Dear referees, dear editor,

We want to thank the referees and the editor for evaluating our manuscript and providing such encouraging comments.
Below we respond to the reviewer comments and list our main changes.

On behalf of the authors

Sincerely yours,

Oliver Bothe



List of main changes:

*  Abstract

+ Clarified writing

* Introduction
+ Clarified writing

+ Added discussion of Neukom et al., 2019

* Methods & Data
+ Clarified writing
+ Clarified structure
+ Added table
* Modified Figure 1

+ Added information on Neukom et al., 2019

* Results
+ Clarified writing
+ Clarified structure
+ Changed visualization of the results by reducing the number of time-series plots and adding other Figures
+ Added short description of results from a subsampling approach following Neukom et al., 2019

+ Added comparison of different uncertainty estimates

* Summary & Discussions
+ Clarified writing

+ Clarified structure

*  Appendix
+ Added appendix

+ Added supplementary figures to appendix



Editor

Please for the revisions, you might add in the paper that, compared to PAGES2k, Luterbacher et al. 2016 excluded the Tatra and Albania
proxies from their analysis as they lack significant correlations with European summer temperature variability.

Response We make this change and add: Already Luterbacher et al. (2016) noted this and, therefore, did not consider these
two proxies in their reconstruction effort. That is, we, as Luterbacher et al. (2016), exclude these proxies because there is not
a clear relation to temperature.



Referee 1

Bothe and Zorita present a study where they investigate different ways of obtaining an uncertainty estimate for climate reconstructions
using the analogue method, also known as the proxy surrogate reconstruction method. They authors describe the downside of single
member reconstructions, and produce both single member and multi ensemble member reconstructions, which are compared to other
reconstructions and observations. Then they go on to describe how an uncertainty can be assigned based on i) the fit of the analogue
i) assumptions on the standard deviation of the noise or iii) the ensemble spread when using a fixed number of ensemble members.
Finally, the authors conclude on the pros and cons of the different approaches.

General comments.

This study is overall well executed, thorough and timely. However, the writing is somewhat uneven, especially in the introduction, which
I have commented on in detail below, but please go through the entire manuscript as | might have run out of steam. | have few major
comments about the methodology itself, but | am wondering if the method is overfitting the model data to the proxies (see specific
comments below). If the writing is brushed up as well as taking my other comments into account, | think this work could be suitable
for publication.

Response: We thank the reviewer for their positive evaluation.
We hope that our revisions do improve the writing.

Regarding the overfitting: See our response below.

Specific comments.

P1, L1: Please rewrite this sentence. It is the combination itself that reconciles the two sources, so if this is possible “allows” is redundant.
Also, if one is reconciled with the other then they are both reconciled, making “both” redundant.

Response: We change this to: Combining proxy information and climate model simulations reconciles these sources of infor-
mation about past climates.

P1, L3: “ . . to benefit from the advantages of both data sources” this is in a way a repetition from previous sentence. Why not
say something about the technique? E.g. “The analogue or proxy surrogate reconstruction method is a computationally cheap data
assimilation approach which samples a model ensemble based on the best match to proxy data”.

Response: We are not convinced that this simply repeats the content of the previous sentence but follow the suggestion of
the referee: The analogue or proxy surrogate reconstruction method is a computationally cheap data assimilation approach,
which searches in a pool of simulated climate states the best fit to proxy data.

P1, L9: Replace “had been” with “was"?
Response: We change this accordingly.
P1, L10: Remove “using”?

Response: We change this accordingly.

P1, L12-L14: “The approaches do not agree. . . “this sentence is not easy to read. Perhaps rewrite “However, the two approaches
do not agree on the warmest preindustrial decades, which for the Euro 2k reconstruction is during the early 15th century, and for the
analogue approach is during the early 18th century”.

Response: We change and shorten this: However, the approaches disagree on the warmest preindustrial periods.

P1, L15: “The surrogate reconstructions...” | suggest that you early in the manuscript choose to call the reconstructions either surrogate
or analogue, even if you have said it means the same - just to make it easier to read.



Response: We try to be consistent in our writing. Therefore, we here change the sentence to: The reconstructions from the
analogue method ...{}

P1, L15: Insert comma before “but”. Please use more commas to help the reader.
Response: Our revisions try to use more commas to ease reading the manuscript.
P1, L15-L16: Actually, | don’t understand the sentence. You lose me around “even under uncertainty”. Please rewrite.

Response: We change this to read: The reconstructions from the analogue method also represent the local variations of the
observed proxies.

P1, L20: Is “paleo-observations” the right word? Why not simply “proxy data"?

Response: We regard it to be the right expression but change the occurrences according to the referee’s suggestion.
P2, L1: Replace “the search for” with “finding”?

Response: We replace this with “searching” and slightly modify the sentence.

P2, L7: Why “not only”, maybe cut this?

Response: The part now reads: The analogue method found subsequent applications in downscaling and upscaling of climate
information ...

P2, L14-L15: “The analogue method. . . “ This sentence is hard to follow. Please rewrite.
Response: The full paragraph is rewritten.

P3, L1: Either write “Here we propose ..."” or “In this study we provide...”.

Response: We rewrite: “Here, we propose”

P3, L?? (something strange happens with the line numbers): “Here, we obtain... “ (skip comma after “Here”). Please be clear on what is
model and what is proxy. | suppose “pool of relevant candidate fields” is model out put and “local indices” is proxy data?

Response: We are sorry for the random line numbers. We use the RMarkdown template and under certain unclear conditions
this happens, but can easily be repaired, which we unfortunately did not do.

We rewrite: Here, we obtain annually resolved large-scale fields of seasonal mean summer (June, July, August, JJA) temperature
based on a pool of relevant candidate fields and a set of local data indices as predictors for the period 1260 to 2003 of the
Common Era (CE).

Figure 1: Please add units to axes.

Response: We clarify the Figure.

P4, L15-L16: “That is, they use recent observations, which measured archives... “. | don't follow this sentence. Please rewrite.
Response: We rephrase the full paragraph.

P4, L19: “to more than one environmental condition” do you mean that a given proxy paramenter can depend on more than climate
or environmental variable? Please clarify.

Response: We rewrite: The most obvious source of uncertainty is that the archives recorded signals from more than one
climate or environmental variable (e.g. temperature and precipitation; compare Evans et al., 2013; Tolwinski-Ward et al., 2013;
Evans et al., 2014; Tolwinski-Ward et al., 2015).

P4, L21-22: Is “environmental condition” the correct word, or is “climate state” more accurate.

Response: We think our choice of words is valid, but we rewrite: Correlations provide a simple measure of the relation be-
tween proxy-observations and the climatic environment over a period when reliable (instrumental) observations of the climatic
variability exist.

P4, L26: | suggest you make a sheet or table with mathematical abbreviations that you use in the paper.

Response: We add another table.



Table 1: So, the correlations are between the tree ring data series and the JJA CRU temperature. Please add these details to the caption.
How do you deal with seasonality of the proxy data? In Wilson et al. (2016) each proxy site is listed with different seasonal sensitivity
to temperature (Table 1) and | believe you are using some of the same data.

Response: 1. We add the details to the caption. 2. As we compare our reconstruction to the Euro 2k reconstruction, we consider
the seasonal attribution as used by the publications for this reconstruction. That is, we do not test whether the relation of the
proxies is strongest for summer. For the attribution to summer compare Luterbacher et al. (2016) and PAGES 2k Consortium
(2013).

P6, L13: “The last of the remaining eight proxy indices starts in 1260” meaning that all remaining records cover 1260 to 2003 CE?

Response: Yes. We clarify this: We describe results for the period 1260 to 2003, although two of the Euro 2k proxy series extend
back to the year 138 BC, and the analogue approach is suited to use variable numbers of proxies. The latest start date of any
of the used eight proxy indices is the year 1260 CE, and, thus, all eight records cover the period 1260 to 2003 CE. We decide
against using uneven numbers of proxies and against extending the reconstruction further back to ease the comparison of the
results and our different uncertainty estimates.

P7, L16: “strong ensemble” or “8 member ensemble”?

Response: We clarify: there exists a multi-model ensemble of climate simulations for the last approximately 1100 years. A
number of additional simulations comply with the PMIP3 protocol but are not included in the effort

P7, 2nd paragraph, L8: “Since the current manuscript is not least a proof of concept... “ this formulation sounds off.
Response: We remove the sentence.

Figure2: (a) rescaled temperature? Please specify which scaling is used in the caption, so you don’t have to look for it. Euro 2k is an
area mean? It's hard to see that the difference to the CRU temp. Can you show this in (c)? Luterbacher et al. (2016) is discussed a lot
in relation to Figure 2, it would be helpful if you show this data as well.

Response: 1. We clarify the rescaling in the caption. 2. Euro 2k is an area mean. 3. We are unclear what the referee is referring
to with respect to the CRU data. 4. We add an Appendix to show additional Figures and do a comparison of differences there.
5. The Appendix also includes a Figure showing the data by Luterbacher et al. (2016).

P9, L17: “calculated as the square root ...” why not write out the equation?
Response: We thought it was clear enough, but now show the equation.
P9, c. L25: So which uncertainty is realistic? And why?

Response: We shortly describe the characteristics of both uncertainty estimates. Both describe realistically part of the uncer-
tainty: Both uncertainty measures for the analogue reconstruction describe different but not mutually exclusive parts of the
uncertainty of the reconstruction. The variance based envelope estimates the reconstruction uncertainty based on the local
agreement between proxies and observations over the period when instrumental data is available. Thus, it is unlikely that
the uncertainty of the reconstruction at any time is smaller than this estimate because we can assume that the quality of the
proxies is best in the recent period. The proxy based noise uncertainty estimate includes local information but extrapolates
these over the period without instrumental data. On the other hand, the mean square error captures the misfit between the
uncertain proxies and the final reconstruction product. Where it is smaller than the variance based estimate, we would call it
unrealistic. When it exceeds this estimate, it is preferable.

P9, L29-L30: “The coldest century was until 1648 CE in the best-analogue reconstruction but until 1678 CE in the Euro 2k record” please
write the interval of the coldest century. This formulation is unclear.

Response: We clarify the description of these types of results.

P10, L1-L? (again random line numbers): When discuss interval please write them out instead of just giving the end year. It's much
easier to read. Just write “the warmest century was 1353-1452 CE”.

Response: We change and shorten the description of these types of results.

P10: About the volcanic analysis. Did you look at high latitude eruptions, e.g. Laki? How did you do the super imposed epoch analysis?
Maps of field anomalies, or time series? How did you define the reference period before the eruptions?



Response: We only considered tropical eruptions. The paragraph now reads: We now consider the response to volcanic
forcing, as volcanoes are considered to be the most important external forcing over the pre-industrial period. They are also
the best constrained past climate forcing for the last 500 to 2000 years (e.g., Sigl et al., 2015; Wilson et al., 2016). The period
of our reconstructions includes only a few of the large tropical eruptions of the last millennium. We consider a subselection of
tropical eruption events in 1286, 1345, 1458, 1601, 1641, 1695, 1809, and 1815. We performed a superposed epoch analysis
but we do not graphically show the results. We considered fields and area averages. We chose the five calendar years before
an eruption year as reference period, which is a common approach (compare, e.g. Sigl et al., 2015).

P10, 2nd paragraph, L7-L8: “Interestingly, the analogues even appear to occasionally capture the relation between the proxies included
and those excluded” couldn'’t this be completely random? Then it's not very interesting.

Response: We modify this: The analogues even appear to occasionally capture the relation between the proxies included and
those excluded, which obviously might be by chance.

P10, 2nd paragraph, L10: Replace “1947. Then” with “1947, where”.

Response: We do so.

Figure 4: What are the numbers next to the site name e.g. “(a) Tor92 0.91"? Is 0.91 the correlation?
Response: Yes. We clarify the caption.

Figure 5: Again, what are the numbers next to the site names?

Response: We again clarify the caption by mentioning that these are the correlations.

P15, L4: Correlations “between 0.84 and 0.98” for proxies and and reconstructed temperature. These correlations are a good bit
higher on average than the data in Table 1. Are you overfitting the data, or how can you explain this? Wouldn't you need forward
proxy modeling of tree growth to give a more realistic link between model and proxy data (e.g. Tardif et al. 2019)?

Response: The correlations are between the proxy locations and the medians of 39 analogues. Indeed they are high, but
we would hope that the proxies included in our search constrain the search effectively and give good reconstruction results.
This holds especially for the median, which is a filter for the data of the reconstruction ensemble members. The aim of data
assimilation is to match the observations, i.e.~the proxies, closely with the simulated data. Nevertheless, we are unable to
exclude the possibility that our data constrains the pool too much and therefore may fail in a prediction excercise.

These correlations indicate only agreement with the proxy records not necessarily with the true temperature. Anyway, locally
high correlations do not indicate high skill elsewhere. Indeed, correlations with the observational CRU data are in line with the
correlations between the proxies and the CRU data as one may expect from these high correlation coefficients. The comparison
to the BEST-data shows, this does not necessarily reflect on how well the reconstruction captures the observed temperature
elsewhere.

Regarding the use of proxy system models: An optimal approach would incorporate a calibrated proxy system model to pre-
process the simulation data. Indeed, any reconstruction approach can benefit from pre-processing data with calibrated proxy
forward models.

Regarding overfitting, there are no parameters in the analog-setting that are calibrated for a better fit to the predictand. The
number of analogs chosen or the distance metric chosen are not optimized for a better fit.

P21, L8: Is it really “strange variability” since the reconstruction is unconstrained in Greenland?

Response: We clarify this: The top-left panel for Nuuk highlights that the lack of constraints on the reconstruction can result in
potentially artificial spikes in the time-series.



