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Summary

This paper argues that there was an asymmetric temperature change between the
Atlantic and Pacific sectors of the Arctic from the mid- to late-Holocene. The authors
find this pattern in the temp12k global Holocene temperature reconstruction and also
in transient climate model simulations with CESM. They argue that this is caused by
orbital modulation of the Artic Dipole pattern and the Pacific Decadal Oscillation.

Main comments:

The paper presents an interesting hypothesis with a lot of analyses to back up the main
results. However, in places it seems like the results need to be better supported with
evaluation of the uncertainties, while the link to the modes of variability may benefit
from more elaboration. My main comments are as follows:

Reply: Thank you very much for your valuable suggestions and comments on our
manuscript. We have carefully considered the comments and tried our best to address
every one of them.

1) If T understood correctly, this Holocene simulation (AF) does not include changes in
ice-sheet/sea-level forcing? It so, this might be an important caveat for the response in
the Arctic. Although the global sea-level has stabilised by around 6 ka BP, this is right
in the middle of the early-Holocene time window that you analyse throughout. I think
some discussion of this is needed.

Reply: Thank you for your comments and suggestions. Yes, you understand correctly.
The simulation doesn’t include the changes of boundary conditions of ice-sheet and
sea-level. We highlighted this in the model data introduction. It's indeed worth a
discussion in the manuscript. In fact, we believe that ice-sheet and meltwater flux are
the reason for the discrepancy between TraCE-21ka and NNU-Hol, and we describe
this in the Discussion section.



2) A more robust evaluation of the proxy-based signal is needed in section 3.1. The
asymmetry is dependent on a relatively small number of points that show a stronger
cooling in the Atlantic sector of Figure 1. If the coolest 2-3 of these were removed it
looks like the asymmetry could likewise disappear. This makes one wonder whether
the asymmetry is an artefact of the limited coverage by the proxies? Could you evaluate
this in more detail? Perhaps add a histogram of the reconstructed temperature changes
in the two regions?

Reply: As suggested by the reviewer, we added histograms of temperature changes for
each proxy site and calculated significance to indicate the robustness of the temperature
anomaly feature. The histogram of the reconstructed temperature changes is shown below.
It looks more intuitive that way. There are two reconstruction records showing extreme
cooling (-10.1°C) and warming (7.8 C) respectively. Although there are individual
reconstructions that are outside the normal range, it is not the case that the asymmetric
changes in temperature would disappears when 2-3 coldest proxies in the Atlantic Arctic
region are removed. Removing two individual values that are out of the norm, overall, the
temperature asymmetry in the two regions is still robust (p<0.10).
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3)The reconstructed and simulated regional temperature anomalies are given to 2
decimal places which feels overly-precise. It would be more convincing if the estimated
uncertainties on these values were presented.

Reply: Thank you for your rigorous comment. We used box figure (see below) as well
as t-test to help estimate the significance of temperature anomalies. Due to the small
sample size of the Pacific Arctic reconstruction data, the temperature changes are only
showing significance (p<0.10) on t-test.
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4) Assuming that the reconstructed asymmetry is robust to the choice of points it is not
clear on first reading that the model actually replicates the 'asymmetric' temperature
response in the annual mean as only the separate seasons are shown. Since the proxies
are calibrated to reflect the annual mean signal I think it would be beneficial to show
the annual-mean model result.

Reply: Thank you for your suggestion, which will make the results more convincing.
We add the temperature anomaly annual average based on NNU-Hol in the
supplemental material (Fig S3). The figure below shows the asymmetric temperature
changes in annual-mean model output. Similarly to proxy data, it depicts the difference
in temperature variation between the two regions, with cooling of -1.0°Cand -0.64C
in the Atlantic Arctic and Pacific Arctic, respectively.

(a) Temperature units: °C
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5) The analysis of the atmospheric dynamics is not easy to follow (see comments below)
and it is difficult to understand precisely how the PDO/AD modes combine to produce
the seasonal-mean signal in the sea-ice.



