Climate of the Past, manuscript cp-2018-61 Authors’ response, revision #2

We would like to thank both referees for their valuable comments regarding our manuscript.
We tried to incorporate their suggestions into the revised paper, or bring arguments in cases
when we were unsure how the proposals could be implemented into the manuscript without
too severe changes of its context or aim. In particular, there were several very relevant
observations by reviewer #2 regarding interpretation and reliability of our results. We have tried
to modify our presentation to address these; however, some of the suggested extensions of the
analysis (such as incorporation of analysis more focused on the instrumental period) would
result in substantial extensions our analysis, beyond its intended scope.

Please see below for individual comments of both referees, our responses and the
corresponding changes to the manuscript.
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REVIEWER 1

This is the revised version of a paper which | had reviewed earlier. The authors have done a
thorough revision of the paper and have taken the main criticism into account. Their replies and
iterations were done in a careful manner. Now the Discussion seems overly long - but | guess
having asked for revisions, we now have to live with that. So | am happy with the revisions by
the authors and have only very minor comments (e.g., Fisher -> Fischer, "borderline significant"
-> perhaps better give p-value, conform -> confirm etc.; there are several more - please have
another careful read).

Thank you - we re-read the manuscript and made a few corrections/changes, hopefully
improving the text. With regard to the specific suggestions above:

* The spelling of ‘Fischer’ has been corrected.

e Confidence level is now given when ‘borderline significant’ results are mentioned; we
would however prefer to preserve the term itself, to underscore results that were just at
the edge of statistical significance (unfortunately we do not have p-values themselves
calculated from our significance tests).

* The term ‘conform’ was used intentionally, not as a synonym/misspelling of ‘confirm’
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REVIEWER 2

Description

The paper addresses the identification and quantitative attribution of drought variability over
the Czech lands in terms of three drought indices spanning over the last 5 centuries. It targets
drought-climate links comparing drought indices with climate (temperature and precipitation)
reconstructions, modes of internal variability and external forcing parameters.

As | stated in my first revision, | think the purpose of the paper has value and steps in the
attribution of drought variability over the Czech Lands or progress in understanding mechanisms
would be valuable in my view to support publication. The revised version of the manuscript
includes new analysis like NAO related links and other aspects not considered in the initial
version. It also considers more reconstructions of specific indices and provides a more clear
view of the difficulties to relate, at least with this technique, the variability in external forcings
and large scale climate drivers with Czech drought during the last few centuries. | think the
authors have made an effort to provide a more clear manuscript and the discussion of their
results is fair and honest in declaring the understanding that can derive from this analysis and its
limitations. | think that there are still a number of issues that have to be taken care of. In
general | would say that individually taken they are not major but there is a number of them. |
will leave it to the consideration of the Editor whether a new revision cycle will be needed.

General comments.

GC 1. Overall | would invite the authors to really think about what we gain from this analysis and
have clear statements about the confidence and reliability of the links they report on, and
report on this assessment in the conclusions as a take-home message for the reader. Some of
the resulting coefficients and relationships stem from the (sometimes clearly, sometimes
marginally clear) analysis of some of the reconstructions and not from the others. | think the
authors do an honest job in highlighting this (and some of my subsequent comments go in this
direction), although | would suggest really making an effort for a very clear assessment of how
much confidence we can have on these results.

| think it is important to minimize the danger that results are cherry picked in the future using
this manuscript as a reference for clear links between a mode of circulation (say PDO or AMO)
and drought when in fact, it is not, and the relationship may be very much dependent on the
reconstruction considered. | think this is particularly the case when the study provides
coefficients resulting from a multiple regression analysis that considers data in different periods
but there is no insight about the mechanisms that may support such relationships. Perhaps a
message that needs to be clearly stated is that there is too much uncertainty and that even if
one technique may provide relatively clear results in depicting some level of relationship (very
small R2) between drought and large scale drivers and forcings, there is too much uncertainty
for having confidence on the purported relationships as other reconstructions do not provide
that clear link.

We agree that there are still questions not resolved by our analysis, as well as
uncertainties and interpretational caveats that should be clearly communicated to the
reader. While we have already tried to highlight them in the previous iteration of the
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manuscript, we have now further extended and restated some formulations (especially) in
the Results, Discussion and Conclusions sections, to emphasize the potential problems
even more clearly, and to better match our interpretation to the results shown. This was
done in a large part in response to individual comments and suggestions of the reviewer -
please see the points below for specific details.

GC2 Would the authors have arguments to believe that any specific reconstruction from the
ones considered for ENSO, PDO, AMO or NAO is better or more reliable than the others? If so,
this should be clearly stated. It is actually done so to some level. At a first stage the
reconstructions are considered alike to derive relationships to regional drought and then the
relationships are used to decide that one reconstruction is more trustworthy or reliable or
better than the other because it shows a more intense relationship with drought. | think this is a
dangerous path. Indeed the manuscript steps onto this ground and | would strongly suggest
revising these types of arguments. After all | think that if this manuscript gets to publication, its
value for the community should reside as much in the quality of the arguments as in the
strength of the statistical results.

The problem of reliability of individual reconstructions is certainly an important one, but
one difficult to resolve. There are indeed substantial contrasts between our predictors: in
particular, the three PDO-approximating signals are almost uncorrelated, sometimes
actually slightly anti-correlated (with Mann et al. and MacDonald&Case series correlated
at r = -0.17). We do not dare to explicitly mark any of the reconstructions as inherently
“more trustworthy or reliable”, as such assessment would have to be backed by a deeper
analysis of the source proxies and their processing. It would perhaps be possible to argue
that a multi-proxy reconstruction (such as the one by Mann et al. 2009) might be superior
in general reliability to reconstructions based on specific data from a particular region.
Then again, perhaps individual reconstructions should be treated as reflections of
different aspects of the systems studied (and therefore not completely mutually
interchangeable, with each of them potentially suitable for a different purpose).
Ultimately, to resolve the question which (if any) of the reconstructions should be
considered superior would require a separate (and quite sizable) analysis of its own.

To communicate the above more clearly in our paper, we changed the formulation
in the part of the Discussion dealing with PDO and differences between its individual
representation (paragraph at p. 15, |. 12+). Please note that while we do present results
for the ‘best fitting’ reconstruction (i.e. Mann et al. data for AMO/PDO) as a part of our
core results, the results for the alternative versions of the predictors are also given (even
though sometimes in a reduced form, as the amount of illustrations would have to be
substantially increased otherwise). The differences and uncertainties are mentioned and
discussed, especially in various parts of Discussion and Conclusions.

GC3 A great deal of the material of the manuscript at this stage refers to the Supplementary
Material. Actually there are more plots in the SM than in the main document. Much of the
discussion part relies on this bulk of material. | really wonder if some of the results should not
be promoted to the main text.
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Figs. S1 and S8 have now been moved to the main manuscript as Figs. 6 and 9,
respectively. We would prefer to leave the rest of the extra materials in the Supplement,
as they are either related to variables showing just limited influence in our analysis, or
they are not essential to our key messages (and the main text has already grown rather
considerably compared to our original concept).

Specific comments

SC1 Section 2.1.

Various indices to characterize drought at seasonal and annual timescales are used in the paper
and introduced here. The last paragraph indicates that these indices are derived in Brazdil et al
(2016a). The first paragraphs of Sec 2.1 indicate the differences in the predictor variables that
lead to different definitions of SPI, SPEI and PDSI. | suggest that it may be good to include here
some sentences of the different information that using these three indices instead of a single
one can provide in the light not only of a priori definitions but also of the results in Brazdil et al
(2016a) or on what may be expected to obtain later on. This information may be of interest for
the reader to have some understanding of the interpretation of the indices for this specific area
based on previous experience of the authors. Are the indices very different? Do any of the three
reflect any specific features? Indeed the low frequency variability in fig 1 looks very similar for
the three of them. | suggest providing the correlations between each pair of the three indices
available. This will allow the reader for knowing two what extent having 3 series instead of one
adds information. Otherwise the reader misses some, probably justified, rationale for this set

up.

We have added the values of mutual correlations in the text, along with a brief a rationale
for using three indices rather than a single one (end of Sect. 2.1):

“Note also that despite the profound similarity in temporal variations of individual
drought indices, manifesting in their strong mutual correlation (Pearson correlation
coefficient r = 0.93 for the annual values of SPI-SPEI, r = 0.83 for SPI-PDSI, r = 0.88 for SPEI-
PDSI over the 1501-2006 period), each of them emphasizes different aspects of
meteorological droughts, be they simple precipitation sums captured by SPI,
evapotranspiration variations considered by SPEI, or longer-term soil moisture status
embodied by PDSI. Hereinafter, results for multiple indices are therefore presented and
discussed, with regard to their common features as well as mutual contrasts.”

Regarding the details on differences in their definitions: please note that a brief
version of this information is provided when introducing the drought indices in Sect. 2.2,
along with links to more exhaustive sources. When relevant, contrasts between outcomes
stemming from use of different indices are also highlighted in the Results and Discussion
sections (for instance, when the behavior of SPI (a purely precipitation-based index)
differs from the behavior of SPEI/PDSI (indices considering temperature in addition to
precipitation)).

SC2 Section 2.2. Page 5, Line 15-17. ‘..extended back to AD 1501 using CO2, CH4..
concentrations obtained..” Who did this extension? If obtained by the authors indicate
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reference. If developed by the authors, please, explain how. The reference to the web is
perhaps better in the figure caption? A preferable alternative is always a reference.

Approximate formulas from IPCC (2001) were used for the extension of the radiative
forcing series; this is now mentioned in Sect. 2.2.

The web link points to an online data archive; we are not aware of a matching
traditional reference.

SC3 Section 2.2. Page 5, Line 15-17

Why wouldn’t aerosols also be considered? This is an important anthropogenic component. The
authors have discussed this in the response to the previous review. Please consider arguing here
why including aerosols and LULC is not worth.

Please note that we mention the effects of possible inclusion of (globally averaged)
aerosol forcing at the end of the first paragraph of Sect. 4.1:
“It is also worthy of note that, due to very strong correlation between the respective time
series, very similar results would have been obtained if the GHG forcing series was
replaced with a predictor representing just CO2-related effects, or by total anthropogenic
forcing including the effects of man-made aerosols.”
This explanation states that within the scope of our methodology, almost no change
would result from using aerosol-inclusive anthropogenic forcing; we do not dispute their
physical relevance, but since their inclusion would not change our results, we do not
include discussion of possible aerosol effects either.

As for the LULC data, we do not use or mention them, primarily due to non-
existence of a usable (homogeneous, representative, and five-centuries-long)
reconstruction of a time series quantifying LULC changes.

SC4 Figure 1
o Figure caption: suggest changing ‘Fluctuations in the annual series of...” by ‘Annual series of...’

Changed.

o References: they are clearly exposed in the legends. | would rather suggest having them in the
caption, but this is not critical. The Meinshausen one, extended... a note on this can better be
incorporated to the caption, as any other feature related to the construction of the figure or
source of data.

In this case, we would prefer to leave the references directly in the figures rather than in
their captions, since names of the author(s) of the relevant publications serve as the only
identifiers of different reconstructions of the explanatory variables, and they are used as
such everywhere else in the manuscript. The method of extending the GHG forcing data is
given in the respective part of Sect. 2.2 (second paragraph), we would prefer to not
duplicate it in the figure caption.
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o Scale: the volcanic forcing should be negative. Units would be more clearly stated in the axis
labels than in the legends.

Please note that the data in Fig. 2 (as well as the time series used in our analysis)
represent stratospheric aerosol optical depth (and thus non-negative values), not forcing
as such.

As for the units placement, we would prefer to keep them as a part of the horizontal
subtitles (it seems more consistent graphically, considering that the drought indices are
dimensionless and unit is thus not given).

