 

Line 386-387: What causes the spatial variability from the NAISC contribution? Deformation, gravitational effects, rotational
effects? This is important because corrected RSL data influenced by these effects are combined to essentially assume ice
volume contributions from NAISC and AIS. 

Line 416: It seems “cross-validation” is used here not to describe the statistical suite of methods, but to describe that the EIV-
IGP results from the North Sea and Rotterdam datasets were graphically compared to one another and overlap over model
predictions was visually assessed? I don’t see any statistical measures to support this cross-validation otherwise? If this is
the case, I suggest this section be reworded. 

Line 419-427: I find it difficult to follow the analytical procedure described in this paragraph. What does “stitched” mean?
Were the 955 MCMC samples from the EIV-IGP model applied to the North Sea dataset, the Rotterdam dataset, or both? It
seems that the the modelled ‘residual MSL curve’ would be the same as the EIV-IGP output for individual regions (e.g.,
North Sea, Rotterdam) except for the time period where the datasets overlap. Is this effectively much different from running
the EIV-IGP model on the two combined regions? How much do the results differ? 

Line 423: How were the rates calculated in Fig 4? Presumably the MCMC rate samples were also averaged? 

Line 426: What confidence intervals were used? 

Line 435: Which model predictions? GIA model predictions or modelled residual MSL? Unclear as written. 

Line 435-437: Should “GMSL" be interpreted differently than “global MSL” used later in the same sentence? 

Line 438: “This ratio was then used to translate the 32.3 ± 4.7 m residual MSL rise in the North Sea region to a total GMSLR
of 41.4 ± 8.4 m (2σ) between 11-3 ka (Fig. 4B).” How was this “translation” performed? I don’t follow the procedure or the
logic. 

Line 440: “In a next iterative round of running 1D and 3D GIA models… as part of tuning most optimal field data vs. model
simulation solutions” This phrasing is used multiple times in the methods and in supplemental info. Can an example study
be cited here to provide more context? I also tend to disagree that this is beyond the scope of this work. Yes, tuning GIA
models with field data is beyond the scope of this work, but the GMSL fingerprint described here is central to the Holocene
GMSL estimate provided in this paper, so it seems critical to demonstrate that this relationship is robust. 

Line 526: corrected for what? 

Figure 1: Again, considering the broad audience of the journal (and different conventions within the sea-level research
community in how to depict limiting data points), I’d recommend including an explanation of lower and upper limiting data
points in the caption and the type of constraint they provide on RSL. 

Figure 2: Figure has a lot of information that is not well-defined by labels or in the caption. The various depth axes are not
well labelled (units, but not the variable included). Some variables not defined or explained in the caption (e.g., Inch./Coh,
Resin., etc.). Pollen names seem to be included in the diatom assemblage composition plot, without explanation. There’s
also a lot of cluttered text in the figure that may be unnecessary or could be better organised. 

Figure 4: The greatest ice volume change in NAISC appears to occur between 9 to 8.5 ka as plotted (i.e., prior to the
maximum rates observed at ~8.3 ka). Is there an explanation for this? 

SI Section 1 
Table 1.3: Not clear what the ‘paleo-water depth’ column refers to. It would also be useful to indicate the type of supporting
evidence used to identify the different types of indicator facies (e.g., where lithological characteristics, microfossils
assemblages, bedding features, etc. diagnostic criteria to identify these facies/indicators?). A reader can find this in the
HOLSEA data spreadsheet, but these details would be useful here as well. Relatedly, it would be useful to briefly expand on



what “botanical” evidence relates to? Pollen, plant microfossils identified in sediments, etc.? 
- How is GWL determined? The text suggests GWL = MSL, although is that a good assumption? Would it be expected that
the hydraulic gradient was also constant in the past? I understand that these are indicative meanings that have been used in
previous work, but some further explanation and acknowledgement of caveats would be appreciated here. 

HOLSEA data spreadsheet: 
-Technically, the HOLSEA guidelines ask for and upper and lower 2 sigma uncertainty (rather than the upper and lower
ages defining the 95% CI) to be provided in columns 11 and 12, but an end user would be able to convert this relatively
easily if they needed these estimates instead. 
-What is ‘NAP’ listed in column 37? Are the tidal datums (primarily MHW in column 47 seems to be important) also
expressed relative to NAP? If not, this will introduce error into the RSL calculation. 

SI Section 6: How were the values used in this study estimate from those in the literature? Table 6.1 shows larger ranges for
the Holocene contribution (2.1-4.3 m SLE) than used in the current paper (2.5-3.5 m SLE). 

Section 6.2 From regional residual MSL signal to global mean sea level: Typos in this section that detract from clarity of
explanation of methods. Is a 2σ-range of 0.69-0.91 for the fingerprint ratio conservative? How would this ratio change if a
different ice model (e.g., ANU ice from Lambeck et al., 2014, PNAS) used to estimate this fingerprint ratio? 

Figure 6.2: I think the caption should read “as Extended Data Figure 8” (not 9). But could you also reiterate the caption of
EDF 8 so your reader doesn’t have to go to another document to understand this figure? Unclear what the 500-year bins are
referring to. The average of the fingerprint ratios for each data location within 500-year bins? 

Finally, there are a few minor suggestions to improve the clarity of the writing below: 
Line 37: second sentence structure in a row using “hereby.” Suggest revising to avoid repetition. 
Line 52: could remove “post-glacial” 
Line 62: no “-“ needed in GIA-models 
Line 66-70: Sentence difficult to follow/read. Suggest revising as follows: “The limited Early Holocene SLIP datasets that do
exist have relatively large vertical uncertainties due to: 1) low spatial sampling density (e.g. isolated submerged mangrove
peats14); 2) reliance on corals12,15 with relatively large depth-habitat ranges (yielding 2σ uncertainties ≥8 m16); or 3) being
significantly impacted by local ice loads17(e.g. rebound history). “ 
Line 82: comma needed after “Holocene” 
Line 96: ice sheets (instead of ice sheet) 
Line 113: can remove “in the Early Holocene” (implied by EHSLR in the sentence) 
Line 119: Define XRF 
Line 128: suggest “constraints” instead of “boundaries” 
Line 183: “halve” not “half” 
Line 235: GMSLR not GSMLR 

Nicole Khan 

Version 1: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
The response to my comments were thorough and helped clarify any concerns I had. Certainly, the changes to the
manuscript have made understanding the methodology much easier to me -- and I hope that would be the same to the future
readership. 

I believe that the manuscript and results therein are exciting and will contribute much discussion in the Holocene sea level
community and beyond. 

Thank you for your comprehensive response to my review and adjustments to the manuscript. 

Referee #2 

(Remarks to the Author) 
Dr. Hijma and co-authors have responded well to my major concerns. I am supportive of publication in Nature: the data set
significantly improves our knowledge of sea-level change during the highly relevant most recent period of rapid sea-level
rise. I have only a set of minor comments remaining. 

By line: 



72. Consider starting a new paragraph at "SLIPs" 

82. *Holocene* SLIP datasets? 

82. For more precise text, consider changing "beyond" to "prior to". 

89. Remove "Early"? The start of the Early Holocene would also be the start of the Holocene, right? 

265. You write this far-field comparison as being for GMSL data. However, you are comparing it against data that are the
residual RSL from the North Sea. Does this mean that they are different, since one of them has the Eurasian ice contribution
(though it may be smaller than the others) removed? 

272-283. Consider combining paragraphs? It seems awkward with the 1-sentence paragraphs. 

Methods: Multiple equations have dotted-line boxes, as if something is not rendering properly. 

Thank you for sharing this thorough response to reviewer comments within a nicely reworked draft. 

Please let me know if further comments from me may be needed. 

Best wishes, 

Andy Wickert 
2024.09.29 
Minneapolis 

Referee #4 

(Remarks to the Author) 
I very much appreciate the efforts of the authors to address my comments (and those of other reviewers) from an earlier
round of review(s), and my view of the novelty and significance of this paper remains unchanged. I was asked by the editor
to a) comment on whether the points raised in the previous round of review have been satisfactorily addressed and b) to pay
particular attention to the appropriateness of any statistical tests, and the accuracy of the description of any error bars and
probability values. Most of my concerns about the terminology, organization and clarity of the methods, and validation of
major findings have been explained or adequately addressed. The overall approach (and rationale) taken in the paper is
much clearer. With regards to terminology, I agree with the revised changes and the authors’ adoption of the term ‘residual
relative sea level’ to describe the signal that remains when subtracting the contributions from the Eurasian ice sheet
complex to RSL from RSL observed from the new dataset. 

However, there are two issues with 1) minor omissions in the description of the methods used to estimate RSL changes from
North Sea sedimentary archives and 2) the description and/or approach used to model residual RSL changes that require
further attention or consideration: 

1a) It is described in section 1.2.6 of the supplemental that tidal datums “were taken (for each location) as the M2 tidal
component in the operational tidal model.” It is possible that I missed it, but I do not see where the operational tidal model is
described. 

1b) I still do not find a clear explanation of how groundwater level (GWL) is estimated for the calculation of the indicative
meaning (and thus RSL) of upper limiting data points. I appreciate that these limiting data points are not directly used in the
subsequent analysis, but for the sake of reproducibility, it should still be explained. 

2a) I still have some questions and concerns about the procedure described in ‘Rates of residual RSL change for the North
Sea region (Step 5)’ (starting on line 740) of the methods. In equation 5, the uncertainties of obsrsl(�,_�,_� _) and standard
deviation of average[pEuISrsl(�,_�,_� _)] are described, but it is not explained how these uncertainties are incorporated into
the estimate of obsNAISC+AISrsl(�,_�,_� _). SI Section 4 is referenced, but it does not seem to provide any more
information. The RSL and uncertainties estimated from sedimentary archives are shown along with 8 different residual RSL
values (with no stated uncertainties) for 8 different earth-ice model pairings. I find it difficult to follow what values and
uncertainties were actually used as input into the EIV-IGP model. 

I also have some concerns about directly combining the output from the EIV-IGP model applied to a) the North Sea dataset
prior to 7.85 ka and b) the Rotterdam dataset following 7.85 to estimate two peaks in rates of residual RSL change. It is good
to see that there is general agreement in rates of change in the models applied to the North Sea and Rotterdam dataset over
the period of overlap between 9-6 ka (shown in Fig ED9), and this provides confidence in the peak in RSL rates inferred at
~8.3 ka. I do question, however, whether the ‘peak’ in rates ~10.2 ka is robust and not influenced by edge effects (i.e.,
minimal data prior to 10.5 ka causing greater uncertainties in modelled rates)? I don’t doubt the period from ~10-9 ka was
characterized by slower residual RSL rates, but given the lack of data prior to this point in time, can a peak be confidently
inferred? There is certainly a possibility of a peak in rates at this time, but perhaps a caveat should be stated? It would also



be useful to show the EIV-IGP results in comparison to the residual RSL inputs to the model (i.e., ‘data’-model comparison),
which would also help answer my question in the previous paragraph. 

My last concern with ‘Step 5’ in the methods is the statement made in lines 765-769, in part because it is unclear how the
term obsNAISC+AISrsl(�,_�,_� _) (from equation 5) is incorporated into the EIV-IGP model. As the authors state in lines 748-
750, the North Sea and Rotterdam datasets have centroids >250 km apart and over that distance, the spatial variation in the
NAISC signal may be meaningful to consider. It is not obvious to me how modelling rates of change from these two datasets
and combining them “removes vertical offsets related to GIA-modelling uncertainties within and between these datasets”.
The different GIA influences from the NAISC will be included in the calculation of rates of change in the EIV-IGP model.
Perhaps a simple spatio-temporal statistical model (e.g., Ashe et al., 2019, QSR, in particular see implementation in Khan et
al., 2022, Global and Planetary Change that includes a common regional signal uniform across the spatial domain and a
local signal in the process level model, which basically calculates the uncertainties on the intersite differences in a self-
consistent manner) is more suitable to isolate a common signal across the North Sea and Rotterdam? This is only a
suggestion for the authors to consider, but at a minimum the statement made in lines 765-769 needs better justification. 