Reply: Thank you for your comments. We apologize for not making it clearer and more
understandable. We reorganized this section in the revised manuscript. In short, the
main forcing processes are: 1) the PDO's potential phase dominates the SLP, it affects
the AD mode; 2) AD mode brings in warm southerly winds along the shores of the East
Siberian and Chukchi seas. It favors strong sea-ice melt in these sectors and pushes the
ice away from the coast, leaving open water; 3) The pressure pattern also favors the
transport of sea-ice out of the Arctic Ocean and into the North Atlantic through Fram
Strait. In turn, it contributes to the asymmetric change in temperature in Arctic.

6) Changes in ocean circulation are not mentioned, but given they are important for the
past 2000 years (Zhong et al 2018), it would be worth evaluating.

Reply: Thank you for your comments and suggestions. Zhong et al (2018) proposed
that changes in ocean salinity leading to an increase in ocean density, which further
affects the transport of heat in the northern North Atlantic and contributes to
asymmetric temperature changes. Our manuscript mainly focuses on the analysis of the
role of atmospheric dynamics and sea ice. In the revised manuscript, we discussed the
effect of ocean circulation on asymmetric temperature changes more in the discussion
section in the context of the importance of ocean circulation. “Zhong et al.(2018)
believes that the change in ocean density due to the millennial cooling has led to a
slowdown of the subpolar circulation. This deceleration of the subpolar circulation
reduces the heat advection in the northern North Atlantic and intensifies the cooling in
Alatntic Arctic region. Our results are in line with the hypothesis that sea level pressure
and sea ice play the important role in asymmetric cooling. However, there is no
freshwater forcing in the NNU-Hol simulation, and further studies are needed to clarify
how the mechanism we have identified in this work is related to the work of Zhong et
al. (2018).”

Minor comments:
Line 102: Is the Glimmer ice sheet model used in this study or is it deactivated?

Reply: Thank you for pointing out this problem in manuscript. The Glimmer ice sheet
model is deactivated in the model simulations. We clarify that in the text .

Line 103: I think you should cite Hurrell et al 2013, instead of this web link.
Reply: Thank you for your suggestions. We have modified it.

Line 109: It's not clear how the Gao et al reconstruction is used for the Holocene as in
their paper they only discuss the last 1000 years. Please could you expand on this?



Reply: Thank you for your comments. The reconstruction data for volcanoes during the
Holocene have not yet been published, and we have revised this citation.

Line 113: I could not find Wan et al. (2020) in the reference list.
Reply: Thank you so much for your careful check. We've added it.

Line 138: This link does not appear to describe the Jonkers et al 2020 dataset or
anything else that is mentioned in this manuscript.

Reply: Thank you so much for your careful check. The link is miss one number. We've
modified it as "http://www.ncdc.noaa.gov/paleo/study/27330".

Line 149: "... with red indicating an increase in temperature between the late and the
early-mid Holocene (0-2 ka BP and 5-8 ka BP), while the blue indicating and
decreasing." This can be omitted.

Reply: Thank you for your suggestions. We've removed it.

Line 154-155: These values to 2 decimal places seem overly precise. Please could you
estimate the uncertainty in these two values?

Reply: Thank you for pointing out this in manuscript. We've modified it. Due to the
small sample size of the Pacific Arctic reconstruction data, the temperature changes are
only showing significance (p<0.10) on t-test. We also represent its robustness through
box plots.

Line 173: again the regional average temperature anomalies should include
uncertainties. [ suspect 2 decimal places is overly-precise.

Reply: Thank you for your suggestions. We've modified it. The temperature changes in
two region showed significance (p<0.01) in t-test.

Line 206: This sentence starting "Many studies" makes it soucnd like these are all
studies on the Holocene, but I believe that they are all focussed on the present-day.
Please re-word to clarify this.

Reply: Thank you for pointing out this in manuscript. We re-emphasize that these are
study about the present-day.