SCS Figure 2
o Figure caption: suggest changing ‘Fluctuations in reconstructed series of..."” by ‘Reconstructed
series of...’

Changed.

o The Luterbacher et al (2002) series looks strangely flat. Can the authors please check on that
one? Previous representations of this series show more low frequency variability. The resolution
of the plotted series is not indicated and is confusing after reading the text (monthly, seasonal,
annual... see MC7.

As far as we can tell, the series is consistent with its representation in the source paper by
Luterbacher et al. (2002) — please see Fig. R1 below (DJF season, since only winter data are
visualized in the original 2002 paper).
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Figure R1: (top) DJF NAO index used in our analysis, derived from Luterbacher et al. (2002)

data, (bottom) the original graph of the same series as presented by Luterbacher et al.
(2002, Fig. 3).

o Any technical details in the construction of the series added by the authors like filtering low
frequency components by subtraction in the Mann et al series can, for the sake of clarity, be
mentioned in the caption or a note to the main text be made.

The detrending procedure is described in Sect. 2.2, when introducing the ENSO/AMO/PDO
series; we would prefer to not repeat its description in the figure caption.

o The reconstruction of Mann et al (2009) and MacDonald and Case (2005) seem to be in phase
opposition. Maybe the authors should consider commenting on this in the main text as it can
have implications for the subsequent analysis.
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Indeed, the correlation between the two series is negative, albeit relatively weak (-0.17
for the series of annual values), which is still rather underwhelming value for indices
supposedly pertaining to the variability of the same climate oscillatory system. We have
added a note of this fact to the Discussion, to complement the previous remarks pointing
to the uncertainties stemming from contrasts between individual reconstructions.
However, as also discussed for GC2/SC7, more detailed analysis of the reasons for these
differences is beyond the scope of our paper, as it would require a detailed assessment of
the data and methodology involved in preparation of each reconstruction.

SC6 Figure 6
o In the logics of the text, this should rather be Figure 4.

Our intention was to keep the wavelet and cross-wavelet illustrations close to each other,
and close to the discussion of the wavelet-related results in Sect. 4.2. The reference to Fig.
6 in the Data section is only minor and we would therefore prefer to keep the wavelet
charts as Fig. 6 (Fig. 7 in the current revised version).

o Please check on the Luterbacher NAO index wavelet (see SC5).

While the wavelet analysis is able to separate oscillations pertaining to different parts of
the time-frequency space, their statistical significance is subject to the overall properties
of the time series (in this case to the structure of the corresponding AR(1) model, upon
which testing of statistical significance is based). For this reason, statistical significance of
some portions of the wavelet spectra may be lower than it would be for a smoother
signal, less dominated by high-frequency components.

o Consider making a technical short note on the cone of influence in the caption. Also for the
subsequent cross-wavelet plots.

Done: Figs. 7 & 8 captions have been extended with: “The lower-contrast areas pertain to
the cone of influence, i.e. region with diminished representativeness of the wavelet
spectra due to edge effects. “.

o The numbers and labels in this figure are too small. Check size of characters also in
subsequent plots.

The font for sub-titles and color scale has been enlarged in all figures containing wavelet
and cross-wavelet spectra.

SC7 Section 4.1, page 8.

e Line 24-25. ‘A statistically significant solar related signal was also absent in all individual
seasons except for SOM’ Right, and also additionally a somewhat marginal link in JJA, however
they are negative! | suggest being really careful with these things. Otherwise statistical links are
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highlighted but they may have little physical basis. What can be the reason for a negative
relationship of temperature with solar variability?

The problem here might lie with the 1501-1609 part of the Lean (2018) data, which is
reconstructed in a different manner than the 1610+ part (for which sunspot data were
employed, and which can thus arguably be considered more reliable). For this reason, we
also included analysis results covering the 1610-2006 period only (Figs. 6d, 6e) — these
show solar-related coefficients to be closer to zero and far from statistical significance,
albeit still negative (which is likely just an effect of sample variance, not indication of
actual cooling). We reordered the text in Sect. 4.1, 2" paragraph, to make the reasoning
for our claim of solar non-relevance more clear.

® Regarding ENSO, AMO and PDO. It would be good if some mechanistic explanation, linking to
other literature, can be provided to support the confidence on these correlations. For instance
the positive correlations with wetter DJF or drier SOM... It is desirable to provide some support
for these relationships on the basis of mechanisms and/or similar relationships in other studies.
The same applies for the wetter DJF and SOM AMO situations or the influence of the PDO to dry
conditions. In this last one, why would PDSI be more sensitive according to the experience of
the authors? Regarding the PDO, | would be interested in having some assessment by the
authors on the confidence on these results, since a) the relation is found only with the Mann et
al data, and b) this reconstruction seems to have a very different behavior to Macdonal and
Case and Shen, sometimes in phase opposition.

Finally, according to Fig 4 and 5, the influence of the PDO seems to be the largest. It is important
to have some assessment on confidence on these results on the basis of previous literature and
the results herein, as a) these results rely only on one reconstruction and b) the resulting
coefficients are even larger than the NAO. Would the authors then support a larger influence of
Pacific variability on Czech drought than that of the North Atlantic? When reading subsequent
parts of the text this is not the case, but the numbers play in this direction at this stage and
some comments on this may be advisable.

As also discussed in relation to GC2: While it would certainly be beneficial to expand the
explanation of the mechanisms behind the formal links pointed out by our analysis, our
options are limited. In the absence of a dataset covering our five-centuries-long analysis
period and allowing for investigation of the circulation patterns (such as a reanalysis), it is
difficult to ascertain/validate the nature of the teleconnections. As for comparison with
pre-existing studies, there seems to be a great deal of disparity between the character of
the explanatory variables we used and the (largely observational) data employed in
comparably focused studies (specifically, for PDO, the Mann et al. data provide long series,
but virtually devoid of shorter-term variability, contrasting with the usually employed
observational PDO indices, relatively rich in inter-annual (and sometimes even inter-
monthly) variations). As a result, different time scales and processes likely play role in
establishing the relevant teleconnections, making them difficult to compare between our
study and the others.



Climate of the Past, manuscript cp-2018-61 Authors’ response, revision #2

To give a specific example: Baek et al. (2017; doi: 10.1175/JCLI-D-16-0766.1)
performed a correlation analysis of PDSI with regard to various climate variability modes,
including PDO. They identified a relatively large positive correlation between PDO index
and PDSI in Europe — a result formally opposite to ours in terms of the correlation sign. On
closer inspection, there appears to be an anticorrelation between Mann et al. PDO
temperatures and the JISAO PDO index used by Baek et al
(http://research.jisao.washington.edu/pdo/PDO.latest.txt), valued at r = -0.37 for the
JISAO index smoothed by 11-year moving average (note that this difference does not arise
from our pre-processing of the Mann et al. data, although the anti-correlation becomes
somewhat stronger after the detrending). This raises a question of definition and
calibration of individual signals (including perhaps their sign when PCA is involved in the
index definition) — an issue that would require a deep analysis of various definitions
and/or reconstruction approaches for the explanatory variables, probably sizable enough
to warrant a separate study. Only after this, results of the attribution-based studies could
be meaningfully compared.

As for the weaker-than-expected influence of NAO, it can arguably be explained by
annual averaging, at least partly - please see our response to SC14. (note also that NAO'’s
influence in Czech precipitation — the key factor shaping all the drought indices —is smaller
in the Czech Republic (CR) than it is in some other parts of Europe, due to CR’s geographic
position near the transition from positive to negative precipitation-to-NAO response.)

SC8 Fig. 4and 5

R?%: The explained variances shown through Fig 4,5 seem to be very weak in general. This means
the bulk of drought variability is not explained by these indices. Perhaps the fraction of low
frequency variability explained is larger?

Perhaps it would be advisable to do the same exercise on purely instrumental indices (ENSO,
PDO, AMO and NAOQ), not reconstructions and have that as a benchmark of what should be
expected in the frame of the reconstructions. This should be viable in terms of assessing
interanual variability in the instrumental period and would place a more realistic perspective on
the level of expectations we can have on the reconstructions. After all, most of the variability
the study is addressing is interannual to multi-decadal, well represented in the instrumental
period.

Indeed, if only low-frequency variability was considered (e.g. after both the target and
explanatory variables have been smoothed by a moving-average filter), the fraction of
variance explained would be higher. However, such an approach would not allow to
directly consider the faster-variable explanatory variables (episodic volcanism, 11-year
cycle in the solar forcing or sub-decadal variations in the climate indices). Since our aim
was not to construct a predictive model (and thus explain as much variability as possible),
but rather to identify factors with potentially relevant links to our target variables, our
interpretation is not centered around R? values, but is based on values and statistical
significance of the regression coefficients.



Climate of the Past, manuscript cp-2018-61 Authors’ response, revision #2

SC9 Section 4.2

® In general | agree with the description of Section 4.2. | have reservations regarding talking
about periodicities. Talking about periods or frequencies in a wavelet or spectrum is fine, but |
would suggest avoiding conveying the message of stable periods/cycles. Otherwise, prediction
based on cyclic memory would be possible. | would rather talk about timescales of variability.
Having said that, | leave that to the criteria/taste of the authors.

The reviewer is correct to point out that stable periodicities would be an indication of
simple, straightforward predictability, something our analysis does not support. However,
note please that whenever a stable periodicity is mentioned in our text, the formulation
actually points to its absence, not presence.

e The sentence in page 11 ‘ No significant match between the oscillations in the NAO index
series and the drought indices was found ... (it is worthy of note that this result does not imply a
lack of relationship as such, merely an abscense of common periodicities...” | would disagree
with this statement. If there is a relationship (linear) it must be appreciated in the covariability
shown by crosswavelet or crosspectra. Perhaps | misunderstood the statement, but please,
reconsider it, since this can be a very misleading one.

Please note that the lowest period detectable by the (cross-)wavelet analysis corresponds
to twice the sampling time, i.e. 2 years (the Nyquist frequency). Much of the variability of
the NAO index happens on year-to-year basis, and the high-frequency component can
almost be considered white noise (lag-1-year autocorrelation of the NAO series is just
0.07). As a result, this variability (as well as the respective links to the drought
indices/temperature/precipitation) is not captured in the cross-wavelet spectra, even in
the presence of a clear linear relationship between the series. (please see also our
response to MC9)

SC10

Section 5, page 12. Lines >2. ‘Even so it should be emphasized that regression ... does only
reveal formal similarities... . This is particularly true in the case of signals dominated by simple
trends, such as the gradual rise of GHG radiative forcing... Our results should be considered a
supportive argument regarding the relationship between the drought regime and the
anthropogenic forcing, not a definitive proof of the causal link.’

Page 17, line 7: ‘GHGs concentration ... matches the long-term trend component in the
temperature sensitive drought indices quite well... Even considering that statistical attribution
analysis can only reveal formal similarities... the relationship during pre-instrumental and
instrumental periods and other available evidence... support the existence of an anthropogenic
induced drying effect in central Europe...’

Please check the consistency of the level of reassurance of these statements with the results of
the paper. The coefficients in Figs 4 and 5 somewhat support the role of GHGs, mostly in the
industrial period for SPEl and PDSI and for temperature in the whole period. Seasonally,
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temperature is clearly positive and SPElI shows some negative response in JJA and SON.
However: are temperature and SPElI and PDSI trends significant themselves? See Figure 1.
Temperature trends seem to stand out of the background envelope of variability, but | would
not be able to ascertain this is the case for SPEI and PDSI. Please think how to formulate
attributing statistical relationships to trends that ...may not be significant? First ascertain they
are (detection) and then try going further.