Referee 2

This study is an interesting contribution to the field of climate reconstruction because it adds and compares multiple way of uncertainty
estimation to the widely and successfully used analog reconstruction methodology. It fits very well to the scope of Climate of the Past.
Hence, | suggest publication after revisions that should make the structure clearer, condense the results including figures with time
series and after putting the focus a bit more on the novelty of the uncertainty estimation than on the reconstruction.

Response: We thank the referee for the positive evaluation.
Our revisions try to clarify the structure of the manuscript, put the emphasis on the uncertainty, and clarify the Figures.

We try to reduce the number of time-series plots, but we nevertheless feel that they are the most appropriate visualisation in
many cases.

Comments:

Introduction

- Would be worth mentioning the just published global reconstruction by Neukom et al. 2019, which includes an analog approach, too.

Response: Of course. Until the publication of Neukom et al. (2019) we were not aware of their work. In view of the comments
of referee 3 we will discuss their approach.

- Iwould find a list of the content helpful at the end of the introduction, saying that three approaches are tested: 1. best analog only, .

Response: We add a short paragraph outlining the manuscript.
- Page 2, line 20: “guestimate” is colloquial language

Response: We regard it an appropriate term, but nevertheless remove the phrase.

Methods

- The entire structure of the study and the used error estimation should be made clearer. Can you add a schematic diagram?

Response: We try to clarify the structure of the manuscript and in particular of the methods section. Our revisions are more
explicit about the error estimation. However, we do not think a schematic diagram is necessary at this point.

- Explain clearly how you come to your three reconstruction experiments, into which the results are separated. | assume the number
39 for the minimal number of analogs in 2003 (page 5, line 20) is the reason for having 39 in section 3.2 but that is not clear to the
reader.

Response: The revisions clarify this part.
- Page 4, line 23: “under certain assumption” Which assumptions? Please write more precise.

Response: This refers to the assumptions mentioned in the next paragraphs. We clarify the sentence and restructure the
section.

- Page 4, last two paragraphs: | would rather put the equations more prominent in separate lines and not in the middle of the sentence
because understanding the error estimation is crucial for this study.

Response: We follow this recommendation.
- Page 5, line 6: modified

Response: We thank the referee for spotting this.



- Page 5, line 15: “dates” You have not mentioned yet that you reconstruct JJA averages at annual resolution
Response: We clarify this now at this location and in section 2.1.1.

- Page 5, line 15ff.: How do you choose the noise SD levels such as 2.57? And why if you write in line 22 that only the 1 SD criterion gives
a reasonable number of analogs?

Response: Our revisisions try to clarify our reasoning about our different approaches. We choose 2.57SD as it gives a reason-
able minimum number for a set of good analogues. We choose 1SD as it gives a reasonable maximum number of analogues
for a fixed SD level reconstruction.

Proxies

- Is there a reason to use the gridded CRU data for proxy correlations here and the BEST data later in the paper?

Response: We use the regionally representative series from BEST and we use these for periods before widespread instrumental
data is available. We use the CRU data as correlation target as it is commonly used.

- You could explain that the correlation of the excluded location in Slovakia are low because trees are limited to temperatures in another
season. Otherwise it seems strange, why they appear in the PAGES data base. However, | am not sure why the Albania chronology
with weakly significant negative correlation appears in the PAGES collection. Maybe, it has been removed in the more strictly screened
version 2 of the data base? Having this negative correlation in mind, | do not understand why it is used for comparison/verification
later in the paper? | would not expect a good match/positive correlation in the analog reconstruction.

Response: Already Luterbacher et al. (2016) removed these two series from their reconstruction effort. We do not remove the
relevant panels this round of revisions as we think they still provide information.

We cannot recall why the EuroMed 2k network included both chronologies in their initial reconstruction approach. The original
publication for the Albanian record (Seim et al., 2012, https://doi.org/10.3354/cr01076) identifies a significant negative relation
to temperature with, however, only small correlation coefficients. We might presume that initially EuroMed 2k considered this
to be enough for this data sparse region.

Model simulations

- Page 7, line 5: Please explain again briefly why the “similar internal variability” of the simulation is important instead of referring to
the previous section

Response: We add an explanation.

Results

- Generally, try to shorten the results section and have a clear and consistent structure for the three experiments. | would put more
focus on the uncertainty results than the reconstruction itself.

Response: Our revisions try to improve the structure and to be more concise in the description of the results while at the same
time preserving the relevance of the manuscript and incorporating all referees’ comments.

The revisions put slightly more focus on the uncertainty.
- Make clearer, how the three experiments compare and later in the discussion what we can learn from this.
Response: Our revisions try to be clearer about the differences between the three setups.

- Page 9, line 2: why is the plot relative to Euro-2k and not relative to instrumental data?


https://doi.org/10.3354/cr01076

Response: The idea was to compare the reconstruction and its uncertainty against a previous reconstruction based on the
same data. We add comparisons to the observational data in the appendix.

- Fig. 3: It is not surprising that the analogs fit better, where you have spatial proxy clusters than isolated locations. | have not seen
this discussed in the paper.

Response: We are not sure about the point of the reviewer. We are going to add more discussion on the different data avail-
ability. However, considering Figure 3, it is not necessarily the case that the analogues fit better in, e.g., the Alps or Scandinavia.
We extend on this slightly in discussing the current Figure 4 and the new Figure 10.

- Page 11, line 26: It is good that the analog reconstruction generally agrees with previous statistical reconstructions but they are not
a reference and it is unclear which ones are closer to reality. Rather just see if they are in your uncertainty range.

Response: Our revisions aim to be clearer about the evaluation of our reconstruction against the data. However, we would
argue in this case that the convergence of both approaches is an important aspect. Indeed, such convergence is, in our view,
one strength of the recent work by the PAGES 2k Consortium (2019) and Neukom et al. (2019). We compare more to the
observational data.

- Page 14, line 30ff: Have you considered weighting the analogs with respect to their distance?

Response: We considered weighting the analogs. Indeed, weighting may provide us with a clear posterior distribution. How-
ever, weighting the analogues by their distance, in our understanding, to some extent would counter our approach of using
analogues that relate to a certain uncertainty level of the proxies.

- Page 15, line 5: “visually there is good agreement” Not clear what you are talking about, other series besides Tatra and Albania?
Response: We rewrite the description of these results.

- Page 15, line 29: Add reference to figure

Response: We rewrite the description of these results.

- Page 15, line 35: How can you have a stronger 20th century warming trend in the reconstruction than in observations and at the same
time have trouble to find analogs for exceptionally warm years such as 2003?

Response: We refer to the warming trend from the early 19th century onwards and thereby the mean warming over time for
this period. The lack of analogues is due to the exceptional warm years in the early 21st century. We do not find analogues for
these, the specific interrelation among the proxy records, and within a narrow one standard deviation uncertainty range.

- Page 16, line 9: If you look at the temperature evolution after individual eruptions, this is not a superposed epoch analysis.

Response: Thank you for highlighting our lack of clarity. First, we indeed did a valid Superposed Epoch Analysis but considered
also individual evolutions. Second, as we only mention the individual evolutions here, we skip the reference to the superposed
epoch analysis.

- Page 19, line 14 and Fig. 8: Why do you show a mean and not the median in this case? The mean should be influenced by the number
of averaged analogs and the numbers are highly different in this case.

Response: The referee is correct. We redid the analysis with the median. We show the median now in the revised manuscript
as this is more correct as highlighted by the referee. Visual differences are negligible and differences in results are small.

- Page 19, line 28ff: Why is the comparison with instrumental data just done for the 1 SD reconstruction?

Response: We considered the fixed number 1SD reconstruction as essential part of the work and therefore did it only for this.
Equivalent Figures for the other two approaches are now in the appendix.

Concluding remarks

- Please avoid 1-sentence paragraphs

Response: We will do so.
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Figures

- Generally, please think of a way to reduce the number of figures with time series. Both, the number of really necessary panels in each

figure and figures in total. E.g. it is probably not required to see the annual resolution reconstruction for the full period for all three
experiments or do multiple smoothing have to be presented?

Response: We reconsidered all Figures. Thereby, we reduced the number of panels showing time-series.

- 1 find the uncertainty ranges often impossible to see (e.g. Fig. 2a). | cannot recognize the “envelope”, you are talking of. As this a main

focus of the paper, please try to find a way to plot uncertainty better visible, e.g. just a smoothed version for the entire period and a
subperiod at annual resolution.

Response: Our revisions reconsider all visualisations and try to put maximum emphasis on the uncertainty ranges. A new
subsection shortly compares the uncertainty estimates.

1



Referee 3

This study proposes a new climate reconstructions for Europe for nearly the full last millennium. The approach is based on the Analog
Method, also known in the literature as Proxy Surrogate Reconstruction. One of the main novelties of this manuscript is how the
authors extend the methodology to explicitly account for uncertainties. The authors present several reconstructions and compare
them to the Euro 2k reconstruction, as well as independent data from the BEST project. Similarities, differences, advantages and
caveats are discussed through the manuscript.

General comment

Most classical reconstruction methods produce a single reconstruction which does not explicitly account for uncertainty, although
it is acknowledged that it populates this type of data-sets. This is problematic because uncertainty is not only ubiquitous, but it is
heterogeneous both in time and space. This is an important limitation that precludes the proper assessment of the limitations of the
knowledge we can gather from climate reconstructions. In this sense, | think this study is important and necessary to improve one
prominent tool to produce such reconstructions, the Analog Method.

Response: We thank the referee for their evaluation and rating of our manuscript.

The design of the study is sensible, and | have mostly minor comments regarding details | could not fully understand and therefore
might deserve clarification. Should not be for the issue | discuss below, | would recommend publication after minor revision.

Response: We thank the referee.

There is however and important aspect that has to be improved in the manuscript under the light of very recent bibliography published
even after this discussion was started. There exists a published extension to the Analog Method that allows to estimate uncertainties.
This is part of a recent publication with a more general aim (Neukom et al., 2019). There, authors briefly introduce and apply a
methodology which largely differs from the one presented here, but that aims at the same purpose: explicitly assess uncertainties
in climate field reconstructions with the Analog Method. | think this work should somehow account for the existence of this already
published method. The level of modification applied to the manuscript depends on the authors. At the minimum, the differences
between approaches should be discussed (for example, the approach opted by Neukom et al. (2019) does not produce missing values,
being in principle an important advantage). At best, the approach adopted by Neukom et al. (2019) could be implemented here as
well, and a comparison could be done between both methods. In my opinion, the latter would greatly improve the interest of this
manuscript, but it is perhaps a major modification of the work that falls beyond its original scope. | leave it up to the authors and |
would not be disappointed if they decide not to tackle this task.

Response: As the referee notes, we became aware of Neukom et al. (2019) after the discussion phase started. In view of
their publication, we have to modify various parts of the manuscript. We will thoroughly discuss the differences between our
approach and their approach.

We add a short additional results section for a subsampling approach following Neukom et al.

The approach of Neukom et al.~combines two sources of uncertainty. These are differing pools of candidate fields and differing
proxy coverage. The former is to some extent included in our consideration of a set of fields, which agree with the initial
uncertainty. The latter is not included in our approaches. Neukom et al.~describe the uncertainty if we have less information
available than we have. We describe the uncertainty due to the uncertainty in the proxy anchors.

Minor comments

1. Page 2, Line 20: | think the correct citation is Gémez-Navarro et al. (2014)

Response: Gobmez-Navarro et al. (2017) discuss the main differences between the analogue search and offline data assimilation
approaches.

2. Fig 1: Maybe excluded locations could be shown with grey symbols, as well as the are representative for Central Europe. The location
of these proxies is relevant for example to understand Figure 5.
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Response: We make these modifications.

3. Page 4, Lines 28-29. I think it is more correct to say that, only when V ar,..s and V ar ;g are uncorrelated, the total variance is the
sum of both (because in that case the covariance term vanishes).

Response: This is what we intended to express. Our revisions clarify this.
4. Page 5, Line 6: typo (modfied)
Response: We thank the referee for spotting this.

5. Page 5, Lines 17-21: | do not understand where the 2.57 comes from. How it is related to the minimum number of 39 proxies?
Please clarify.

Response: Our revisions aim to clarify the description of our approach and our reasoning that lead us to this implementation.

Specifically, 2.57SD is equivalent to a 99% interval. 39 is the smallest number of analogues found at any date. We therefore
later choose this as the size of our fixed number reconstruction ensemble.

6. Page 5, Lines 22-23: why is it the only one? why 2105 is special? why not 1.5 .S D, ,;?

Response: Considering fixed SD,,,; intervals, the number of valid analogues increases. It may become soon unfeasibly large.
We think that the 2105 analogues for a 1.5D,,,; interval are still reasonable. Therefore, we only consider a 15D,,,; interval
for the fixed SD reconstruction.

7. Overall, in the two paragraphs aforementioned, it lies the core of the two reconstructions carried out. | think this is important, and
it should be made more explicit that the two approaches represent different method used for real below. Perhaps this can be made
more explicit with some structural element, such as an un-ordered list or similar.

Response: Our revisions aim to clarify the methods section.

8. Page 6, Table 1: | assume this is exactly the correlation used to define the S D,,,; in each proxy location, right? If so, this could be
clarified in the main text (especially in section 2.1.2).

Response: Yes it is. We clarify this in the revised manuscript.

9. Page 6, lines 6-8: The criterion to exclude two proxies is not very clear. What is meant by “relevant portion of variance”? In Fig. 5
we learn that the reconstruction in these sites is poor. Would it be better if these sites were part of the network. Surely the answer is
yes. | understand that the amount of climate information we get is poorer than in the other locations, but still we could benefit for
having some information. At worst, if the proxies were pure noise, it would not be necessarily worse than not having information at
all. In other words, | think having poor information is better than having none, and it's not fully obvious to me why proxies should be
excluded from the analysis based on relatively low correlation alone.

