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We thank the reviewer for their diligence in reviewing our manuscript. We already aim to revise the text to incorporate better

use of topic sentences (as per Reviewer 2) and will incorporate improvements to the readability and clarity feedback of the text

in light of this work. Specifically, we will restructure the introduction to mechanisms of the NAO, and we will avoid referring

to the LGM as a predominantly GHG-driven change whilst further emphasising the orographic steering effects. Additionally,

we will tighten the references and address the presentational issues. Blue text below is our response to the referee’s comments5

(reproduced in black).

Referee 3

Review of the manuscript „North Atlantic Oscillation (NAO) in the Paleoclimate Modelling Intercomparison Project (PMIP)“

by Zhao et al.

Overview10

Zhao et al. present an analysis of the North Atlantic Oscillation (NAO) from results of simulations of multiple iterations

of the Paleoclimate Modelling Intercomparison Project (PMIP) and the Climate Modelling Intercomparison Project (CMIP).

To study the impact of background climate on NAO and the climate of the North Atlantic realm, the authors employ model

results from abrupt-4xCO2, a CMIP DECK simulation that aims at sampling model sensitivity to a very strong carbon dioxide

forcing (Eyring et al., 2016; Dunne et al., 2025), the CMIP/PMIP piControl as reference, two mainly orbitally controlled PMIP15

simulations lig127k and midHolocene, and the Last Glacial Maximum simulation lgm that is forced by a combination of orbit,

greenhouse gas concentrations, and geography. Simulations lgm and abrupt-4xCO2 represent cold and warm end members.

This allows to sample the response in NAO to climate backgrounds that differ strongly from the current climate, to reflect

on changes in Europe‘s climate as a result from such extreme climate backgrounds, and to compare model results with the

theoretical framework provided by previous work.20

In their introduction the authors provide an overview on NAO mechanisms and of first order impacts on climate, which

provides a good stage for linking this study with previous work on the NAO. Analysis of model output is performed based on a

pre-existing framework by Brierley and Wainer (2018) and follows earlier work by Zhao et al. (2022). On the side of results, the

authors find that models can reproduce in their piControl simulation inferences derived from 20th century Reanalysis (Compo et

al., 2011), with the exception of certain temperature, sea level pressure, and precipitation biases. From the climate perturbation25

simulations lgm, abrupt-4xCO2, midHolocene and lig127k it becomes clear that first-order impacts of climate on NAO and

European climate are confirmed, in particular dependency of the expression of NAO on the mean state. Nevertheless, there are
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also more nuanced results. In particular, a previously established relationship between NAO and El Nino Southern Oscillation is

not confirmed by this study. Models have difficulty to reproduce the warmer winter climate reconstructed for Europe for middle

Holocene and Last Interglacial. Generally, there is substantial model-dependency on results. I find this aspect particularly well30

illustrated by the differences in NAO metrics that are derived for differently composed model ensembles of the piControl

simulation presented in Figures 4 and 5.

I have read the manuscript with interest and I find it relevant for publication in Climate of the Past. It is obvious that the

authors have invested substantial work in aggregating a very large ensemble of different models across different phases of CMIP

and PMIP towards enabling a broad analysis and deliver a manuscript that may be of value to a wide readership in climate35

sciences. This is certainly laudable. On the other hand I think that various aspects of the manuscript deserve improvement,

also towards enabling the readership to more easily follow the presentation and interpretation of the results provided by the

authors. I suggest reconsideration after major revisions. While many of my comments address minor issues, sometimes even

only technicalities, in some aspects I was left with further questions that are in my humble opinion best solved in a second

iteration of the manuscript. Please find more detailed information on suggestions for improvements below.40

We would like to thank you for the constructive and detailed comments on our manuscript. We would be revise the work as

suggested, as we agree that it would improve the manuscript’s readability and therefore impact.