2b) After the fingerprinting ratio associated with the NAISC and AIS was used to estimate GMSL from the residual RSL
signal from the North Sea, was the (small) barystatic contribution from the EuIS added back into the GMSL estimate (e.g., the
dotted gray line shown in Fig 4)? This contribution is discussed in lines 779-786, but I did not see this explained in the
methods (although again I may have missed it). 

Referee #5 

(Remarks to the Author) 
Thank you for the opportunity to review this work. I have a few comments and suggestions that I believe could help clarify
certain aspects of the EIV-IGP analysis in this study: 

1. Use of Limiting Data Points: I noticed that Figure 1 plots the data, including both index points and limiting data points.
However, if I understand correctly, the limiting data points are not actually used in the EIV-IGP modelling process. If this is
the case, I recommend clearly stating this to avoid potential confusion for readers who might assume all data shown in
Figure 1 are used in model calculations. 

2. Application of the EIV-IGP Model on Separate Datasets: I appreciate the use of the EIV-IGP model on the two datasets
independently, which seems both appropriate and well-justified. However, considering that the datasets are eventually
combined, it would be valuable to see what the estimated rates would look like if the model were applied to the combined
dataset from the outset. Are the rates derived from the combined data markedly different from those derived from the
separate analyses? This comparison could offer additional insights into the model's sensitivity to distance between the
dataset locations. 

3. Methodology for Merging Modelling Outcomes from the Two Datasets: The process for merging the outcomes from the two
datasets is not sufficiently clear in the current documentation. I would not be able to reproduce this with the information
provided. I suggest offering more details on this procedure, which would enhance transparency and reproducibility for other
researchers attempting similar analyses. 

4. Clarification of Extended Data Figure 9: Regarding the lower panel of Extended Data Figure 9, could you clarify what is
meant by the "samples per 200-year bin" for the two datasets? If these refer to MCMC samples, it would help to explain why
the sampling is uneven and why the sample numbers are relatively low. Additional detail on this could provide a clearer
understanding of this figure. 

5. Supplemental Documentation and Scripts: Lastly, the supporting documentation does not appear to include any scripts for
running the EIV-IGP models or for merging the outputs from these models to produce, what appears to be, one of the main
take away figures from the paper (Figure 4). Please correct me here if I am missing something. Providing these scripts would
be highly beneficial for transparency and reproducibility, as well as for aiding readers in understanding the methodology,
particularly the merging process. 

Thank you again for your work on this study and for considering these suggestions. I believe these clarifications could
strengthen the paper's impact and accessibility to the broader research community. 

Version 2: 

Reviewer comments: 

Referee #4 

(Remarks to the Author) 
I appreciate the authors' efforts to address my earlier comments; all my previous concerns have adequately been addressed.

Referee #5 



(Remarks to the Author) 
My comments have been addressed and importantly I believe that the analysis is now reproducible. The manuscript makes
a worthwhile contribution and I have no further comments. 
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1 Main changes 

The main changes, apart from moving substantial parts of the SI to the Method section, are: 

• Improved clarity. We have added a flowchart that visually shows our workflow and 

have included a step-by-step rationale at the beginning of the Method section. 

• Terminology: for our first submission we were already struggling a bit to find the right 

term for the dataset we obtain after extracting the GIA-signal from the European Ice 

Sheet from our sea-level data. In the end we then used the term ‘North Sea residual 

mean sea level’. Nicole Khan had some reasonable doubts about this term and 

suggested to look into the Gregory et al. (2019) paper about sea-level terminology. 

We did so, and also had some email exchange with both Nicole Khan and Jonathan 

Gregory about it. For a while we used the term ‘manometric sea level’ from Gregory et 

al., because the definition seemed to fit reasonably well. In the end, however, we 

decided to use ‘residual relative sea level’. In the paper, we also define this better 

than previously. Obviously, we are still open for discussion with Nicole Khan if she 

suggests another term. 

• GIA-modelling. Based on suggestions of referee #1 we have redone our GIA-

modelling. We now use eight models instead of four for calculating the contribution of 

the European Ice Sheet to relative sea level in the North Sea region. Because the 

GIA-modelling output is used right at the start of extracting a global MSL-signal from 

our sea-level data, all the following analyses (calculating residual sea levels, 

Bayesian EIV-IGP modelling, constructing global MSL-curve) had to be redone. Our 

main conclusions remain the same, but there are differences in terms of calculated 

rates and global MSL when comparing to the first version.  

• Fingerprint ratio. Initially we only used the ICE6G model to assess the fingerprint ratio 

in our area, but we have now included insights from the PaleoMIST model. This has 

resulted in an updated fingerprint ratio (first 78%, now 74%, also influencing 

calculated global MSL). The models show the same trend, indicating that the derived 

fingerprint ratio is robust.   

• Volume of North American Ice Sheet. Based on the comments of Andy Wickert we 

have improved on our methodology. I have discussed this with him via email and he 

agrees with our new approach. This means that the volume numbers have changed 

as well.  
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2 Feedback from Referee #1 

The manuscript uses a new dense collection of sea-level indicator points to constrain a global 

mean sea level record over the early Holocene, in conjunction glacial-isostatic adjustment 

modeling. They find two peaks of sea level rise around 10.1 and 8.3 ky BP, where rates of sea 

level rise exceeded 10 mm/y. Since this study was performed with GIA modeling, they were 

able to estimate an ice sheet budget that reconciles a long-standing mismatch between GMSL 

change over this period as estimated by ice reconstruction versus that by sea level indicators. 

I was asked to focus on the GIA modeling aspects of this manuscript and, while there is 

significant modeling performed, there are ways in which this aspect might be augmented. I 

also have some concerns about how uncertainty in the GIA modelling is treated. This may be 

more due to word limit and require only more clarification. I make some suggestions for further 

calculation, but I do not believe these would be too cumbersome and would only add to the 

robustness of your conclusions. My focus is here is primarily on the Methods section. If I have 

misunderstood the nature of the methodology, I apologize, but perhaps further clarity might be 

added if that is the case.  

 

We thank the referee for the thoughtful comments. Following these comments we have 

improved the description of the workflow, and improved and detailed the calculation of 

uncertainty in the GIA modelling as outlined below in response to the specific comments 

 

If wordcount permits, I imagine a brief flowchart of the tasks to begin the Methods section 

might help guide the reader as to what to expect. (E.g., “Our ultimate goal is to estimate the 

GMSL rise due to the NAISC and AIS ice sheets. We require estimation of the EuIS 

contribution and its removal through GIA models. With the remaining signal, we then go on … 

-- or something like this). 

We have included a flowchart (Extended Data Figure 1) to visualize our workflow and have 

added a workflow rationale at the start of the Method section (lines 517-553). Also in the main 

text we describe our workflow now at the end of the introduction (lines 108-113). 

 
 
1D and 3D GIA modelling: Background 
Standard Ice and Viscosity models: 
Why was VM5a used and ICE 5G? I understand both are co-constrained. However, there is a 
more up-to-date version from this group (ICE7G and VM7) where significant deviation in the 
lower mantle viscosity is evident. In many viscosity modelers’ minds, VM7 is a far more 
reasonable profile for mantle viscosity. I imagine running 3D calculations with these 
backgrounds is perhaps unnecessary, but you could possibly add another two 1D models into 
your mix (ICE7G + VM7; ICE7G+BC + VM7?).  
With the extended modelling approach that we have introduced (see below) following a later 
comment, we believe that the suggestion to investigate ICE7G with a ‘VM7’ like earth model 
has perhaps been superseded. With this new modelling approach, we have investigated a 
larger range of upper and lower mantle viscosities, which would include the higher lower 
mantle viscosities that are proposed in the ‘VM7” like earth model and opted to use the profile 
which is optimum to capture the observed sea level signal.  However, we have chosen to 
keep using the ICE6G ice sheet reconstruction rather than the slightly revised ICE7G (we 
believe the reference to ICE5G was perhaps a typo). The main change between these two 
reconstructions (ICE6G vs ICE7G) is with the North American ice sheet, defined as only a 
‘slight redistributions of ice’ (Roy and Peltier, Geophys. J. Int, 2017, 
https://doi.org/10.1093/gji/ggx156) with the Antarctic and Eurasian ice sheet remaining the 
same. Over the Holocene period (see Roy and Peltier, Quat. Sci. Rev. 2018, 
https://doi.org/10.1016/j.quascirev.2017.12.021), the difference in RSL predictions is small 
and most likely to due to the change in the earth model (VM5a vs VM7) rather than the 
change in the North American ice sheet extent. 
 
 
 

https://doi.org/10.1093/gji/ggx156
https://doi.org/10.1016/j.quascirev.2017.12.021
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Reducing your subset to 4 models. I’ve somewhat missed the motivation behind this whole 
part. I understand that you wish to find the model to best represent the EuIS’s RSL 
contributions to this region – but several things seem amiss (though, I completely 
acknowledge that I might be misunderstanding this): (1) By defining the best model with that 
that minimizes Eq. 1 says “Let’s assume that the RSLs are best-fit with an EuIS contribution 
that explains as much of the signal as possible.” This implicitly asks that both NAISC and AIS 
contributions to be minimal. Minimizing Eq (1) works if you assume there is no unmodeled 
physics involved – but that’s the whole point – you’re yet to consider two large contributors 
(NAISC and AIS). And then, upon having several 3D models – that could all be viable since 
they only model EuIS contributions – you choose four (3D and their background 1D) models 
to represent EuIS.  
We did not assume the NAISC and AIS contribution to be minimal, we assume at any given 
time the signal is relatively homogeneous across the study region (compared to that of the 
EuIS). This is evident by the new EDF8, which shows the variation between each SLIP for the 
NAISC, EuIS and AIS. It may not have been clear from the previous method description, but 
we have revised this and added a flowchart (EDF1) to make the rationale of the various 
modelling steps clearer. We are not sure what unmodelled physics the referee may be 
suggesting we are not considering (beyond non-GIA related processes), but our GIA model 
solves the sea level equation with all processes that would be expected (rotation, shoreline 
migration, continental levering, land deformation). 
 
Furthermore, the reduction is now made to a subset of 8 models which is motivated by a 
confidence interval around the best fit model and the addition of the best fit 3D model to take 
into account possible 3D effects that cannot be considered by the 1D models. See lines 611-
739 for our GIA-approach. 
 
Further, you choose the mean. There is no reason to think that the mean is even physical. 
Actually, the 1D background models shouldn’t be physical (the Earth isn’t 1D even though it 
could be a decent approximation, it shouldn’t be better than a 3D). For clarification, the way 
you describe the misfit in the main text (lines 152-155) – is that the misfit for Eq. 1? If so, 
listing it in order in such a way gives the perception that a lower misfit is better. But as I’ve 
described, the misfit in this sense seems like an inappropriate way to get the representation of 
EuIS. (2) I think another issue (and this theme will be returned to later) is that ultimately, this is 
all reduced a single number, without uncertainty or an estimate of the error.  
 
The misfit is as defined in equation 1. From the 1D-model runs seven passed the 95% 
confidence test, while the 3D-model with the lowest misfit was also select. This results in eight 
models that we used to calculate eight predictions of the EuIS GIA-signal for each individual 
sea-level index point. We subtracted these eight predictions from the RSL-value from each 
index point, resulting in eight manometric sea-level values for each index point. We then 
averaged these sea-level values for each index point and use that in further calculations. The 
standard deviation of the eight sea-level values is used as a measure of uncertainty. The 
magnitude of the uncertainty is far a large part determined by the spread in the outcome of the 
eight GIA-models. In this way the uncertainty in the GIA-modelling is included in our sea-level 
reconstruction. 
 