Response: We clarify this in the revised manuscript.
Already Luterbacher et al. (2016) excluded these proxies because they lack a clear temperature signal.

The referee is correct that, generally, a pure noise record should not be worse than having no information at all. However, this
is not the worst case. The worst case would be a record which biases the distance measure in our analogue search towards a
different state.

That is, we follow the common approach to only include proxies with a signal beyond a certain level. We are aware that this
has been a controversial decision in the past but we regard it valid in view of past practices.

10. Page 6 (but relevant for the whole study): why do you restrict the reconstruction to the period 1260 to 2003? The reconstruction
could have been applied further back in time. The number of proxies varies in time, but this could be even beneficial for this study,
focused on the validation of new methodologies. It would show how the estimates of the uncertainty presented here are sensible to a
varying number of proxies. | feel that this choice has unnecessarily limited the scope of the manuscript.

Response: We thank the referee for their confidence in our approach. The referee is correct that in principle there are no
reasons to stop in 1260. However, stopping there, in our opinion, eases the interpretation of results since thereby only an
equal number of proxies enters the uncertainty estimation.

We clarify this in the revised manuscript.
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11. Page 7, Table 2: it could be interesting to write the total number of analogues, i.e. the pool size. It would make more meaningful the
number of proxies used to produce ensembles. For example, having 817 analogues (as in Fig. 8) has a clearer meaning when you add
that they are 817 out of, let’s say, 25000. It shows that you are still selecting a relatively minor number of relatively good analogues.

Response: We clarify this in the revised manuscript.

12. Page 7, Lines 6-7: I think having a consistent bias through the pool is not necessarily good, as it seems to be implied by the wording.
It ensures that the bias are translated into the reconstruction. This is partly avoided using structurally different models to build the
pool. | do not mean that the authors should necessarily rebuild the reconstruction with a larger set of models, but | think that at least
they should not imply that using a single model is somehow beneficial.

Response: We make these modifications in the revised manuscript.

13. Page 8, Fig. 2: | think a line marking the 0 K anomalies would help to read the series. This pertains mostly panels b and ¢, where
the sign of the anomaly is important, but difficult to appreciate without such a line. This argument applies to Figs 6 and 7 as well.

Response: We do not generally add zero lines to panels, because this increases the number of elements per panel and, thereby,
possibly reduces their readability. We do add zero lines to panels of smoothed series (e.g., the mentioned panel 2b). The
mentioned panel 2c was replaced by a different visualisation in a new Figure.

14. Page 8, Fig. 2: It's not fully clear to me what this figure (as well as Figs 6 and 7) show. Does “summary” mean spatial average?
Response: “Summary” means summary of the main results of the reconstruction. We modify the captions.

15. Page 9, Line 10: please change “degree Kelvin” to “Kelvin”. Please review it, as there are other locations where | saw this in the
manuscript.

Response: We do so.

16. Page 9, Lines 9-16. The order of these two paragraphs can be exchanged. It's a bit unusual and therefore confusing to discuss Fig.
2c before Fig. 2b.

Response: We restructure the section in our revisions.

17. Page 10, Lines 10-15: | think the fact that the reconstruction underestimate the intra-location variability is a problem of the pool,
not the Analog Method itself. Do the authors think that this could be improved if higher resolution models were used to build the pool?

Response: We did not investigate this feature. We only state it without attributing it to the method. There are a number of
explanations on which we only very shortly touch here. First, the noisy proxy series may overestimate the true intra-location
variability. Second, the simulations may be too smooth in space. This, thirdly, might be due to the low resolution and simulations
with higher resolutions might help then. Fourth, the chosen distance measure may result in such a feature dependent on the
characteristics of the simulation pool, which however should usually not be the case.

We clarify our statement in the revised version.

18. Page 11, Fig. 3: The list of locations in the caption is misleading (the name and the ID are written all together). It seems a detail,
but it puzzled me for a while until | realised that Tor92 and Tornetrdsk are not two proxies, but the ID and the name of the same one.
You could easily remove this by using for instance parenthesis to separate name from ID or vice versa.

Response: We clarify the caption.

19. Page 11, Line 26: “The general agreement between the Euro 2k and the analogue...” this reads odd at this point, as the reader does
not know where to find the information the authors are referring to. It turns out that this comparison is introduced later, in Figure 6
in Page 14.

Response: We try to clarify in our revisions what is meant at this point.

20. Page 15: Lines 17-23: The reduced variance could be quantified (how much is notably smaller variance in Line 192). Further, the
lost of variance when more analogues are considered is common in this approach, and generally in any statistical approach, i.e. there
is a bias-variance trade off. It could be noted here that this has been comprehensively discussed in the bibliography of the Analog
Method.

Response: We add more descriptions to highlight this point.
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21. Page 15, Line 32: do the authors have a theory on what could be the reason for such systematic differences? Are they meaningful,
can they be used to discuss merits or problems in the reconstructions? Or are they rather low-frequency random fluctuations highly
sensitive to method parameters?

Response: In the case of the mid 16th century deviation there are indications that the Euro 2k more validly captures the
extremes in this period (Wetter and Pfister, 2011, https://doi.org/10.5194/cp-7-1307-2011, 2013, https://doi.org/10.5194/
cp-9-41-2013), which may again indicate a period where the simulation pool is insufficient. Generally though, we would
assume that it is mainly random due to the different sensitivities of the methods.

22. Page 16: Lines 25-26: The presence of missing values in years with volcanic eruptions is a major caveat of the method, as those
are typically the years most interesting in climate studies. Here it would be specially relevant my comment about a comparison with
the method presented by Neukom et al. (2019).

Response: The revisions emphasize this shortcoming of the approach.

23. Page 16, Lines 27-31: | do not see why it is “unsurprising” this lack of analogues for the recent period. The pool contains this
warming as well, so the search should not present more problems for this period than in any other.

Response: The revisions make this point more clearly.

Indeed, the pool includes this period but we do not only require a similar mean state but also a similar interrelation between
locations, which makes it more likely that the limited size of the pool does not include such a case.

24. Page 19, Lines 18-20: Maybe I'm miss-evaluating this, but | think that anchoring the reconstruction within a range of 8 K is a poor
result. It shows that the 800 analogues are indeed poorly constrained in this region, so we have little idea of how the actual climate was
in that period and region. More generally, | have the concern that the spread shown for example in Fig. 7 might provide an optimistic
measure of the actual uncertainty. Fig 7e for instance shows the range in the spatial average, which is about 2 K. But this is after spatial
average, where regional differences can cancel out! | wonder how large is the range in each location. This might perhaps be illustrated
with a map of (temporally averaged) ranges? Eventually, my guess is that using as many as 800 analogues or more, really far away
from “the best” is, as outlined by the authors, too much.

Response: We now show the mean and the maximum of the temporal temperature ranges in a Figure. We discuss this more
explicitly in the revised manuscript.
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Proxy surrogate reconstructions for Europe and the estimation of
their uncertainties
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Abstract. Combining proxy information and climate model simulations atews-reconeiting-both-reconciles these sources of
information about past climates. This, in turn, strengthens our understanding of past climatic changes. The analogue or proxy
surrogate reconstruction method is a computationally cheap data assimilation approachte-benefitfrom-the-advantages-of-both
dataseurees, which searches in a pool of simulated climate states the best fit to proxy data. We use the approach to reconstruct
European summer mean temperature from the 13th century until present using the Euro 2k set of proxy-records and a pool
of global climate simulation output fields. Previous-Our focus is on quantifying the uncertainty of the reconstruction, because
previous applications of the analogue method i i i i ide-rarely provided un-
certainty ranges. Here;-we-provide-We show several ways of estimating reconstruction uncertainty for the analogue method,

which take into account the non-climate part of the variability in each proxy record.

In general, our reconstruction agrees well at multi-decadal timescales with the Euro 2k reconstruction, which had-been-was

conducted with two different statistical methods and usingno information from model simulations. Atinterannual-timeseales;

timeseales—In both methodological approaches, the decades around year 1600 CE were the coldest. The-approaches-donot
agree;-however;-However, the approaches disagree on the warmest preindustrial deeades;—which-the Eure2kreconstruction

places-in the early h-eentury-and-the-analogue-approach-in-the-early 1 8th-century—The-surrogate-reconstructions-periods,
The reconstructions from the analogue method also represent the local variations of the observed proxieseven-underuneertainty
butloeal-.

~

The diverse uncertainty estimates obtained from our analogue approaches can be locally larger or smaller than the estimates
from the Euro 2k effort. Local uncertainties of the temperature reconstructions tend to be large in areas that are poorly cov-

ered by the proxy records. Uncertainties highlight the ambiguity of field based reconstructions constrained by a limited set of

proxies.

1 Introduction

There have been numerous efforts to reconstruct regional to global surface temperature for the last 500 to 2000 years. Many
of the statistical reconstruction methods essentially assume a linear relationship between the-palee-ebservationsfromproxies
proxy information and temperature data. Here, we apply a non-linear method, the analogue method, to reconstuetreconstruct
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the mean European summer temperature over the past 750 years —Our-approachrelies-on-a-colection-of dendroclimatological
feeefds—aﬂﬁheﬂmpt%#pﬁeeemﬂafwmtﬂaﬁeﬂsmw Our main goal is to prov1de a perspective on estimating

uncertainties for reconstructions by analoguebeea

es,
which only few previous applications quantified. Our approach relies on a collection of dendroclimatological proxy-records

and the output of paleoclimate simulations.
The core of the analogue method is the-seareh-searching for similar spatial patterns in simulated temperature data compared

to the pateo-observationsproxy records. That is, we search for simulated analogues of the climate anomalies indicated by the set
of proxies at each time-step—Similar-approaches-available date. The method originated during the Second World War when the
US Air Force catalogued weather situations of previous decades as a means of long range weather forecasting. In this approach
forecasters obtain forecasts by analogy between current observations and a past set of weather patterns (Namias, 1948). Lorenz

(1969) was the first to mention the method in the wider academic literature.

The analogue method found subsequent applications

analogue techniques of varying-complexity-are-also-commen-in-paleeecology-paleoecology follow a similar idea (e.g., Graum-
lich, 1993; Jackson and Williams, 2004).

The approach

allows to reconcile the spatially sparse information from environmental and documentary proxy data with spatially com-

plete and dynamically consistent %he&glﬂrpesstb%rbiaseahlnformatlon from observational data or long climate simulations

Fhis-eanprovidea-in the sense of data assimilation
Graham et al., 2007; Trouet et al., 2009; Guiot et al., 2010; Franke et al., 2010; Luterbacher et al., 2010; Schenk and Zorita, 2012; Géme:

in-a-perfeetmodelsetting-and-. However, it is less sophisticated than full data assimilation procedures

. Tardif et al., 2019, and discussions in Gémez-Navarro et al., 2017). Graham et al. (2007) call reconstructions b

analogue ‘“‘Proxy Surrogate Reconstructions” in an early paleoclimatological application. Later studies use the approach for

climate index and climate field reconstructions

Franke et al., 2010; Trouet et al., 2009; Gémez-Navarro et al., 2015b, 2017; Jensen et al., 2018; Talento et al., 2019; Neukom et al.,

2
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The analogue method is generally found to perform well, e.g., for area averaged indices and also at the locations of the used
redictors (compare, e.g., Franke et al., 2010). However, reducing the number of predictors prominently worsens the skill at

remote locations, and reconstruction skill accumulates at the predictor locations (Franke et al., 2010; Gémez-Navarro et al., 2015b).

Annan and Hargreaves (2012) find a trade-off between accuracy and reliability of reconstructions dependent on quality and

quantity of the available proxy-records. Sinee-simple-analoguesearch-approaches-They test a particle-filter method. As simple
analogue searches and particle filter methods share common assumptions, this trade-eff-also applies for analogue search recon-

structions.

predictorlocations—{see-also-Annan-and-Hargreaves; 2042)Similarly, it is well established that applications of the analogue
method have to deal with a trade-off between accuracy and variability (Gomez-Navarro et al., 2015b, 2017). Franke et al.

(2010), Gémez-Navarro et al. (2015b), and Talento et al. (2019) discuss the influence of considering more than one analogue to

produce a composite reconstruction while Graham et al. (2007) and Trouet et al. (2009) consider only the single best analogue

based on specific criteria. In any application, one has to consider the potential biases in the simulation data.
These-approaches-usually-assume-that-there-is-no-Previous analogue search reconstructions usually do not consider the
uncertainty in the predictor dataand-de-net, and studies rarely provide an uncertainty estimate for the final reconstruction. This
dees-not-provide-precludes to some extent a realistic evaluation of predictors or reconstruction—An-exeeption-is-the-stady-by
Jensenretal{2048)whieh-usesreconstructions. Exceptions are the studies by Jensen et al. (2018) and Neukom et al. (2019).

The former use age-uncertain proxies and ebtains-obtain an uncertainty estimate of their reconstruction for the Marine Isotope
Stage 3 through shifting the dates of individual proxies (Jensen et al., 2018). The latter use a subsampling approach to provide

an ensemble of reconstructions for the Common Era of the last 2000 years (Neukom et al., 2019). Their study interprets the
spread as uncertainty of the final reconstruction.

Herewe propose that-we-can-provide areconstruction-uneertainty-, we propose alternative means to estimate the uncertainty
of analogue search reconstructions based on the calibration correlation of the proxy predictorpredictors with an appropriate
observational data set. While-the-estimation-of-these-Our approach to estimating uncertainty ranges reduces the possibility of
producing time series of reconstructed climate, On the other hand, it allows providing-to provide alternative reconstructions
that are compatible with the sparse information previded-by-from the proxy records. The procedure further acknowledges the
possibility that the analogue pool does not cover certain points in the predictor space. Qur proposed uncertainty estimates
originate in the uncertainty of the individual proxies, whereas Neukom et al. (2019) quantify the variations in reconstruction

results by using less information than available.