Line 223-227: "The difference in SLP between the two periods does show a similar
dipole pattern, but combined with the stronger SLP in the late Holocene than in the
early-mid Holocene shown above, it can be assumed that the stronger Arctic dipole in
the late period had a greater role in influencing sea ice" Perhaps I have missed
something, but I don't follow this.



Reply: We feel sorry for the reading inconvenience brought to the reviewer. The
manuscript we want to express that the Arctic dipole mode in the late Holocene is
stronger than that in early-mid Holocene, and the atmospheric circulation under its
influence should also have a stronger influence on sea ice. We have revised this
description to “Combined with the stronger SLP in the late Holocene shown above
Figure 5, it can be assumed that the late Holocene has a stronger Arctic dipole pattern.
By regressing the sea ice distribution onto the second Principal Component time series
(Fig.7), we show that the Arctic dipole in the late Holocene had a greater role in
influencing sea ice. Therefore, the intensity of the dipole mode appears to dominate the
sea-ice distribution in the Arctic, and the hypothesis can be verified.”

Lines 236-249: It's not clear how the regressed UV winds and sea-ice on PC2 are
responsible for the climatological signal. I think this needs to be elaborated on.

Reply: Thank you for your comments. We want to illustrate by changes in UV and sea
ice that changes in the SLP brings in warm southerly winds along the shores of the East
Siberian and Chukchi seas. Figure 7 shows the percentage of change in sea ice related
to the variability of PC2 of SLP. It favors strong ice melt in these sectors and pushes
the ice away from the coast, leaving open water. The pressure pattern also favors the
transport of ice out of the Arctic Ocean and into the North Atlantic through Fram Strait.
Warm southerly winds hinder the Holocene cooling trend in the Pacific Arctic.
Differences in the distribution of sea ice in turn change the heat balance through
feedback, leading to inconsistent changes in Arctic temperatures. We have rewritten
this paragraph to make this part more readable.

Line 260: "The index indicates that negative PDO dominates the late Holocene, while
the positive and negative PDO phases oscillate during the early-mid Holocene." This is
not clear from the figure. Please can you provide a statistic that shows this.

Reply: Thank you for your suggestions. We've re-emphasized this point in the text. The
Negative phase PDO dominated the late Holocene, accounting for more than 90%. On
the other hand, the PDO in the positive phase accounted for 62% in the mid Holocene.

Lines 265, 267: Please specify what you are comparing with this spatial correlation
coefficient?

Reply: Thank you for your suggestions. We compare the EOF leading pattern of SLP
in the whole early-mid Holocene and the EOF leading pattern of SLP in the positive
PDO year in the early-mid Holocene, with the spatial correlation coefficient is 0.96.
And We compare the EOF leading pattern of SLP in the whole late Holocene and the
EOF leading pattern of SLP in the negative PDO year in the late Holocene, with the
spatial correlation coefficient is 0.99. We've modified this description.

Line 280: Your results mirror findings of Zhong et al 2018. However, they invoked a
significant role of the ocean circulation. Is that important in the present model results?



Reply: Thank you for your nice advice. Yes, the ocean circulation is another important
aspect in Zhong et al 2018. We have modified the Discussion section to clarify this
point. See also reply for Main Comment 6.

Comments on the figures:

Throughout the labels on figures could be tailored for easier reading of the figures. As
it is one has to read the caption carefully to understand what the multi-panelled figures
are showing.

Reply: Thank you for your suggestion. We've modified it.

Figure 1: For clarity could you include in this caption whether this is late Holocene
minus early Holocene?

Reply: Thank you for your nice suggestion. We've modified it.

Figure 3: I would like to see the annual-mean model result as the proxies are calibrated
to this if [ understand correctly?

Reply: Thank you for your comments. The annual-mean shows similar results. We have
added the distribution of annual average temperature anomalies to Fig S3.

Figure 6: It would probably be helpful to have the same y-axis limits on panels (c) and
(d). Also, are the timeseries of the PC 2 smoothed?

Reply: T Thank you for pointing out this. Yes, they are smoothed. But when regressing
based on the PC time series we use the original unfiltered PC time series. This needs to
be made clear. We've modified it.