In this case, our evaluation of the GHG-related components in the drought indices is based
on the role of temperature in addition to the formal (non-)significance of individual
coefficients themselves. In other words, a positive significant response in temperature is
considered a justification for considering the negative response in temperature-sensitive
indices (SPEI, PDSI) to be relevant and interpretable, even at p > 0.05. We modified the
related formulations somewhat (especially in the Conclusions), to better convey our
reasoning.

SC11

Section 5, page 13. Lines >5. ‘While previous studies... of explosive volcanism this analysis of
more than five centuries of data has revealed a more distinct volcanic imprint suggesting a
tendency to wetter conditions following major eruptions.. most prominent in summer.’
Consider also page 8 line 31: ‘The volcanism effect ... precipitation is non significant... As a result
the volcanism-attributed component is negligible in precipitation-only SPI, but somewhat more
prominent (even still non significant) in temperature sensitive SPElI and PDSI. The season
specific... during summer, when a borderline statistically significant response also appears for
precipitation and both SPI and SPEI.

Page 17, linel3: ‘A distinct signature of temporarily wetter conditions following major ...
eruptions...was detected.’

These statements suggest different levels of reassurance of the relationship to volcanic activity.
| think the ‘distinct signature’ statements overstate the relationships found with drought
indices. In Fig. 4 none of the drought indices or the precipitation show coefficients that
significantly stand out of 0. In Fig. 5 this is also the case except for summer when SPEI, SPI and
precipitation tend to show values larger than 0... but can we call that a ‘distinct signature’?
Please evaluate the level of confidence on the relationships found and make sure the
statements are really supported by the data and the relationships found. This applies also in
general to other statements of the manuscript. See also next comment.

Again, our interpretation reflects the relatively clear volcanic signal in temperature as a
justification for considering the components in the temperature-sensitive drought indices
(SPEI, PDSI) more physically meaningful, even when statistically non-significant. It is true,
however, that the formulation regarding the drought indices may have been overly strong:
in the revised version, ‘a distinct signature’ was changed to ‘a signature’, plus some other
minor changes have been made to the related statements.
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SC12

Regarding the volcanic response. The authors report that a lagged analysis bears no clear
results. This is not strange in terms of covariance/correlations. A more appropriate analysis can
be a simple epoch analysis in which the authors would synchronize the most important volcanic
events in the last few centuries and the corresponding values of drought indices, temperature
and precipitation. | think this would be a meaningful complementary plot to the ones shown
here and would fit well to the discussion. In the summer it may show a clearer signal even.

One problem with simple epoch analysis is the lack of information about intensity and
interaction of individual eruptions, as they are treated as simple yes/no events. Our
analysis primarily suggests a presence of volcanic effects for the temperature series and,
in turn, for the temperature-sensitive SPEl and PDSI series (albeit not always in a
statistically significant form). Since the analysis of European temperature data over a
period quite similar to ours was already done by Fischer et al. (2007), and they reported
results rather consistent with ours (summer temperature drop following major volcanic
eruptions), we prefer to reference this study instead of implementing the epoch analysis
ourselves.

SC13

Section 5. The discussion in pages 14 to 16 is well organized regarding the structure and the use
of literature. | quite like that. There are however, two additional features that | find odd and
would advise differently.

a) One is the systematic use of supplementary material. A considerable bulk of supporting
evidence relies on it. It can be a matter of style but having more figures in the SM than in the
main text and these figures being so relevant for the interpretation of results suggests to me
that some of these figures should be included in the main document.

As also discussed for GC3: Figs. S1 and S8 have now been moved to the main manuscript
as Figs. 6 and 9, respectively.

b) There is an issue with the interpretation and discussion of different reconstructions and how
they provide or not evidence for variability of regional drought. One specific case is that of the
AMO PDO indices and their differences. | understand this is somewhat an evolution of the PCA
analysis in the first version of the manuscript. | would not say it is wrong, but as it is presented it
reads like playing with numbers. The other reconstructions do not support that and all of a
sudden the differences between two specific reconstructions of the same type (that have
already been through a considerable filtering process) renders some correlations. It is hard to
have confidence on these results and bear they are really representing some differences
between Atlantic and Pacific variability. | think overstating those numbers is dangerous. This
results permeates to the conclusions, with cautious phrasing, that is true... but | do not think
there is good ground for it if it is not supported by some serious rationale based on literature or
mechanism based arguments. How can the authors provide some confidence that these are not
numbers obtained just by chance?
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Our inclusion of the common AMO/PDO component and of their difference was motivated
by the strong collinearity of the PDO a AMO signals (which, by the way, was even stronger
before the respective series were detrended, due to their shared long-term component —
see Fig. 1 in Mann et al. 2009). Because of this strong correlation between the AMO and
PDO series, linear regression cannot reliably distinguish between their influences; using
PCA (or, in this case, its primitive ‘mean vs. difference’ interpretation) allows for a better
defined setup of regressors. Since we found it interesting that the AMO-PDO difference
constitutes a more influential predictor, despite it being responsible for just a small
fraction of the combined variance in the original AMO/PDO pair, we mentioned this
outcome. Note, please, that we avoided an explicit interpretation of this results as a proof
an actual link between AMO-PDO contrast and our target variables and stressed a need
for future validation (Conclusions, point (iii)). We have now also slightly modified the
respective sections of the text to make this even more clear.

SC14

Section 5. Page 15, Lines > 21. See also SC8. ‘... this role appears to be played by interannual
variations associated with weather changes closer to synoptic time scales and tied to local
climate...’

Still, it is strange that only NAO would not for instance account for a larger percentage of
variability. And if there are other (European) local modes that account for more variability,
shouldn’t these actually the ones that should be considered then in this analysis?

| would advocate for having a benchmark of correlations with instrumental period indices that
would then support to look at the indices selected in longer timescales.

The seemingly less-than-expected dominance of NAO likely stems from several factors.
First, while there are profound inter-annual variations in the NAO index series, a
substantial part of its variability (and thus influence on local climate) takes place at sub-
annual time scales; the annual averaging therefore somewhat diminishes NAO’s relative
prominence. Furthermore, annual averaging also aggregates strong NAO influence in
winter with its weaker effects in other seasons. Note, please, that the NAO influence is
more pronounced in the DJF season (Fig. 5a) in the temperature series (due to tighter
temporal focus, as well as winter conditions being more affected by NAO than the rest of
the year). (You may also notice almost non-existent effect of NAO on SPEIl in winter,
despite its links to both temperature and precipitation — this seems to be due to
substantial positive correlation between central European winter temperature and
precipitation, the influences of which effectively cancel-out each other in the SPEI series.)

Regarding other potentially influential variability modes (such as Eastern Atlantic /
Western Russia Pattern or local central European circulation indices): while they are
certainly something to be considered in a analysis focusing on recent climate variability,
their usability for our study is constrained by the lack of reconstructions pre-dating the
instrumental era.

As for extending our analysis to the instrumental-era inputs: This would shift our
intended focus substantially, and would require introduction of multiple additional
datasets, as well as major additions to the methodology applied (e.g., adding circulation
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patterns analysis, unfeasible and thus unused for our five-centuries-long-period, but
possible and desirable for recent records). While we would prefer to not do this in the
present study, we are currently preparing a follow-up analysis specifically targeting the
possible links and teleconnection for just the 20" and 21% centuries, in a wider
geographical and physical perspective.

Minor comments

MC1 Section 2.2, page 5, line 9: ‘...with notable oscillatory components in Fig 6. This is the first
time Fig 6 is mentioned. The second in Page 6, Line 8. The previous figure to be cited is Fig 3. |
think that the logical sequence of the text asks for moving Fig. 6 to the 4t position. This would
make a more logical flow in the text.

As also discussed with regard to comment SC6: Numbering of the figures was chosen to
keep illustrations with wavelet and cross-wavelet spectra close to each other and to the
sections discussing them.

MC2 Section 2.2, page 5, line 9: “..with notable oscillatory components in Fig 6.” Why ‘with
notable oscillatory components’?. Better indicate why wavelet spectra are used... for actually all
series.

This formulation is merely meant to emphasize that wavelet analysis was only applied to
signals with oscillatory behavior consistent with variability in the wavelets employed
(Morlet), i.e. not to trend-dominated series (anthropogenic forcing) or to series reflecting
aperiodic time-asymmetric episodic events (volcanic activity).

MC3 Section 2.2, page 5, line 18. ‘Variations in solar activity typically leave no clear imprint on
the climatic conditions of the lower stratosphere’ Check consistency with detection/attribution
chapter in IPCC 2013.

The sentence was meant to convey the lack of distinct solar-related components reported
by most comparable previous studies involving time series analysis (though it may also be
mentioned that even the solar signal reported by the IPCC (2013) report is quite weak, and
the respective aggregate confidence interval starts at zero for solar-induced temperature
change since the pre-industrial period). Formulation in our manuscript has been revised
to: “While variations in solar activity typically leave no or just weak imprint in lower
tropospheric observational time series during the instrumental era...”

MC4 Section 2.2, page 5, line 24. ‘The effects of major volcanic eruptions ... but exhibiting just
inconclusive local imprints during the instrumental period’

Really?. To what area does this statement refer to? Please, check consistency with
detection/attribution chapter in IPCC 2013.

Similarly to our statement regarding the solar activity above, this formulation was meant
to emphasize difficulty of reliably extracting the imprint of volcanic activity from the
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(relatively short) time-series covering the instrumental period. The sentence has now
been slightly changed to: “... but exhibiting just largely inconclusive local imprints in local
observational temperatures during the instrumental period ... ”.

MCS5 Section 2.2, page 6, line 3-4. ‘Since the primary focus... oscillatory behavior associated with
internal climate variability...” This may read a bit misleading because the focus of the study is
also considering external forcings that influence drought. Perhaps would it be a better argument
here that the external forcing signal is disregarded from the Mann et al series by subtracting the
70 yr moving average of the NH mean temperatures?

Thank you for the suggestion — the respective sentence has been replaced with: “To limit
the presence of long-term trends in the Mann et al. data, largely reflecting external forcing
rather than manifestation of internal climate dynamics, the series has been detrended by
subtracting the 70-year moving average of the northern hemisphere mean temperature,
also provided by Mann et al. (2009); ... “

MC6 Section 2.2, page 6, line 3-4. ‘Since the primary focus... oscillatory behavior associated with
internal climate variability...” Line 15-16. ‘Again, due to the presence of a strong trend
component in the Mann et al series, detrending.... * Did the authors in this paper do this or was
the detrended series obtained from elsewhere? If so, please include a reference.

This is something we did ourselves — the procedure (i.e., a simple subtraction of smoothed
northern hemispheric temperature) is described in the fifth and sixth paragraphs of Sect.
2.2, when introducing the series approximating ENSO, AMO and PDO.

MC7 Section 2.2, page 6, line 24-32. ‘For the purposes of this study, it was also analyzed in the
form of annual NAO index values, extended to the year 2006 by... Jones et al (1997)’

| found the last comment regarding Jones et al (1997) confusing, but maybe it was my
misunderstanding. | suggest that the text includes clear statements on the strategy to address
drought for different seasons/timescales in coordination/correspondence with those of the
predictors used. | see that more clear statements are included in Section 3, page 7, lines ~10. |
just suggest making this as clear as possible to the reader.

The comment referring to the Jones et al. (1997) NAO index merely explains that the
Luterbacher et al. (2002) NAO reconstruction, available until 2001, was extended by the
observational Jones et al. data for the period 2002-2006 (so that full 1501-2006 period
could be used for multiple linear regression). As the reviewer states, specification of the
(sub)periods used in our analysis is then given in Sect. 3, as a part of the methodology
overview.