Without over-reaching, I might suggest another way to represent the EuIS with the 
calculations you already have at hand. I would keep all the 3D models that have realistic 3D 
structure (which may be justified from other studies, perhaps this might not be all 31). Throw 
into this collection various 1D backgrounds also (including VM7, and I would also assert some 
with low upper mantle viscosities* -- see point below). This ensemble captures the uncertainty 
in mantle structure. Then use the two EuIS models, which you make the valid point, are 
constrained by entirely different techniques. These capture the uncertainty in ice model. From 
this suite, find a mean and uncertainty, and carry that uncertainty in the proceeding analyses.  
We have partly followed the referee’s suggestion. It is not really possible to use other studies 
to say which 3D viscosity is realistic, because of the very large uncertainties involved in 
computing viscosity from e.g. seismic models and absence of 3D GIA modelling studies for 
this region. Therefore an approach taken in recent studies is to use local GIA studies with 
radial viscosity profile to ‘'anchor’ a 3D model and pick the right 3D viscosity realization that is 
then used in a wider area (e.g. Ivins et al. 2022), but this is of course not independent from 
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GIA data. We have more or less followed this approach and used the data to find the best 3D 
model similar to the 1D models. We added a sentence in the methods making this explicit. 
The misfit of the 3D models is significantly larger and outside the 95% confidence misfit 
values. Still we decided to include the best 3D model, because no 1D model can be expected 
to represent the true 3D structure in the region. Thus, we consider the uncertainty in mantle 
structure and carry the uncertainty to the proceeding analysis as the referee suggests. 
 
E. R. Ivins, W. v. d. Wal, D. A. Wiens, A. J. Lloyd and L. Caron  
, Antarctic upper mantle rheology, Geological Society, London, Memoirs 2023 Vol. 56 Issue 1 
Pages 267-294, doi:10.1144/M56-2020-19 
 
 
* For the low upper mantle viscosities, I say this since the timescales of these melts would 
likely trigger transient deformation. While I do not think it’s necessary to model this, this can 
be mimicked with lower viscosities. A good source might be to look at its effects beneath 
Greenland (Paxman et al., 2023 – their Fig. 5 might give a good idea of the order-of-
magnitude decrease the timescales of such pulses might do.). Certainly, there is a growing 
literature on transient deformation at such fast timescales (see Simon et al., 2022; Lau, 2023). 
I think considering a lowered upper mantle viscosity in the mix would “cover” uncertainty in 
this regard. Again – this is only a suggestion – but I hope that what this does emphasizes is 
the need to not push your conclusions a certain way through the act of minimizing Eq. 1. 
There is a wealth of information contained in the suite of model runs. Ultimately, what this 
results in is nothing too practically different (still, a single number, but importantly, with an 
attached uncertainty) – but contains more information. Transient rheology references: 
Paxman et al. (2023) “Inference of the timescale-dependent apparent viscosity structure in the 
upper mantle beneath Greenland”, AGU Advances, 4(2), e2022AV000751 Simon et al. (2022) 
“Identifying geographical patterns of transient deformation in the geological sea level record”, 
JGR: Solid Earth, 127(7), e2021JB023693 Lau (2023) “Transient rheology in sea level 
change: Implications for Meltwater Pulse 1A”, EPSL, 608, 118106. 
In our misfit analysis we now use a range of upper and lower mantle viscosity, which include 
lower upper mantle viscosities that could be seen as mimicking transient rheology. The upper 
mantle viscosity resulted in values that are similar to those in other studies (see paper for 
References) which suggest that transient deformation with lower viscosities is not a good 
approximation for the relaxation in the area. Secondly, a subset of our 3D models includes a 
stress-dependent viscosity. Although this is not the same as a transient rheology, its effect 
could be the same, namely that viscosity is temporarily lowered (see the application of the 
model in Blank et al, 2021). Those models resulted in much larger misfits which suggests that 
transient viscosity will also worsen the fit. We have mentioned transient rheology in line 142 
and further. 
 
GIA modelling: Isolating the EuIS signal 
Line 380: Begin the sentence stating: “When considering the ice reconstruction scenarios 
(ICE 6G for NAISC and AIS, with ICE6G or BC constructions for EuIS), breaking down the 
individual…” Eqs (2, 3) need uncertainties listed. Obs_rsl + \sigma = … Is it actually the case 
that you are not incorporating error? Now, pEuISrsl has uncertainty, too, if suggestions are 
taken from above. Rather than doing this separately for each ice sheet combination, you 
would have a single map with uncertainty. Now I read 399: the misfit here listed in Fig. (3) is 
not what I had thought previously (i.e., Eq. 1… so perhaps some clarity could be added that 
this misfit does not refer to the misfit in Eq. 1.) Overall, I think some attention to uncertainty 
and error needs to be accounted for in this analysis. 
The uncertainty of the observed sea level data is taken into account in the calculation of the 
Chi-squared misfit which we used to calculate the best ice sheet+earth model combination. 
The dating uncertainty of the observed sea level data is not taken into account. As it is small 
100-250 years) and random, it will not lead to different model selection. The GIA-uncertainty is 
estimated using the spread in the GIA-predictions for EuIs (see above). 
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Rates of residual mean sea level (MSL) rise 
Line 406: Please define “EIV-IGP” model and provide a concise description of what this is. 
The Section 5 SI material is completely truncated (only a few words are visible on the page). 
This might make this a little difficult to review. Line 426: Again, you could argue that you have 
access to GIA modeling uncertainties. 
We have added details about the EIV-IPG model: lines 207-210. 
 
Minor comments/typos: 
Line 26: “Data about these rates is” to “Data about these rates are”? 
Line 67: remove comma between “exist” and “have” 

Line 88: “also means that” should be “also mean that” 

Changed it accordingly. 
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3 Feedback from referee #2 

Dr. Hijma and his co-authors present a remarkably comprehensive sea-level data set for the 

North Sea basin. These data should absolutely be published -- and Nature could be a good 

outlet -- due to their extent and completeness. I fully agree with the authors' statement that 

this data set is a key analog to understand how ice sheets affect sea level at a time that was 

much like the present -- and so can give us critical information about sea-level response to the 

demise of even diminished ice sheets. 

 

While reading the article, I had the consistent sense that it could be significantly more 

powerful if it were more streamlined. At its core is an excellent new data set gained through 

enormous effort. Its secondary piece is the calculation to remove local GIA impacts and 

therefore isolate periods of more rapid ice-sheet melt. Here, the implications are interesting 

but the description of the process left me lost and wondering and paging back and forth 

between the main text, the Methods, and the SI. The third objective of the paper is to consider 

where these ice-sheet sources of melt are. This is where the authors get into a bit of trouble 

regarding the influence of lakes on sea-level change and in applying area--volume scalings. 

 

While only my view, I wonder whether a paper like this could be a strong(er) candidate for 

Nature if the authors tell a straightforward story that focuses towards their strengths. 

(1) Fantastic new data set 

(2) Remove local GIA component [can simplify] 

(3) Generate sea-level curve to look for changes in rate [derived from their current Figure 4] 

(4) Compare to other sea-level records to consider why even *corrected* SLR was less in the 

North Sea than in the current eustatic curves. Conversely, you might be interested that Evan 

Gowan et al. (2021) obtained a RSL record with less ice volume by providing physics-based  

constraints to ice-sheet volume and combining this with sea level and GIA. 

We thank Andy Wickert for this, in our view, quite positive review. In line with other feedback, 

it is clear that we need to improve on clarity and I think we succeeded (see our reply to the 

feedback from Nature). The mentioned four points are indeed the core parts of our work and 

by including the flow chart (EDF 1), and moving substantial parts from the SI to the Method 

Section these four points should come across more clearly. We also thank Andy Wickert for 

the constructive discussion we had with him via email. 

 

Although this is not quite the brazenly positive review that everyone wishes for, I hope that 

these thoughts are helpful to the authors in their journey towards publication and to the editors 

as they make their decisions. 

 

Andy Wickert 

Minneapolis 

 

Line-by-line: 

 

69-70. I wonder if this statement about depth uncertainties could mislead because different 

species have different associated uncertainties, and I presume that corals with a range of 

depth-habitat precision are dated. 

It is true that each coral species has their own depth range and that for sea-level 

reconstruction people try to use species with a relatively small depth-habitat range (like the 

widely use Acropora palmata). But even for the latter species the 95% range is large, we 

quote here from Hibbert et al. (2016): “(95% between _0.4 and _9.4 m)”. So we feel our 

statement is certainly not misleading (lines 79-80). 
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154. 1D VM5a with the ICE-6G history?

This sentence is removed in the new version as it was not necessary to highlight the model at

this stage

152-155 & more. I am confused about how you created plots (Figure 3) with so little misfit, as

well as why this be reasonable, because it seems from the text that you are not taking into

account the large volumes of ice melt (and hence, global mean sea-level rise) sourced in

North America and Antarctica. Are you instead taking some kind of hybrid approach in which

you are accounting for the whole water balance but simply not for its GIA effects?

[Perhaps l. 328-330 in Methods answer that you used ICE-6G inputs for these -- this seems

something to note in the main text as well as in the Methods.]

In all of the GIA (and related) modelling, we consider all GIA effects, not just the water

balance. We hope with the added flowchart (EDF1) and extended description of the methods

this will be clearer. In the earlier version of Fig. 3 it may have appeared that the misfits were

small, but at some SLIP points there is misfit between the observed and predicted EuIS signal

of up to 6 m. The aim of Fig. 3 was to highlight how well we capture the EuIS signal with our

two input EuIS reconstructions. This reflects step 3 and 4 in the new flowchart (EDF1).

Indeed ICE-6G inputs were used for these sources so the GIA signal resulting from this area 
is accounted for and the prediction is removed from models and observations. This is now 
mentioned in the main text. The uncertainty analysis has been updated. The best fit model 
and 6 models with statistically similar misfit are used + 1 3D model, and the range in 
predictions is propagated to the calculation of the NAISC and AIS contribution.  See lines 611-
739 for our GIA-approach. 

Figure 3: These "absolute misfit" plots seem useful, but are hard to interpet because of how 

many data points are plotted over one another. Do you think that you could make the data 

points semi-transparent and/or find some other way to modify the symbology? 

We agree that the misfits do overlap in Fig.3, but this was to represent the variation spatially 

across the study region. To address the issue of overlap between data points that the referee 

has raised we have added an additional figure in EDF8, which is the same information but 

displayed at each SLIP datapoint.  

167-168. The two subsequent uses of "model" have different meanings; could you change

your language to clarify ("simulation"? "solid-Earth rheological structure"?)

Changed such that ‘'model’ here is only used for the earth parametrisation.

180-182. I am unsure what you mean by "cumulative residual RSL": if it is cumulative, should

it have units of [length * time]? Perhaps just "total RSL change"?

We have changed it to ‘total’ (line 228).

Figure 4. This looks more like what I expected when reading your Methods than your Misfit 

figure did. 

203-205. While it is strictly true that the draining of Lake Agassiz-Ojibway increased the SL

Rise peak, it would have done so only by centimeters. I think that you could simplify this and

your lines 185-187 comment to be consistent with the fact that the SLR-inducing mass losses

are from the ice sheets themselves, with the lakes affecting their dynamics but storing a

relatively small (compared to the oceans!) volume of water.