Recent continental proxy-based reconstructions (PAGES 2k Consortium, 2013) and the underlying proxy predictors are po-

tential test cases and allow to assess the analogue method against more common reconstruction procedures. (Dis)agreement
between the analogue reconstructions and previously published estimates helps to reevaluate our confidence in our understand-

ing of past climate changes. For the present purpose, we choose the European reconstruction from PAGES 2k Consortium



10

15

20

25

30

(2013) as a single test case. See also the work by Luterbacher et al. (2016), who discuss the methods and the proxy-selection

in more detail. Luterbacher et al. (2016) rigorously select proxy records of high quality for their reconstruction.

In the following, first, we introduce our approach to the analogue search uncertainty as well as the used proxy and model
data. Then, we discuss the results for three different approaches to an analogue reconstruction. These are (i) using a single
best analogue, (i) using a fixed number of good analogues, and (iii) considering all analogues complying with the proxies
within a fixed level of uncertainty. We also consider estimates from an ensemble following the subsampling approach of
Neukom et al. (2019). We compare the resulting uncertainties among each other, and we shortly compare reconstructions to

records based on station data.

2 Methods & Data
2.1 Methods
2.1.1 Analogue Search Reconstructions

The paradigm that past analogues may provide information for anthropogenic climate changes is pervasive in climate science
(Dahl-Jensen et al., 2015; Schmidt, 2010; Schmidt et al., 2014) but the origin of the analogue method lies in weather forecasting
(see, e.g., Lorenz, 1969). Zorita and von Storch (1999) show the method’s value for downscaling while others provide evidence
for its ability to upscale local information (e.g., Schenk and Zorita, 2012; Luterbacher et al., 2010; Franke et al., 2010).

Here, we obtain annually resolved large-scale fields of summer-seasonal mean summer (June, July, August, JJA) temperature
based on a pool of relevant candidate fields and a set of local data indices as predictors for the period 1260 to 2003 of the

Common Era (CE). The reconstruction domain is Europe from -10E to 40E and from 35N to 70N (Figure 2?1). The approach

is-predictors are proxy reconstructions in temperature units from PAGES 2k Consortium (2013) and the pool of candidate fields

consists of more than 9000 summer temperature fields from simulations with an earth system model (Jungclaus et al., 2010).
The approach of an analogue search is usually that, for each set of predictors, i.e. each point in time, one ranks all potential

analogues according to a criterion of similarity to the target proxy pattern. Fhis-The criterion is traditionally the Euclidean

distance and only the single pool-member with the smallest Euclidean (e.g., Franke et al., 2010) or a low number of so defined

best analogues is considered. It is possible to weight the found analogues, e.g., according to their distance. This can provide

more reliable posterior distributions about the climate state.
The approach presented here differs from previous applications in some important aspects. While we also show a single

best-analogue reconstruction and a reconstruction based on a fixed number of analogues, we add a reconstruction that explicitly

considers the uncertainty of the proxy records in the selection of the analogue fields.

The next subsection provides details on our three different approaches. In short: first, the single best reconstruction is the
common application and our uncertainty estimates derive from the local correlation between gridded observation data and
the local proxy series. Second, a further common approach is to use a fixed number of analogues. As we want to consider
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Figure 1. Reconstruction domain and locations of the included proxies. Red squares show the proxies included in our search, gre

squares show the locations from the original Euro 2k setup, which we exclude. The grey shaded box shows the original domain of

Dobrovolny et al. (2010).

the uncertainty of the local predictors, we identify for a given uncertainty level of the proxies the smallest number of valid

analogues for any date in our period of interest and then provide a reconstruction for each date using this minimum number of

analogues. Finally, we fix the value of the uncertainty level around the predictors and consider all valid analogues within this

uncertainty level.

We consider predictors and analogues normalized by their local standard deviation to conserve the interfield relations. The

final reconstructions are rescaled by a chosen standard deviation, which is, here, usually the local full period standard deviation

of one of the simulations.

2.1.2 Assumptions-on-uneertaintyAssumptions on uncertainty

Empirical reconstructions of past environmental conditions

The-observations-—rely on proxy data, which may be documentary notations but more often are measurements of biological,
geological, or chemical properties of the archivesenvironment. Such proxy representations of the past conditions are naturally

uncertain. The most obvious source of uncertainty is the-sensitivity-of-the-archives<{(e-g-trees)-to-that the archives recorded
signals from more than one environmental-condition
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Table 1. List of mathematical expressions.

Expression  Description

Correlation coefficient.

r
5\1 Squared correlation coefficient

MSEyes Residual Mean squared error

MSE, Total Mean squared error

Varres  Residual Variance
Varye  Total Variance
SD  Standard deviation
2Dnoi.  Standard deviation of the noise.

variable (e.

In_the following, we describe our thinking on the uncertainty of an analogue reconstruction. We first provide general
derivations before describing the three reconstruction approaches (i) best analogue, (ii) fixed number of analogues, and (iii
fixed uncertainty level. Our derivation of the uncertainty estimates relies on a number of assumptions, which we detail in the
next paragraphs. Table 1 lists all mathematical expressions used in the following.

Derivation of the uncertainty estimates

Correlations provide a simple measure of the relation between proxy-observations and an-environmental-condition-the climatic
environment over a period when reliable (instrumental) observations of the environmental-condition-exist—From-the-correlation

S5 5 Hy tons;-climatic variability exist. We assume we can derive the uncertainty
in-representing-the-local-climate-by-the-of how well a local proxy record as-deseribed-in-the-followingrepresents the local
climate from the correlation coefficients. We denote this uncertainty hereafter as proxy uncertainty. We use correlations between
lists the used proxies and their correlations to the observational data. These listed correlations enter our considerations on
uncertainty.

In our present approach, we consider normalized proxy data, That is the variance of an individual proxy ¢ is Var; = L.
We also consider normalized simulated records, and their local variance then also is Varsy, = 1. Our goal is to derive a

. temperature and precipitation; compare Evans et al., 2013; Tolwinski-Ward et al., 2013; Evans et al., 2014; Tolwinski-Ward
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simple criterion for the similarity between proxy patterns and simulated (analogue) patterns that takes into account the inherent

uncertainty in the proxy records.

Assuming one can interpret the squared correlation coefficient (12?) as explained variance, one can profit from the equiva-
2

lence
R*=1—MSE,c;/MSE;o; =1 —Var,es/Variy

if we take the considered mean squared errors (MSE) as unbiased. The subscripts are res for residual and tot for total.
We can take the total variance Var.,; to be equal to the variance of the sum of a signal (subscript sig) and the residual noise.

If we assume these are uncorrelated, we obtain 2 e 575 st

We replaced the residual variance by the noise variance (subscript noi) and reorganised the equation.
H-Because we consider normalized data, the total variance becomes one, Var,; = 1. For a simulated climate record in a
grid-cell of a climate model, there is no uncertainty and, then, it is indeed Vari,; = Var,;y = 1, i.e. the total variance is pure

signal. For the case of a normalized proxy we take Vary,, = 1 = Vargg + Vary,e; and thus 1 R2=—Vap

L= R =Vary

This is an expression for the noise variance of one local proxy record.

We want to use the local estimates of the proxy noise to formulate a criterion for finding analogues in simulated field records
from climate simulations. Because we use simulated records with unit variance, the-we can consider the following as a noise

standard deviation becomes-SD o= —R2—
SDnoi = V1R

Based on these assumptions, there are a number of possible approaches-te-obtainuncertainties-of-ways to obtain uncertaint

estimates for a reconstruction by analogue, which we describe next.

Different reconstructions and uncertainty estimates

First, we consider the case of a reconstruction from the single best analogue. We use the normalized data for this reconstruction.
For this case, we assume that we can obtain one standard deviation uncertainties as the square root of the sum over the
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individual proxy noise variances (V ar,,;.) divided by the number N of proxies: N. These are only an

do this simply by multiplying the noise variances in the square root by the grid-point variance from a selected simulation. Our
visualisations for the single best analogue reconstruction add an alternative uncertainty envelope. This is given by the mean
squared error between the proxy-values and the best-analogue values at the closest grid-point.

From our point of view, the real benefit of our derivation of uncertainty is to use only analogues which comply with a certain
tolerance criterion. That is, a second way towards an uncertainty estimate assumes that we can obtain a similarity criterion
between proxy data and simulation pool by considering the noise standard deviation represents-a-noise-tolerance—valuefor
every proxy ineludedin-our analoguesearehfor an individual proxy as local noise tolerance threshold. A candidate field has
to comply with all local thresholds to be considered a valid analogue. We then can limit our analogue search to only those

analogues within a certain tolerance range at each location, i.e. within plus and minus one, two, or three SD,,,; around the

proxy value.

Euelidean-distance—We-consider this-dewnside-acceptableln the following we only consider analogues within traditional 90%,
95%, 99% and 99.9% intervals. We consider two cases: (A) we use a fixed number of analogues, and (B) we use a fixed noise
level S Dy, For the fixed number approach, we ad hoc require that there are at least ten valid analogues for all years.
GenerallyFor a defined noise tolerance criterion, there may be at best a few locally tolerable analogues for a certain
- For example, if we consider a criterion

tolerable analogues for 35 dates—Simitarly—-64-SDPys-and—1-96-5P5;-years in our period of interest. Similarly ~1.64.5D,,;
90%) and ~1.96 5D, .; (95%) criteria still imply that we find less than ten analogues for one year (2003 CE).

date

MM%@M&WW&%W@W to prov1de a reconstruction at each date for
i.e. a 99% interval, is the smallest number-of-available-analogues-at-any-date-within-noise level that provides more than 10
analogues for every year in the full period. H-we-ineclude-the-year2003;-the-The minimal number of analogues is 39-39 for this
criterion if we include the year 2003. It increases to 156 excluding the year 2003. We do not test additional noise levels between
=196 SDpoi and 2.57.5 Duoi as We further, ad hoc, decide that 39 analogues is still a reasonably small number of analogues
for the reconstruction with a constant number of analogues. Thus, our reconstruction with a constant number of analogues uses
39 analogues.
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Hewever;the Considering a fixed standard-deviation criterion, the number of valid analogues can become large for individual
years. For example, the largest number of analogues for a single year for a one-standard deviation eriterion-is-the-only-one-that
givesis 21035 in our approach. We regard this still a subjectively reasonable maximal numberef2165-possible-anatogues. Thus,
subsequently;-we-alse-we choose a one SD,,,, interval to discuss results for a fixed ene-SD,,.; interval-Both-sets-of results
are-also-compared-to-a-criterion. As the previous paragraphs highlight, such a 1.5D,,; criterion will fail to find analogues for
certain years.

We later show the results for these reconstructions in comparison to the single best-analogue reconstruction. For ensembles
of analogues. uncertainty estimates are the full range of the ensemble and an uncertainty envelope based on the intra-ensemble

variance.

grid-pointvarianeeAs a side note, we could also use the individual local values for all proxies to construct a maximally tolerated
Euclidean distance. The obvious caveat of this approach is that the analogues may locally lie outside the tolerance range of
some of the proxy records although the Euclidean distance is smaller than the maximally tolerated value. On the other hand, the
criterion that the analogue should lie within each individual proxy tolerance may exclude the overall best analogue according
to_the minimal Euclidean distance. We consider this downside acceptable and only consider these. Furthermore, we do not
weight the analogues, e.g.. according to their distance, because our approach of explicitly considering the uncertainty in the
proxies already accounts for the mismatch between proxies and candidate pool.

¢ ‘ it ‘ Recently, Neukom et al. (2019) used a subsampling strategy to assess the
uncertainty of reconstructions from an analogue search. To compare our uncertainty estimates to such an ensemble based
uncertainty, we also apply their approach. Thatis we produce an ensemble of reconstructions by using only half of the available
proxy records and half of the available simulation pool. Such an ensemble estimate of the reconstruction uncertainty mainly
measures the uncertainty due to sampling variability in the available proxy and simulation data.

More specifically, our set of 8 proxies (see next section) allows for 70 combinations of 4 proxies. We exclude those
combinations without any information in Northern Europe. Thereby we obtain 65 combinations of 4 proxies. In addition, we
choose 100 sets of simulated candidate fields. Each set includes 4824 candidate fields. We then produce 100 reconstructions
for each of the 65 combinations of proxies. That is, our ensemble has in total 6500 reconstructions. We use the same 100 sets.
of candidate fields for all 65 combinations of proxies. For each date and each reconstruction, we only consider the single best
field according to the Euclidean distance.
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Table 2. Proxies considered, their geographic position, and their-eorrelation-te-the correlations between the proxy records and the summer

June, July, August; JJA) mean temperature observations from the CRU-TS-3.10 data (Harris et al., 2014) over the period 1901 to 2003. The
proxy record data is from PAGES 2k Consortium (2013).