MC8 Section 4.1, page 8, line 15. ‘... or by total anthropogenic forcing including the effects of
man-made aerosols’ Is this really so? Typically the effect of aerosols delays that of GHG because
of their relative cooling. Thus a better correspondence between temperatures and
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anthropogenic forcing can be achieved when aerosols are considered. Check IPCC 2013 and
perhaps rephrase argument.

In any case | understand the trends of drought are quite small and the effect would be difficult
to discern between GHG and aerosols, as also the authors have commented in their response.

Indeed, from a physical point of view, the effects of aerosols are essential (albeit still quite
uncertain regarding their magnitude). However, from the perspective of linear regression,
the standardized regression coefficients (presented in our analysis) would be almost
identical for two versions of a given predictor strongly resembling each other in shape.
Specifically, the GHG-only and GHG+aerosols radiative forcing series are very strongly
correlated (their Pearson correlation is 0.995 for the annual Meinshausen et al. (2011)
data over the 1765-2010 period). Use of a forcing series involving aerosols would
therefore produce results very similar to the those presented in our manuscript — this is
mentioned in the first paragraph of Sect. 4.1.

MC9 Section 5, page 12, line 31. “... it may be speculated that the responses in the seasonal data
are tied to inter-annual...’
Wouldn’t this be evident in the crosswavelet analysis?

Not necessarily, since the links may not pertain to a specific frequency or frequency band,
strong enough in both signals to produce a statistically significant response in the cross-
wavelet spectrum (a regression mapping may be more sensitive in this regard, as it does
not consider individual frequencies separately and does not rely on a specific shape of the
wavelet). (To be honest, we did not actually examine the cross-wavelets for season-
specific series, partly because of the higher noise levels compared to the annual versions,
and partly because of the high amount of possible combinations.)
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Abstract. While a considerable number of records documeattémporal variability of droughts for central Epeo
understanding of its underlying causes remaingdiniln this contribution, time series of threeudlot indices (SPI, SPEI,
PDSI) that may be used to characterize the long-tought regime of the Czech Lands are analyzéd negard to their
mid-to-long-term variability and potential links &xternal forcings and internal climate variabiliodes over the 1501—
2006 period. Employing instrumental and proxy-badath characterizing the external climate forci(egdar and volcanic
activity, concentration of greenhouse gases) iralfgrwith series that correspond to the activifyselected climate
variability modes (El Nifio—Southern Oscillation N&O, Atlantic Multidecadal Oscillation — AMO, PacifDecadal
Oscillation — PDO, North Atlantic Oscillation — NAQregression and wavelet analysis were deployeifig¢otify and
guantify the temporal variability patterns of dratigndices and similarity between individual sighahside from the long-
term trend that correlates with anthropogenic itagigorcing, and strong connection to the NAO, pematures in the AMO
and (particularly) PDO regions were disclosed asafrthe possible drivers of inter-decadal varigbih the Czech drought

regime. Colder and wetter episodes were found itecicte with increased volcanic activitgspecially in summewhile no

clear signature of solar activity was found. Initidd to identification of the links themselvesgthtemporal stability and
structure of their shared periodicities were iniggged. The oscillations at periods of approxima®&0-100 years were
found to be potentially relevant in establishing teleconnections affecting the long-term variabitif central European

droughts.

1 Introduction

Droughts, among the most prominent manifestatidnexoseme weather and climate anomalies, are nigt @i
great climatological interest but also constitute esssential factor to be considered in the assedsofghe impacts of
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climate change (Stocker et al., 2013; Trnka e8l18; Wilhite and Pulwarty, 2018). This is alstididor the territory of the
Czech Republic where droughts, apart from floodsstitute the most important natural disasterd) wigjnificant impacts
upon various sectors of the national economy, sschgriculture, forestry, water management, andstourecreation. Since
the Czech Republic lies on a continental dividehwitvers flowing out of its territory, it depends atmospheric
precipitation alone for its water supply. Althoughrtain extreme droughts with important socio-ecmicoand political
impacts are known from the past, such as the dtafgt947 (Brazdil et al., 2016b), studies perfodnrerecent years show
the Czech climate has become increasingly dryénptisst 2—3 decades, expressed in terms of higbauency of extreme
droughts with significant consequences (e.g. Btédal., 2015b; Zahradtgk et al., 2015). The abundance of long-term
instrumental meteorological observations has peavid basis for a number of recent drought-focusedies, revealing
complex regional drought patterns and a richne$satfires observed at various spatial and temgoedés, in the European
area (e.g., van der Schrier, 2006, 2007; Brazdill.e2009; Briffa et al., 2009; Dubrovsky et &009; Sousa et al., 2011;
Spinoni et al., 2015) as well as other areas ofathidd (e.g. Dai, 2011; Spinoni et al., 2014; Rymel Forest, 2016; Wilhite
and Pulwarty, 2018). Along with more rapid variasp these also include long-term variability, sasha distinct trend
towards drier conditions, prominent especially dgrihe late 20th and early 21st centuries (e.gkd et al., 2009a; Brazdil
et al., 2015b).

In addition to a substantial number of studies d@tigating drought indices for the instrumental périn Europe
(e.g. van der Schrier et al., 2007, 2013; Briffaakt 2009; Sousa et al., 2011; Todd et al., 2(B#noni et al., 2015;
Haslinger and Bloschl, 2017) and other areas ofvtbed (e.g. Dai, 2011; Spinoni et al., 2014; Ryred Forest, 2016;
Wilhite and Pulwarty, 2018), generally calculatedni measured precipitation totals and temperatutessiderable
attention has been devoted to pre-instrumental giioveconstructions. The longest high-resolutiooudht series are

typically based on various tree-ring series, uguatonstructing drought indices (mairithglmer Drought Severity Index —

PDSI) for summer (JJA) or other combinations of therduring the growing season (e.g., Blntgen e@ll0a, 2010b,
2011a, 2011b; Cook et al., 2015; Dobrovolny et2015). Natural proxy data (see PAGES Hydro2k Cdnsn, 2017) may
be supplemented by the documentary records gepertlized in historical climatology (Brazdil et.al2005, 2010) in
drought reconstructions. These are usually reptedeas series for drought frequency covering tis¢ flew centuries,
usually from the 16th century to the present timetworter (e.g., Piervitali and Colacino, 2001; Doguez-Castro et al.,
2008, 2012; Diodato and Bellocchi, 2011; Brazdiakt 2013; Noone et al., 2017). However, recomsibas of long-term
series of drought indices from documentary andrunséntal data, as has been done for the Czech lfammisthe 16th
century (Brazdil et al., 2016a; Mozny et al., 2QH4ijl remain the exception.

Although the series above permit the study of dnbwgriability at various temporal and spatial ssalonly a few
researchers have attempted to link such fluctuatiaith the effects of climate forcings and largatsdnternal variability
modes, usually within the instrumental period. Réng et al. (2003) applied a fuzzy-rule-based teghnto the analysis of
droughts in Hungary. Hess-Brezowsky circulationesypand ENSO events were used and their influenceroaght
occurrence (monthly PDSI) documented. Trnka e28l09b) showed (using weekly Z-index and PDSI) thatincrease in
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drought frequency toward the end of the 20th cgntluring April-June period is linked to increasadtwrrence of Hess-
Brezowsky circulation types that are conducive toudht conditions over central Europe. Brazdil kt(2015a) used
regression analysis to investigate the effectsaoifous external forcings and large-scale climatéabdity modes in series
of drought indices in the Czech Lands during th@532012 period. The authors demonstrated the irmpoet of the North

Atlantic Oscillation phase and of the aggregateatfbf anthropogenic forcing&aek et al. (2017) applied correlation

analysis to investigate teleconnection patternedxet PDSI in multiple regions across the northemisphere and activity

of several climate variability modes, with notewgrresponses of European droughts indicated edlyeciaNAO, ENSO

and PDO.Other examples include attribution analyses for dhimatic variables in Croatia (Bice et al., 20k)d for
temperature and precipitation instrumental serfeghie Czech Lands (MikSovsky et al.,, 2014). Moreeng papers
addressing the influence of certain forcing facmmsndividual climate variables may be added te tiverview (e.g., Anet
et al.,, 2014; Gudmundsson and Seneviratne, 2018ys8aler et al., 2017). Even so, the exact causdiseofariability
detected in drought data remain only incompletelgun, especially regarding variations at decaddl ranltidecadal time
scales.

The current paper focuses on the identification guhtitative attribution of drought variabilitygessed by series
of three drought indices in the Czech Lands (moderach Republic) throughout the past five centufie&®1—-2006). In
addition to an analysis of potential drought-refevinks in the climate system, attention is padHeir temporal stability
and (mis)match of results based on climate recocistn data from different sources. Regressionwadelet analysis are
employed (see Section 3) to identify links betweenies of the three drought indices (supplementedobresponding
temperature and precipitation series) and theictiv external climate forcings or internal clineatariability modes (see
Section 2). The results of these analyses aremesb@n Section 4 and discussed with respect tetieets and variability
patterns of individual explanatory factors and itheteraction in Section 5. The last section thetfivers a number of
concluding remarks. Additional materials are préseiin the electronic Supplement.

2 Data
2.1 Drought indices

Various drought indices are used to characterigesgiatio-temporal variability of droughts (see &lgim, 2000). To capture
the temporal patterns of historical Czech drouglgime, three country-wide drought indices were eygal, each of them
embodying a different strategy for defining dry/veenditions (Fig. 1):

() Standardized Precipitation Index (SPIl; McKee adt, 1993), calculated as the standardized dewiatf
precipitation totals over chosen time-window froheit long-term means. SPI is a purely precipitatiased drought
descriptor that takes no account of the direcuarfce of temperature. As such, it is primarily espntative of the factors

altering precipitation in the target area.
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(i) Standardized Precipitation Evapotranspiratiodex (SPEI; Vicente-Serrano et al., 2010) is ateinsimilar to
SPI, but it considers potential evapotranspiratather than precipitation alone, hence also reflgctemperature-related
climate variations.

(iif) Palmer Drought Severity Index (PDSI; Palmé&6b) describes long-term soil moisture status. IAcsibrated
version of PDSI was used in this contribution (Wedt al., 2004). Unlike SPI and SPEI, which arecudated from
contemporaneous values of precipitation/temperaRiDS| also considers past drought status andtiefgc also storage
capacity of the soil, thereby providing a bettdleaion of long-term drought behavior.

Long-term seasonal and annual series of these itdeses, dating from AD 1501 in the Czech Landsa@lil et
al., 2016a) were used in the current study. Thesewderived from 500-year temperature and precipitateconstructions
based on a combination of documentary data andumshtal measurements. Documentary data comprisatigtions of
weather and related phenomena from a variety afieatary evidence, some of it individual, somet @ff ian institutional
character, such as annals, chronicles and memaather diaries (non-instrumental observationsarfcial and economic
accounts, religious records, newspaper and jouyregigraphic sources, and more. Such data in theelCkands cover
particularly, at varying degrees of density, theique from AD 1501 to the mid-19th century, but dooke even to the
present time. The spatial density of such data gbsmver time, depending on the availability antlagxion of existing
documentary sources. All the data collected weitically evaluated with respect to possible erriorsdating or spatial
attribution and were used for interpretation of thbprweighted temperature and precipitation indioasa 7-degree scale,
from which series of seasonal and annual indicas \weated (for more details of the use of docuargrdata, its critics,
analysis and interpretation, as well as creatioseofes of indices in historical climatology, se&®&lil et al., 2005, 2010).
Such data were further used as a basic tool fopeesure/precipitation reconstructions. Firstly,bbavolny et al. (2010)
reconstructed monthly, seasonal and annual cdbdralpean temperature series, partly based on tatoperindices derived
from documentary data for Germany, Switzerland taedCzech Lands in the 1501-1854 period and pantlgomogenized
instrumental temperature series from 11 meteorcébgitations in central Europe (Germany, AustngitZerland, Bohemia)
from 1760 onwards. This temperature series is fpresentative of the Czech Lands. Subsequemrthgosal and annual
precipitation series for the Czech Lands were rsitanted from documentary-based precipitation ieslin the 1501-1854
period and from mean precipitation series calcdldftem measured precipitation totals in the Czeeamds after 1804
(Dobrovolny et al., 2015).

