COMMENTS TO THE AUTHOR:

dear authors

I now got review comments back on your revised version. One of the referee is happy how you have
addressed, the 2nd one is not yet satisfied as a couple of points from the first review have not been
adequately addressed. Please work on those, shorten the paper significantly and address the open
issues. | have noted minor, but in fact | think you need to put more effort than minor changes but did
not want to put major revisions. Please check again also the queries of the 3rd reviewer carefully.
with my best wishes

Jurg

Greetings,

and thank both you and the referee for your suggestions. The revised text has now been reduced by
about 500 words, by removing several passages in the Data, Methods and Discussion sections, as well
as by implementing some smaller modifications to various formulations. However, please note that
manuscript’s total size results from several additions and extensions, largely reflecting the comments
and recommendations of the referees during the previous review rounds. These included use and
discussion of additional predictors (particularly NAO, which was not directly considered in the original
manuscript but was included upon remarks/requests from referees during the first round of reviews),
employment of alternative reconstructions for most predictors (also included after the first round of
review) as well as several supplementary analyses. While we tried to limit the revisional size bloat
(e.g. by placing most of the additional materials in the Supplement rather than in the main text), the
resulting text has grown quite sizable due to encompassing a substantial number of individual
elements, none of which is arguably too large on its own, but which are many in number. Additional
reductions would therefore require elimination of actual results or of the key elements of their
discussion — something we would prefer to avoid.

Please see below for our responses to the comments by Referee #1.

Best regards
On behalf of the authors
Jiri Miksovsky

REFEREE #1:

This is the revised version of a paper | have reviewed before. The paper is for a special issue on
"Droughts over centuries: what can documentary evidence tell us about drought variability, severity
and human responses?", and | this fits of course very well into the topic of thew Special Issue and the
Journal. Overall | am not extremely excited about the paper, but | think it is worth publishing.
As said in my previous review, | find the paper unnecessarily long, and it has gotten even a bit longer,
not shorter. The results and discussion section fail to focus, separate the important from the less
important findings and guide the reader through the text.



In shortening of the manuscript (by about 500 words), we removed several passages meant to
provide context and additional details to the methodological or interpretational aspects of our
analysis, but not essential to the core presentation. We would, however, prefer to not remove the
results themselves; note also that most of the size inflation is due to accommodating the requests of
the referees in the previous review rounds.

Some relatively well known aspects (NAO) could be shortened.

The sections devoted to NAO are relatively brief and additional shortening would mean removing
some of the actual results (please note that we did not include NAO in the original version of the
manuscript — it was added after the first round of reviews upon the suggestion of the referees,
especially Referee #3).

I am a bit surprised that p-values cannot be stated. How do you know, then, whether something is
"borderline significant"” or not?

The statements about significance of the responses are based on the confidence intervals (Cls) for the
regression coefficients, presented for the 95% and 99% levels in Figs. 4, 5, 6 and 9. This way, not only
can reader assess statistical significance of the coefficients (by looking at the relative position of the
Cls to the zero line), but additional information about symmetry of the Cls or the effects of
(multi)collinearity can be seen in the visualizations presented.

Also, something which goes back to my first review, but I still would like to bring it up in the context of
shortening: the Mann et al. NINO3 lacks interannual variability and the correlation between the PDO
indices is even negative. Stating this is important, but then no long discussion of the results is
necessary.

As for the ENSO variability based on Mann et al. data: As stated in our responses in the prior revision
rounds, this series was only used as an alternative reconstruction, while data by Li et al. served as our
primary ENSO predictor (as such, they are used in Figs. 4 and 5, summarizing regression outcomes).
While we would prefer to not remove the Mann-et-al-based results altogether (since they serve as an
approximation of longer-term variability of the ENSO system), changes were made in a few places of
the text to further highlight the fact that the Mann et al. ENSO data only carry inter-decadal
variability, and thus information substantially different from the Li et al. ENSO reconstruction.