Overarching comments

At several locations, authors‘ description of results was difficult to follow. The manuscript could be improved by using

more links that refer from text to figures. I think that particularly Section 5 could be improved in this respect. From the45

perspective of a non-native speaker I also noticed at several locations unclear or ambiguous formulations that sometimes

obstructed my understanding of the authors‘ statements. Generally, the manuscript could be improved by fixing various ty-

pos and formulations, by making sure that referencing of previous work is at some locations more precise (particularly for

model description papers), and by ensuring that definitions and descriptions of figure content are more comprehensive by

adding detail to figure captions. Please also check capitalization rules (e.g. „Last Glacial Maximum“ vs. „the last interglacial“,50

both used in this manuscript). I note that due to the figure size in the typeset PDF, that is for the majority of figures far too

small, I found it cumbersome to interpret various results. Please check formatting and content of your reference list, e.g.

https://doi.org/https://doi.org/10.1029/2000GL012377.

Thanks for the suggestion. We will enhance the linkages between text and figures. We will also improve the manuscript

quality, including language, figures and references.55

Generally, I think that a bit more consistency across the manuscript when attributing changes in NAO to different types

of boundary conditions and forcings used in the various simulations would be beneficial towards clarity. Discussion of the

impact of geography (in particular ice sheet height and extent) should be extended. Generally, I would avoid reducing lgm

to its greenhouse gas forcing (this is done at various locations of the manuscript, e.g. „Our results show that the NAO is

sensitive to GHG-forcing-induced temperature changes but not the orbital configurations“, while the authors acknowledge at60

other locations that reducing lgm to its greenhouse gas forcing alone is an oversimplification, e.g. line 191). Even if analyses

of the relative contribution of different forcings and boundary conditions to the overall climate patterns and expression of NAO
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are not possible due to a lack of availability of higher Tier simulations proposed by Kageyama et al. (2017), there is literature

around (e.g. Justino and Peltier, 2005) based on which expected changes could be discussed and promoted for more detailed

analysis in future work. For example, Pausata et al. (2011) show that details of topography are key players in controlling65

atmosphere circulation and patterns, of which many are key to the NAO.

This framing had been inherited from our previous work on tropical climate variability – where the ice-sheets do have a

relatively minor impact. We acknowledge that the North American ice-sheets clearly play a role in steering the dynamics of

the North Atlantic storm-track. We will revise the text.

When transferring knowledge of the quite idealized abrupt-4xCO2 simulation to real world examples of future climate one70

could increase reflection of model biases in the simulated strength of NAO (Outten and Davy, 2024) and weakened NAO

variability in future scenarios (Fuentes-Franco et al., 2023).

We will correct the terminology for the abrupt-4xCO2 simulations.

While I generally like the introduction of the mechanisms behind NAO, I think that explanation of the mechanisms behind

NAO and the effects on regional climate of (different phases of) the NAO (first two paragraphs of the introduction) could be75

improved to be easier to follow. I think that it would be clearer if the explanation related to the pressure systems (lines 16-17,

lines 33-35, lines 37-39, lines 44-45) were grouped together, and description of the various effects of NAO on climate would

then follow thereafter. That would also increase clarity regarding the two „pressure systems“ that you talk of in line 33/34 and

their link to the sea level pressure anomalies (line 16) via which the NAO is commonly defined.

Thanks! We will revise the Introduction.80

As noted above, there are various inconsistencies in referencing. Please check all references carefully, there may be more

issues than I have been able to locate. Please pay particular attention to Table 1 (see also a comment further down) and to

references to the 20th Century Reanalysis, that you appear to cite as Slivinski et al. (2019) in the caption of Figure 1 but as

Compo et al. (2011) in line 166/167.

We will fix the inconsistencies in referencing.85

Specific comments:

line 2-3: „whose future behaviour remains uncertain“ - I note that this statement could be attributed to any of the three

statements made in the sentence, and it is not clear to me which one the authors would like to single out here (if any).

It refers to the behaviour of NAO in the future. We will clarify it during revision.

line 6: I think that the terms „future warming scenario“ or „climate scenario“ refer to specific trajectories of human-made90

emissions / greenhouse gas concentrations. See e.g. the statement by Dunne et al. (2025): „CMIP provision of climate responses

to idealized and scenario-based projections of forcing has supported numerous national and international assessments [...] and

played a central role in every Intergovernmental Panel on Climate Change (IPCC) report since its inception [...]. Scenario

projections include the response to changes in CO2 and other greenhouse gases, aerosols, and ozone across a range of increasing

and recovery trajectories via human perturbations to the carbon cycle and other aspects of the Earth system“. I think the95

common terminology for abrupt-4xCO2 is that of a baseline simulation from the CMIP DECK or similar (Eyring et al., 2016).