We agree that the bulk of the sea-level rise associated with P2 comes from melting ice-sheets

and that the volume of Lake Agassiz-Ojibway itself it not sufficient to explain P2. It is therefore

that we write that the drainage event consisted of both draining lakes and disintegration of

NAISC sections. By the way, it is generally accepted that the amount of water in the lakes had

sufficient volumes to increase global sea level nearly 0.45 m or 450 mm. If this was build-up in

500 yr, this would hence lead to a lowering of the rates with 0.9 mm/yr. Drainage of the lake
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occurred most likely in two-stages in a couple of centuries, so adding several mm/yr extra to 

global sea-level rise. See lines 230-238, 

 

206-213. [Now that I have read your 217-218: I am largely agreeing with you.] If I were to 

make a guess for the source of this residual SLR signal, it would be from North America. 

Following the end of the ice readvance ca. 11.6--10.5 ka ("Marquette" in Lake Superior), the 

Laurentide Ice Sheet rapidly shrank (see April Dalton's NADI-1 paper for for a good visual). 

This occurred during rapid Early Holocene warming. 

I agree that lakes can influence ice dynamics, and that this can be significant. Indeed, Quiquet 

et al. (2021) show how this could be, and we (Austermann et al., 2022) demonstrate how an 

asymetrical GIA response could amplify the importance of proglacial lakes during ice retreat. 

This said, I think that looking for lake drainage alone (unless considering its role in larger 

scale ice dyanmics) will probably leave you ~2 orders of magnitude low on the water volume 

needed to reproduce these periods of excess sea-level rise. 

Agreed, lake drainage alone is not sufficient and P2 is primarily the result of disintegration of 

the NAISC. But the point that we were trying to make is that when the lakes were filled, rates 

of GMSL rise dropped a little (see above) and during P2 the drainage of the lake increased 

the rates. This resulted in a larger difference between the dip around 9 ka and the peak of P2. 

 

207-209. I wonder whether bringing up the Scandinavian chronology may undermine the 

argument behind your study -- that being, that you are excluding Eurasian sources. Or: have 

you taken the GIA impacts of Scandinavian ice into account without taking the ice-volume 

changes, thereby retaining this as a source of water for the observed sea-level rise? 

We did take the ice-volumes changes of the Eurasian ice sheet into account (line 171 in Main 

text). We now specifically state this in the paper and do not refer anymore to the Scandinavian 

chronology, since this is indeed not relevant to our sea-level budgeting. 

 

211-212. While I do really like Lake Superior, this flood event does not seem nearly big 

enough in the context of global sea level. From its geometry, it should have raised sea level 

~1 cm. At this time, Lake Superior was not connected to any ice sheet. 

By mentioning the 9.3 ka Lake Superior drainage event, we just wanted to highlight that such 

events can occur any time, also during periods of relatively low rates of GMSL rise. We realize 

that in terms of volume this wouldn’t have done much to global MSL, so for clarity we have 

removed this sentence. 

 

245-248. It seems to me that you are trying to counter the first paragraph in this section by 

noting that, in fact, there was less early Holocene sea-level rise -- and therefore, that your 

North Sea data better represent reality than the far-field data. Is this correct? It is not very 

clear to me. 

Our point is indeed that our data indicate far less Early Holocene sea-level rise than the well-

known far-field datasets imply (based on coral data). In the following paragraph we compare 

GMSL rise from our study (based on sea-level data) with a GMSL rise-estimate based on 

independent ice-sheet reconstructions and show that they align quite well. We have rewritten 

parts of it to make it more clear. See Lines 258-271. 

 

247-248. See 439-441 note; I am concerned that this better match (via decreasing the NAISC 

volume) could relate to a misapplication of the area--volume scaling. 

See our answer at 439-441 

 

Extended Data Figure 4: Could you explain why there are such different RSL predictions with 

1D vs 3D simulations that both use the same spherically symmetric solid-Earth rheological 

structure? The color bar -- 9 meters -- does not seem so "small"! 

It is indeed not negligible, however there was not a 9 m difference at each SLIP point; the 

difference between the 1D and 3D was a maximum of 4.5m higher or ~ -3m lower. The aim of 
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including this figure was to be transparent about differences that exist between 1D and 3D 

GIA models which are due to model architecture, rather than the input ice sheet or earth 

model construction. However, given the revised modelling approach we assume that to some 

extent the query regarding this figure is perhaps redundant as we have removed it from the 

paper. However, in our experience these differences are typical between comparisons 

between 1D and 3D models even when both use the same 1D viscosity profile. It is the 

accumulation of small differences in the numerical approximation from using limited spatial 

resolution, the discretization in horizontal direction of both the earth and the ice load, the 

discretization in the radial direction versus the deformation calculated analytically layer by 

layer, the discretization in time which is less fine than for the analytical approach. Reducing 

the differences would amount to models with much larger computation time, which would go 

at the expense of investigating the parameter space.   

 

439-441 and SI 6: I read into your area--volume scaling. Unfortunately, this scaling (including 

its application by Ullman et al., 2016, whom you cite) includes the assumption that the ice 

thickness goes to 0 at its margins. However, based on how you split the NAISC, many 

individual sectors have margins with volumes that are significantly greater than 0. Therefore, I 

think that your provided numbers must be an underestimate. Unfortunately, this then un-

solves the discrepancy that you note with respect to sea level. 

Fair point, that we were aware of during our reconstruction, but did not address enough, apart 

from this text “The calculations of NAISC ice volumes for different periods are to be 

considered based on simplified ice-sheet morphologies, and should therefore be seen as first-

order estimates.”  

 

We agree that the reconstructed NAISC-volumes should been seen as minimum-values. Not 

dividing the domes when using the area-volume relationship of Paterson, so implying one 

large ice sheet with a huge dome in the centre, for the interconnected ice sheets would be an 

overestimate/maximum value in our opinion. We have been in contact about this with Andy 

Wickert (much appreciated!) and he agrees on this.  

 

A simple solution would be to use both approaches (divide or not divide the domes) and take 

the average as an estimate for NAISC-volume for certain moments in time. A big advantage of 

this approach, apart from its simplicity, is that is gives an uncertainty around the estimate 

based on the uncertainty around as the ice-sheet margin given by Dalton et al. A more 

complicated approach would be to use an ice-sheet model (e.g. the model of Gowan et al. 

(PaleoMIST) as suggested by Andy Wickert) in combination with the ice-sheet margins from 

Dalton et al. We decided to use the simple solution. As a validity check, however, we 

compared our calculated ice-volume loss for 11-3 ka (29.7 m SLE, 2σ range 23.4-35.6 m) with 

the results of Gowan et al. (2021, PaleoMIST). They calculated a loss of 28.1 m, matching our 

estimate but without uncertainty. We therefore feel confident to use the results based on the 

combination of the ice-sheet margins of Dalton et al. and the area-volume relationship of 

Paterson. This also means that the discrepancy is still reconciled. In lines 771-824 we 

describe our updated approach. 

 

References [for you, if useful: no need to consider citing unless you have a good reason] 

Gowan, E. J., Zhang, X., Khosravi, S., Rovere, A., Stocchi, P., Hughes, A. L., ... & Lohmann, G. (2021). 

A new global ice sheet reconstruction for the past 80 000 years. Nature communications, 12(1), 1199. 

Quiquet, A., Dumas, C., Paillard, D., Ramstein, G., Ritz, C., & Roche, D. M. (2021). Deglacial ice sheet 

instabilities induced by proglacial lakes. Geophysical Research Letters, 48(9), e2020GL092141. 

Austermann, J., Wickert, A. D., Pico, T., Kingslake, J., Callaghan, K. L., & Creel, R. C. (2022). Glacial 

isostatic adjustment shapes proglacial lakes over glacial cycles. Geophysical Research Letters, 49(24), 

e2022GL101191.  
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4 Feedback from referee #3 

This manuscript produces new sea-level data points from the North Sea to examine Early 

Holocene sea-level rise. Through analysis of these new high-resolution data, combined with 

GIA modeling, they find two peaks of accelerated sea-level rise (>10 mm/yr) due to North 

American and Antarctic ice sheet melt. This expanded early Holocene dataset has also 

helped to solve the mismatch between global mean sea-level rise estimates from ice-sheet 

reconstructions and Early Holocene sea-level data. Having a more detailed understanding of 

sea-level change in the Early Holocene is very valuable for the sea-level community, but 

these results are also very relevant and exciting for the broader community as they provide 

key information about the links between rapid climate change, ice sheet melt, GIA, and sea-

level change, which is crucial when considering future climate projections today. 

 

The paper is very well written and clear and organized, and includes appropriate and defined 

statistical analyses. I also appreciate the extensive supplemental material which is very 

thorough in detailing the precise methods and techniques used in the research. I would 

recommend the manuscript for publication. I just have a few suggestions below which could 

strengthen the applicability of the results. 

Many thanks for these positive words! 

 

Because of the relevance of these results to understanding and projecting modern/future 

climate change, can the authors include a brief discussion of temperature changes over the 

Holocene? The role of temperature change is only mentioned once in Ln 52, but it would be 

interesting to relate temperature to the sea-level and ice melt changes observed in the early 

Holocene and with current and projected temperature change. For example, Kaufman et al 

2020 “A global database of Holocene paleotemperature records” provides Holocene 

temperature records that may include two early Holocene peaks that could relate to the sea-

level findings here? Considering the underlying role of temperature changes, I think it would 

be useful to have some further discussion of its influence on and relation to this new data to 

expand the applicability of these new results. 

Thanks for the tip about the Kaufman paper, it also led us to a more recent paper of Kaufman 

(with Broadman) entitled “Revisiting the Holocene global temperature conundrum”. It shows 

that the conundrum is not solved. Several records seem to indicate that just before 10 ka (our 

first peak), the rise in temperature stops and then stabilizes more or less until 6 ka. Some 

records show a small dip in temperature around 9 ka. So although some reconstructions show 

a temperature trend that is similar to the trend in sea-level rise, much more research is 

needed to study this link. We have added a sentence about this, line 249-250.. 

 

Following on the above comment about temperature, can anything be said in the conclusions 

sections to relate these early Holocene changes to modern climate change? There is a fair 

amount of text in the intro that alludes to relating early Holocene climate changes to 

modern/future climate. GMSLR projections are included in Figure 4, but could any further 

details be added to compare early Holocene temperature/ice melt/sea-level rise with future 

projections to reinforce the importance of having the context of paleo data? 

We have added a line in the conclusion section. Line 305 

 

Also, very minor, but in Ln 158, it should be “EIV-IGP model” 

Changed it 
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5 Feedback from referee #4 

I read the manuscript by Hijma et al. entitled “Two phases of accelerated sea-level rise in the 

Early Holocene revealed from North Sea peats” with great interest. They present a new, high-

resolution relative sea-level (RSL) record from submerged peatlands in the North Sea offering 

unprecedented resolution from the time period spanning 13.7-6.2 ka. They use glacial 

isostatic adjustment (GIA) modelling to remove contributions from land level changes resulting 

from ice loading of the Eurasian ice sheet to reveal two peaks in the rate of early Holocene 

sea-level rise at ~10.1 and ~8.3 ka related rapid background rates of ice melt and the 

drainage of proglacial lakes. Their analysis also reconciles a mismatch that existed between 

early Holocene GMSL estimates from ice sheet reconstructions and RSL data. The high-

quality North Sea RSL record is important because it offers valuable information about how 

the North American and Antarctic ice sheets melted during the later stages of deglaciation and 

enhances knowledge on how the Earth system responds to climate change. The significance 

and broader implications of the North Sea dataset will be of interest to a wide audience. 

 

My primary expertise lies in producing and compiling records of RSL change from 

sedimentary archives, and my overall assessment of the new record generated is that it is 

robust and of high quality (although I have few mostly minor comments detailed below). The 

methods used to develop the record are clearly explained in detail in the main text and 

supplemental materials.  