Regarding PDO indices: It would be rather inadequate to mention the differences between the
indices, but not to attempt to discuss their implications (note, please, that this discussion has been
included to accommodate a suggestion of Referee #2 in the 2" review round, and we tried to keep it
rather brief).
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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) i
mid-to-long-termdroughtvariability in the Czech Landand its potential links to external forcings and intercimate

rdee analyzed with regard their

variability modes over the 1501-2006 period. Emiplgyinstrumental and proxy-based data characteyittie external
climate forcings (solar and volcanic activitspreentration—ofgreenhouse gases) in parallel with sekhest—correspond
terepresentingthe activity of selected climate variability modégl Nifio—Southern Oscillation — ENSO, Atlantic
Multidecadal Oscillation — AMO, Pacific Decadal @stion — PDO, North Atlantic Oscillation — NAOJgegression and
wavelet analysis were deployed to identify and ¢jfiathe temporal variability patterns of droughtices and similarity
i i andAside

from astrong connection to the NAO, temperatures inAR and (particularly) PDO regions were disclosedae of the

between individual signalg

possible drivers of inter-decadal variability iret@zech drought regime. Colder and wetter episages found to coincide
with increased volcanic activity, especially in sner, while no clear signature of solar activity viasnd. In addition to
identification of the links themselves, their temgdostability and structure of their shared peritiés were investigated.
The oscillations at periods of approximately 60-h@&ars were found to be potentially relevant inalelsshing the

teleconnections affecting the long-term variabitifycentral 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



10

15

20

25

30

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 floesdsistituteembodthe most important natural disasters, with sigaifi
impacts upon various sectors of the national ecgnosuch as agriculture, forestry, water managemaini
tourism/recreation. Since the Czech Republic lie@@ontinental divide with rivers flowing out d§iterritory, it depends
on atmospheric precipitation alone for its watgoy. Although certain extreme droughts with impaoitt socio-economic
and political impacts are known from the past, sashthe drought of 1947 (Brazdil et al., 2016k)di&s performed in
recent years show the Czech climate has becomeaisingly dry in the past 2—3 decades, expresséerims of higher
frequency of extreme droughts with significant @mnseences (e.g. Brazdil et al., 2015b; Zahrgkniet al., 2015). The
abundance of long-term instrumental meteorologadaervations has provided a basis for a numbeeadnt drought-
focused studies, revealing complex regional droymgtiterns and a richness of features observed radugaspatial and
temporal scales, in the European area (e.g., viaSdwier, 2006, 2007; Brazdil et al., 2009; Briffaal., 2009; Dubrovsky
et al., 2009; Sousa et al., 2011; Spinoni et 8lL52 as well as othexreasregionef the world (e.g. Dai, 2011; Spinoni et al.
2014; Ryne and Forest, 2016; Wilhite and Pulwa241.8). Along with more rapid variations, these afsgdude long-term
variability, such as a distinct trend towards dré@nditions, prominent especially during the laf#th2and early 21st
centuries (e.g., Trnka et al., 2009a; Brazdil et2dl15b).

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 ofvibed (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, usuatonstructing drought indices (mainly Palmer uytot Severity Index —
PDSI) for summer (JJA) or other combinations of therduring the growing season (e.g., Blntgen e8l0a, 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 timetwrter (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 teglnto the analysis of
droughts in Hungary. Hess-Brezowsky circulationegypand 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 aggregateatfof anthropogenic forcings. Baek et al. (201@pliad correlation
analysis to investigate teleconnection patternadxt PDSI in multiple regions across the northemisphere and activity
of several climate variability modes, with notevigyrresponses of European droughts indicated edlyeftiaNAO, ENSO
and PDO. Other examples include attribution analyiee the climatic variables in Croatia (Bice et, &012) and for
temperature and precipitation instrumental seriegshie 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 incompletelgwn, especially regarding variations at decadél 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 centufle&®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 theiactiv external climate forcings or internal clineatariability modes (see
Section 2). The results of these analyses aremasb@n Section 4 and discussed with respect teetieets and variability
patterns of individual explanatory factors and ithieteraction in Section 5. The last section thetfivers a number of

concluding remarks. Additional materials are présein 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 drouglyime, three country-wide drought indices were eygal, each of them
embodying a different strategy for defining dry/veenditions (Fig. 1):