We will change it to "idealized GHG-forced experiment from the CMIP DECK".
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line 8: „inducing variations in the seasonal cycle“ - and redistributing energy across latitudes

We will modify it during revision.

line 8: lgm is characterized also by major differences in ice sheets (albedo and elevation), that are known to impact atmo-100

spheric variability („This demonstrates that the topographic forcing and ice albedo feedback are both crucial to generating the

quadrapolar form of the atmospheric variability, primarily due to the attendant modifications of the stationary and transient

waves.“ (Justino and Peltier, 2005)). This could be pointed out towards not underselling your work, and I think the reference

could also be included in your introduction and discussion regarding previous work.

We will revise the text during revision.105

line 18: I think the work by Hurrell et al. (2003) that you cite here to highlight importance of the NAO in the North Atlantic

realm provides actually a more nuanced view: „[...] although the NAO is the dominant pattern of atmospheric circulation

variability over the North Atlantic, it explains only a fraction of the total variance, and most winters cannot be characterized

by the canonical NAO pattern“; this may be something to reflect on in your discussion.

Thanks for the suggestion. We will modify it during revision.110

line 43: „Research around changes in the NAO involves some awkward terminology.“ Towards increased understanding on

the side of your readership it would be illustrative if you provided details on specifics of the common terminology that you

consider awkward. From the information that follows one could infer various different characteristics as awkward, including

the definition of NAO via pressure differences between two pressure systems who‘s extent and location changes with the

background climate (your lines 57ff).115

We will add examples here for explanations.

line 56: replace „as“ by „having been linked with the attributes“? For clarity I also suggest to start a new sentence after the

reference to Gladstone et al. (2005).

We will revise the text as suggested to improve clarity.

line 62: „shifts positively“ - do you mean that the NAO shifts towards being more predominantly in its positive phase? Please120

clarify formulation.

Yes. We will clarify it.

line 70: see above comment regarding differences between the common terminology of scenario vs. abrupt-4xCO2.

We will revise the terminology.

line 72: „warming projection“ as per my previous comment125

line 80: consider replacing colloquial language („a bunch of simulations“) by more formal formulation, e.g. „a group of

simulations that spans across ...“

We will replace the text as suggested.

line 110: remove the comma for clarity?

Thanks for the suggestion. We will remove the comma.130

line 117: add space after the word „reconstructions“

We will add space.
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line 142: Question about the state of equilibrium between the different experiments and simulations by individual modelling

groups: „we take the last 50 model years of the abrupt4xCO2 simulations in analysis“ - here it would be illustrative if you added

information on the length of the simulation as defined in a) CMIP and as b) performed by individual modeling groups to the135

manuscript. b) would be relevant if modeling groups for some reasons have performed longer simulations than the suggested

standard length. This comment actually also is relevant for all other simulations that you present.

Thanks for the suggestion. We will add a brief description here. The CMIP protocol specifies a minimum length of 150

years for the abrupt4xCO2 simulations to reach near-equilibrium (Eyring et al., 2016). We take the last 50 years to ensure

results reflect near-equilibrium conditions, facilitating direct comparison with other equilibrium experiments in our study. For140

the piControl experiment, CMIP6 requires a minimum of 500 years to ensure a equilibrium state (Eyring et al., 2016). The

PMIP simulations do not have a fixed length. The length depends on when the simulations meet the criteria: (a) the absolute

trend in global mean sea surface temperature is less than 0.05 K/century, and (b) the AMOC is stable (Kageyama et al., 2018).

line 147: replace „as“ with „via the threshold that“?

We will replace the text as suggested.145

line 151: delete „-based“ from the definition of the abbreviation for clarity - later on you refer just to PC.

We will delete it.

line 167: „show bias“ „are biased“ instead of „but bias“?

We will revise it.

line 176: This long sentence is difficult to grasp - try to split it, e.g. after the comma in line 176, and at the junction between150

agreement and disagreement between models and observations.

We will split the sentence.

line 179: „the NAO explains 41.5% (34.3%-52.0%) of the total variance“ . Please outline how this statement is derived, I

assume you could refer here to Fig. 4, potentially to the pink dashed lines (but I am not sure)?