Proxy-Proxyname, Country & ID Lon Lat Correlation
Tornetrisk, Sweden, Tor92 196 E  68.25N 0.79
Jamtland, Sweden, Jaell 15E 63.1N 0.65
Northern Scandinavia, Nsc12 25E 68 N 0.74
greater Tatra region, Slovakia, Tat12 20E 49N 0.16
Carpathian, Romania, Car09 253E 47N 0.56
Alps, Austria, Aus11 10.7E 47N 0.75
Alps, Switzerland, Swi06 78E 464N 0.68
Alps, France, Fral2 75E 44 N 0.52
Pyrenees, Spain, Pyr12 1E 425N 0.41
Albania, Alb12 20E 41N -0.16

2.2 DataData
2.2.1 Proxies

The target of our application of the analogue method is a representation of European temperature in summer, June, July, Au-
gust (JJA), equivalent to the original Euro 2k-reconstruction by the PAGES 2k Consortium (2013). Therefore, we rely on the
proxy-selection of the Euro-Med 2k Consortium

{see-also-Luterbacher-et-al;2016)forindividualreferencessee (PAGES 2k Consortium, 2013; Luterbacher et al., 2016). PAGES
2k Consortium (2013) and Luterbacher et al. (2016) —provide individual references for the proxy records. Table 2 gives
the correlations between the proxy series and the CRU-data over the period 1901 to 2003. These correlations enter our

considerations on uncertainty as detailed in section 2.1.2. Figure 1 shows the proxy locations.
Since neither the Albanian nor the Slovakian proxy records provided by the PAGES 2k Consortium (2013) explain a relevant
portion of the variability of the CRU-TS-3.10 (Harris et al., 2014) summer temperature data at the closest grid-point, we exclude

them from the following reconstruction efforts. Fable1—gives-the-correlation-between-the-proxy-series-andthe-CRU-data-ove

Already Luterbacher et al. (2016) noted this and, therefore, did not consider these two proxies in their reconstruction effort.
That is, we, as Luterbacher et al. (2016), exclude these proxies because there is not a clear relation to temperature. Furthermore,

since the Dobrovolny et al. (2010) Central European data is a spatial average, we also do not consider it in the reconstruction.

All three excluded records, however, are subsequently compared to the reconstructed local series. Adthough-
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Table 3. Simulations in our pool of analogue candidates: ID, forcing components, data reference. We consider for all eight simulations the
period 800 to 2005 CE, i.e. 1206 simulated years. Forcings are stratospheric sulphate aerosols from volcanic eruptions (V), variations of total
solar irradiance (large amplitude: S, small amplitude: s), changes in earth’s orbit (O), land use change (L), greenhouse gases (G); note, only
methane and nitrous oxide were prescribed, the carbon dioxide concentration was calculated interactively. For details see data references and

Jungclaus et al. (2010).

ID Forcing Reference
mil0010  VsOLG Jungclaus (2008a)
mil0012  VsOLG Jungclaus (2008b)
mil0013  VsOLG Jungclaus (2008c)
mil0014  VsOLG Jungclaus (2008d)
mil0015  VsOLG Jungclaus (2008e)
mil0021  VSOLG Jungclaus and Esch (2009)
mil0025 VSOLG Jungclaus (2009a)
mil0026  VSOLG Jungclaus (2009b)

We describe results for the period 1260 to 2003 CE, although two of the Euro 2k proxy series extend back to the year 138

BC, we-only-deseribe results for-the period1260-to-2003-The fast of the remaining-and the analogue approach is suited to use
variable numbers of proxies. The latest start date of any of the used eight proxy indices startsin1260-1s the year 1260 CE,
and, thus, all eight records cover the period 1260 to 2003 CE. We decide against using uneven numbers of proxies and against
extending the reconstruction further back to ease the comparison of the results and our different uncertainty estimates.

2.2.2 Model simulations

Thanks to the PMIP3-effort (Paleoclimate Modelling Intercomparison Project phase 3, e.g., Schmidt et al., 2012) there is
a-strong-ensemble-of exists a multi-model ensemble of climate simulations for the last approximately 1100 years;-with-a-, A
number of additional simulations eempliantcomply with the PMIP3 protocol but are not included in the effort (Jungclaus et al.,
2010; Fernandez-Donado et al., 2013; Lohmann et al., 2015; Otto-Bliesner et al., 2016). Wagner (personal communication,
2016, 2019) has performed a simulation for the last 2,000 years, and Gémez-Navarro et al. (2013, see also Gomez-Navarro
et al., 2015a) and Wagner (personal communication, 2014, 2018, 2019, see also Bierstedt et al., 2016, Bothe et al., 2019) have
performed regional simulations for Europe for approximately the last 500 years. All these simulations would be suitable as
pool of analogues. Especially the PMIP3-ensemble is easily available.

We opt here for a single model ensemble predating the PMIP3-effort but compliant with its protocol, i.e. the millennium
simulations with the COSMOS-setup of the Max-Planck-Institute Earth System Model (MPI-ESM) by Jungclaus et al. (2010).

This choice bases not least on the assumption that the simulations provide a very similar internal variabilityte—reseale—the

normalized-data—(see-seetion-abeove). This is beneficial in our case because we rescale the final reconstructions by a chosen
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standard deviation, which is usually the local full period standard deviation of one of the simulations. Furthermore, one may as-
sume that the single model ensemble provides data with a consistent bias throughout the ensemble, which may ease comparison
of the results. On the other hand, such consistent biases may translate to the reconstruction, i.e. a biased reconstruction. This

could be avoided by using a pool of simulations from structurally different climate models. Obviously, the shortcomings in
simulating ENSO (Jungclaus et al., 2006) are prominent in the MPI-ESM-COSMOS ensemble and affect the results. Since-the

We use data centered on the full period 1260 to 2003 CE and the data is normalized with the standard deviation over the
same period. Jungclaus et al. (2010) provide details on the simulations (see also data references in Table 23). We use simulation
output from the ensemble members including all forcing components for the period 800 to 2005 CE (Table 2)--3). Thereby we
have a pool of 9648 candidate fields. Forcings are solar, volcanic, greenhouse gas, orbital, and land use; the carbon dioxide

concentration was calculated interactively (compare Jungclaus et al., 2010).

3 Results

3.1 Single best-analogue reconstruction

Figure-2?-summarises-Figures 2 and 3 compare the single best-analogue reconstruction to the Euro 2k-reconstruction and
the observational data relative to the full period 1260 to 2003 CE. There is generally very-good agreement between the Euro

2k-2k-reconstruction and the analogue reconstruction but the latter appears to overestimate the warming since the early 19th
century (Figure 2a). Note that the observational data is plotted relative to the mean of the Euro 2k-reconstruction over the
observational period and solely provides a qualitative comparison. We evaluate our analogue reconstruction against the Euro
2k reconstruction, because we regard the former reconstruction as the main benchmark for the analogue uncertainty estimation.
Appendix Figure Al makes the comparison relative to the period of the observational data. We note that differences between
the observations and the reconstructions are larger for the best analogue approach compared to the Euro-2k reconstruction

The analogue reconstruction shows rather small centennial variations as does the Euro 2k-reconstruction (Figure 2). We
note that the Bayesian Hierarchichal Modelling (BHM) reconstruction by Luterbacher et al. (2016) shows larger variations
compared to their composite-plus-scaling reconstruction in the early part of the last millennium prior to our study period.

The larger warming since about 1800 in the analogue reconstruction is in line with a slightly larger warming in the BHM-

reconstruction by Luterbacher et al. (2016). Appendix Figure A3 shows a comparison of the best analogues reconstruction
to the two European summer temperature reconstructions of Luterbacher et al. (20106). This complements Figure 2 where we
show the comparison to the Euro 2k-reconstruction of PAGES 2k Consortium (2013).
The-difference-plotin-Figure-??c-shows-the-size-of the-interannual-Figure 3a shows differences between different data
sets as swarm plots. Swarm plots are categorical scatter plots, where the data points are adjusted to avoid overlap between
composite-plus-scaling reconstruction and the best-analogue reconstruction highlight again their reasonable agreement (Figure
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Figure 2. Summary-of-the- The best- analogue reconstruction relative to its full period mean: (a) the interannual fesea}eeHemperature re-
construction in black

loeations:, the red line is the area mean Euro 2k-reconstruction;-, magenta is the observational CRU temperature adjusted to the mean of the

reconstruction over its time-range. The analogue reconstruction is rescaled by the variability from one of the simulations. (b): as (a) but for
47-point Hamming filtered data; we further add the uncertainty for estimates for the interannual data: red shading-is the unsmoothed Euro
2k-uncertainty:-, the rarrower-additional-grey envelope is a 56%-2 standard-deviation uncertainty based on an-MSE-estimate—(e): Difference
between-the Euro-2k-and-the-analogue reconstruction-and-its-smooth—(d):Ratio-correlation between the %f&ndafd—dewaﬁmweﬁm
the anatogue-vatues-observations at the elosest-grid-points-to-the-proxy v

and-locations, the prexiesblue envelope is a 2 standard-deviation uncertainty based on a MSE-estimate. Panel (b) adds a zero line as visual
assistance.
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Figure 3. Further information about the single best analogue reconstruction: (a) swarm plots for the differences between different data sets
relative to their periods of overlap: grey is the Euro 2K reconstruction minus the single beste analogue, red is the CRU TS data minus the Euro
2k reconstruction, and magenta is the CRU TS data minus the single best analogue. Since the data are relative to their overlapping period, the
visualisation hides potential biases. (b): Ratio between the standard deviations of the normalized analogue values at the closest grid-points to
the normalized proxy values. (¢): Mean squared error between the normalized analogue grid-point values and the normalized proxies, i.e. the
basis for one of the uncertainty estimates in Figure 2. Swarm plots are categorical scatter plots that ensure that points do not overlap.

3a on the left in grey dots). These differences do not exceed 1 degree Kelvin—Smeothed-differences-emphasize-that-thereis

strueture-in-the-differenees—Kelvin. Time-series plots of the smoothed differences reveal temporal structure with periods of
over- and underestimation (not shown). Differences are especially large in periods before the 1600s and since about +866-

Theuneertainty-intervalsfor-1800 (not shown). Differences between the reconstructions and the observational data emphasize

that the analogue reconstruction 4
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is-hard-to-identify-inFigure-22?bNeither-the-(magenta dots in Figure 3a) disagrees more with the observations than the Euro

years200+-and-2003-CEreconstruction does (red dots).

reconstruction—but-unti1678-CE-in-the Bure—2k-record—Altheugh-Warmest and coldest periods help to characterize the
reconstruction. Note that the start date in 1260 CE prevents an assessment of the Medieval Climate Anomaly ;itis-interesting
that-these-two-reeonstruetionsfor the best analogue data. For the period from 1260 to 1850 CE, the Euro 2k-reconstruction
and the best analogue both have the warmest eentury-100-year period from 1353 until 1452 CEfer-the-period-unti-1850—,
Considering the full period until 2003, the last hundred years were warmest. The coldest 30-yearperiod-endsint+608-CE-in-the

analoguereconstruction-and-in1616-100-year period was from 1549 to 1648 CE according to the best-analogue reconstruction
but from 1579 to 1678 CE in the Euro 2k data—Warmest-30-yearperiods-end-in1435-and1781-CErespectively-for-the-data

coldest decades and thirty year periods fall within this coldest century and overlap between both reconstructions. Nete-again;
this-deseription-ignores-the-uneertainties-of the reeordsEstimates for shorter warmest periods disagree more.

We now consider the response to volcanic forcing, as volcanoes are considered to be the most important external forcing

over the pre-industrial period. They are also the best constrained past climate forcing for the last 500 to 2000 years (e.g., Sigl
et al., 2015; Wilson et al., 2016). The period of our reconstructions includes only a few of the large tropical eruptions of the

last millennium. H-we-We consider a subselection of tropical eruption events in 1286, 1345, 1458, 1601, 1641, 1695, 1809, and

1815:-1815. We performed a superposed epoch analysis shews-but we do not graphically show the results. We considered fields

and area averages. We chose the five calendar years before an eruption year as reference period, which is a common approach
compare, e.g. Sigl et al., 2015).

Individual eruptions show usually some cooling though it may be quite small (not shown). Noteworthy is the lack of a clear
response for, e.g., the Kuwae eruption, which took place in 1458 CE according to Sigletal+20+5)
Sigl et al. (2015, but see Hartman et al., 2019). The lack of a response in the reconstruction indeed-mainly reflects the lack

of a clear signature of this event in the proxies entering the reconstruction (not shown). Considering fields for some-of-these

15



10

15

20

25

30

35

events, superposed-epoch-analyses-some may show summer cooling, but, e.g., the year 1459 shows widespread slightly warmer

conditions.

Considering uncertainties for the reconstructions, Figure 2b shows unsmoothed two standard deviation uncertainties for
the Euro 2k-reconstruction and the single best analogue reconstruction together with the smoothed records. We show two
uncertainty estimates for the analogue reconstruction. The first is calculated as the square root of the sum over the Var,,.;

for the /N invdidual N. We assume these represent one

standard deviation uncertainties, However, they are only an approximation of the uncertainty. From these we calculate the
assumed two standard deviation intervals. These are constant estimates over the full period. The second, time-varying envelope
in Figure 2b bases on the mean squared errors between the proxy-values and the best-analogue values at each date. The Euro
2k uncertainty intervals are derived from the data provided by the PAGES 2k Consortium (2013), and they base on the range
of a nested composite-plus-scale reconstruction ensemble and the standard-deviation of the reconstruction-validation residuals
(see supplement to PAGES 2k Consortium, 2013).

The noise variance based envelope for the best analogue reconstruction is generally wider than the uncertainty of the Euro
Zk-reconstruction while the MSE-based analogue uncertainty is usually narrower. The MSE-based uncertainty is also generally.
narrower than the noise based uncertainty but can become occassionally very wide. The latter widening reflects that the best
analogues may fit badly to the proxy records. The mean squared error based uncertainty estimates become particularly wide in
the late 20th century highlighting that the single best analogues found for this period do not match the proxy data well. The best
analogue reconstruction is generally within the two standard-deviation uncertainty of the Euro 2k-reconstruction. Similarly, the
noise based uncertainty estimate for the analogue reconstruction usually includes the Euro 2k-data.