Figure 9: is this the AF or the ORBIT-only simulation? Do they both look similar?

Reply: Thank you for your comment. It is the AF simulation. Yes, they look similar.

Technical corrections:
Line 148: "while the blue indicating and decreasing." Typo here.
Reply: Thank you for your suggestion. We've modified it.

Figure 10: The captions says EOF1 but the figure labels say EOF2. I assume they should
both same EOF1?



Reply: Thank you for your comments and suggestions. We've modified it.

References:
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General

The manuscript investigates Arctic temperature changes in an accelerated earth system
model (ESM) simulation for the Holocene with CESM. The authors present asymmetric
temperature changes between the Pacific and Atlantic parts of the Arctic and attribute
those changes to varying pattern of atmospheric circulation and sea ice concentrations.
Moreover, authors suggest that those asymmetric changes are especially pronounced in
a simulation that is only driven with changes in orbital forcings.

The manuscript is unfortunately not representing the state-of-the-art literature and more
important, lacks of simulations that are currently available for the Holocene in a
transient sense. Accelerated simulations for the Holocene were expedient because of a
lack of computing capacities some 20 years ago. Therefore according conclusions,
especially on long term changes such as ocean-related sea ice processes can be afflicted
with high uncertainties, also in the context of the interpretation with proxy data.

As such I cannot suggest publication of the manuscript in the present form. Below I list
a number of suggestions and more recent studies including non-accelerated simulations
that can be used for a substantially revised version of the manuscript.

Specific

In the following I will just point to the main concerns and how authors might extent
and update their investigations taking into account more recent studies and adapting
their hypothesis to more ESM/GCM-relevant questions.

Reply: We appreciate you for your precious time in reviewing our paper and providing
valuable and insightful comments. We have carefully considered the comments and
tried our best to address every one of them.

Introduction:

The introduction lacks at least one paragraph motivating recent modeling studies over
the Holocene, the challenges and implications e.g. of accelerated simulations vs. non-
accelerated and the uncertainties involved in reconstructing external drivers
(specifically solar and volcanic) for decadal-to-multi- decadal variability (cf. also
studies listed as additional references below)



Reply: Thank you for pointing out the potential caveats of the lack of comparison with
the latest model results, as well as the acceleration and uncertainties in our results that
were not fully discussed in the previous manuscript. Thanks for providing additional
references, we have added some content about the latest model studies in the
introduction section and a part of the analysis in the discussion section. Indeed, it is
important to have more discussions on the recent modeling studies and comparisons
between accelerated and non-accelerated simulations. For instance, Varma et al. (2012)
compared the simulation results with 10 times acceleration and non-acceleration, and
found that there is no significant difference in the characteristics of global surface
climate change. Timm and Timmermann (2007) used the ECBIilt-CLIO model to
simulate the climate since the Last Glacial Maximum (LGM) by 10 times acceleration,
and compared the simulation results without acceleration and found that the simulation
results with 10 times acceleration reproduced well the large-scale trend of atmospheric
temperature in the Holocene. Lu et al. (2019) found that the acceleration leads to
suppressed and delayed responses mainly in the deep sea and has less robust effect on
the surface and subsurface. Jing et al. (2022) compared the temperature and
precipitation changes in NNU-Holocene simulation and Trace-21k non-acceleration
simulation, and in terms of overall trend and distribution, the temperature and
precipitation distribution patterns of NNU and Trace are similar. These and the
uncertainties of reconstructing external drivers that we add in the data section will give
the reader a more complete understanding of the motivation of our study. It should be
pointed out that we have focused more on the long-term climate change (linear trend)
rather than decadal to multi-decadal timescale changes.
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Fig. 12 Time sequence of the vertical temperature profile in a simple diffusion model
under three acceleration scenarios: (upper panel) 100-fold acceleration, (middle
panel) tenfold acceleration and (bottom panel) non-acceleration. (from Lu et al. 2019)

Another crucial and yet missing part is on the potential drivers giving rise to an
asymmetric temperature response. Some mechanisms such as changes in equator-to-
pole temperature gradient and/or changes in overall sea ice concentrations are presented.
But no hypothesis or guiding question in how those general changes should result in
regionally different responses are discussed.