It relies on the dots. We will clarify it.155

line 183: fix brackets of reference for clarity

We will revise it.

line 231: not sure what the authors mean with the formulation „AMOC condenses“

We will revise and clarify the terminology.

line 246ff: For the whole section, please add more references to analyses/figures from which you derive your statements.160

This is not always obvious. It would be good if it was made possible to the reader to identify from the presented results (in

particular figures) the models that behave differently than others. Not sure whether another table could help here. Adding model

names or index numbers to data points would probably lead to too busy figures?

Sorry for the inconvenience. We will add links to figures. For the possibility of adding an extra table here, we feel it might

not be necessary, as we are focusing more on the experiments as a whole rather than evaluating individual model performance.165
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line 259: the meaning of the sentence is unclear to me. Do you mean „The absence of clear changes in explained variance

between midHolocene and piControl is consistent with Gladstone et al. (2005)“?

We will revise the text to clarify the consistency.

line 272: „the NAO weakens than the piControl“? please check formulation170

We will change to “the NAO weakens compared to the piControl".

line 278: add space in bracket

We will add the space.

line 281/283: largest „reduction“ instead of „weakness“?

We will revise it.175

line 285/286: spacing in bracket

We will revise it.

line 290: What does „it“ refer to here? Please clarify text accordingly.

"it" refers to the averaged NAO amplitude in the abrupt4xCO2 simulations. We will clarify it during revision.

line 293: add closing bracket180

We will add it.

line 300/304: „AO“ refers here to Arctic Oscillation, it is not a typo, right? Please define the abbreviation here. This is

particularly important since in line 20 you use a completely different abbreviation for Arctic Oscillation.

AO here refers to Arctic Oscillation. We will change it to "Arctic Oscillation".

line 306: positively -> increases; negatively -> reduces? Maybe one can find better terms for warming and cooling to highlight185

focus on the mean climate rather than on a transient (maybe warmer or colder background states?)

We will change the words.

line 314: cooler conditions? If „cooling“ is used the sentence should be fixed for grammar.

We will change it to "cooler conditions".

line 316: while it decreases?190

We will revise it.

line 318: add missing dot

We will add it.

line 327: weakness -> reduction of the importance of?

We will revise it.195

line 332: „than“ -> compared to

We will revise it.

line 345ff: „There is no clear relationship between the change in NAO amplitude and the temperature change (Figure 8d to

f) [...] The European temperature change overall displays a positive correlation with the change in the NAO amplitude (Figure

8d to f)“. Not sure what I miss, but here you lost me.200

Sorry about that. We will clarify it during revision.

6



line 366: add brackets around Figure 9

We will revise it.

line 370: than

We will revise it.205

Line 375: „The lgm and abrupt4xCO2 are analysed for NAO response to CO2 forcing“ - to separate CO2 forcing impact

from that of other drivers one would need a forcing factorization, which is not made here. More precise formulation would be to

state that: „The lgm and abrupt4xCO2 are analysed, attributing NAO response to CO2 forcing.“ Please refer to my reservations

noted above to reduce the LGM forcing to just the CO2 as a driver. LGM is the most complex situation among the simulations

considered here, combining ghg forcing, orbital forcing, and changes in prescribed paleo-geography. Furthermore, one could210

more precisely formulate the sentence thereafter: „For evaluation of models for the reference climate state ...“

We will revise the text to avoid reducing LGM to CO2.

line 380: „GHG-forcing-induced temperature change but not the orbital configurations“ - see above

line 380/381: „NAO weakens in response to cooling and strengthens to warming“ - based on results shown in your manuscript

it could also be that the absence of sensitivity to orbital forcing is just a result of the much reduced global change in background215

climate in midHolocene and lig127k if compared to abrupt-4xCO2 and lgm, right? So one could formulate lines 385 a bit more

explicitly in this regard?

We will revise it.

line 381: „Some of our results are inconsistent with earlier studies, but the inconsistencies are likely affected by the outputs

of a few models.“ I think model-dependency is quantitatively shown by variation of results on NAO metrics in the different220

piControl ensembles, Figs. 4/5. This could be highlighted.

We will highlight model spread here.

line 382: previous studies

We will revise it.

Figures: Generally Figures are typeset too small. I had to zoom into the PDF to 400% to be able to identify details. I think225

that there is enough space to increase the figures to linewidth so that they are more easily to study.