Both uncertainty measures for the analogue reconstruction describe different but not mutually exclusive parts of the uncertainty
of the reconstruction. The variance based envelope estimates the reconstruction uncertainty based on the local agreement
between proxies and observations over the period when instrumental data is available. Thus, it is unlikely that the uncertainty
of the reconstruction at any time is smaller than this estimate because we can assume that the quality of the proxies is best in
the recent period. The proxy based noise uncertainty estimate includes local information but extrapolates these over the period
without instrumental data. On the other hand, the mean square error captures the misfit between the uncertain proxies and the
final reconstruction product. Where it is smaller than the variance based estimate. we would call it unrealistic. When it exceeds
this estimate, it is preferable.

Figure->>Both measures of reconstruction uncertainty rely on the level of agreement between reconstructed and observed

data. In the following, we particularly look at the agreement between the reconstructed data and the proxy data as it enters the
MSE-based uncertainty estimate. Figure 4 plots both the proxy-values as squares and the best-analogue values at the closest

grid-points as lines for years of interest and arbitrarily selected years. Proxies excluded from the reconstruction are grey and
proxies included are red. Itis-encouragingto-see-how-close-the-analogue-agrees-The analogues agree well with the proxies, e.g.,
for the year +827-Nevertheless:-1827, but notable differences occur as well, e.g., for the years 1601 or 2002. Interestinghy;-the
The analogues even appear to occasionally capture the relation between the proxies included and those excluded—Fhis-smatt

seleetion-of-eases-, which obviously might be by chance. Overall, this small selection indicates that the considered simulation
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Figure 4. Normalised proxy values (squares) for proxies included (red) and excluded (grey) and the values of the best analogue for selected
years (lines). Proxy locations on x-axes are from PAGES 2k Consortium (2013): Tor92 ;(Tornetrisk, Sweden), Jael1 s-(Jimtland, Sweden),
Nsc12 s(Northern Scandinavia), Tat12 s~(greater Tatra region, Slovakia), Car09 +—(Carpathian, Romania), Ausl1 —(Alps, Austria), Swi06 5
LA]ps, Switzerlanqg, Fral2 -+(Alps, Fraan, Pyr12 ;gPyrenees, Spain), Alb12 fLAlbanial.

ensemble does—quite-well-representrepresents well the relation between the considered regions. We note that for these years
and the selected analogues, it is not necessarily the case that spatial clustering of proxies in the Alps or Scandinavia results in

close agreement,
A slightly disconcerting feature is visible for, e.g., the year 1947-Then-1947, where the analogue appears to underestimate the

intra-location variability. This-is-highlighted-by Figure-2?d-which-Figure 3b shows the relation between the standard deviation
of the best-analogue locations and the standard deviation of the proxy records ever-timeas swarm plot. While the intra-grid-

point variability can be larger than the intra-proxy variation, it is apparent that the quetientratio is more often smaller than one

indicating that the intra-proxy variation is larger. The-bettom-panel-of Figure-22plots-
Figure 3c adds the mean squared error of the best-analogue locations and the proxy values. The-errors-often-are-As already

seen in Figure 2 for the mean squared error based uncertainty envelope, the errors are often rather small, but there are times
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Figure 5. Differences between local grid-point series for the single best analogue and the proxy series as swarm plots. Numbers above
the x-axis are correlation coefficients between the proxy series and the grid-point records. Proxies are: Tornetrask Tor92, Jamtland Jaell,
Northern Scandinavia Nsc12, greater Tatra region Tat12, Carpathian Car09, Austrian Alps Ausll, Swiss Alps Swi06, French Alps Fral2,
Pyrenees Pyr12. Albania Alb12. CEu is the Central Europe data. All data is from the normalised series and thus dimensionless.

when they become quite-targe;i-e--very large. This stresses again that the best analogue may occasionally fit the proxies rather
badly.

We do not investigate the differences in intra-location variability in detail. There are a number of explanations on which
we only very shortly touch here. First, the noisy proxy series may overestimate the true intra-location variability. Second, our
selected simulations may be spatially too smooth. This, thirdly, might be due to the low resolution and simulations with higher
resolutions might help then. Fourth, the chosen distance measure may result in such a feature dependent on the characteristics
of the simulation pool, which however should usually not be the case. Including a more diverse set of simulations may be the

oenby-Figure 5 provides a summary evaluation of the local differences by showing swarm plots for the various proxy locations.
The figure also gives the correlations between the proxies and the local records from the analogues. Differences are well
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constrained for the proxies exeluded-because-oflack-of-a-signal-but-they-are-espeetally-included but become very large for

the

correlations are also very small for the excluded records while generally being larger than 0.85 for the included records. The
swarm plots hide strong low frequency temporal variability in the differences betweenlocal-proxies-andlocal-analogue-values:

for the Albanian
and Tatra proxies. Some such structures are also apparent in the differences for the proxies included in the analogue search
(not_shown). Indeed, the Swiss Alps alse-data show a small amplitude multicentennial variation in their local differences.

Fhe-In summarising, the general agreement between the Euro 2k and the analogue reconstruction as seen in Figure 2 and

this section is another encouraging sign that the analogue method is a valid reconstruction tool at least for the considered

time-period and regional focus. We give two uncertainty estimates for the single best analogue reconstruction. The potential
of the mean squared error based uncertainties to become very large emphasizes that a best analogue may be a very bad fit for
the underlying proxies. Indeed, uncertainty levels generally include the other reconstruction, which helps to build confidence

in the estimates. We regard this convergence of evidence important for confidence in our understanding of past climates. The
strong local deviations at excluded locations hewever-(compare Figures 4 and 5) challenge how well the included proxies really

represent the European domain and its intra-regional relations.

3.2 A setof ‘good’ analogues

Besides-considering the single best analogue-one-ean-use-As described above, we also consider a reconstruction based on a
set of good analogues. One could base such a selection on an arbitrary number of, e.g., 10 analogues. However, in—view—of
our-constderations-we base our choice of the number of analogues on our considerations in section 2.1.2 on the uncertainty

of the local proxies ;~we-use-a-speeific-unecertainty—interval-around-and on the number of analogues available for different
uncertainty levels of the proxies. In-That is in our case, a 2.575D,,,; uncertainty interval for the proxy values allows for at

least 39 analogues for each date. Thus, we select 39 analogues at the locations of the grid-points closest to the proxy-locations.

Figure 22-6 presents local results for the analogue search reconstruction for the case of a fixed number of analogues.
Correlations-We display the correlation coefficients between the proxies and the reconstructed local series medians at the top of
each panel next to the proxy ID. They are between 0.84 and 0.98 for the anchor locations of the reconstruction. They are weak
for the two locations excluded, i.e., Tatra and Albania. Visually-there-isgood-agreementand-the-The correlation coefficients are
larger than the correlations to the observational data, That is, the proxies included in our analogue search constrain the search
effectively towards the proxy values. This holds especially for the median, which is a filter for the data of the reconstruction
ensemble members. The aim of the analogue search is to match the observations, i.e. the proxies, closely with the simulated
data. We stress that these correlations only indicate agreement with the proxy records not with the true temperature.
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Figure 6. Analogue reconstruction values at the locations of the Euro 2k-proxies. Shown are the normalized proxies in red, the median

of 39 analogue values in black and the full range of the 39 local analogues in blue. X-axes are years CE. Correlations between the local

reconstruction median and the proxy series are given as numbers next to the proxy IDs in each panel.
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Figure 7. Summary-of-the- The analogue reconstruction for the 39 best analogues—: (a): the interannual rescaled temperature reconstruction
median in blackand-the-range-of-the 39-anatogues—in-grey; the grey-blue line is the single best-analogue reconstruction; the red line is the
Euro 2k-reconstruction; magenta is the CRU temperature adjusted to the mean of the reconstruction-median over the CRU period. (b): as
{aybutfor-47-point Hamming-fittered-data;the unsmoothed uncertainty, estimates in light grey are the ensemble rangehere-ts-an-interannuat
50%uneertainty-, Mw@%@%&g@%@%@&w&based on the variance of the 39 samples—(e):Differenee

- note that both uncertainty estimates are
hardly distinguishable on this scale, the best-anatogue-and-panel adds the 39-analogue-median-and-their respeetive-smoothsseries from (a)

but for 47-point Hamming filtered data. Panel (b) adds a zero line as visual assistance.

The good agreement between the proxies included in our analogue search and our reconstructed local series extends beyond
correlations. The range of reconstructed values is-relatively-narrew-usually is narrow for these proxies. However, there are
also guite-obvious mismatches, e.g., 16th century warmth in the Austrian Alps and, more frequently, individual very cold
excursions, which are not matched in the analogues (Figure 226). Plotting local analogue data against the proxy series highlights

5 how commonly the reconstruction median and random individual analogue members do not match the extreme values of the

proxies (not shown). These considerations highlight that, although the analogues may be well constrained locally, this gives
no indication about the strength of the relations away from the anchoring locations. Indeed, correlations with the observational
CRU data are in line with the correlations between the proxies and the CRU data (not shown). Section 3.6 below shows that

indeed, the correlations in Figure 6 do not necessarily reflect how well the reconstruction captures the observed temperature
10 elsewhere.
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Figure 2?6k shows the comparison for the spatial average summer temperature for the Central European area (Dobrovolny et al., 2010).

This mean is computed over the grid-points from 7.5E to 18.75E and 46.4N and 50.1N in the coarse resolution model data. This
domain obviously represents a larger area than the data by Dobrovolny et al. (2010). There is not any identifiable variability in
the uncertainty envelopeand-consequently-also-the-median-. Consequently the median also shows very little variability. Never-
theless the variability is comparable between central European data for the analogue reconstruction and the original record if
one considers individual members. Although the temporal variations of the median are muted, the median-record still correlates

notably but not strongly with the central European data of Dobrovolny et al. (2010).

number analogue reconstruction also agrees well with the Euro 2k-reconstrution (Figure 7) as did the single best analogue

approach. Indeed the median of the fixed-number analogue-ensemble correlates slightly better with the Euro 2k-reconstruction

at r ~ 0.89 compared to the single best analogue (r ~ 0.82). The variability of the median of the analogues, however, is rotably

smaller-than-for-either-approximately 8% smaller than the variability of the Euro 2k er-the-bestanalogue-datareconstruction and

approximately 17% smaller than the variability of the single best analogue reconstruction. Similarly, while the range of the best
analogue is comparable to the Euro 2k-reconstruction, the range of the 39-analogue ensemble median is strongly reduced com-

pared to both other series. ity~The coldest val-

ues are only slightly warmer but the warmest values are about one degree-Kelvin colder than for the other two series. Therefore,

using a set of analogues to produce a reconstruction suppresses variability. This reduction of variability for median or mean
based reconstructions is expected due to the compensation of noise and within the individual members. It is well established that
such a trade-off between accuracy and variability exists for analogue search algorithms (Gémez-Navarro et al., 2015b, 2017).

Although the uncertainty of the regional average for Central Europe shows a wide uncertainty for the 39 analogues, the full
domain reconstruction has a narrew-50%-rather narrow uncertainty range. -is-nearly-impossible-to-visually-identify-the 56%
range-for-the smoothed-data-tnot shown),+-e-The full ensemble range and a two standard deviation uncertainty based on the

nble-vartability-e noothed-ensemble-of 39-analogues—Thusin-seme-sense-the-variance of the ensemble are nearl
indistinguishable in Figure 7. The included proxies anchor the area mean reconstruction to a very-narrow range of variability

if we choose a fixed number of analogues.

The distribution of the uncertainty estimates of the 39 analogue median is narrower than for the single best analogue, and the
distribution also has smaller values than for the two estimates for the single best analogue. However in this case, the variability
of the fixed number of analogues does not encompass the full range of potential analogues compliant with a specific uncertainty.
level. Again we note that as long as an uncertainty estimate is smaller than the proxy noise based estimate as seen in Figure 2,

we think one should use the proxy noise based uncertainty.
Interannual differences between the single best-analogue reconstruction and the median of the 39-analogue reconstruction

appear to be of similar size as the interannual differences between the Euro 2k-reconstruction and the 39-analogue median
(not shown). The smoothed representations align hewever-quite well for the two different analogue approaches. On the other
hand there are some systematic differences between the 39-analogue median and the Euro 2k-reconstruction in the smoothed

version particularly in the 14th and 16th centuries and since approximately the year 1850. We generally assume that such
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systematic differences are due to differing sensitivities between the regression based approach of the Euro 2k-reconstruction
and our analogue search. However considering the mid 16th century, the work by Wetter and Pfister (2011, 2013) may suggest
that indeed our simulation pool is insufficient for this period and the Euro 2k-data more reliably captures the temperature then.

Differences between the two analogue approaches do not show such systematic differences except maybe for the early
20th century. Both analogue approaches appear to overestimate the warming trend since the early 19th century. This is more
pronounced in the single best reconstruction compared to the median of the 39 analogues, for which we already noted the
reduced variability.

The coldest and warmest periods are very similar in the 39-analogue reconstruction compared to the best-analogue version.

Again, coldest conditions on decadal, 30-year, and eentury-centennial time-scales occur mainly in the 17th century (not shown).

This holds for the median as well as the coldest and warmest analogue estimates for the periods. For-the-period-before1856;

Agains—we-Regarding well dated tropical volcanic eruptions, we again find summer cooling following some wel-dated
tropteal-voleante-eruptions—events but others barely leave a signal in the European mean-data-based-on—asuperposed-epoch

analysis-area mean data (not shown). For spatial fields, similarly, there is not a distinct signal of post-eruption summer cooling.

The petential-wide-range of analogues even allows for some regional warming.