Missing monthly precipitation totals in the Dobrawp et al. (2015) pre-1804 reconstruction obstrdithes creation
of a corresponding series of drought indices fer @zech Lands dating back to AD 1501. To ameliafzsise Czech mean
monthly precipitation series for the 1875-1974rimstental period were used to estimate the likedyritiution of monthly
precipitation totals in any given season. As alteaul00-member ensemble of distributions of mhynginecipitation totals
for each season and year was obtained. Thesébdtstris were then applied to calculation of indifmsevery year in the
1501-1803 period. Using a median value of a hundnedthly realizations up to 1803 and combining thwith the

measured totals for 1804—-2015, a monthly precipiiageries for calculation of Czech drought indiseses was obtained
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(Brazdil et al., 2016a). Note that only seasonal annual series of Czech SPI, SPEI and PDSI (Br&dil., 2016a),
Central European temperature series (Dobrovol@y.e2010) and Czech precipitation series (Dobnoyat al., 2015) were

employed for further analysis in the current papérte also that despite the profound similarity @mporal variations of

individual drought indices, manifesting in theirastg mutual correlation (Pearson correlation coeffitr = 0.93 for the
annual values of SPI-SPHEI,= 0.83 for SPI-PDSIr = 0.88 for SPEI-PDSI over the 1501-2006 periodcheof them
emphasizes different aspects of meteorological gits) be they simple precipitation sums captured SRi,

evapotranspiration variations considered by SPHbrmer-term soil moisture status embodied by PBleinafter, results

for multiple indices are therefore presented asdudised, with regard to their common features #sawenutual contrasts.

2.2 Explanatory variables

Due to the multitude of climate-defininfgetorsinfluencesand the complexity of their interactions, an eiaémpart of
statistical attribution analysis consists in thieat®on of the most relevant explanatory factord afentification of the most
appropriate quantifiable descriptors of their dattiviFor an analysis involving data from the pretilmmental period, this
task is further complicated by the limited amouhdiata suitable for direct quantitative analysigelk so, reconstructions of
long-term behavior exist for most of the key climdrivers, be they external forcings or major maafaéaternal variability.
In this analysis, several of these data sourcee wansidered; brief descriptions of them appeavviaelvhile visualization
of their fluctuations is provided in Figs. 2 (extel forcings) and 3 (internal climate variabilityodes), supplemented by
wavelet spectra for the signals with notable ostmly components in Fig.7.

Of the external factors shaping the long-term dénevolution, a key role is played by the effectsdifying
radiative balance through changes in atmospherigposition. A large part of the observed changes bwttributed to
variations in the concentrations of long-lived greeuse gases (GHGs), carbon dioxide {d@particular, but also methane
(CH,) and nitrous oxide (D) (Stocker et al., 2013). Considering that past3&éncentrations are accessible to relatively
accurate reconstruction using ice cores, their toaetbradiative forcing was considered as a potefaianal descriptor of
the long-term trends in the drought series studlieakin. The time series of annual GHG forcing byindeausen et al.
(2011) was used for the period since AD 1765, atténeled back to AD 1501 using the £QH, and NO concentrations
obtained from the online database of the InstifateAtmospheric and Climate Science, ETH Zurjchnd approximate
formulas provided in IPCC (2001, Table 6.2).

While variations in solar activity typically leave elearor just weakmprint en-the—climatic-conditions-of-thein

lower tropoespheretropospheric observational time sehigig the instrumental era (e.g., Benestad, 2@ay et al. 2010;

Brénnimann, 2015), their effects may become moiteceable over longer analysis periods, with majengs such as the
Maunder Minimum coming into play (e.g. Lohmann let 2004). In this contribution, a reconstructidraanual mean total

solar irradiance (TSIpy Lean et al. (2018) was used as the primary gesciof solar activity. With data available fronDA
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850 onwards, the TSI values were used for the gettsD1-2006 herein. An alternative TSI dataset bgdihgton et al.
(2016) was also employed, for the 1610—2006 period.

Unlike variations in solar activity or concentrat®of GHGs, the effects of major volcanic eruptitersd to be
rather episodic, manifesting in the lower troposphas temporary global temperature drops (e.g.tyCainal., 2013),
triggering summer cooling over Europe and wintermaiag over northern Europé&isherFischeet al., 2007), but exhibiting
justlargelyinconclusivelecatimprintsin local observational temperatumhsring the instrumental period (e.g., MikSovsky et

al., 2016a). In this study, the volcanic activigsdriptor was adapted from the stratospheric vatcaerosol optical depth
(AOD) series in the 30°N-90°N latitudinal band caleqg by Crowley and Unterman (2013), based on slfacords in the
polar ice cores.

Aside from being the dominant climate mode in thygagorial Pacific, EI Nifio—Southern Oscillation (§8) has
also been linked to various aspects of weatheenpattin many regions around the globe (e.g., Bra2@k7 and references
therein). While these teleconnections manifestegquwitakly in the European climate, some indicatiminagn ENSO imprint
have been found in Czech temperature series (Mik§ost al., 2014) as well as in the drought indibesnselves (Brazdil
et al., 2015a). Two ENSO reconstructions were eygpldiere: a reconstruction of inter-annual ENSQabdity based on
tree rings by Li et al. (2011) and a multi-proxgaastruction of temperature in the Nifio3 regionMgnn et al. (2009).

SineeTo limitthe primary-foeuspresencaf this-study-centers-upon-oscillatory-behaviorasdediwithlong-term trends in
the Mann et al. data, largely reflecting extermatinhg rather than manifestation internal climatesariabilitydynamicsthe

Mann—et-—al.series has been detrended by subtracting the atO+y@ving average of the northern hemisphere mean
temperature, also provided by Mann et al. (2009); largely trend-free series by Li et al. (2011swsaed in its original
form. Even after detrending, the difference in Hasic nature of the temporal variability of both &Dtcapturing signals
was profound (Fig. 3a). While the data from Manmlef{2009) reflect largely inter-decadal variaspthe ENSO signal by

Li et al. (2011) only involves more rapid variat®rThis contrast also appears in the wavelet spéattig.6c7¢ with the Li

et al. series dominated by oscillations within mge usually associated with ENSO activity during ithstrumental erac(

2-8 years — e.g., Torrence and Compo, 1998), whdéMann et al. reconstruction is actisegelyespeciallyn the range of
8—20-year periods.

In the area of northern Atlantic, the Atlantic Mdécadal Oscillation (AMO) provides the major sauaf inter-
decadal variability, with an assumed main periagiof about 70 years (e.g., Enfield et al., 2001 .analyze possible AMO
influence over the last five centuries, multipraxegonstruction of annual temperatures in the AM@are by Mann et al.
(2009) was employed for the 1501-2006 period, dé agtree-ring-based AMO reconstruction by Grayakt(2004),
available for the 1567-1990 period (Fig. 3b). Agalne to the presence of a strong trend compometitei Mann et al.
series, detrending by moving mean of the northemispheric temperature was applied during the ppegssing phase.
The same treatment was also used in the case dPahific Decadal Oscillation (PDO), utilizing Maret al. (2009)
temperature data for the northern Pacific regibis ¢ssential to note that this procedure doeguligtconform to the usual

definition of the PDO index, which is typically dezd from the first principal component of sea aoef temperatures in the
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northern Pacific, detrended by mean global sea ¢eatyire. For the sake of brevity, however, the RI2Signation will
hereafter be used for the signal obtained from Metrad. (2009) data. Additional PDO index recondians by MacDonald

and CaseZ004200% and Shen et al. (2006) were also included inamalysis for the 1501-1996 and 1501-1998 periods

respectively (Fig. 3c).

Unlike AMO, PDO and ENSO, dominated by mid-to-lcegm temporal variations, the North Atlantic Osaiibn
(NAO) constitutes a faster-oscillating climate modkhough the presence of long-term componentslsasbeen reported
in some of its indices (e.g. Trouet et al., 2008e@a et al., 2015). For the analysis herein, theeenstructions of NAO
activity were tested (Fig. 3d). The NAO index sery Luterbacher et al. (2002), based on variouadian documentary
and proxy data, is available for AD 1659-2001 imthty time-steps and for AD 1500-1658 in seasana-steps. For the
purposes of this study, it was also analyzed infth of annual NAO index values, extended to tkeary2006 by the
instrumental NAO index data by Jones et al. (199Re annually-resolved multi-proxy winter NAO restiuction by
Ortega et al. (2015) was adopted for the 1501-1@8d. Finally, a reconstruction of decadal wilt&O variability by
Trouet et al. (2009) was used for the 1501-199mger

3 Methods

Despite the inherently nonlinear nature of manycesses and interactions within the climate systima, constraints

imposed by limited data availability and qualityesf render the use of nonlinear techniques immacteven detrimental,

given their higher degrees of freedom and highesisigity to non-homogeneities in the inputs. Tisisue may become still
more critical for non-instrumental data sourcegerofalready burdened with substantial uncertaimtgg homogeneity

problems. For this reason, only relatively roburstdr analytical methods — multiple linear regressind wavelet analysis —
were employed here.

Multiple linear regression was used to separateqaiaditify individual components in the series afudyht indices,
formally pertaining to individual explanatory vailas. The statistical significance of the regrasstoefficients was
evaluated by moving-block bootstrap, with the bl@tke chosen to account for autocorrelations withi& regression
residuals (Politis and White, 2004). The seriesevaralyzed in the annual time step, either as sataestituting mean for
the entire year, or as values pertaining to a sisghson of each year in the usual climatologmades winter (DJF), spring
(MAM), summer (JJA) or autumn (SON). The seasonalyasis was only carried out for SPI and SPEI iedlsince PDSI
definition involves long-term memory. The basic lggas were carried out for the whole 1501-2006qgdenmore limited
time ranges were, however, used for some of ths tegolving specific predictors with shorter temglocoverage. To
investigate possible instabilities in the relatioletected, regression analysis was also carrietbothie sub-periods 1501 to
1850 and 1851 to 2006 (here considered approxiynatplivalent to the instrumental period). No tirag-was applied to

the predictors, except in the case of volcanicifgy@t seasonal time scales, when a delay of tim@#hs was used. The
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results are presented in the form of standardizgdession coefficients in Figs. 4 (annual serieg) B (season-specific
series), i.e. equivalent to a setup with both mtedid and predictor series converted in linearifesto zero mean and unit
variance.

Continuous wavelet transform, based on the Moyiet-mother wavelet, was employed to obtain a bpttture of
oscillatory components in the series of droughtatigristics and explanatory variables. By proudiransformation of the
target signals into time-frequency domains, thealehapproach facilitates the investigation ofgiability in the oscillatory
components of the target signals and, through ares®let spectra, their mutual coherence. This makeossible to
identify sub-periods of activity associated witttidlations of interest, and their eventual simitarfand potential transfer)
between individual signals. The statistical sigrifice of the wavelet coefficients was evaluatedhagthe null hypothesis
of a series generated by an autoregressive proféie first order — AR(1), using the methodologgscribed by Torrence
and Compo (1998). Standardized and bias-corredtefiicients are presented for the wavelet (Liulgt2007) and cross-

wavelet (Veleda et al., 2012) spectra.