Thanks for the constructive comments on figures! We will enlarge the figures and improve their quality as suggested below.

Figure 1: in a,b you show surface air temperatures, not sea surface temperatures as stated; please specify which temperatures

you show in (i,j)

We will clarify variables.230

Figure 3: add space after abrupt4xCO2

We will add space.

Figure 4: „The horizontal location of dots within each column does not have any meaning.“ - change to „In a), horizontal

location of dots within each column has been offset for better visibility“? - nevertheless, I am asking myself why the offset

changes between experiments, where point clouds in abrupt4xCO2, for example, are much more clearly separated from each235
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other than for midHolocene; please state the difference in black and pink lines - I assume the latter refer to the PI NAO variance

explained?

We will revise the figure.

Figure 4a and 5: so "ctl" in the legend stands for piControl, and "expt" stands for the respective experiment shown as a

label on the x-axis? Please add such definitions to the figure caption. Furthermore, if this statement is correct, then it is a bit240

confusing that the black piControl dots are not located within the darker gray shade of ctl; similar for expt. From the fact that

the shape of ctl differs a lot between experiments I deduce that the NAO variance explained by the piControl state strongly

depends on the selection of models that are considered for computation of the piControl metrics. This could be reflected on in

the discussion regarding uncertainties in the change for different experiments.

We will revise the figure caption.245

Figure 6: please be specific in the surface mean temperature that you use here. Is it the same as in Figure 2, where you state

that you use surface air temperature?

We will revise it.

Figure 7: closing bracket missing at precipitation unit; continental outlines on the left hand side difficult to decipher among

the stippling - use different colors?250

We will fix the unit formatting and improve the figure.

Figure 8: surface air temperature?

We will clarify it.

Table 1: It is laudable that the authors invested substantial effort to collect information for a comprehensive overview based

on which readers can access more information on the employed models. On the other hand, it appears that some things went255

wrong here. I am by no means an expert in each and every model that is presented here, but several of the references leave

me puzzled. At least one reference is not listed in the reference list of the manuscript (Wetzel et al., 2010) and, although

being relatively familiar with the model family, I have not been able to locate the respective publication. The only references

that may come close are Budich et al. (2010) (gray literature) and Jungclaus et al. (2006) or Jungclaus et al. (2010). Which

one fits better really depends on the context that the authors have in mind. At least one reference does not seem to fit to the260

respective model at all: Craig et al. (2017) do not seem to describe the model CNRM-CM6-1 as advertised here but rather

present development and performance of the OASIS3-MCT_3.0 toolbox that is used by various coupled climate models. While

one reference (Chandan and Peltier, 2017) refers to the University of Toronto version of CCSM4 as advertised, the manuscript

describes the mid-Pliocene experiment of PlioMIP2 and seems (I may be wrong here) a very specific development for PlioMIP

simulations which are in fact not part of the current study. Is this manuscript still a meaningful reference for this model in the265

context of your publication or are different manuscripts more relevant to cite here? I speculate that Chandan and Peltier (2020)

may be relevant for the mid-Holocene, but again, I am no expert in all the models.

The U-of-T variant of CCSM4 is that used by Chandan and Peltier (2017), but was originally modified by Vettoretti and

Peltier (2014). Nonetheless, the reviewer is correct that Chandan and Peltier (2020) is probably more appropriate in this context.
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We have processed the NAO for all the Pliocene simulations, but chose not to include them as the scope of the paper was already270

a little broad.

Supplement:

„The web address can be created manually by adding https://doi.org/ in front of each doi.“ If one would like to access a

larger amount of files via your, indeed very nice, list, then this would entail quite some typing and copying work. Why not

directly provide the web addresses as clickable download links here?275

Thanks for the suggestion. We will directly provide the web addresses instead.

„Those simulations that are not the ESGF (no available doi) were required from the model group, and are marked as N/A

here instead.“ Please check the sentence. Should it read „Data of those simulations, that are not available via the ESGF (no

available doi), were obtained directly from the respective modelling group, and are marked as N/A here instead.“

We will revise it.280

Also here please check your references. At least two miss some information or have awkward formatting (the two by Seland

et al.).

We will check and revise them during revision.
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