Reply: Thank you for pointing this out. On the Pacific side, a stronger temperature
gradient in equator-to-pole temperature increasing the Aleutian Low strengthens,
thereby contributing to winter warming around the Bering Sea as the storm system
transports warm air to the poles. On the Atlantic region, the sea ice expansion leads to
a slowing of the subpolar circulation combined with the sea ice feedbacks, resulting in
further cooling in the Atlantic Arctic. We have added the description of the guiding
question at the end of the introduction section

2 Method and data
2.1 The CESM model and the transient simulations

11. 106 ff: The authors describe their acceleration technique, also using changes in solar
and volcanic output. I was wondering how those changes, reconstructed on yearly time
scales can be implemented in a simulation with an acceleration factor of 10. (e.g.
typically more than 2 volcanic eruptions happen per decade). How is this temporal
discrepancy between annual reconstructions for accelerated simulations accounted for,
also considering the post-volcanic effects on the simulated climate.

Reply: Thank you for your valuable and insightful comments. We aggregate the solar
forcing to annual timescale, and then do a 10-year average as the time series of solar
forcing used in the simulation is shown in Figure below (Wan et al. 2020). For the
volcanic forcing, the volcanic events during the 10-year period were integrated into one
volcanic eruption event. On the basis of this assumption, the horizontal diffusion of
lower stratospheric aerosols was calculated using the stratospheric transport parameters.
Based on the stratospheric-tropospheric folding and BD (Brewer Dobson) circulation
theory latitude- and time-dependent functions to describe aerosol production and
deposition (Grieser J et al.1999; Holton J et al. 1995). The details of the modelling
methods have been added to the revised manuscript. Because we focus on long-time-
scale changes, and volcanic eruptions are found to have a smaller impact on climate
than orbital forcing. Therefore, we mainly investigate the orbital forcing effects in All
forcing simulation and ORB simulation.
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Fig. 1 The external forcing timeseries used in the NNU-Hol simulation. The TSI
VOL, GHG and LUCC are a b ¢ and d respectively (Wan et al.2020)

1. 116 ff: There are new, and non-accelerated comprehensive Earth System model
simulations available (cf. references) that should be used as additional source of
information to back-up results based on the accelerated simulations with CESM.

Reply: Thank you for your very useful suggestions and additional references. We
compared three other non-accelerated simulations covering the Holocene period,
Trace-21k and ECBIlt-CLIO and IPSL, respectively. In the discussion section, we
compare the annual mean temperature variation during the Late Holocene and Early-
mid Holocene. The results show that both ECBilt-CLIO and IPSL exhibit consistency
with the NNU-HOL results, while Trace-21 also exhibits temperature asymmetry but
differs from NNU-HOL, which we attribute to the different external forcing added to
the simulation.

Another general comment relates to the questions why the authors did not at least use
an ensemble approach for their simulations to estimate the amount of long-term
(centennial-to-millennial scale) climate variability.

Reply: Thank you for your comment. Unfortunately, the main restriction is because of
limited computing resources. For our long-term (12ka) climate simulations, with
multiple forcings applied, we employ the acceleration technique, and each simulation
has only one member.

2.2 Reconstructing Paleo Proxy data



This paragraph just lists the proxy data sets used for comparison without any
information on potential uncertainties involved in the reconstructions, e.g. related to the
uncertainties in the proxy archives towards their meteorological/climate variables,
dating uncertainties, regional sparseness of proxy data, especially in the Arctic domain.

Reply: Thank you for your important comments and suggestions. We modified the data
section to add a description of the uncertainty in reconstruction. It should be noted that
the uncertainty of the reconstruction has already been discussed in Kaufman et al.
(2020). Since this is not the main focus of our study, we did not discuss the uncertainties
in the proxy results in details.