4 Results
4.1 Regression-estimated drought responses

Standardized regression coefficients obtained bytiphel linear regression between series of Czeobugint indices,
temperature or precipitation and a set of explagatariables, representing external forcings angdacale internal climate
variability modes, are shown for annual values ig. B and for seasonal values in Fig. 5. The reipascoefficients
associated with the GHG forcing show a clear cahtbetween the behavior of the Czech temperatuséin@, strongly
significant link) and precipitation (statisticalbyon-significant connection) series. This reflectstrang formal similarity in
the shape of the temperature series and GHGs doatien, sharing an increase in the later 20th eatly 21st centuries.
The connection becomes even more prominent forl8d—-2006 period (Fig. 4c), but does not manifesing the pre-
instrumental 1501-1850 era (Fig. 4b), in which@t¢G signal is mostly featureless. This pattern algoears for individual
seasons, with the GHG-temperature link at its isastrongest during SON (Fig. 5). The formal aggtan of GHG
forcing with individual drought indices then confus to their definition: while precipitation-only EBehaves in a fashion
very similar to precipitation itself, stronger tatugh not always statistically significant) linkeng indicated for SPEI and
PDSI. It is also worthy of note that, duetery strong correlation between the respective timeesgrieryquite similar
results would have been obtained if the GHG forcseges was replaced with a predictor represerjting CQ-related
effects, or by total anthropogenic forcing inclugithe effects of man-made aerosols.

There is a lack of significant imprint from soketivity in our target series when Lean (2018) isoladiance data
are used for the 1501-2006 period (Fig. 4a). Thisamly applies to the drought and precipitatioaddut also to the
temperature, despite the analysis period involyiageds—efmarked decreases in solar irradiance in the formadnder

and Dalton minima. While aegative respondsorderline significantespenseat the 95% leagbpears for temperature in the
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1501-1850 period (Fig. 4b), it disappears when atd610-2006 are considered alone, i.e. the gestoen sunspot data
are used in the reconstruction by Lean (2018) (adneprior to 1610, a more indirect approach is,ustiiizing cosmogenic

irradiance indices) — FiggleNon-significance-of the-imprint-of solar-aitjiwas-also-indicated-when-the Coddington-et al.

statistically significant solar-related signal walso absent in all individual seasons except foN§Big. 5%.5), and non-
significance of the imprint of solar activity wasdicated when the Coddington et al. (2016) totklrsoradiance series was

used as a proxy for solar activity in the 1610-2p66od (Fig. 6d). Overall, our results do not seersupport existence of a

robust solar-induced component in the time semnedyaed.

The cooling effect of major volcanic eruptions iear in the Czech temperature series over theeehfif1-2006
period, but becomes statistically non-significaftew only the instrumental era (1851-2006) is camsidl This contrast
may stem from the limited amount of major volcaeients taking place after 1850, combined with #at that individual
eruptions, varied in their location and nature,ndd form a sufficiently consistent sample for stitial analysis of local
volcanism imprints (unlike, e.g., global temperafun which the imprint is substantially clearesee, e.g., Canty et al.,
2013). The volcanism effect on Czech precipitatenes is non-significant regardless of the pedndlyzed. As a result,
the volcanism-attributed component is negligiblgiecipitation-only SPI, but somewhat more promir(erenthoughstill
non-significant) in temperature-sensitive SPE| &ii51. The season-specific outcomes (Fig. 5) agelarconsistent with
those obtained for the year as a whole, with soegres of cooling indicated for all seasoaspeciallystrongeduring
summer, when eesponsédorderlinestatisticallysignificantresponse at the 95% lewadso appears for precipitation and both
SPI and SPEI, indicating mildly wetter conditioodwing episodes of volcanism reaching the stiattese.

Despite the previous indications of possible (dlbe&ther weak) links between the Czech droughtmmegind the
activity of ENSO (Brazdil et al., 2015a), this aysa$ did not reveal any statistically significarssaciations within the
annual data when the ENSO reconstruction by Lil.e2811) was used, even though there was a diggittency towards
higher temperature during positive ENSO phase (&jg.This tendency was even stronger (and bordediatistically
significantat the 95% levglfor the Mann et al. (2009) ENSO data (Figi6]), regardless of the markedly different temporal
variability in both reconstructions. In the casesefson-specific results, a significant tendenaatds higher precipitation
(and wetter conditions) was indicated for the pesiENSO phase in DJF for Li et al. (2011) datag(fH), as well as a
borderline significant tendency towards warmer dniér conditions in SON. No such links appeared witee ENSO
reconstruction by Mann et al. (2009) was used.

The Atlantic Multidecadal Oscillation (AMO) indexabed on the Mann et al. (2009) data was found tmked to
the variability of Czech precipitation, as well @f drought indices during the 1501-2006 periody(Hia). However, its
effect is somewhat less prominent prior to 185@.(Bb). A similar response also appears when th@®ARktonstruction by
Gray et al. (2004) is employed (Figii6f), with the statistical significance of the linkater than for the Mann et al. data.
The existence of a robust connection is therefaeetain, especially considering previously repbitav AMO influence

during the instrumental period (Brazdil et al., 20LMikSovsky et al., 2016b). There is a similatigtween AMO-related
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links detected for the annual data and their seapenific counterparts (Fig. 5), with SON showig highest relative
degree of statistical significance.

The imprint of decadal and multidecadal temperataability in the northern Pacific area, stronglysociated
with the activity of the Pacific Decadal OscillatigPDO), was found to be quite distinct in all #@drought indices, but
especially in PDSI, when Mann et al. (2009) dataewssed as PDO index source (Fig. 4). The influefd@DO is also
strong in Czech precipitation data, but less soemtral European temperature series. While theioekhips are formally
stronger for the 1851-2006 period, the link is agmificant in the earlier part of the series (150850), especially for
PDSI. On a seasonal basis, the strongest drougbtiation with PDO was indicated for SON, wherealy aon-significant
links were found for DJF (Fig. 5). When the Manraktdata are replaced with the reconstructionstagDonald and Case
(2005 — FigS1g69 or Shen et al. (2006 — Figth6h, no significant response to PDO index appearsifgr of the target
variables.

Of the NAO index reconstructions employed here, skdes by Luterbacher et al. (2002) was found ¢o b
associated with the strongest and statisticallytraigmificant responses in the 1501-2006 periodyelbas in both its sub-
periods (Fig. 4). Positive NAO phase correlates wigh temperatures and low precipitation totahsl Hhus negative values
of drought indices. In terms of season, this patierwell-pronounced in MAM and SON, whereas in DBE link to
precipitation and SPI is only borderline signifitar the 95% leveand no imprint appears for SPEI (Fig. 5). In JIg t
effect of NAO is non-significant regardless of theget variable. The effect of winter NAO was foundoejust marginally

similar for the Ortega et al. (2015) datéthoughonly statistically significant for temperatur@nd with no response in case

of precipitation(Fig. S1k6K. Finally, the winter NAO index by Trouet et aP009) was not associated with a statistically
significant response in any of the target varialffég. S1i6); note, however, that unlike the Luterbacher e{2002) and
Ortega et al. (2015) series, this reconstructidg captures the long-term variations of NAO, andstiioregoes most of the
NAO variability spectrum.

4.2 Shar ed periodicities between drought indices and explanatory factors

Although Brazdil et al. (2015a) demonstrated wetiqounced inter-annual and inter-decadal variatiorise Czech MAM—
JJA drought data, these were predominantly irregéla follows from Figs. 1 ané7, no persistent, dominant periodic or
guasi-periodic component exists in any of the seofethe Czech drought indices, or in their temjpeaor precipitation
counterparts. The same also holds when data faoviduél seasons are studied (not shown). While fimiding is not
surprising in the context of the central Europeimate, it also confirms only a limited direct inéince for the factors of
periodic nature, such as the 11-year solar cyclth@rapproximately 70-year periodicity of the NoAtantic sea-surface
temperature, typically ascribed to AMO (note alsattalthough this periodicity is noticeable in thavelet spectra of both
AMO series here, it tests as statistically sigaificonly from the 18th century onwards in the Matral. (2009) data —
Fig.8d7d. Nonetheless, partial interactions at specificillzgory periods are a possibility, potentiallytéletable through

cross-wavelet analysis. The respective spectraviamalized in Fig#8 (of the drought indices, results for only SPEI are
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shown, as the cross-wavelet patterns are veryairfot SPI and PDSI); additional results for altdive predictors are
provided in FigS2S1in the Supplement.

While an approximately 11-year oscillation is oofethe defining features of total solar irradiarsmries (Fig.
8b7h, the match with similar periodicities in the Chaedrought data is limited to just a few short pgsiomanifesting
mutually quite different phase shifts (Figa89. This outcome supports the conclusions of theessjon analysis in Sect.
4.1, indicating the lack of a robust direct linkweeen the central European climate and solar &gtrairiations.

Several noteworthy interaction regions in the timguency space seem to exist between the Czectateli
descriptors and predictors with distinct inter-dtdaoscillations, AMO (Fig-#b8H and PDO (Fig.7€89. These are
particularly noticeable in the reconstruction byriviaet al. (2009) and quite similar for PDO and AM@lowing on from
the resemblance of the two series. More curiougelier, is the similarity between cross-oscillatpatterns pertaining to
the relation between AMO/PDO and temperature atipitation; while some differences appear, the gangositions of the
areas of significant links are quite alike for bstries. None of these regions of significant t&aiins is, however, stable
throughout the entire period analyzed; match forope ofc. 20-30 years appears in the 17th and 18th cestasewell as
during most of the 20th century (albeit with a eliint phase shift). Another region of high coheeemupears for periods of
about 70 years from the mid-18th century to the ehthe 20th. These features may also be foundhénctoss-wavelet
spectra involving drought indices. However, whea iteconstruction by Gray et al. (2004) was usesbasce for the AMO
variability, only oscillations in the. 60-100 years range were found to be shared w&hCthech drought indices, and
manifesting profound changes in phase differenosutfhout the analysis period (Fig2aS1a Similar behavior was also
detected for the PDO reconstruction by Shen €2a06; Fig.S2¢S1}, while no significant periodicity match was foufoal
the PDO data by MacDonald and Case (2005;F#pS1M.

In contrast to the influence of AMO/PDO, the cressselet spectrum of the Czech climate descripter&NSO
reconstruction by Li et al. (2011) shows no sigmifit coherence regions beyond scattered noiseA#ig). For Mann et al.
(2009) data, there are several discontinuous regiora period band of 8-16 years, but with highdyiable phase shifts,
again indicating the lack of a systematic stablati@ship (FigS2dS19.

No significant match between the oscillations i HAO index series and the drought indices wasddon the
short-to-mid periods (it is worthy of note thatghiesult does not imply lack of relationships ashsunerely an absence of
common periodicities detectable by the waveletdiamm). Regions of possible coherence were, howealatected for the
longer time-scales. Employing the NAO index recarddton by Luterbacher et al. (2002), common osatibhs with periods
of around 70 years were found, especially duriregltBth and 19th centuries (Fige89. For the Ortega et al. (2015) winter
NAO data, significant common oscillations@f60-100 years appear for temperature throughout ofitise analysis period
(Fig. S2eS1k A similar, even stronger pronounced, patterrsiofilarities at multi-decadal scales was also fotordthe
Trouet et al. (2009) NAO index, owing to the stramgemblance of the long-term components in thegaret al. and
Trouet et al. NAO data (Fig. 3d).