We thank Nicole Khan for her detailed, constructive and positive feedback! We are also 

grateful for the constructive discussion we had with Nicole via email about terminology. 

 

That said, I did find some other issues with the manuscript that could be improved: 

 

1. Inconsistencies in the terminology used to describe different contributions to sea-level 

changes. These inconsistencies made the methods difficult to understand and thus fully 

assess. I recommend that the authors carefully review the terminology they use in the paper 

to make sure it aligns with the conventions set in Gregory et al., 2019, Surveys in Geophysics. 

In particular, I find the use of ‘residual MSL’ to be troublesome. It could be interpreted in the 

context of global mean sea level (e.g., global mean of relative sea-level change due to the 

change in the volume of the ocean) or mean sea level (the tidal datum or sometimes used to 

refer to the mean sea surface).  

Within the group of authors we have discussed how to name the data after removing the 

EuIS-signal frequently. For our first submission we decided to call it residual MSL. Since this 

terminology is not standard, we understand that it raises confusion, especially the MSL-part.  

In our introduction to this letter we explain how we decided to switch to ‘residual RSL’.  

In addition, when we mean the global sea-level signal, we now consistently write global MSL 

or GMSL. We have furthermore checked our paper for inconsistencies and non-standard 

terminologies and changed them accordingly. We first mention Residual RSL in line 206-207.  

 

2. Somewhat related to the last point, (too) many abbreviations are used in the paper, 

especially to describe various terms related to sea-level changes. If at all possible, try to 

reduce the number that are used to help readers that may be less familiar with the topic. 

We reduced the number of abbreviations. 

 

3. Organisation and clarity of the methods. Information that is central to interpret the general 

analytical approach taken in the paper is spread across the methods and supplemental 

information, detracting from the overall story presented in the main paper text. There are 

descriptions of what was done, but no clear explanation as to why. In particular, I found the 

description of the rationale for removing Eurasian ice sheet contribution to the North Sea RSL 

records and the fingerprinting approach (barystatic-GRD fingerprint cf. Gregory et al., 2019) 

difficult to follow and assess (see detailed comments below). After reading methods and the 
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supplemental in details, I could understand the rationale for the approach, but it could be 

much more clearly and succinctly explained in the main text. 

We have made significant improvements on this topic by adding a flow chart (EDF1) that 

clearly outlines our methods, we have included a rationale (Lines 517-553) at the start of the 

Method section and have moved significant portions of the SI to the Method section. 

 

4. Validation of major findings. I've mentioned some specific instances in my detailed 

comments below where some of the major findings in the paper (e.g., GMSL estimates) could 

be better validated to demonstrate that they are robust. Again, my main expertise lies in 

generating sea-level records from sedimentary archives, so a GIA or ice sheet modeller may 

have better insight here. One example I can comment on though is the authors' claim to have 

solved the discrepancy between GMSL inferred from ice sheet reconstructions and far-field 

sea-level records. To me, the reason for far-field records varying by ~10 m from GMSL 

estimated from the North Sea record could be better scrutinized. The team of authors seem 

well positioned to address at least one of the three reasons (not accounting for spatially 

varying GIA-fingerprinting effects across widely scattered far-field shelf and island locations) 

they give to explain the difference. 

The specific instances are addressed below, thanks for pointing them out. The mismatch or 

discrepancy between GMSL from ice sheet reconstructions (that match our derived GMSL) 

with far-field coral records is now addressed a bit more, with a clear example of the fingerprint 

uncertainties involved when comparing data from scattered far-field sites. See below for more 

detail on this aspect. Lines 258-271. 

 

In addition to the overarching issues above, there are a number of other minor points to 

address that I’ve detailed by line number, figure number, or supplemental section below: 

 

Line 34: recommend revising “solving” to “reconciling”. This work “reconciles” a mismatch, but 

I think it’s an overstatement to claim that this issue is definitely “solved”. See comment on line 

254 for further explanation. 

Changed it. 

 

Line 64: Given the broad audience of the journal, I’d recommend a more careful explanation 

of SLIPs than as written. The description implies that the elevation of the indicator is a direct 

measure of past sea level. Suggest revising to something like “SLIPs, which are derived from 

dated indicators that formed in close relationship to sea level and delimit the past position of 

sea level in space and time” 

Inserted the suggested text: line 72 

 

Line 154: Not well articulated how using the two EuIS reconstructions with two different Earth 

models isolates the EuIS component from NAISC and AIS contributions contained in the Early 

Holocene RSL records. I don’t follow the logic. Below in line 161, it sounds like the signal is 

removed, not isolated. 

We have expanded our GIA-modelling and have rewritten large parts of the method section. 

We have also included a workflow chart. We hope our methodology and rationale is now 

clear. 

 

Line 159: What’s the significance of the 3D 9925 model? If VM5a and 9925 are not explained 

here (although most readers familiar with the topic will understand what VM5a is), remove the 

references for simplicity/clarity. 

We better describe the reason for considering this 3D model next to the 1D model (starting at 

lines 644) and now have specified which 3D model this label refers to.  
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Line 158-159: something missing here. Presumably the second lowest average misfit comes 

from the ICE-6G-1D VM5a model pairing, but not indicated in the text (only the earth model is 

listed). 

Not relevant anymore after redoing/rewriting the GIA-modelling part. 

 

Line 160: The EuIS RSL contribution includes barystatic, land deformation, gravitational, and 

rotational contributions from the EuIS? This could be more clearly explained. 

The GIA modelling includes barystatic, land deformation and gravitational contribution as 

those are by definition in the basic sea level equation in GIA models. Shoreline migration and 

water influx in marine-based ice sheet sectors is included as stated in the beginning of the 

section on GIA modeling. Rotational feedback was included in the 1D models, but not in the 

3D models as that capability is not yet available. The effect of rotational feedback in the North 

Sea region is nearly uniform and was found to be less than 0.08 m.  

 

Line 162: Uncertainty specification of what? 

This referred to the formerly named residual MSL-signal, so added that. 

 

Line 163: Should be “EIV-IGP” not EIV-IPG. Could also be defined here (which would avoid 

the confusion in abbreviation). Error-in-variables Integrated Gaussian Process model.  

Added the full text. 

 

Line 165: Presumably “precision” or “uncertainties” (not “accuracies”) is the appropriate term 

to use here. Accuracy would imply true or accepted RSL values are known for this time period 

(which is not the case). 

Agree, we changed it to uncertainties. 

 

Line 165-166: “The rates are regarded as a centennially averaged EHSLR signal (100-200-yr 

window).” I assume this is referring to the prediction time interval of the model (which could 

either be 100 or 200 years but not a range). I.e., the model outputs rates and RSL estimates 

at either 100 or 200 year time steps, but not both.  

The time interval in the model output for this paper is 80 years, but we were not referring to 

that. From our previous experience with the EIV-IGP model and based on email exchanges 

with Niamh Cahill we know that the model has difficulties to capture changes in the rate of 

sea-level rise that occurred on time-scales of decades. With other words, there is a 

smoothing-tendency in the model. Even if we would use an interval of 30 years for the model-

output, we would argue that the output should be regarded as a centennially average SLR-

signal. To avoid confusion, and because this statement is not needed to make our point, we 

removed it and just mention the output interval of the model: lines 207-211. 

 

Line 166-168: Somewhere a caveat should be included that explains that NAISC and AIS are 

the dominant contribution to EHSLR once EuIS is removed, but there may still be some minor 

contributions from mountain glaciers, thermometric effects, or other unspecified sources. I see 

that this has been done starting at line 176, but to me it would make more sense to include it 

here where the method and rationale is being explained. 

Agreed, we moved the section about glaciers and thermosteric effects upward: lines 199-203. 

 

Line 176, 183: Has SLR or GMSLR been defined? I’m somewhat concerned about the use 

sea-level terminology used throughout the text. 

See our answer to main point #1, we have improved on this. 

 

Line 181: It is somewhat unclear to me the value of presenting rate trends of RSL change with 

the EuIS component removed. Looking at EDF 6, there is still substantial spatial variability (on 

the order of meters) in RSL regions across the study area due to NAISC, so I find it difficult to 

reconcile how this signal (later referred to as residual MSL without much explanation) is a 
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good measure of ice volume changes from NAISC and AIS as implied in line 188-189. 

Although minimal compared to the NAISC and AIS, the EuIS also contributes to barystatic sea 

level changes during the early Holocene, so excluding this component in the discussion of 

land ice volume changes between lines 181-190 seems misleading to me. 

To answer the second point first: when we remove the EuIS component, this also includes the 

barystatic component.  

 

With respect to your first point: it is true that the NAISC-signal in our study area is not entirely 

uniform (for reasons: see our answer to the comment on lines 386-387), but that there is a 

north-south gradient. To (partly) account for this we separate the Rotterdam-dataset from the 

North Sea dataset, run the EIV-IGP model for both datasets and then combine them again. 

This gradient differs per model run. To account for the resulting uncertainty, we have selected 

different model runs (7 1D and 1 3D) and use the spread to calculate a confidence interval 

around the GIA-model output and let this interval propagate in our calculate of rates of sea-

level changes caused by the melt of the NAISC and AIS. The non-uniformity of the NAISC 

signal in our region is therefore reflected in the calculated uncertainty around the rates. The 

calculated rates after removal of the EuIS-signal therefore reflect the NAISC-AIS contribution 

to residual sea level in the North Sea, taken into account the uncertainty as a result of the 

gradient. See also lines 712-723 about the relative contribution and spatial-pattern of the 

NAISC, AIS and EuIS. 

 

Line: 194: “Based on our current understanding of EHSLR, however, differentiation in the 

mechanism behind the occurrence of the two peaks is possible.” Could this be more clearly 

phrased?  

Rewrote this section: lines 247-255. 

 

Line 239: Can you clarify what is meant by “systematic effects resulting from far-field data-

type heterogeneity”? The reference provided does not really help to explain what is meant 

here. 

We meant, that Lateglacial to Early Holocene parts of the far-field dataset compilation 

predominantly consist of coral-based RSL data of various type (reference 17:Hibbert et al. 

2017 one form of heterogeneity affecting uncertainty) and that (late) Early Holocene to Middle 

Holocene parts switch to coastal peats (a second form of heterogeneity) with the onshore-

offshore data source transition (not random, but systematic). It is a similar point as originally 

made in line 69-70, where it triggered a question of referee #2. We agree that the term 

‘systematic effects’ is not so clear, so we rewrote this part (also to address main comment 

#4). Lines 258-271. 

 

Line 231: The methods section and EDF 8 alone do not really help to explain how the North 

Sea captures 78% of GMSLR. Is this determined from ref 45 or analysis presented in this 

paper? I had to go into SI Section 6 to find the basic rationale to support this approach (and 

this section was not referenced here). In SI Section 6.2 there are typos and poorly defined 

equations that detract from the explanation. At least some of the information presented in SI 

Section 6.2 should appear in the main text and methods of the paper as its central to 

interpretation of one of the major findings from this paper. 

Because of space limitations we could not explain this part in sufficient detail in the method 

section of the paper. We transferred text from SI 6.2 to the method section and think this has 

clarified the issue now. Lines 836-892. 
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Line 235: It does not seem beyond the scope of this paper to account for the spatially-varying 

sea-level fingerprints of far-field sea-level estimates to validate the estimates based on the 

North Sea data. 

In the paper we argue that our derived Early Holocene rise of GMSL of 37.0 m is substantially 

lower than published GMSL-estimates (45-55 m range) from literature and much closer to 

GMSL based on ice-sheet reconstructions. We listed a few possible explanations for this 

discrepancy, amongst others spatially-varying fingerprints for the far-field sites, but also non-

GIA vertical movements and data-type heterogeneity. We have now included estimates of the 

variation in fingerprint for Tahiti and Barbados (120 versus 80%) and reworded the paragraph. 