Since the authors investigate changes in ocean-related sea ice variability, also a
paragraph on proxies representing changes in sea-ice concentrations including their
uncertainties would be helpful.

Reply: Thank you for your good suggestions. We haven't included the proxies of sea
ice yet. However, the changes in sea ice concentration in our model results are
consistent with the changes of sea ice during the Holocene in previous research papers.
Overall, Arctic sea ice concentrations were low during the early to middle Holocene
and increased during the late Holocene cum Neoglacial. Meanwhile, Miiller et al. (2012)
showed that for the North Atlantic sea ice proxy IP25 decreased significantly in the
early Holocene, while in the middle Holocene 7000-3000 years BC, sea ice gradually
increased. The maximum value was gradually reached in late Holocene during 3000-
300 years. For the Atlantic Arctic, the Chukchi Sea is an important sea area for sea ice
drift to the North Atlantic, and its sea ice concentration was not always low during the
early Holocene, while there were millennial oscillations and minimum values of sea ice
in the Chukchi Sea during the Neoglacial (Anne et al., 2005).

Refence:

Miiller J, Werner K, Stein R, et al. Holocene cooling culminates in sea ice oscillations
in Fram Strait[J]. Quaternary Science Reviews, 2012, 47: 1-14.

De Vernal A, Hillaire-Marcel C, Darby D A. Variability of sea ice cover in the Chukchi
Sea (western Arctic Ocean) during the Holocene[J]. Paleoceanography, 2005, 20(4).

Jennings A E, Knudsen K L, Hald M, et al. A mid-Holocene shift in Arctic sea-ice
variability on the East Greenland Shelf[J]. The Holocene, 2002, 12(1): 49-58.

3. Result
3.1 Arctic temperature change

11. 152 ff: How robust are the temperature changes? Are they statistically significantly
different to internal changes. Therefore, applying a statistical test is helpful to estimate



the amount of internal variability between the two different periods, preferentially
taking into account the serial correlations within the proxy-based estimations of
temperature variability.

Reply: Thank you for your helpful comments and suggestions. We used box figure (see
below) as well as t-tests to help estimate the amount of internal variability between the
two different periods. Due to the small sample size of the Pacific Arctic reconstruction
data, the temperature changes are only showing significance (p<0.10) on t-test.
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11. 172 ff: How significant are the changes between the Arctic and the Pacific region ?
(i.e. -0.67 vs. +0.09.) Especially the Pacific trend seems to be statistically
indistinguishable from a zero trend).

Reply: Thank you for your comments and suggestions. The t-test suggests the
temperature changes in two region are significant (p<0.01). For winter temperature
change it seems to be statistically indistinguishable from a zero trend, but for annual
average or summer, there is a significant cooling.

11. 191 ff: Also for the model-based differences of the sea ice a local statistical test on
the spatial pattern including the effect of serial correlation is important to test the
robustness and statistical significance of the according changes.

Reply: Thank you for your comments and suggestions. We modified the figure and
perform spatial significance test for the figure of sea ice change.

11. 202 ff: Changes in atmospheric circulation are also influenced to a high degree to
internal variability — as such it is very important to use additional model simulations to
back-up those changes, resulting from the CESM accelerated simulation. Moreover,
why are the results of the orbital simulation are “more significant” than the one for the



all forcings? On Holocene time scales changes in orbital forcing on seasonal time scales
exert a larger impact than the decadal-and sub-decadal changes caused by solar and
volcanic activity. Therefore it is important to describe in greater detail how changes in
solar and volcanic forcings are implemented into the accelerated CESM simulation.

Reply: Thank you for your comments and suggestions. As mentioned above, the
difference between acceleration and non-acceleration simulation is the dampened and
delayed response to external forcings in the deep ocean for the latter. There should be
no big differences for the atmospheric circulation and surface climate response. We
have added some results from other non-accelerated simulations to support our
arguments (e.g. ECBIilt-CLIO, IPSL and Trace-21k). Orbital forcing as the most
obvious driver of long-term trend changes during the Holocene. Volcanic and TSI
forcing have less impacts on long-term trends, and their role is more dominant on
shorter timescales such as decadal and multi- decadal scale. However, the aim of our
study is not to focus on these shorter timescales, so our analyses focus on orbital forcing
and All forcing simulations.