() Standardized Precipitation Index (SPI; 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 recordsewspapernewspapeand journals, epigraphic sources, and more. Sathid the Czech Lands
cover particularly, at varying degrees of denghg period from AD 1501 to the mid-19th centuryt bontinue 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 errorsdating 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 weeated (for more detaits-the-use-of- documentary-dataits—eritics,

ralysis-and-interpretation—as-well-a catioseplies-of-indices-in-historical-climatologgge Brazdil et al., 2005, 2010).
SuehThesalata were further used as a basic tool for tenmex/g@recipitation reconstructions. Firstly, Dobobw et al.

(2010) reconstructed monthly, seasonal and anmmital European temperature series, partly basedroperature indices
derived from documentary data for Germany, Switaedl and the Czech Lands in the 1501-1854 periodpartty on
homogenized instrumental temperature series frommeteorological stations in central Europe (Germafystria,

Switzerland, Bohemia) from 1760 onward8his—temperature—series—is—fully—representative-thed—Czech—Lands.

Subsequently, seasonal and annual precipitatiaesstar the Czech Lands were reconstructed fromumentary-based

precipitation indices in the 1501-1854 period armf mean precipitation series calculated from mekprecipitation
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{Brazdil-et-al—2016a)Note that only seasonal and annual series of Ca&dh SPEI and PDSI (Brazdil et al., 2016a),
Central European temperature series (Dobrovol@y.e2010) and Czech precipitation series (Dobnoyat al., 2015) were
employed for further analysis in the current papéste also that despite the profound similaritjtémporal variations of
individual drought indices, manifesting in theirastg mutual correlation (Pearson correlation coidfitr = 0.93 for the
annual values of SPI-SPHI,= 0.83 for SPI-PDSIr = 0.88 for SPEI-PDSI over the 1501-2006 periodcheof them
emphasizes different aspects of meteorological ghtsy be they simple precipitation sums captured S,
evapotranspiration variations considered by SPEQriger-term soil moisture status embodied by PBf8feinafter, results

for multiple indices are therefore presented aisdudised, with regard to their common features dsasenutual contrasts.

2.2 Explanatory variables

Due to the multitude of climate-defining influencaisd the complexity of their interactions, an etiaépart of statistical
attribution analysis consists in the selection o tmost relevant explanatory factors and identifica of the most
appropriate quantifiable descriptors of their dattiviFor an analysis involving data from the pretrmmental period, this
task is further complicated by the limited amouhtiata suitable for direct quantitative analysigelt so, reconstructiorsf

long-term-behavioexist for most of the key climate drivers, be tlesyernal forcings or major modes of internal \aitity.

In this analysis, several of these data sourcee wamnsidered; brief descriptions of them appeavviaelvhile visualization
of their fluctuations is provided in Figs. 2 (extal forcings) and 3 (internal climate variabilityodes,—supplemented-by

velet spe or-the-sign with-netable-osilly-components-inFig- 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 (PD) (Stocker et al., 2013Fensidering-thatSince thgast GHG concentrations are accessible to
relatively accurate reconstruction using ice cotbksjr combined radiative forcing was consideredagsotential formal
descriptor of the long-term trends in the drougbties-studied—herein.The time series of annual GHG forcing by
Meinshausen et al. (2011) was used for the peiiomk SAD 1765, and extended back to AD 1501 usirgQky, CH, and
N,O concentrations obtained from the online datalofigbe Institute for Atmospheric and Climate ScienETH Zurich,
and approximate formulas provided in IPCC (200hl&8%.2).