3.3 Analogues within 1.5D,,,;

34

nadditiento-using-afixed-set-of-bestanalogues-we-ean-The use of a fixed number of analogues in the previous section implies

that we consider for each date a different level of proxy uncertainty according to our considerations in section 2.1.2. Next
we shortly present a reconstruction for which we consider only those analogues falling within a certain uncertainty interval

around all of the original proxies for each date. This will result in an uneven number of analogues at each individual date. Fhis
seetion-presents-the-resultsfor-oursetup-and-We use a fixed one noise-standard-deviation interval around the proxy values. The
to find valid analogue for all dates if we choose larger uncertainty intervals. However, larger intervals imply that the number
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Figure 8. Analogue fieldsfor-three reconstrueted-eases-with-different-numbers-reconstruction based on an 1.5 D,,,; uncertainty of analogues;
color-bars-are-temperature-anomalies—inIKetvinrelativeto-the full-periodproxies. From-lefttoright(a): Interannual data: red, +459-CE
with-6-analoguesthe Buro 2k-reconstruction; black, +424-€E-with-24-analoguesthe analogue median; blue line, and—+827-CE-with-817-a
single analogue member, blue shading. two standard deviation uncertainty range around the analogue median based on variability of the
analogues-—From-top-to-bettom, meangrey shading, tecal-minimum-andtocal-maximumthe full range of analogues; marks at horizontal axis
mark unsuccessful analogue searches. Black-deots-signat-(b): As (a) for 47-point Hamming filtered data, but we add a two standard deviation
uncertainty based on the square root of the proxy feeations-noise variances in the-top-rewbrown as also shown in Figure 2. Panel (b) adds a

of analogues may become exceedingly large for certain dates. As mentioned above, the one standard deviation interval has a
maximal number of 2105 possible analogues, which one may already rate as too many.

Figure 22-8 displays the results for such an analogue reconstruction collecting all analogues within one noise-standard-
deviation around the proxy values. Again there is good agreement between the analogue reconstruction and the Euro 2k-
reconstruction. Blue lines in the upper panels of Figure 22-8 show one single member of the reconstruction ensemble which

also compares quite well to the Euro 2k-reconstruction.

neertainty-intery nore-tikely-the-method iHin-finding-indicated before,

if one chooses smaller uncertainty-intervals around the proxy values, it becomes more likely that the method fails to identif
suitable analogues. This becomes obvious when considering the smoothed estimates. This way of constraining the analogue

space quite frequently fails to provide any analogue at all. Small ticks at the time-axes of Figure 22-8 show that such failures

appear to cluster in the 13th and 14th centuries, in the 16th and 17th centuries and in the early 19th century. A number of these
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are years with strong forcing from volcanic eruptions (compare Sigl et al., 2015). This is a shortcoming of our approach to

in this section. Our results in previous sections as well as subsampling approaches (e.g., Neukom et al., 2019) do

not have this specific problem.
Another period without suitable analogues occurs at-the—end-of-the—considered—peried-after the year 2000 ;—which—is

years-—However;-considering-CE. Considering the results of Jungclaus et al. (2010, e.g., their Figure 3), one might have hoped
that the COSMOS-millennium simulation ensemble includes analogues also matching the recent patterns—Oeeastonally;-there
is-onty-one-analogue,-whichresults-in-additional-gaps-in-the standard-deviation based-uncertainty-envelopesummers. However,
we do not search analogues that only fit the observed area mean warming regionally or globally, but we search for analogues
that also represent the interrelation among the proxy locations and do so within a fixed noise threshold. Thus, it is unsurprising
that we fail to find analogues. The European temperature slowly leaves the temperature range observed in approximately the
previous 750 years and we have only few candidate fields that may represent the warm climate after the year 2000 CE, e.g., the

summer heat of the year 2003 CE
. Wetter and Pfister, 2013; Black et al., 2004; Stott et al.,

compare, €. 2004; Garcia-Herrera et al., 2010). Additional gaps occur

in uncertainty envelopes based on the ensemble variance when there is only one valid analogue.

The bottom-panelof Figure 27-shows Figure 8 shows three differenct uncertainty estimates. For one, there is in both panels
in grey the full range of the found-analogues-at-each-timestep-and-analogues that comply with the one standard deviation noise
around the proxy values. Second, the panels show in blue a two standard-deviationinterval-of-the-analogue-variability—The
range-of analogues-standard deviation uncertainty based on the variance of the ensemble members at each date. The latter is in
this case usually notably narrower than the full range, which reflects to a good part simply the number of available analogues.
The relatively constant 25D range is notably narrower We also add in Figure 8b an assumed two standard deviation uncertainty.
envelope based on the proxy noise at each individual proxy location. It is slightly wider than the full range hereof the ensemble.

The occasional failure of the method to find analogues complicates any attempt to identify coldest centuries. That is, the

validity of any identified period is limited and, thus, the exercise is of reduced value. However, the coldest decades and 30-year
periods again are in the early 17th century as for our other approaches. We find the warmest periods usually centred about the
early 15th century for the period before 1850 CE, which compares well with the Euro 2k-reconstruction. However, considering
only the warmest estimates of the envelope, the warmest decade occurs in the second half of the 18th century, which is more

The lack of appropriate analogues also hampers evaluating the response to well dated tropical volcanic eruptions. Fhatis;
e-g-For example, there are rot-any-no analogues available for the year without summer 1816 CE. Otherwise, the common
feature is again that some eruptions appear to have resulted in European summer cooling while there is no identifiable imprint
for other eruptions in our European area mean data (not shown). Comparing spatial fields for this reconstruction, anomalies are
more homogeneous but also smaller than for the reconstruction from 39 good analogues (not shown). While we find cooling,

the wide range of the analogues also allows for notable warming for some eruptions.
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Figure 9. Analogue fields for three reconstructed cases with different numbers of analogues, color bars are temperature anomalies in Kelvin

relative to the full period. From left to right, 1459 CE with 6 analogues, 1424 CE with 24 analogues, and 1827 CE with 817 analogues. From

top to bottom, median, local minimum and local maximum. Black dots signal the proxy locations in the top row.
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Figure 10. The local range of analogues over the reconstruction period: (a) Mean range; (a) Maximum range occurring over the period.

Up until now, we concentrated on time-series. Figure 22-9 shows how the analogue reconstruction can provide diverse
spatial representations for the same set of proxy-values. It can give several different reconstructions s-whieh-that strongly differ
from each other. The example years are chosen to represent a rather cold, a rather warm, and an approximately average year-
TFherefore-, and the top row shows the mean-median of the found analogues for the three cases of 1459 CE, 1424 CE, and 1827
CE. Incidentally, these are also three years for which we find few, i.e. 6, reasonable, i.e. 24, and as many as 817 analogues in
a one standard-deviation interval. The subsequent rows add the local minimum and maximum values respectively. Black dots
in the top row show the original proxy locations. Note that the Figure displays temperature anomalies from the mean over the

full period in Kelvin.

It is surprising that, e.g., the proxies anchor the year 1827 in Turkey only within a range of up to 8 Kelvin for the more than
800 analogues. Even central Scandinavia may be rather cold or rather warm although it should be constrained by three proxy
records. Indeed the best analogue for that year is close to the proxies (compare Figure 224).

The 24 analogues for the year 1424 have a tendency to warm values but again warm and cold conditions are found within a
one standard deviation interval around our proxy anchors for south-eastern and south-western Europe. On the other hand the
six analogues available for the year 1459 mostly give slightly cold conditions over wide parts of the domain and especially for

continental Europe.

Figure 10 reflects on the potentially very wide local range of the analogues. It shows the mean range and the maximum range
of the ensembles for the field. Thereby, it summarises the local uncertainties for the analogue fields. Dependent on location, the
mean range of the ensemble is between approximately 1.7K and approximately 5.9K (Figure 10a). The mean range is generall
large at the eastern border of the domain, and it becomes also large over the southern Adriatic Sea, the central Baltic Sea, and
particularly at the western boundary over the Iberian Peninsula. The local maxima of ranges over time mirror the distribution
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of the mean ranges. Further, they emphasize how weakly constrained the reconstructions are throughout the domain (Figure
10b). .

We noted for Figure 4 that it is not necessarily the case locally that individual analogues fit better in regions with multiple
proxies. However, the mean ranges in Figure 10 are indeed smallest in northern Scandinavia and the Alps, and small ranges
extend towards the French coast of the Mediterranean. Ranges are also small along parts of the southern border of our domain.
Except for this latter region, these are generally the areas where multiple proxies cluster. That is, these fields again show that
one can expect for the analogue search that the overall range and thereby the uncertainty estimates of the reconstruction are
(compare also Franke et al., 2010; Gémez-Navarro et al., 2015b).

The fact that the fixed uncertainty analogue search commonly fails in finding suitable analogues obviously reduces its value
if we are interested in complete reconstruction series. However, such deficiencies also provide valuable information about

how well our pool of analogues represents the variability recorded by the proxies within a certain interval of confidence.

Furthermore, the occasionally large numbers of potential analogues together with their potentially locally wide range are a
note of caution that field reconstructions may be of limited value locally even if the area mean is a valid representation of past

mean climates.

3.4 Reconstruction ensemble by subsamplin;

Recently, Neukom et al. (2019) assess the uncertainty of an analogue search reconstruction by subsampling the available proxy.
data and the pool of availabe model simulation fields. As outlined above we adopt such a subsampling procedure to compare
the results to our reconstructions. Figure 11a shows the range of the full ensemble as well as the medians of the subensembles
for different combinations of the proxies and for an annual resolution of the data. Panel (b) presents the smoothed data. Both
panels add the single best analogue reconstruction based on all data for comparison.

Individual reconstructions and the median of the subensembles differ strongly from one another and also may display strong
differences to our single best analogue reconstruction using all data, However, the overall median and the single best analogue
from all data agree well in their smoothed representation. Differences are most visible in the 14th to 16th centuries, the early.
19th century, and the middle of the 20th century. The range of the subsampling ensemble is slightly larger than most of our
discussed uncertainty estimates but is still generally smaller than the assumed two standard deviation uncertainty based on the
Proxy noise.

The subsampling uses only four out of eight available proxies for our domain and their coverage may be very uneven.
Nevertheless, even subselecting the proxies appears to validly constrain the candidate pool with respect to the regional mean
although with notable uncertainty. We do not provide further evaluation of the subsampling ensemble. In view of the results of
our previous analyses, we presume that four proxies may indeed provide a constraint on the area mean. but will fail to do so
locally.
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Ensemble of regionally-—representative-subsampled
Wmdataﬁem%eaﬂeﬂ—%ﬂm% and-correlation-over-availablestation-(b) data are-at-smoothed with

47-point Hamming filter. Both panels show in grey the top-full range of the-panets—Grey-6500 reconstructions based on 4 proxies and only.

half of the simulated fields, in black the median of all 6500 reconstructions, interanntat-and smoethed-in red the single best analogue median-
Red-and-bhue stationreconstruction based on the full dataand-its-smooth. X-axes-are-years-EE—Y-axes Further colored lines are temperature
anomalies-in-degree Kelvinretative-to-medians of the period-where-both-datasetsare-avatlable65 subensembles using different sets of 4

roxies. Panel (b) adds a zero line as visual assistance.

3.5 Comparison te-statien-dataof uncertainties

Figure 12 plots histograms for the various described uncertainty estimates of area mean reconstructions. Ensemble ranges are
not necessarily symmetric around their median. Most other estimates are symmetric and we plot only positive values. The
vertical line in Figure 12 shows the constant estimate for the correlation based uncertainty.

We note that the uncertainty distribution for the subsampling based ensemble range is centred at larger values compared
to most of our other estimates using the full set of proxies. Including less proxies in the search is a weaker constraint on the
candidate pool compared to using all proxies and therefore the range of potential analogues also likely widens. The wide range
of the root mean squared error based estimate for the single best analogue is mainly due to the large errors in the late 20th
century as already seen in Figure 2. Distributions of our uncertainty estimates are generally comparable to the uncertainty

estimates from the Euro 2k effort.
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Figure 12. Comparison of uncertainty estimates: from top to bottom, histograms in bins of 0.01 Kelvin for: Euro 2k two standard deviation
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standard deviation intervals for the 39 analogues (yellow). We only show one-sided estimates when the estimates are symmetric. The green
line througout the panel marks the uncertainty estimate based on the proxy noise.
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Neither the estimates of the fixed number of analogues nor the fixed one standard deviation interval likely represent the full
range of uncertainty. For most dates, the fixed number of analogues represent only part of all valid analogues according to our
assumptions on local uncertainty, and the fixed one standard deviation interval is by construction a rather narrow estimate. The
assumed two standard deviation uncertainty estimates based on the proxy noise are generally larger than estimates from all
only be weakly constrained. They also indicate that many uncertainty estimates may be optimistic, if we assume the proxy.
noise based estimate to be indeed a relevant representation of the uncertainty due to the noise in our local information.

3.6 Comparison to station data

Station data allow to evaluate our reconstruction against sources of information independent of the proxies or other recon-
structions. The Berkeley Earth project (BEST Muller et al., 2013) provides regionally representative series, which we use in
the following for a short comparison. We choose those regionally representative series close to locations of long instrumental

records. Figure 22-13 shows a selection of such comparisons with the median of the one standard deviation reconstruction

ensemble. The appendix provides equivalent comparisons for the single best analogue and the approach using a fixed number

of analogues (Appendix Figures A4 and AS).
Correlations are often reasonable-of notable strength between the reconstructed median data close to locations of the long

instrumental records with the regionally representative data series from the BEST project (Muller et al., 2013), see numbers in
panels of Figure 2213. Correlations are largest in Scandinavia and around the Alps. Both regions are where most proxy records
are located.

Comparing the data series, however, indicates notable shortcomings of the reconstruction median. The reconstruction median

often overestimates the recent warming trend and the median shows notably less variability than the BEST-series. The under-

estimation of the variability on the other hand leads occasionally to an underestimation of the most recent warm anomalies.

panebpanel for Nuuk highlights that the lack of constraints on the reconstruction can result in potentially artificial spikes in

the time-series. There are also cases where both series appear to agree quite well over the period when both are available.