3.3 EOF of SLP and UV wind regression and 3.4 The connection between Arctic dipole
pattern and PDO

The whole sections lack a more thorough motivation on i) how the statistical concepts
are used/defined and the ii) the robustness and statistical significance of the according
regression patterns between the PCs and the underlying wind/sea ice fields. For instance,
the PCs presented in Fig. 6 are (obviously) filtered with a low-pass filter. This should
be accounted for when discussing and presenting the results.

Reply: We agree with this comment. We have clarified the objects of the statistical
calculations as well as the definitions. We calculated the regression patterns between
the UV wind/sea ice fields using the original time series of PC. And confirmed that the
results passed the t-test. As for the PC in Figure 6, you are correct that it is filtered. As
with the response to the comment on Figures below, we have revised the PC time series
to a 50 model year sliding filter in the revision and clarified that in the figure caption.

Further, in addition to the UV regression, a Canonical correlation analysis would be
better suited for this kind of investigation in section 3.3, since the rationale is to
compare the common behavior of patterns (in this case the spatially resolved SLP and
wind/sea ice fields.)

Reply: Thank you for your helpful suggestions. However, we believe that regression is
a more suitable approach. We need not only to compare the common behavior, but more
importantly we need to see the changes in sea ice and UV development based on sea
level pressure between the early and late Holocene. Using only Canonical correlation
analysis may see signals that are confounded by other factors and not really understand
the effects of SLP on sea ice and UV.



A last point is again on the validity and model-dependence of the results based only on
the accelerated simulation with CESM. This is in my opinion the weakest but most
crucial point of the study.

Reply: Thank you for your important suggestions. As mentioned before, we have added
some describing the validation of CESM simulations and analyze some results of
unaccelerated simulations like TraCE-21ka, ECBilt-CLIO and IPSL, but the main focus
will remain on the CESM results. The relevant description of the revised manuscript is
in the introduction and discussion section.

4. Discussion

. 291: Authors should formulate more nuanced that in this very version of the
manuscript, results only apply to their few accelerated simulations with CESM that
need to be compared with more recent, non-accelerated studies.

Reply: Thank you for your constructive comments and suggestions. We add a
comparison with more recent, non-accelerated studies. The following description was
added to the discussion section: “It can be assumed that our accelerated simulations can
be consistent with the unaccelerated experiments in terms of the long-term climate
evolution without involving changes in the deep ocean. We present some simple results
to validate our results by comparing other non-accelerated simulations. We have
selected three open-access unaccelerated simulations, TraCE-21ka, ECBIilt-CLIO and
IPSL. In summary, for the asymmetric cooling of SST, the simulations of ECBilt-CLIO
as well as IPSL are similar to our results, while TraCE-21ka differs from our results. In
particular, both ECBIilt-CLIO and IPSL simulations show asymmetric cooling in the
two Arctic regions and both have a greater cooling in the North Atlantic than in the
North Pacific. The first transient simulations (Timm and Timmermann, 2007) based on
the ECBIlt-CLIO model with a horizontal resolution of about 5.6° x 5.5° and covering
the past 21 ka, with the external forcing of ice cover, greenhouse gas concentration, and
orbital configuration. The unaccelerated simulations using ECBilt-CLIO similarly
reveal a regional asymmetry in temperature variability during the early-mid to late
Holocene, with greater cooling in the North Atlantic (-0.26 °C cooling) than in the
North Pacific (-0.02 °C cooling) (Supplementary Fig.3). The second nonaccelerated
simulations based on IPSL ESM model (Braconnot et al., 2019) explored the
relationship between climate change and vegetation over the past 6000 years. The IPSL
ESM also captures the asymmetry characteristics of Arctic temperature variability
between the mid Holocene (4-6ka BP) and late Holocene (0-2 ka BP),with -0,14 °C
cooling in the Pacific Arctic and -0.18 °C cooling in the Atlantic Arctic (Supplementary
Fig.3). The asymmetric changes are more pronounced if we focus only on the North
Atlantic and North Pacific ocean regions. However, the results of TraCE-21ka are
slightly different. TraCE-21ka is forced by the Earth's orbital parameters forcing, the
greenhouse gas forcing, the meltwater flux forcing, and the continental ice sheets
forcing. Its results show that the difference in annual mean temperature between the
early-mid Holocene and late Holocene is significantly cooler in the Arctic and there is