While variations in solar activity typically leave or just weak imprint in lower tropospheric ohsgional time
series during the instrumental era (e.g., Bene&@d3; Gray et al. 2010; Brénnimann, 2015), théfieots may become
more noticeable over longer analysis periods, witijor events such as the Maunder Minimum coming miay (e.g.
Lohmann et al., 2004). In this contribution, a mestouction of annual mean total solar irradiancgl] by Lean et al. (2018)

was used as the primary descriptor of solar agtiVifith data available from AD 850 onwards, the V&lues were used for
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the period 1501-2006 herein. An alternative TSadet by Coddington et al. (2016) was also emploipedhe 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 Europe (Fischer et al., 200}, exhibiting just
largely inconclusive imprints in local observatibh@emperatures during the instrumental period (eMjkSovsky et al.,
2016a). In this study, the volcanic activity deptwr was adapted from the stratospheric volcaniosa optical depth
(AOD) series in the 30°N-90°N latitudinal band calegh 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 manifestegqwiakly 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-proxgaestruction ofnter-decadatemperaturevariationsin the Nifio3 region by
Mann et al. (2009). To limit the presence of lorgxt trends in the Mann et al. data, largely reifigcexternal forcing rather
than manifestation of internal climate dynamics, sleries has been detrended by subtracting theatOayoving average of

the northern hemisphere mean temperature, alsadgwby Mann et al. (2009); the largely trend-fesgies by Li et al.

(2011) was used in its original forray

In the area of northern Atlantic, the Atlantic Mdécadal Oscillation (AMO) provides the major sauaf inter-
decadal variability, with an assumed main periagdiof 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). Againe to the presence &btrongtrend-componentlong-term variatioims

the Mann et al. series, detrending by moving mdathe northern hemispheric temperature was appuligihg the pre-

processing phase. The same treatment was alsdrugesicase of the Pacific Decadal Oscillation (PD@ilizing Mann et
al. (2009) temperature data for the northern Rac#{gion. It is essential to note that this procedioes not fully conform to
the usual definition of the PDO index, which isitglly derived from the first principal component sea surface

temperatures in the northern Pacific, detrendethegn global sea temperature. For the sake of gréngivever, the PDO
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designation will hereafter be used for the signhtaimed from Mann et al. (2009) data. Additional @°Dndex
reconstructions by MacDonald and Case (2005) ared 8hal. (2006) were also included in our analf@ithe 1501-1996
and 1501-1998 periods respectively (Fig. 3c).

Unlike AMO, PDO and ENSO, dominated by mid-to-lcegm temporal variations, the North Atlantic Osatiibn
(NAO) constitutes a faster-oscillating climate modihough 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 seasadna-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 wit&O variability by
Trouet et al. (2009) was used for the 1501-199%¢er

3 Methods

Multiple linear regression was used to separateqaiadtify 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@ike 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 seasonalysis was only carried out for SPI and SPEI ieslisince 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 carrietbothe 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

results are presented in the form of standardizgdession coefficients—Figs—4—(annual-series)-and-5(seaseon-specific
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| series)y—+€., i.eequivalent to a setup with both predictand andlipter series converted in linear fashion to zeeamand