But to us, really diving into the famous far-field sites and data is a paper on its own. This has 

to be done very thoroughly, since so many people already looked into this data. We do 

recommend taking such step though, but for the current paper we really feel that this is 

beyond our scope. Lines 836-892. 

 

Line 254: As in the abstract, I don’t like the use of “solve” here. As the authors indicate in the 

previous section, their estimates here rely on a GMSL fingerprint ratio that should be re-

evaluated, and the estimates of early Holocene sea-level rise are in disagreement with far-

field sites. This work “reconciles” a mismatch, but I think it’s an overstatement to claim that 

this issue is solved. 

Changed it accordingly. 

 

Line 386-387: What causes the spatial variability from the NAISC contribution? Deformation, 

gravitational effects, rotational effects? This is important because corrected RSL data 

influenced by these effects are combined to essentially assume ice volume contributions from 

NAISC and AIS. 

The spatial variability is caused by gravitation and water loading, this is now added in line 723 

that refers to EDF 8. The spatial variation was a reason to consider the Rotterdam and North 

Sea data separately. The uncertainty resulting from this spatial variation is mainly reflected by 

the large uncertainty around the fingerprint ratio and hence included in our estimate of GMSL 

change. 

 

Line 416: It seems “cross-validation” is used here not to describe the statistical suite of 

methods, but to describe that the EIV-IGP results from the North Sea and Rotterdam datasets 

were graphically compared to one another and overlap over model predictions was visually 

assessed? I don’t see any statistical measures to support this cross-validation otherwise? If 

this is the case, I suggest this section be reworded. 

Yes, they were graphically compared and not statistically cross-validated. We reworded. 

 

Line 419-427: I find it difficult to follow the analytical procedure described in this paragraph. 

What does “stitched” mean? Were the 955 MCMC samples from the EIV-IGP model applied 

to the North Sea dataset, the Rotterdam dataset, or both? It seems that the the modelled 

‘residual MSL curve’ would be the same as the EIV-IGP output for individual regions (e.g., 

North Sea, Rotterdam) except for the time period where the datasets overlap. Is this 

effectively much different from running the EIV-IGP model on the two combined regions? How 

much do the results differ? 

After combining the data, we used the 955 MCMC samples for both datasets (North Sea-data 

before the join at 7.85 ka; Rotterdam after 7.85 ka) and then merged them (stitch was not a 

good term). We choose to first calculate rates with EIV-IGP and from there calculate residual 

RSL, because the residual RSL data for the Rotterdam and North Sea region show a vertical 

offset (due to GIA-uncertainties, non-uniform NAISC impact, discussed above, see EDF 11b 

for offset), but do show the same rates of change. This means that if we would directly use 

EIV-IGP to calculate residual RSL for both datasets and then combine, this offset would still 

be present. By first calculating rates we removed the offset that results from GIA-

uncertainties. These uncertainties are not ignored, however, but part of the GIA-uncertainty 
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that is calculated based on the difference in the output of the GIA-models (see above). Lines 

744-762. 

 

Line 423: How were the rates calculated in Fig 4? Presumably the MCMC rate samples were 

also averaged? 

The mean rate and confidence intervals are coming directly from the EIV-IGP model. 

 

Line 426: What confidence intervals were used? 

The confidence interval around the residual RSL-curve is based on the 955 MCMC samples 

of rates. For each sample we calculated a manometric MSL-curve and from this dataset we 

calculated the 95% confidence interval. Lines 756-757,  

 

Line 435: Which model predictions? GIA model predictions or modelled residual MSL? 

Unclear as written. 

With model predictions we here mean the prediction from the GIA-model for the NAISC and 

AIS contribution in this region. We compare this with the global MSL-curve from ICE6G and 

PaleoMIST for the NAISC/AIS. The ratio signifies the regional sea-level fingerprint.  

 

Line 435-437: Should “GMSL" be interpreted differently than “global MSL” used later in the 

same sentence? 

No, it is the same. I agree it is better to use consistent terminology. So not GMSL and then 

later global MSL. Changed it. 

 

Line 438: “This ratio was then used to translate the 32.3 ± 4.7 m residual MSL rise in the 

North Sea region to a total GMSLR of 41.4 ± 8.4 m (2σ) between 11-3 ka (Fig. 4B).” How was 

this “translation” performed? I don’t follow the procedure or the logic. 

We understand this is not clear, we hope that our revised text makes it more clear. Our 

calculation is pretty straightforward. We simply divided the MSL-value for the North Sea by the 

fingerprint ratio (74% now instead of 78% by including PaleoMIST). The 2sigma-range around 

GMSL rise arrives from 2sigma-ranges from the North Sea RSL and the fingerprint ratio 

(using fractional uncertainty error propagation). Lines 884-886. 

 

Line 440: “In a next iterative round of running 1D and 3D GIA models… as part of tuning most 

optimal field data vs. model simulation solutions” This phrasing is used multiple times in the 

methods and in supplemental info. Can an example study be cited here to provide more 

context? I also tend to disagree that this is beyond the scope of this work. Yes, tuning GIA 

models with field data is beyond the scope of this work, but the GMSL fingerprint described 

here is central to the Holocene GMSL estimate provided in this paper, so it seems critical to 

demonstrate that this relationship is robust.  

This links to our reply on the comment on Line 235. By using more sentences to explain our 

fingerprint approach, we think that we now show that the used relationship is sufficiently 

robust to use in our estimate of GMSL-rise between 11-3. We calculated the fingerprint point-

by-point for our region and also visually show that the 74% ratio is robust (see Extended data 

Figure 11). It also aligns with calculated fingerprints in other literature. Lines 884-892. 

 

Line 526: corrected for what? 

Line numbering is a bit offset, but we think this refers to the caption of EDF9, now EDF 10. 

With corrected we mean the SLIP-data after removal of the EuIS-signal, so the residual RSL 

data. We changed the caption of EDF 10. 
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Figure 1: Again, considering the broad audience of the journal (and different conventions 

within the sea-level research community in how to depict limiting data points), I’d recommend 

including an explanation of lower and upper limiting data points in the caption and the type of 

constraint they provide on RSL.  

Done 

 

Figure 2: Figure has a lot of information that is not well-defined by labels or in the caption. The 

various depth axes are not well labelled (units, but not the variable included). Some variables 

not defined or explained in the caption (e.g., Inch./Coh, Resin., etc.). Pollen names seem to 

be included in the diatom assemblage composition plot, without explanation. There’s also a lot 

of cluttered text in the figure that may be unnecessary or could be better organized. 

Figure 2 was revised and the caption edited. Mention of the macrofossil-producing species 

has been removed from the illustration given space limitations (it is still documented as part of 

Methods in the radiocarbon dating section, and in the data supplements). They indeed were 

included directly below diatom evidence and aligned with the 14C-dating positions, to be 

complete in all the paleoenvironmental evidence, but we agree the earlier solution to label 

with colour and italics was too cryptic. The figure has a relative depth axis (core photo of four 

meter segments) and an absolute depth axis (m-MSL for the segment of interest). The axis 

labeling has been repositioned and the caption clarified. The figure also illustrates XRF 

geochemistry results, for which the caption now clarifies that these consider single and 

multivariate data and are explained in reports that are part of the SI/Data Repository.  

 

 

Figure 4: The greatest ice volume change in NAISC appears to occur between 9 to 8.5 ka as 

plotted (i.e., prior to the maximum rates observed at ~8.3 ka). Is there an explanation for this? 

You are correct that the biggest change in NAISC-volume based on the Dalton-reconstruction 

occurs in that time frame, especially between 8.7 and 8.5 ka. We agree that this seems 

counterintuitive, since the peak in the rate of GMSL rise occurs just after (around 8.35 ka). 

This is partly the result of the peak that indeed there was a lot of ice melt before 8.5 ka, but 

parts of it were stored in the Lakes Agassiz-Ojibway. 

 

Looking at the shapefiles that we used from Dalton et al., they have shapefiles for 8.8, 8.7, 8.5 

and 8.1 cal BP. So right at the moment of the drainage event, they have a larger interval (of 

400 yr). Looking at the shapefiles visually, the connection between the Keewatin and 

Labrador dome is already gone by 8.5 cal BP, this is too early since we know that the 

midpoint of the sea-level jump associated with this event occurred around 8.35 ka (Hijma et 

al., 2019, QSR). So the mismatch seems to come from chronology issues within the Dalton-

dataset. We address this now in the text and have shifted the NAISC-line around 8.5 to 8.35. 

 

SI Section 1 

Table 1.3: Not clear what the ‘paleo-water depth’ column refers to.  

With palaeo-waterdepth we mean that waterdepth in which the indicator formed. We added 

this explanation to the caption of the table. 

 

It would also be useful to indicate the type of supporting evidence used to identify the different 

types of indicator facies (e.g., where lithological characteristics, microfossils assemblages, 

bedding features, etc. diagnostic criteria to identify these facies/indicators?). A reader can find 

this in the HOLSEA data spreadsheet, but these details would be useful here as well.  

This is quite SLIP-specific, so we would suggest to keep it like this to avoid unnecessary 

detail. The interested reader can look it up in the spreadsheet. 

 

Relatedly, it would be useful to briefly expand on what “botanical” evidence relates to? Pollen, 

plant microfossils identified in sediments, etc.? 
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We don’t see the word ‘botanical’ in SI 1, but most likely the spreadsheet is meant. For our 

data, botanical mostly means macrofossils plant remains in the peat. For other datasets it 

could be also things like forams, diatoms. We have updated the Holsea-database, where we 

now specify which botanical remains we have used. 

 

How is GWL determined? The text suggests GWL = MSL, although is that a good 

assumption? Would it be expected that the hydraulic gradient was also constant in the past? I 

understand that these are indicative meanings that have been used in previous work, but 

some further explanation and acknowledgement of caveats would be appreciated here. 

For our ULD-data we state they formed in relation to GWL, we don’t link that in any way to 

MSL. Our SLIP-data is related to MHW and our LLD-data to MSL. So we don’t use 

GWL=MSL. 

 

We read the remark in such a way, however, that the referee would like to see more 

information about how we arrive at MHW as the benchmark for relating our SLIPs to MSL. We 

understand this, since we relate freshwater peats to a tidal level. For the Netherlands this is 

an established approach that is based on work from Van de Plassche, Roep and Beets in the 

1980’s where they could link the elevation of dated peats to tidal signatures in dated 

sediments. This showed that the peats formed around MHW in a freshwater-tidal system. We 

added a few lines to the SI Section 01 to explain this. 

 

HOLSEA data spreadsheet:  

-Technically, the HOLSEA guidelines ask for and upper and lower 2 sigma uncertainty (rather 

than the upper and lower ages defining the 95% CI) to be provided in columns 11 and 12, but 

an end user would be able to convert this relatively easily if they needed these estimates 

instead. 

-What is ‘NAP’ listed in column 37? Are the tidal datums (primarily MHW in column 47 seems 

to be important) also expressed relative to NAP? If not, this will introduce error into the RSL 

calculation. 

NAP is the Dutch Ordnance Datum. The relationship between zero NAP and MSL is well 

established through levelling, associated uncertainties are captured by column 32 

(Benchmark uncertainty) 

 

SI Section 6: How were the values used in this study estimate from those in the literature? 

Table 6.1 shows larger ranges for the Holocene contribution (2.1-4.3 m SLE) than used in the 

current paper (2.5-3.5 m SLE).  

Thanks for noting this error. As you can see in the third column, the min-max value of what we 

use in the paper should be identical to the combined min-max from three sources. We 

changed the second column accordingly. 