a regional asymmetry in temperature changes between the two regions, with -0,94 °C
cooling in the Pacific Arctic and -0.06 °C cooling in the Atlantic Arctic (Supplementary
Fig.3). However, unlike NNU-Hol, the cooling in the Atlantic Arctic is smaller in
magnitude than that in the Pacific Arctic in the asymmetric change of temperature in
TraCE-21ka. This result might be attributed to the different external forcings of TraCE-
21ka and NNU-Hol: there is still considerable residual ice-sheets and freshwater
discharge in TraCE-21ka at about 8 ka BP which is not present in NNU-Hol.”

1. 293: How should GHG changes, only changing very moderately in the pre-industrial
period of the Holocene counteract any changes in orbital forcing ? If any, volcanic (and
maybe in parts) negative periods of solar activity could counteract the negative trend in
orbital forcing during the JJA season over the Arctic.

Reply: Thank you for raising an important point here. We have revised this statement.
We mean that the orbital simulation shows stronger asymmetric changes compare to
the All forcing simulation. This implies that the combined effect of other forcings (solar
irradiance, volcanic eruptions, greenhouse gases, and land use/land cover) and internal
climate variability is offsetting this asymmetric changes (as opposite to the orital
forcing). The contribution of different forcings is what we will need to study in the
future. The reason why we mention “e.g. GHG” is that in future climate change, the
GHG is an important factor that cannot be ignored. We have revised this paragraph to
make it more clearly at the end of the Discussion section.

1. 284: The authors state that additional simulations should be used for investigations.
Since those simulations are yet available authors should use them as an integral part of
their revised study and thoroughly test their hypotheses with non-accelerated
simulations and those carried out with different CMIP4-types of models.

Reply: Thank you for your valuable and insightful comments We have added a
comparison with more recent, non-accelerated studies. See also reply for the Comment
1.291.

Figures:

Fig 3.1: How does the Proxy (z-score) and the Model (°C) compare on the same axis ?
In my opinion it would be necessary to show both on the same scale for an appropriate
comparison.

Reply: Thank you for your comments. We've modified it. We still use the unit Celsius
in the manuscript to describe the change in temperature.
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Fig. 5: Please use units of hPa when presenting changes of sea level pressure fields.
Reply: Thank you for the nice reminder. We've modified it.

Fig 6, 9a and 10a: In this form of the presentation, the EOF pattern seem
to carry normalized values (i.e. z-scores). In order to re-normalize the EOFs (i.e.
eigenvectors), the patterns should be multiplied with the square root of their eigenvalue.
Then the EOF patterns carry the units (in this case Pa(hPa) for SLP and K for SSTs,
respectively). Eventually the according (original) PCs should be divided by the square
root of the eigenvalue in order to show consistent patterns between EOFs and PCs. In
addition, the temporal filtering should be indicated for the time series.

Reply: Thank you for your helpful comments. We have modified Fig. 6, Fig. 9, and Fig.
10 according to your method and labeled the units of the EOF modes. For the PC time
series in Figure 6, we have adapted the original 20-200 year bandpass filtering to the
current 50 model year running average filtering. The PC time series in Figure 6, Figure
9 show the results still after normalization.

Additional references / State-of-the art Holocene ESM simulations:

Transient Holocene simulation (6ka BP - 2ka BP) with interactive vegetation and
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Holocene/TR6AV-Sr02/catalog.html
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15(3), 997-1024, doi:10.5194/cp-15-997-2019, 2019
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