11



10

15

20

25

30

5 Discussion

Brazdil et al. (2015a) analyzed imprints of climéiecings in series of six MAM—JJA drought indid&PI-1, SPI-12, SPEI-
1, SPEI-12, Z-index and PDSI) for the Czech Lamdshe 1805-2012 period. Using multiple regressinalysis, they
identified the importance of the NAO phase andhaf aggregate effect of anthropogenic forcing, driparticularly by
increasing GHG concentrations. However, the magdgitof their effects varied with the type of drougidex and season.
Among other potential explanatory factors, soledration and the Southern Oscillation showed omityor contributions to
drought variability, while the effects of volcardctivity and the AMO were even weaker and stafiflifamon-significant.
The results obtained from the analysis of threaught indices in the current paper do generally aonfto the
conclusions of Brazdil et al. (2015a), althoughr¢here a few noteworthy contrasts. The general itapoe of
anthropogenic effects in the occurrence and risieteorological drought has previously been cordirby, for example,
Gudmundsson and Seneviratne (2016). Based on anvatisnal and climate-model based assessmentctivjuded that
anthropogenic emissions have increased the prdityatildrought years in the Mediterranean and desed it in northern
Europe. The evidence related to central Europeapgenconclusive. This is consistent with incregsirought severity
related to temperature rise in southern EuropeefMieSerrano et al.,, 2014). More recently, Naumehml. (2018)
demonstrated how drought patterns can worsen inymegions of the world (including southern Euromt)a global
temperature increase of 1.5, 2 and 3°C compared thié pre-industrial era. Our findings show that thcrease in the
ambient GHGs post 1850 dtearhycorrelated with the increased probabilityt@iperature-associatédoughts in the Czech

Republic, while during the pre-instrumental perguth link does not manifest. Even so, it shouldeb®phasized that
regression (or, more generally, statistical) anglyglkbes only reveal formal similarities betweengédrand explanatory
variables, and cannot prove presence of physicadigningful relationships on its own. This is paracly true in case of
signals dominated by simple trends, such as th@ugtaise of GHG radiative forcing during the inttizd era. Our results
should therefore be considered a supportive argumegrarding the relationship between the drouglime and the
anthropogenic forcing, noteefinitiveproof of a causal link.

The findings of this study for the effects of saodativity (see Fig. 4) are consistent with previoesults targeting
the instrumental period and reporting only weakanfy, solar links to the European climate (see Bige et al., 2012;
MikSovsky et al., 2014), or even to global climdiscriptors such as global mean temperature (Seesial, 2003; Gray et
al., 2010 for an overview). Despite using a longgriod for analysis, involving prominent featurésmd-to-long-term solar
variability in the form of Maunder and Dalton miranthe absence gbnsistensignificant links suggests that the impacts of
solar variations on the drought regime are nedhgib central Europe, regardless of the obviousaitgmce of solar
radiation as the main source of the energy forctineate system. On the other hand, Diodato ancoBettli (2011), studying
drought conditions in central-southern Italy in 158007 based on documentary evidence, reportadatigtl-yr and 22-yr
cycles, which could reflect single and double sohgycles, albeit not consistently present throughioe period analyzed.

They even argued that periods of low sunspot agtisiich as the Maunder Minimum, could have mongaich on drought
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than local forcing agents. Schwander et al. (2Gtdjlied the influence of solar variability on thecarrence of central
European weather types in the 1763—2009 periody Téyported fewer days with westerly and west-soesterly flow over
central Europe under low solar activity and an éase in the occurrence of northerly and eastefdgsty This could be
reflected in precipitation totals and droughts afi.w

The effects of ElI Niflo—Southern Oscillation (ENS@) drought variability in central Europe also appeaite
limited. Previously, Pongracz et al. (2003) demaist the influence of ENSO on drought occurrenteHungary;
however, the signal was relatively weak in theistigal sense. Bice et al. (2012) showed a weakkrence of ENSO on
temperatures in Croatia. Also weaker and less stergi was the ENSO influence on Croatian wintercipration,
modulated by longer-term PDO cycles. MikSovskyle{(2014) indicated a weak Southern Oscillatioduefice on Czech
temperature series and none on precipitation sdriesontrast, Piervitali and Colacino (2001), amalg drought events
derived from rogation ceremonies for the 1565-19&60od in Western Sicily, recorded that a reduciiorENSO events
took place in periods when many drought events roedy andvice versa. In the analysis procedure herein, however, the
only significant response of the drought indiceENSO occurred for DJF, and only when Li et al.1(POdata were used as
the predictor. Considering the absence of shodaiesvariability in the Mann et al. (2009) serigsnay be speculated that
the responses in the seasonal data are tied teaimteial rather than decadal variability. On thieeothand, both ENSO
predictors employed here, by Li et al. (2011) ak agby Mann et al. (2009), have been linked teralency towards higher
temperature during positive ENSO phase, althoudy lmorderline statistically significardt the 95% levefor the Mann et
al-(2009)data when the entire period 1501-2006 is congid&pecific conclusions regarding the nature afidhiéty of
the respective links are however difficult to makghout a supporting analysis of circulation patter Furthermore,
comparison with prior results obtained for thermstental period (such as the seasonal variatiggsted by Brazdil et al.,
2015b) is rendered problematic by profound diffesmin the nature of ENSO-related explanatory béeta

While previous studies of the possible influenceerplosive volcanism on Czech droughts reportedeeino
significant connection (Brazdil et al., 2015a),omly a weak and geographically sporadic effect @diksky et al., 2016b),
this analysis of morthanfive centuries of data has revealed a more distiolcanic imprint, suggesting a tendency towards
wetter conditions following major eruptions, largelue to temporary temperature decrease, most peornin summer. Our
results conform well to the findings BsherFischeet al. (2007), who reported a distinct radiativeling effect of major
tropical eruptions during European summer overldsefive centuries. The results are also condistith the analysis by
Gao and Gao (2017), who studied European hydrotitrmasponses to volcanic eruptions over the past nenturies.
Applying a superposed epoch analysis, they fousjmficant wetting response for 31 tropical eraps (95% confidence
level) in years 0 (the year of eruption) and +% (finst year after eruption) and a significant dgyin year +2. Large high-
latitude eruptions in the Northern Hemisphere gase to drying responses in western—central Euoggerring in year +2
and shifting south-eastwards in years +3 and +#il&iy, the analysis of the MAM and JJA hydroclimaver Europe and
the Mediterranean during the last millennium by Raal. (2017) indicated wet conditions occurringthe eruption year

and the following three years in western Mediteeaamn while northwestern Europe and the Britishslggperience dry
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conditions in response to volcanic eruptions, wlhith largest moisture deficits in post-eruption geand the Czech Lands
being most affected two and three years after thptien. Pisek and Brazdil (2006) analyzed the improf seven large
tropical eruptions in four temperature series dmde global radiation series in central Europe.yTthemonstrated that the
volcanic signal in regional series is not as sthpmgpressed as that on a hemispheric scale, owgingrying local effects
and circulation patterns. The climatological resgmto eruptions in areas closer to central Eusypgh as Iceland and the
Mediterranean, were identified as more importaritisTwas confirmed by a more recent and detailedysisaof the
climatological and environmental impacts of the Bana 1815 eruption on the Czech Lands (Brazdil.e@16c) and in its
comparison with the Lakagigar 1783 eruption (Brhetal., 2017). Presence of a distinct signatfith® Tambora eruption
was also confirmed in the central European treg-chronologies, though overestimated in both intgrasd duration of the
cooling (Blntgen et al., 2015). Overall, it appetrat while the effects of individual volcanic etigms or their shorter
sequences on central European droughts are diffiguisolate from the background of other influesictheir existence
becomes more noticeable from multi-century sedesgering a larger number of powerful volcanic egent

The influence of AMO and PDO on drought variabiliigs already been demonstrated in the resultsvefae
papers (e.g., Enfield et al., 2001; Sutton and bBlod2005; McCabe et al., 2004; Mohino et al, 2@dtesby et al., 2032

Baek et al., 2017Here, a connection of Czech drought indices th toese oscillations was indicated especially weaat

Mann et al. (2009) data, more prominent for PDOis THesult is also consistent with the outcomes rofaaalysis by
MikSovsky et al. (2016b), applying linear regressio the seasonal drought index data from sevezatiClocations in the
1883-2010 period and reporting quite a strong tmkhe PDO index resulting from an interaction @dRcorrelated
components in both precipitation and temperatuavév¥er, a potential problem with our analysis pdoce stems from the
close similarity of the pair of predictors represegp AMO and PDO variability. Despite the removdltbe long-term
temperature component from the original temperatenstructions by Mann et al. (2009), the Pearsamelation
coefficient of the two series is 0.77 over the 15006 period. As a result, the AMO and PDO predsctme competing for
the same components in the target signals andathiédence intervals of the resulting regressionffaents are inflated
compared to the other explanatory variables (Fjg.This similarity is also apparent from the cressvrelet spectrum
between the AMO and PDO series (FEghS2h, revealing high coherence especially for perioids 20-30 years and 60—
100 years, with relatively stable phase shiftseesly for the latter band. Considering the refatsimilarity of magnitude
and significance of the regression coefficientsAMO and PDO and their typically opposite signdsidifficult to assign
the variations in the target variables to one @r dther. When employed individually (i.e. either 8\br PDO, but not
both), the PDO series constitutes a more influeptizdictor than AMO, with links to SPEI and PD$tsstically significant
at a 99% level over the 1501-2006 period (Egb6l). On the other hand, AMO alone produces no sicguifi links to
drought indices (FigS1h6h). To investigate this behavior further, the AMO®@Pair was replaced with their mean value
and their difference (note that this setup formalbyresponds to the outcomes of unrotated prinapaiponent analysis
applied to a bi-variate system consisting of the@k&hd PDO index series, with the mean value resdiplerfer 88% of total

variance of the AMO/PDO pair and the differencepoessible for the remaining 12%). Quite surprisinglymore significant
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connection to the series of Czech drought indicas indicated for the AMO-PDO difference (all respem statistically
significant at the 99% level) rather than their coom value (Fig.S1c69. This suggests that the contrast between the
temperature anomalies in the northern Atlantic andhern Pacific, in addition to their individuahnability, may be
potentiallyinfluential in the context of the inter-decadal gmnents of central European droughts.

In contrast with the data by Mann et al. (2009 #ffects of AMO/PDO on Czech drought indices wess
pronounced when other reconstructions were empldyethe case of AMO, use of the Gray et al. (208=es revealed
tendencies qualitatively similar to the AMO Manra&t(2009) predictor (higher precipitation andhiegdrought indices for
positive AMO phase, and negative temperature arieg)abut with lower statistical significance (FigLf6f). While both
reconstructions are only moderately correlated Q.29 over the 1567—1990 period, increased=+d®.39 when the shorter-
term oscillations were removed from the Gray e{2004) data by a 11-year running average), treeedistinct similarity
in the oscillations in the 60—100-year period béfid. S3¢S23.

The similarity of individual reconstructions waseavweaker for PDO, with mutual correlations of theee
reconstructions (Mann et al., 2009; MacDonald aade; 2005; Shen et al., 2006) not exceedind.17in absolute value

over their respective overlap perieds = -0.17 being the correlation between the Manaleand MacDonald and Case

data).Clear differences between the reconstructiongala@apparent in the cross-wavelet spectra §2gS28. While some
regions of common oscillations exist, especiallyhiac. 20—-30 years and 60-100 years period bands, deephifts vary
substantially. The contrasts among individual retarctions should not be surprising in view of thajor differences in
data inputs employed for their creation (global tipubxies for Mann et al., 2009, east China sumragrfall for Chen et al.,
2006, and North American tree-ring data for MacDdraad Case, 2005). Choice of reconstruction olshoplays a pivotal
role in an analysis such as ours; consideringttteaMann et al. (2009) PDO series was the onlymaeifesting statistically
significant links to the Czech drought, temperatamd precipitation data, and that several otherdegies are available as
parts of the same dataset (including the mean Ipb@i temperature), this dataseems-meost-suitablecan be deemed of

particular_interesffor future analyses concerned with central Europelamate. Even so, it should be emphasized that

different reconstructions emphasize different aispet the climate subsystem in question and ounlteshould not be

considered a proof of inherent superiority of ahthem.