 

Section 6.2 From regional residual MSL signal to global mean sea level: Typos in this section 

that detract from clarity of explanation of methods. Is a 2σ-range of 0.69-0.91 for the 

fingerprint ratio conservative? How would this ratio change if a different ice model (e.g., ANU 

ice from Lambeck et al., 2014, PNAS) used to estimate this fingerprint ratio? 

We apologize for the typos. Because of large-scale mass loss from NAISC in the Early 

Holocene, the fingerprint ratio for our area will change throughout the Early Holocene. We 

thought it beyond our scope to do a thorough analysis of the temporal trend in the fingerprint 

ratio and use this trend to go from residual to global MSL. Because we calculate and use a 

single value of 0.74 throughout the Early Holocene, the 2sigma range is large and in our view 

therefore conservative. As a validity check we compare our data with fingerprint studies from 

Kendall et al. (2009) and Lin et al. (2021) and the match is good. When we do the same 

analysis with another model, in this case PaleoMIST, the results are very similar (see updated 

fingerprint-ratio figure in the paper). The section is now moved to the Method section and 

should be better readable. 
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Figure 6.2: I think the caption should read “as Extended Data Figure 8” (not 9).  

You are right. 

 

But could you also reiterate the caption of EDF 8 so your reader doesn’t have to go to another 

document to understand this figure? Unclear what the 500-year bins are referring to. The 

average of the fingerprint ratios for each data location within 500-year bins? 

We have explained it in more detail and removed the bins. 

 

Finally, there are a few minor suggestions to improve the clarity of the writing below: 

Line 37: second sentence structure in a row using “hereby.” Suggest revising to avoid 

repetition. 

Change the first ‘hereby’ 

 

Line 52: could remove “post-glacial” 

Good suggestion 

 

Line 62: no “-“ needed in GIA-models 

Ok, changed it. 

 

Line 66-70: Sentence difficult to follow/read. Suggest revising as follows: “The limited Early 

Holocene SLIP datasets that do exist have relatively large vertical uncertainties due to: 1) low 

spatial sampling density (e.g. isolated submerged mangrove peats14); 2) reliance on 

corals12,15 with relatively large depth-habitat ranges (yielding 2σ uncertainties ≥8 m16); or 3) 

being significantly impacted by local ice loads17(e.g. rebound history). “ 

Thanks, we used the suggestion. Line 77 

 

Line 82: comma needed after “Holocene” 

Done 

Line 96: ice sheets (instead of ice sheet) 

Done 

Line 113: can remove “in the Early Holocene” (implied by EHSLR in the sentence) 

Done 

Line 119: Define XRF 

Done 

Line 128: suggest “constraints” instead of “boundaries” 

Done 

Line 183: “halve” not “half” 

Done 

Line 235: GMSLR not GSMLR 

Done 

 

Nicole Khan 
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1 Feedback from Referee #1 

The response to my comments were thorough and helped clarify any concerns I had. 

Certainly, the changes to the manuscript have made understanding the methodology much 

easier to me -- and I hope that would be the same to the future readership. 

I believe that the manuscript and results therein are exciting and will contribute much 

discussion in the Holocene sea level community and beyond. 

Thank you for your comprehensive response to my review and adjustments to the manuscript. 

We thank the referee for this positive feedback and still highly appreciate the thorough review 

during the first round. 

2 Feedback from referee #2 

Dr. Hijma and co-authors have responded well to my major concerns. I am supportive of 

publication in Nature: the data set significantly improves our knowledge of sea-level change 

during the highly relevant most recent period of rapid sea-level rise. I have only a set of minor 

comments remaining. 

Thank you for sharing this thorough response to reviewer comments within a nicely reworked 

draft. Please let me know if further comments from me may be needed. 

We also thank this referee for this positive feedback. We address his remaining points below. 

By line: 

72. Consider starting a new paragraph at "SLIPs"

We did start a new paragraph.

82. *Holocene* SLIP datasets?

We think this applies to all sea-level datasets before 9.5 ka, not only Holocene ones.

82. For more precise text, consider changing "beyond" to "prior to".
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We did so. 

 

89. Remove "Early"? The start of the Early Holocene would also be the start of the Holocene, 

right? 

True, so we removed “Early”. 

 

265. You write this far-field comparison as being for GMSL data. However, you are comparing 

it against data that are the residual RSL from the North Sea. Does this mean that they are 

different, since one of them has the Eurasian ice contribution (though it may be smaller than 

the others) removed? 

You are right that they are different, the point of the Eurasian ice contribution was also raised 

by another reviewer. The ~2 m of sea-level change coming from the EuIS is a small, but not 

insignificant contribution and we have now added that 2 m to our reconstruction of GMSL. 

 

272-283. Consider combining paragraphs? It seems awkward with the 1-sentence 

paragraphs. 

Agreed, so we changed it. 

 

Methods: Multiple equations have dotted-line boxes, as if something is not rendering properly. 

I think it should be better now, we removed some gridlines. 

3 Feedback from referee #4 

I very much appreciate the efforts of the authors to address my comments (and those of other 

reviewers) from an earlier round of review(s), and my view of the novelty and significance of 

this paper remains unchanged. I was asked by the editor to a) comment on whether the points 

raised in the previous round of review have been satisfactorily addressed and b) to pay 

particular attention to the appropriateness of any statistical tests, and the accuracy of the 

description of any error bars and probability values. Most of my concerns about the 

terminology, organization and clarity of the methods, and validation of major findings have 

been explained or adequately addressed. The overall approach (and rationale) taken in the 

paper is much clearer. With regards to terminology, I agree with the revised changes and the 

authors’ adoption of the term ‘residual relative sea level’ to describe the signal that remains 

when subtracting the contributions from the Eurasian ice sheet complex to RSL from RSL 

observed from the new dataset.  

 

We thank the referee for her positive feedback and her new constructive and valid comments! 

We address the comments below. 

 

However, there are two issues with 1) minor omissions in the description of the methods used 

to estimate RSL changes from North Sea sedimentary archives and 2) the description and/or 

approach used to model residual RSL changes that require further attention or consideration: 

 

1a) It is described in section 1.2.6 of the supplemental that tidal datums “were taken (for each 

location) as the M2 tidal component in the operational tidal model.” It is possible that I missed 

it, but I do not see where the operational tidal model is described. 

The used models are listed in the supplement, but a few sentences below the line that the 

referee refers to. “For the North Sea, palaeo-tidal reconstructions were available generated and 

reproduced in various simulations. For coastal sites from 9-6 ka cal. BP, these are those in Van der 

Molen & Van Dijck (2000) and Van der Molen & De Swart (2001), calibrating the radiocarbon years in 

these original publications (as before in Hijma & Cohen 2010; 2019). For offshore sites 11-8 ka, these 

are those from Uehara et al. (2006) and Ward et al. (2016) (including Atlantic Ocean palaeotidal 

insights).” 
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1b) I still do not find a clear explanation of how groundwater level (GWL) is estimated for the 

calculation of the indicative meaning (and thus RSL) of upper limiting data points. I appreciate 

that these limiting data points are not directly used in the subsequent analysis, but for the 

sake of reproducibility, it should still be explained. 

We don’t really estimate GWL. After applying the HOLSEA-corrections we end up with a 

GWL-value for the ULD . For some indicators we use a palaeo-water depth of zero and then 

the GWL we use is the same as the reconstructed water level. It is exactly the same 

procedure as for SLIPs, but for ULDs we reconstruct GWL instead of sea level. I hope it is 

clear from the SI. 

 

2a) I still have some questions and concerns about the procedure described in ‘Rates of 

residual RSL change for the North Sea region (Step 5)’ (starting on line 740) of the methods. 

In equation 5, the uncertainties of obsrsl(𝜃,_𝜑,_𝑡 _) and standard deviation of 

average[pEuISrsl(𝜑,_𝜃,_𝑡 _)] are described, but it is not explained how these uncertainties are 

incorporated into the estimate of obsNAISC+AISrsl(𝜃,_𝜑,_𝑡 _). SI Section 4 is referenced, but 

it does not seem to provide any more information. The RSL and uncertainties estimated from 

sedimentary archives are shown along with 8 different residual RSL values (with no stated 

uncertainties) for 8 different earth-ice model pairings. I find it difficult to follow what values and 

uncertainties were actually used as input into the EIV-IGP model. 

We agree that this was not clear enough. What we did for each SLIP is subtract the average 

of the 8 different RSL-values from the GIA-modelling and use the standard deviation of the 8 

values as the uncertainty around the average residual sea level. I think the text itself is clear, 

but SI Section 4 was not. We have added columns in that section so that the actual input for 

the subsequent modelling is clear. In fact we have now also added the actual input file for the 

EIV-IGP, so that everyone can redo our calculation with the EIV-IGP model. The output file of 

EIV-IGP is also provided. 

 

I also have some concerns about directly combining the output from the EIV-IGP model 

applied to a) the North Sea dataset prior to 7.85 ka and b) the Rotterdam dataset following 

7.85 to estimate two peaks in rates of residual RSL change. It is good to see that there is 

general agreement in rates of change in the models applied to the North Sea and Rotterdam 

dataset over the period of overlap between 9-6 ka (shown in Fig ED9), and this provides 

confidence in the peak in RSL rates inferred at ~8.3 ka. I do question, however, whether the 

‘peak’ in rates ~10.2 ka is robust and not influenced by edge effects (i.e., minimal data prior to 

10.5 ka causing greater uncertainties in modelled rates)? I don’t doubt the period from ~10-9 

ka was characterized by slower residual RSL rates, but given the lack of data prior to this 

point in time, can a peak be confidently inferred? There is certainly a possibility of a peak in 

rates at this time, but perhaps a caveat should be stated? It would also be useful to show the 

EIV-IGP results in comparison to the residual RSL inputs to the model (i.e., ‘data’-model 

comparison), which would also help answer my question in the previous paragraph.  

Based on a request by referee #5 we also ran the EIV-IGP model on the whole dataset (so 

Rotterdam and North Sea) in one go. As this gave a similar result as when doing the EIV-IGP 

on both datasets individually and the combine the result, we decided to use the results from 

the analysis on the whole dataset (previously this didn’t work that well, see our reply to #5 

below). This has of course the large benefit that the whole procedure is much easier to follow 

for readers and that everyone can replicate our results in one go. This also made it easier to 

plot the data with the EIV-IGP results and we do that now in EDF8 (data-model comparison). 

 

With respect to the first part. Since the 10-9 ka period clearly shows lower rates, we think it is 

fair to speak of two phases of accelerated sea-level rise, since during the Younger Dryas 

rates of sea-level rise were low or even negative. We agree, however, that the peak around 

10.2 is less robust than P2 and therefore have included more nuance in our text describing 

P1. 
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My last concern with ‘Step 5’ in the methods is the statement made in lines 765-769, in part 

because it is unclear how the term obsNAISC+AISrsl(𝜃,_𝜑,_𝑡 _) (from equation 5) is 

incorporated into the EIV-IGP model. As the authors state in lines 748-750, the North Sea and 

Rotterdam datasets have centroids >250 km apart and over that distance, the spatial variation 

in the NAISC signal may be meaningful to consider. It is not obvious to me how modelling 

rates of change from these two datasets and combining them “removes vertical offsets related 

to GIA-modelling uncertainties within and between these datasets”. The different GIA 

influences from the NAISC will be included in the calculation of rates of change in the EIV-IGP 

model. Perhaps a simple spatio-temporal statistical model (e.g., Ashe et al., 2019, QSR, in 

particular see implementation in Khan et al., 2022, Global and Planetary Change that includes 

a common regional signal uniform across the spatial domain and a local signal in the process 

level model, which basically calculates the uncertainties on the intersite differences in a self-

consistent manner) is more suitable to isolate a common signal across the North Sea and 

Rotterdam? This is only a suggestion for the authors to consider, but at a minimum the 

statement made in lines 765-769 needs better justification. 