Examples are the Central England Temperature and Montdidier. Comparisons look similar for our other two reconstruction
approaches (see Appendix Figures A4 and AS5).

4 Summary and Discussions

Earlier proxy surrogate reconstructions from the analogue method usually considered the single best match or a small set of
best fits to reconstruct past climate states compliant with limited local proxy information. The-method-traditionallynegleets
Testing the analogue method against a prior reconstruction for the European domain shows that i-the method indeed allows

to reconstruct past climate variability comparably to more common approaches. It appears even to appropriately capture the

31



3_

2 (a) -51.8E 64.2N Nuuk -0.21 (c) 17.6E 59.9N Uppsala 0.56
1 —
0 —M‘M
-1+
—2 4
_3._|
1700 1800 1900 2000 1700 1800 1900 2000 1700 1800 1900 2000
4 — (d)22.3E 60.5N Turku Turun 3 (e) 12.5E 55.7N Koebenhavn g (f) 13.3,52.5N,Berlin Dahlem 0.4
5 Lentoasema 0,59 Landbohoejskolen|0.45 1
0] -1
-2 -
I I I I I I I -3 I I I I I I I
1700 1800 1900 2000 1700 1800 1900 2000 1700 1800 1900 2000
g : (g) -1.8E 52.4N CET Central England 0.43 g (h) 2.6E 49.7N Montdidier 0.48 2 (i) OE 51.5N Greenwich Maritime MUK 0.36
1 1 1
ot P
1 e
-2+
I I I I
1700 1800 1900 2000 1700 1800 1900 2000 1700 1800 1900 2000
g : () 9.2E 48.8N Stuttgart-Schnarrenberg 0.5 47 (k) 9.2E 45.5N Milan 0.61 47 () 9.2E 45.5N Milano/Brera 0.6
0 0 0
-1+
-2 - -2 -2 -
_3._
I I I I I I I I I I I I I I I I
1700 1800 1900 2000 1700 1800 1900 2000 1700 1800 1900 2000
4 —  (m) 19E 47.5N Budapest 0.39 4 (n) 11E 47.6N Hohenpeissenberg 0.58 4 (0) 11.4E 47.3N Innsbruck Flughafen 0.57
2 2 - 2 -
0 0 0
-2 - -2 -2 -
T T T T T 1 AT T T T T 1 AT T T T T 1
1700 1800 1900 2000 1700 1800 1900 2000 1700 1800 1900 2000
(p) 11.7E 48.2N Muinchen—Riem 0.46 4 (q) 16.4E 48.2N Wien (Hohe Warte) 0.4 i (r) —6.2E 36,5N San Fernando/Cadiz 0.42
0

1

700 1800 1900 2000

1

700 1800 1900 2000

Analogue grid—point median ® Smoothed analogue median ® Station data

1

700 1800 1900 2000

B Smoothed station data

Figure 13. Comparison of local grid-point analogue data for the fixed one standard deviation approach with an arbitrary selection of
regionally representative data from BEST. Location, station name, and correlation over available station data are at the top of the panels.
Grey and black, interannual and smoothed analogue median. Red and blue, station data and its smooth. X-axes are years CE. Y-axes are

32



10

15

20

25

30

35

intra-proxy variability and the proxy-variability over time. This holds for different implementations of the method using either

a single best or multiple good analogues.

however, is on the uncertainty of reconstructions by analogue search. The method traditionally neglects the uncertainty of the
final estimate. An exception considering the Common Era of the last 2000 years is the study by Neukom et al. (2019). The
use a subsampling approach to provide an ensemble of reconstructions, which allows to use the ensemble range as a measure

of uncertainty of the

proxies-and-local-temperature-observationsreconstruction,
We describe alternative approaches of obtaining uncertainty estimates for analogue reconstructions, which do not require
to_reduce the available information from proxies and simulations. These estimates rely ultimately on the assumption, that
the calibration correlation between a proxy record and climate observations gives us information about how well the proxies

represent the climate. We use these correlations to construct an estimate of the uncertainty of the area average reconstruction
based on these proxies. The square root of the sum over the V'ary,.;, i.e. the residual noise variability -for the invdidual proxies,

divided by the number of proxies gives a simple uncertainty estimate for the analogue search that by construction should be an

upper limit for the best analogue deviations if the best analogues are within this range.

zeFor the case of single best analogue reconstructions, we
further show uncertainties based on the mean standard error between the local best analogue values and the proxy values for
each reconstructed date.

We further construct two types of reconstruction ensembles based on our estimate of the local proxy uncertainty. For these
ensembles, we provide two uncertainty estimates, which are their full range and an estimate based on the variance of the ensem-

ble values-provides-an-uneertaintyestimate;-with-the-square-root-of-the-sum-over-the Varyfor-the-invdidual proxiesdivide

ensemble-envelopes reflect the-mean-uneertaintymembers, Ensemble envelopes reflect the mean uncertainty, whereas estimates
based on the proxy noise generally are local uncertainties.

The uncertainty estimates from the subsampling using degraded information and the range of an ensemble from a fixed one
standard deviation proxy noise uncertainty are similar to the uncertainty estimates from an earlier reconstruction of European
a tendency to be samller than these earlier reconstruction uncertainties although reconstructions are comparable. The time
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constant estimate based on the proxy noise is larger than prior and present uncertainty estimates except for cases where the
uncertainties clearly reflect that the reconstruction is a bad match to the anchoring proxy information.

We note that problems arise if we use a fixed uncertainty interval around the proxies. In this case. we are not able to
obtain good analogues for some dates. Our approach is particularly unlikely to find valid analogues in the fixed uncertainty
level setup for years of strong observed cooling, e.g., due to strong volcanic eruptions. This is a fundamental shortcoming.
of an analogue search that considers uncertainty in the way we do in this case. Our other estimates as well as the approach
by Neukom et al. (2019) do not show this behaviour. More generally our results also suffer from similar shortcomings as
the work by Franke et al. (2010, see also Gomez-Navarro et al., 2015b and Annan and Hargreaves, 2012), i.e. the guality of the

reconstruction diminishes further away from the anchoring proxies.
We only consider complete proxy records starting at the same date with the same temporal resolution. However, the analogue

method does not rely on these assumptions. It easily compensates for missing values and data with different resolutions.
Gomez-Navarro et al. (2017) and Jensen et al. (2018) provide some analyses in this direction. The method however depends
strongly on the pool of available analogues and the criteria for selection of analogues.

While we focussed on the temperature fields, it is easy to additionally reconstruct other variables that are compatible with
the temperature proxy records, since the climate models do not only simulate surface temperature but the full climate/weather
situations (compare, e.g. Diaz et al., 2016; Wahl et al., 2019). This could produce a relevant probabilistic estimate of these past
situations. However, the reliability of these samples obviously depends on the strength of the link between the local temper-
ature and other large scale fields. Similarly it is possible to obtain larger scale climate estimates compliant with the regional
information, e.g., hemispheric means, and compare these to situations compliant with other proxy information. A caveat in all
these considerations are the findings by Annan and Hargreaves (2012), who note that reconstructions by comparable methods
may not give the correct posterior distribution if we have a large number of proxies with small uncertainty, while if we have
only few proxies with large uncertainties, the final reconstructed estimate may be not very meaningful due to a lack of accuracy.

We have to note that the reconstruction neglects possible information about the past climate forcing trajectory. This has
implications for dynamical inferences, which may be misleading. While one can account for this by including the forcing re-
construction in the anchoring dataset, this reduces the pool of potential analogues. Furthermore, all results depend on the consis-

tency and quality of the pool of analogues, i.e. the simulations and the underlying sophisticated climate models. An interesting

extension of our approach can be to preprocess the simulation pool data by using proxy forward models (Evans et al., 2013).

This could more validly constrain the candidate pool.
Applications of the analogue method commonly only focus on the best analogue. The failure to find any analogue and the

occurrence of multiple good analogues raise the issues of extrapolation and interpolation of the analogue pool and the analogue
ensemble. Interpolation of analogues may be of interest for obtaining one optimal representation for the reconstruction. More
crucially, extrapolation is one solution to obtain reconstructions for situations, e.g., extremes, which are not included in the
pool of potential analogues. Extrapolation of the current pool may be possible by generating synthetic analogues. Data science

methods may be available to do this.
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5 Concluding remarks

Proxy surrogate reconstructions from the analogue method often neglect that the proxies and, in turn, the reconstruction are
uncertain estimates. Here, we suggest uncertainty estimates for single best-analogue reconstructions as well as analogue re-
constructions from multiple good analogues. We are primarily interested in the case where we only consider analogues which
fall within a certain uncertainty interval of the original proxies.

We compare reconstructions and uncertainty estimates to a previously published reconstruction. This evaluation suggests
that the analogue approaches capture the variability as well as a composite-plus-scaling approach.

The analogue reconstructions also appear to capture the intra-proxy variability and the proxy-variability. Similarly, our
results suggest that our approach compares well to independent data.

If we only use analogues, which comply with the proxies within a certain uncertainty interval, the problem arises that there
may be no compliant candidates in the pool of simulated fields. Generally, the uncertainties and the evaluation of the local

Upscaling the local proxies to obtain larger scale climate information holds many opportunities to infer information about

past climate states. However, one has to add relevant estimates of uncertainty to provide meaningful information.

Data availability. The simulation data is available from the World Data Center for Climate (WDCC) at https://cera-www.dkrz.de/WDCC/ui/
cerasearch/project?acronym=MILLENNIUM_COSMOS (last accessed, 21 May 2019). The Euro 2k reconstruction in the version of PAGES
2k Consortium (2013) and the uncerlying proxies are available from https://doi.org/10.1038/ngeo1797 or alternatively https://www.ncdc.
noaa.gov/paleo-search/study/14188 (both last accessed, 21 May 2019). The Euro 2k reconstructions of Luterbacher et al. (2016) can be
found at https://www.ncdc.noaa.gov/paleo-search/study/19600 (last accessed 21 May 2019). Data for assessing the response to volcanic
eruptions from Sigl et al. (2015) is available from https://doi.org/10.1038/nature14565 (last accessed 21 May 2019). We use version CRU
TS 3.10 of the observational CRU-data (Harris et al., 2014; University of East Anglia Climatic Research Unit et al., 2017), which has
subsequently been superseded. The current version CRU TS 4.01 is available at http://doi.org/10/gcmcz3 with further information also given
at https://crudata.uea.ac.uk/cru/data/hrg/ (last visited 20 September 2018). The Berkeley Earth project data (BEST Muller et al., 2013) can
be obtained from http://berkeleyearth.org/ (last accessed, 22 May 2019). Relevant results of the present study will be uploaded to the Open

Science Framework at https://osf.io/embdh/.
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Figure Al. The best-analogue reconstruction as in Figure 2 but relative to the observational period 1901-2003 CE: (a) the interannual
temperature reconstruction in black, the red line is the area mean Euro 2k-reconstruction, magenta is the observational CRU temperature

adjusted to the mean of the reconstruction over its time-range. The analogue reconstruction is rescaled by the variability from one of the

simulations. (b): as (a) but for 47-point Hamming filtered data; we further add the uncertainty for estimates for the interannual data: red is

the unsmoothed Euro 2k-uncertainty, the lighter grey envelope is a 2 standard-deviation uncertainty based on the correlation between the the

roxies and the observations at the proxy locations, the darker grey envelope is a 2 standard-deviation uncertainty based on a MSE-estimate.

Panel (b) adds a zero line as visual assistance.

Appendix A: Additional Figures

This appendix provides a number of additional Figures to assisst the comparison of our reconstructions and our uncertainty
estimates to previously published work.

Figure A1 shows the results from Figure 2 but relative to the climatology of the period 1901 to 2003 CE instead of the period
1260 to 2003 CE. Similarly Figure A2 highlights differences in the evaluation of the Euro 2k-reconstruction and our single
best analogue reconstruction relative to the observational CRU-TS data (Harris et al., 2014).

Figure A3 adds informations on the two reconstructions for the European sector published by Luterbacher et al. (2016).

The composite plus scaling reconstruction of Luterbacher et al. (2016) shows very small differences to the equivalent data of
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Figure A2. Differences between the CRU TS data and the Euro 2k reconstruction plotted against the differences between the CRU TS data
and the single best analogue reconstruction.

Finally Figures A4 and A5 supplement Figure 13. Where Figure 13 compares the local analogue data of the fixed one
standard deviation approach to the regional series of the BEST dataset, Fieure A4 does so for the approach using a fixed
number of analogues and Figure A5 provides the equivalent comparison for the single best analogue data.

Appendix B: External code

5 This paper uses a nunber of external software packages. These include the Climate Data Operators (cdo,
https://code.mpimet.mpg.de/projects/cdo/, last accessed 27 November 2019). RStudio (RStudio Team, 2018) was essential.
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Figure A3. Comparison of the reconstructions of Luterbacher et al. (2016) to the best-analogue reconstruction (see also Figure 2): (a)
the interannual single best analogue temperature reconstruction in grey; the blue is the composite plus scale (CPS) reconstruction of
Luterbacher et al. (2016) and the brown line is the area mean of their Bayesian Hierarchichal Modelling reconstruction; magenta is the
observational CRU temperature adjusted to the mean of the analogue reconstruction over its time-range. The analogue reconstruction is

rescaled by the variability from one of the simulations. (b): as (a) but for the 95% uncertainties of the reconstructed datasets. Differences

between the Luterbacher CPS and the Euro 2k mean reconstructions are smaller than 0.005K. Panel (b) adds a zero line as visual assistance.
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Figure AS. Comparison of local grid-point analogue data for the single best analogue with an arbitrary selection of regionally representative
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and smoothed analogue median. Red and blue, station data and its smooth. X-axes are years CE. Y-axes are temperature anomalies in Kelvin
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