Clear responses of all drought indices as welleasperature and precipitation to NAO were detectedttie
Luterbacher et al. (2002) data. The existence di salationship is hardly surprising, considerihg pivotal role of NAO in
establishing the central European climate. Of peshmore interest may be temporal stability of timk, especially during
the pre-instrumental period. While the cross-waviebnsform only suggests potential coherence éoiodicities around 70
years, especially for temperature (Fig89, the dominance of relatively fast inter-annuaiafaility in the NAO data allows
for the regression mappings to be split to moremseds than in our other tests. In Fig89 regression coefficients
pertaining to NAO are therefore shown for the imdiiial centuries. While there are some differencesray thesendividual
sub-periods, the links are statistically significéor all of them in case of SPEI and temperatiiteis outcome not only

confirms presence of links between droughts and NB@ also verifies suitability of the Luterbacher al. (2002)
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reconstruction for their analysis, even in theyepdrts of the data and regardless of certain degfdéeteroscedasticity in
the Luterbacher et al. (2002) series (manifestimgugh lower variance in the early parts of the N#gbies for all seasons
but DJF). Theemperature-relateesults obtained with the Luterbacher et al. (3@R2a werexlso-largelypartlyconfirmed
by the Ortega et al. (2015) reconstruction for #50120061969period, although statistical significance of ties—to

Czech-drought-indiceslinlvas generally lower (Figs1k6l); also, just a comparison for DJF was performederg the
winter-specific nature of the Ortega et al. (20MB)O index series.

It should be mentioned that the fraction of var@egplained by the regression mappingd {&quite low in some
of the cases presented above: it is about 0.08Rbror precipitation at annual resolution in th@1:52006 period (Fig. 4a).
A slightly higher value (R= 0.11) was achieved for the temperature-sensBiR€&!, and even higher {R 0.28) for
temperature itself. Higher?Rvas also indicated for some individual sub-perjapecially 1851-2006, with’R 0.11 for
SPI and R = 0.21 for SPEI (Fig. 4c). Even so, the componefetected in the drought indices, even when statibt
significant, do not constitute a predominant sounteotal variability; this role appears to be mdyby inter-annual
variations associated with weather changes classyrtoptic time scales and tied to local climateadyics (see Figs5S4
for an illustrative example, visualizing regresstmsed estimate of the annual SPEI values andellegant predictor-
specific components). Still, as the statisticahBigance of some of the links in this analysis gegts, the effects of the
extra-European climate drivers should not be disatisas they appear to contribute substantialiytéo-decadal variability
(possibly driven, at least partially, by temperatwariations in the AMO and PDO regions) or episogérturbations
(volcanic activity). No distinct structures beyotite AR(1)-consistent autocorrelation decay werenébin the regression
residuals (FigS4S3, with the exception of possible traces of a 2@ryeycle in the PDSI residual series and a weak
tendency towards positive autocorrelations for terapmre. While these may indicate the presencenataounted-for
effects of a double solar cycle (previously repwrfer Italian droughts by Diodato and Bellocchi,12p and/or an
unexplained trend component, the statistical sicanifce of these residual structures is low.

The interactions among the explanatory variabléenamanifesting through (multi)collinearity of theedictors,
are among the potentially critical aspects of mmaliable regression analysis. While this study assid the high
correlation between the AMO and PDO predictors ¢hase Mann et al. (2009) data, there are other plasselationships
worthy of attention. Additionally, the links may babject to time-delayed responses of the targéihlas to the predictors
or delayed responses of internal variability madmesxternal forcings. To investigate these, cragsetation functions were
examined between the target variables and predictith pronounced inter-annual variations, as veallbetween the
selected predictors themselves. No prominent gleam-time-delayed responses were detected regatttingjrect effects of
solar or volcanic activity (FigS6S5; if present, distinct extrema of cross-correlasianly occurred for concurrent, non-
lagged series. Additionally, presence of long-temmponents was detected in the solar-related ausdation functions.
Since these stem from interaction of long-term deerin the time series and cannot be reliably im&dgal via
correlation/regression techniques, they were niertanto account in our analysis. Attention ha® deen paid to the

possibility of delayed responses to volcanic oarsaktivity in the NAO index, considering the pi@ys reports of positive
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NAO phase during several years following large anlc eruptions (Ortega et al., 2015; Sjolte et2018). No clear delay
was detected for the analysis setup herein &ig6. In case of the NAO-TSI cross-correlation, a maxin was indicated
for lag of 2-3 years. While this behavior may bditiactly related to the 5-year delayed circulatiesponse to solar activity
reported by Sjolte et al. (2018), its magnitude wather low in our analysis setup. Finally, to assehether part of the
variability generated by external forcings may bedmted through predictors pertaining to internahate variability
modes, regression analysis was carried out witbrieat forcings only (FigS+ta63. The resulting responses were found to
be very similar to the setup with all seven pramit{Fig. 4), suggesting just limited direct lin@aprint of external forcings

in the predictors representing influential interolahate variability modes in our analysis.

One of the key questions associated with any aisabysnulti-centennial climatic signals is the iesaf stability in
the patterns and relations observed. While thidysatempted to address this subject within itseggjon-based analysis, by
investigating two shorter sub-periods in the datal an even finer division was employed to stuaystability of the NAO-
related links, such an approach is problematitHerfactors dominated by variations at long peri@eh as AMO). In this
regard, cross-wavelet transform provided some ersmht; it appears that while periodic oscillasodo not dominate
Czech drought indices, some specific time-scalesimvolved in the interactions between our targed &xplanatory
variables. However, none of these connectionsrisigient throughout the entire analysis periodngteugh some of them
(especially the relatively coherent link indicatfedl periods of around 70 years) span several cestand appear for
multiple target/explanatory variables. To bettedenstand these links and their implications, aditaan to more complex
regression methods will be desirable in the futlitds extension of analytical methods should als@abcompanied by a
more detailed analysis of the uncertainties ingheinstrumental data, including inter-comparisathvether data types

(such as dendroclimatic reconstructions).

6 Conclusions

The current paper analyzed imprints of climateifaggs and large-scale internal variability modethiree long-term series of
drought indices (SPI, SPEI, PDSI) derived from aoentary and instrumental data after AD 1501 forGzech Lands. The
results confirmed some of the previous findingsvael from instrumental data; in other cases, sxtbneled analysis period
facilitated better identification and quantificatiof the factors responsible for Czech droughtmegi and a more complete
understanding of how temperature and precipitatiediate the respective links:

() GHGs concentration (and corresponding radiafimeing) matches the long-term trend componenthia central
Europeantemperaturequite well. This warming is then also reflectedandrying tendency in the temperatgensitive

drought indicesguite—well-(SPEI and PDShn—addition—to-temperature—itself).), althought radways in a statistically

significant mannerEven considering that statistical attribution ge@ can only reveal formal similarities and canveify

the causality of the links detected, the dynamicthe relationship during pre-instrumental and rimstental periods and
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other available evidence (including data from cliensimulations) support the existence of an anthgepic-induced drying
effect in central Europe, primarily tied to tempera increase rather than precipitation changes.

(i) While the results herein confirmed the lackaafonsistensolar variability imprint in the Czech drought st adistinet
signature of temporarily wetter conditions follogimajor stratospheric volcanic eruptions was detkclargely tied to
transitory temperature decrease. This behavior aappendetectable from instrumental data alone, girlgbdue to the
insufficient number of large volcanic events.

(i) Unlike the mostly non-significant responseBE®dSO, AMO and (especially) PDO appear to be tedecadal and multi-
decadal components in (at least some) drought ésdiEven more curiouslyg-more significant droughtempenent
appearscomponents appdarbetiedlinkedto the difference between AMO and PDO phases rrdltam to their common

compenentvalueFurther validation will be, however, needed toifyewhether this behavior is a manifestation ofuat

physicallinks;—asrelationships, especially considering thanly appears for some of the AMO/PDO recongtoms in our

analysis.

(iv) NAO was reaffirmed as a powerful driver of dgit variability in this analysis. For the primaAO reconstruction in
theourtestsherein(Luterbacher et al., 2002), not only were linksedted for all the drought indices as well as termoee
and precipitation, but thebtatistically-significanpresence was confirmed throughout the entire aisaberiod, including
its earliest parts.

Overall, the results herein indicated some potyptiamominent, but not completely stable relatidmtween the
time-series investigated. In the future, these khbe investigated more closely, as a better utaledig of them is vital to
proper analysis of records spanning many centuliethis context, the reliability of the reconstreat records needs to be
addressed in more detail. Transition to more cormpghatistical techniques (possibly nonlinear) migoae desirable,
although challenges will have to be overcome rédl&tehigher uncertainty and the sometimes limitédrimation content of
documentary- and proxy-based data.
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Figure 1. Fluetuations—nannyalAnnual seriesdrought indices, temperature and precipitationnai@s (w.r.t. 1961-1990 reference
period) for the Czech Lands in the 1501-2006 pesotbothed by 11-year running means (darker lines).
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Figure 6. Standardized regression coefficients (central m#h) 95% confidence interval shown as the box 88% confidence interval

as the whiskers), obtained by multiple linear regien between the predictands characterizing I6z&ich climate (drought indices,

temperature and precipitation) and (a) a set ofaggbory variables representing external forcingy @.e. a 3-predictor setup involving

GHG forcing, volcanic aerosol optical depth analtsblar irradiance only), (b) a setup from Figvith only AMO or only PDO predictor

instead of both, (c) a setup from Fig. 4 with AM@daPDO predictors replaced by their mean (AMO + PRad difference (AMO —
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PDO), (d-k) setups with one of the predictors re@thby its alternative version while keeping thet Bame as in Fig.

4 (only coefficients

for the modified predictors are shown).
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Figure 7. Standardized wavelet power spectra of annual sefiéa) Czech drought indices, temperature, pretipn, as well as of
individual explanatory variables with prominentilatory component: (b) total solar irradiance, NSO, (d) AMO, (e) PDO, (f) NAO.
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Areas enclosed by black line correspond to wawaefficients statistically significant at the 95&vél, AR(1) process null hypothesis.
The lower-contrast areas pertain to the cone éfénte, i.e. region with diminished representatgsnof the wavelet spectra due to edge

effects.
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(a) SPEI vs Total Solrlrradlan:e(Leanzms) Temperature vs Total Sola Precllr.lta(lonsTotal Solarlradlan:e(Leanzms)
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Temperature vs Total Solar Irradiance (Lean 2018; Lean 2018)
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Figure 78. Standardized cross-wavelet spectra between sérezech SPEI, temperature, precipitation and seteekplanatory variables
with distinct oscillatory component: (a) total solaadiance, (b) AMO, (c) PDO, (d) ENSO (e) NAh(aual time-step; standardized and
bias corrected, as per Veleda et al., 2012). Aeeaksed by black line correspond to cross-waymeters statistically significant at the
95% level, AR(1) process null hypothesis; the agramdicate local phase difference, with corresponding to the two signals being in
phase and- indicating a shift of half the period:he lower-contrast areas pertain to the cone d¢fiente, i.e. region with diminished

representativeness of the wavelet spectra duege eftects.
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standardized regression coefficient
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Figure 9. Standardized regression coefficients (central lmgh) 95% confidence interval shown as the box 88% confidence interval

as the whiskers), obtained for the NAO index (Lbé@her et al., 2002) in five non-overlapping sulefivals of the 1501-2006 period.

Multiple linear regression was employed in a sepedictor setup identical to the one in Fig. 4 yardefficients for the NAO index are

shown).
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