Because we now use the EIV-IGP model on the whole dataset, the issue raised above is not 

relevant anymore. In our reply to #5 I give more insight into why we did run the model on both 

datasets individually in our previous submission.  

 

2b) After the fingerprinting ratio associated with the NAISC and AIS was used to estimate 

GMSL from the residual RSL signal from the North Sea, was the (small) barystatic 

contribution from the EuIS added back into the GMSL estimate (e.g., the dotted gray line 

shown in Fig 4)? This contribution is discussed in lines 779-786, but I did not see this 

explained in the methods (although again I may have missed it). 

Good point! The EuIS contributed was not yet added to the grey line, so we did now and 

updated relevant texts.  

 

4 Feedback from referee #5 

Thank you for the opportunity to review this work. I have a few comments and suggestions 

that I believe could help clarify certain aspects of the EIV-IGP analysis in this study: 

 

Thanks for looking thoroughly at our EIV-IGP analysis and for the constructive feedback. It 

significantly improved our workflow. Below, we address all points. 

 

1. Use of Limiting Data Points: I noticed that Figure 1 plots the data, including both index 

points and limiting data points. However, if I understand correctly, the limiting data points are 

not actually used in the EIV-IGP modelling process. If this is the case, I recommend clearly 

stating this to avoid potential confusion for readers who might assume all data shown in 

Figure 1 are used in model calculations. 

We indeed do not use the limiting data and agree this should be more clear. We added a 

sentence. 

 

2. Application of the EIV-IGP Model on Separate Datasets: I appreciate the use of the EIV-

IGP model on the two datasets independently, which seems both appropriate and well-

justified. However, considering that the datasets are eventually combined, it would be 

valuable to see what the estimated rates would look like if the model were applied to the 

combined dataset from the outset. Are the rates derived from the combined data markedly 

different from those derived from the separate analyses? This comparison could offer 

additional insights into the model's sensitivity to distance between the dataset locations. 

Good point. We ran the model on the entire dataset and in fact it gave similar results when 

comparing it to the previous results. The average rate is a bit lower, but the two phases of 

higher rates of sea-level rise are still there and thus very robustly present in the data. We 
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have therefore decided to use the new EIV-IGP results for the paper. It is much more 

straightforward and easier to reproduce by anyone. So thanks for raising this point!  

 

The question of course is then: why didn’t we do this in the first place? Well, after the first 

round of comments, we have significantly updated/improved our GIA-modelling and now use 

7 1D and 1 3D model for correcting our sea-level data, while previously we used 2 1D and 2 

3D models. This obviously had an impact on the residual sea-level data values. Before the 

update, the residual sea-level data had a small offset in the overlapping part of the two 

datasets, but similar rates of change. By calculating rates of changes for both datasets and 

then combining them, the impact of the offset was removed. The updated residual sea-level 

data, however, don’t have this offset anymore and therefore we can now use the EIV-IGP 

results on the whole dataset! Great! 

 

3. Methodology for Merging Modelling Outcomes from the Two Datasets: The process for 

merging the outcomes from the two datasets is not sufficiently clear in the current 

documentation. I would not be able to reproduce this with the information provided. I suggest 

offering more details on this procedure, which would enhance transparency and reproducibility 

for other researchers attempting similar analyses. 

Not relevant anymore, but we agree that it was not clear. 

 

4. Clarification of Extended Data Figure 9: Regarding the lower panel of Extended Data Figure 

9, could you clarify what is meant by the "samples per 200-year bin" for the two datasets? If 

these refer to MCMC samples, it would help to explain why the sampling is uneven and why 

the sample numbers are relatively low. Additional detail on this could provide a clearer 

understanding of this figure.  

What we show is the number of SLIPs per 200 yr windows. It is shown to give the reader a 

visual overview of the number of SLIPs for the studied period. We added some text to make 

this more clear. 

 

5. Supplemental Documentation and Scripts: Lastly, the supporting documentation does not 

appear to include any scripts for running the EIV-IGP models or for merging the outputs from 

these models to produce, what appears to be, one of the main take away figures from the 

paper (Figure 4). Please correct me here if I am missing something. Providing these scripts 

would be highly beneficial for transparency and reproducibility, as well as for aiding readers in 

understanding the methodology, particularly the merging process. 

The script for merging the output is not relevant anymore, so not needed to add it to Zenodo. 

The EIV-IGP script is available online in the repository of Niamh Cahill, we have added a link 

in the text and added the values we used for the relevant parameters. Everyone should now 

be able to reproduce our results. 

 

Thank you again for your work on this study and for considering these suggestions. I believe 

these clarifications could strengthen the paper's impact and accessibility to the broader 

research community. 



Review on “Two phases of accelerated sea-level rise in the Early Holocene revealed from 
North Sea peats” 

The manuscript uses a new dense collection of sea-level indicator points to constrain a global 
mean sea level record over the early Holocene, in conjunction glacial-isostatic adjustment 
modeling. They find two peaks of sea level rise around 10.1 and 8.3 ky BP, where rates of sea 
level rise exceeded 10 mm/y. Since this study was performed with GIA modeling, they were able 
to estimate an ice sheet budget that reconciles a long-standing mismatch between GMSL change 
over this period as estimated by ice reconstruction versus that by sea level indicators. 

I was asked to focus on the GIA modeling aspects of this manuscript and, while there is 
significant modeling performed, there are ways in which this aspect might be augmented. I also 
have some concerns about how uncertainty in the GIA modelling is treated. This may be more 
due to word limit and require only more clarification. I make some suggestions for further 
calculation, but I do not believe these would be too cumbersome and would only add to the 
robustness of your conclusions. 

My focus is here is primarily on the Methods section. If I have misunderstood the nature of the 
methodology, I apologize, but perhaps further clarity might be added if that is the case. If word-
count permits, I imagine a brief flowchart of the tasks to begin the Methods section might help 
guide the reader as to what to expect. (E.g., “Our ultimate goal is to estimate the GMSL rise due 
to the NAISC and AIS ice sheets. We require estimation of the EuIS contribution and its removal 
through GIA models. With the remaining signal, we then go on … -- or something like this). 

 

1D and 3D GIA modelling: Background 

Standard Ice and Viscosity models:  

Why was VM5a used and ICE 5G? I understand both are co-constrained. However, there 
is a more up-to-date version from this group (ICE7G and VM7) where significant 
deviation in the lower mantle viscosity is evident. In many viscosity modelers’ minds, 
VM7 is a far more reasonable profile for mantle viscosity. I imagine running 3D 
calculations with these backgrounds is perhaps unnecessary, but you could possibly add 
another two 1D models into your mix (ICE7G + VM7; ICE7G+BC + VM7?). 

Reducing your subset to 4 models. 

I’ve somewhat missed the motivation behind this whole part. I understand that you wish 
to find the model to best represent the EuIS’s RSL contributions to this region – but 
several things seem amiss (though, I completely acknowledge that I might be 
misunderstanding this): 



(1) By defining the best model with that that minimizes Eq. 1 says “Let’s assume 
that the RSLs are best-fit with an EuIS contribution that explains as much of 
the signal as possible.” This implicitly asks that both NAISC and AIS 
contributions to be minimal. Minimizing Eq (1) works if you assume there is 
no unmodeled physics involved – but that’s the whole point – you’re yet to 
consider two large contributors (NAISC and AIS). And then, upon having 
several 3D models – that could all be viable since they only model EuIS 
contributions – you choose four (3D and their background 1D) models to 
represent EuIS. Further, you choose the mean. There is no reason to think that 
the mean is even physical. Actually, the 1D background models shouldn’t be 
physical (the Earth isn’t 1D even though it could be a decent approximation, it 
shouldn’t be better than a 3D). For clarification, the way you describe the 
misfit in the main text (lines 152-155) – is that the misfit for Eq. 1? If so, 
listing it in order in such a way gives the perception that a lower misfit is 
better. But as I’ve described, the misfit in this sense seems like an 
inappropriate way to get the representation of EuIS. 

(2) I think another issue (and this theme will be returned to later) is that 
ultimately, this is all reduced a single number, without uncertainty or an 
estimate of the error. Without over-reaching, I might suggest another way to 
represent the EuIS with the calculations you already have at hand. I would 
keep all the 3D models that have realistic 3D structure (which may be justified 
from other studies, perhaps this might not be all 31). Throw into this 
collection various 1D backgrounds also (including VM7, and I would also 
assert some with low upper mantle viscosities* -- see point below). This 
ensemble captures the uncertainty in mantle structure. Then use the two EuIS 
models, which you make the valid point, are constrained by entirely different 
techniques. These capture the uncertainty in ice model.  From this suite, find a 
mean and uncertainty, and carry that uncertainty in the proceeding analyses. 
* For the low upper mantle viscosities, I say this since the timescales of these 
melts would likely trigger transient deformation. While I do not think it’s 
necessary to model this, this can be mimicked with lower viscosities. A good 
source might be to look at its effects beneath Greenland (Paxman et al., 2023 
– their Fig. 5 might give a good idea of the order-of-magnitude decrease the 
timescales of such pulses might do.). Certainly, there is a growing literature on 
transient deformation at such fast timescales (see Simon et al., 2022; Lau, 
2023). I think considering a lowered upper mantle viscosity in the mix would 
“cover” uncertainty in this regard. 
 
Again – this is only a suggestion – but I hope that what this does emphasizes 
is the need to not push your conclusions a certain way through the act of 



minimizing Eq. 1. There is a wealth of information contained in the suite of 
model runs. Ultimately, what this results in is nothing too practically different 
(still, a single number, but importantly, with an attached uncertainty) – but 
contains more information. 
 
Transient rheology references: 
Paxman et al. (2023) “Inference of the timescale-dependent apparent viscosity 
structure in the upper mantle beneath Greenland”, AGU Advances, 4(2), 
e2022AV000751 
Simon et al. (2022) “Identifying geographical patterns of transient 
deformation in the geological sea level record”, JGR: Solid Earth, 127(7), 
e2021JB023693 
Lau (2023) “Transient rheology in sea level change: Implications for 
Meltwater Pulse 1A”, EPSL, 608, 118106. 

 

GIA modelling: Isolating the EuIS signal 

Line 380: Begin the sentence stating: “When considering the ice reconstruction scenarios 
(ICE 6G for NAISC and AIS, with ICE6G or BC constructions for EuIS), breaking down 
the individual…” 

Eqs (2, 3) need uncertainties listed. Obs_rsl + \sigma = … Is it actually the case that you 
are not incorporating error?  

Now, pEuISrsl has uncertainty, too, if suggestions are taken from above. Rather than 
doing this separately for each ice sheet combination, you would have a single map with 
uncertainty. 

Now I read 399: the misfit here listed in Fig. (3) is not what I had thought previously (i.e., 
Eq. 1… so perhaps some clarity could be added that this misfit does not refer to the misfit 
in Eq. 1.) 

Overall, I think some attention to uncertainty and error needs to be accounted for in this 
analysis. 

Rates of residual mean sea level (MSL) rise 

Line 406: Please define “EIV-IGP” model and provide a concise description of what this 
is. The Section 5 SI material is completely truncated (only a few words are visible on the 
page). This might make this a little difficult to review.  

Line 426: Again, you could argue that you have access to GIA modeling uncertainties. 

 



Minor comments/typos: 

Line 26: “Data about these rates is” to “Data about these rates are”? 

Line 67: remove comma between “exist” and “have” 

Line 88: “also means that” should be “also mean that” 
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