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-frequenépmainsdomainthe wavelet approach facilitates the investigatb (in)stability in the
oscillatory components of the target signals ahdpugh cross-wavelet spectra, their mutual coherefbis makes it
possible to identify sub-periods of activity assbed with oscillations of interest, and their evahsimilarity (and potential
transfer) between individual signals. The stattgignificance of the wavelet coefficients wasleated against the null
hypothesis of a series generated by an autoregegssicess of the first order — AR(1), using thehudology described by
Torrence and Compo (1998). Standardized and biaseated coefficients are presented for the wayeietet al., 2007) 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 regpascoefficients
associated with the GHG forcing show a clear cantbetween 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 iseastrongest 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, due to velnpsg correlation between the respective time sedaite similar results
would have been obtained if the GHG forcing sevias replaced with a predictor representing jusi-@ated effects, or
by total anthropogenic forcing including the efieof 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 precipitatiotaddut also to the
temperature, despite the analysis period involviregked decreases in solar irradiance in the fortdlaninder and Dalton
minima. While a negative response borderline sicgnitt at the 95% level appears for temperatureén1601-1850 period
(Fig. 4b), it disappears when data for 1610-20@5 cansidered alone, i.e. the period when sunspat ata used in the
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reconstruction by Lean (2018) (whereas prior to0l&l more indirect approach is used, utilizing cogemic irradiance
indices) — Fig. 6e. A statistically significant aofelated signal was also absent in all individegdsons except for SON
(Fig. 5), and non-significance of the imprint ofaoactivity was indicated when the Coddington let(2016) total solar
irradiance series was used as a proxy for solaritgan the 1610-2006 period (Fig. 6d). Overallir sesults do not seem to
support existence of a robust solar-induced compionghe time series analyzed.

The cooling effect of major volcanic eruptions Iear in the Czech temperature series over theeehi01-2006
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

2043)..The volcanism effect on Czech precipitation seisason-significant regardless of the period anedlyzAs a result,
the volcanism-attributed component is negligiblgiecipitation-only SPI, but somewhat more promineren though still
non-significant) in temperature-sensitive SPE| BiiS1. The season-specific outcomes (Fig. 5) agelarconsistent with
those obtained for the year as a whole, with soegeest of cooling indicated for all seasons, strehdaring summer, when
a response borderline significamt the 95% level also appears for precipitation botth SP1 and SPEI, indicating mildly
wetter conditions following episodes of volcanissaching the stratosphere.

Despite the previous indications of possible (dlba&ther weak) links between the Czech droughtmegind the
activity of ENSO (Brazdil et al., 2015a), this aysa$ did not reveal any statistically significarsisaciations 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
significant at the 95% level) for the Mann et &0Q@9) inter-decadaENSO data—{Fig—61,—+egardiess—of-the—markedly
different-temperabariability in-beth-receonstructions.(Fig. 6in the case of season-specific results, a sigmfitendency
towards higher precipitation (and wetter conditjowas indicated for the positive ENSO phase in B¥A.i et al. (2011)
data (Fig. 5), as well as a borderline significearidency towards warmer and drier conditions in S@N such links
appeared when tHeNSOreconstruction 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 @ 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 (Fig. 6f), with statistical significance of the link lower than thie Mann et al. data. The
existence of a robust connection is therefore uaicerespecially considering previously reported lAMO influence
during the instrumental period (Brazdil et al., 20;LMikSovsky et al., 2016b). There is a similatigtween AMO-related
links detected for the annual data and their seapenific counterparts (Fig. 5), with SON showig highest relative

degree of statistical significance.
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The imprint of decadal and multidecadal temperataability in the northern Pacific arestrengly associated
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 — Fig. 6g) or Shen et al. (2006 — Fig. 6b)significant response to PDO index appears forddrlye 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 totatgl 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 signifitat the 95% level and no imprint appears for Sd. 5). In JJA, the
effect of NAO is non-significant regardless of theget variable. The effect of winter NAO was foundoe just marginally
similar for the Ortega et al. (2015) data, onlytistizally significant for temperature, and with mesponse in case of
precipitation (Fig. 6k). Finally, the winter NAO dex by Trouet et al. (2009) was not associated withtatistically
significant response in any of the target varialfieig. 6j); note, however, that unlike the Luterbacet al. (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 and 7, no persistentiittant 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 foviduél seasons are studied (not shown). While fimiding is not

surprising in the context of the central Europeimate, it also confirms only a limited direct infince 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. 7d). Nonetheless, partial interactions at #jgeoscillatory periods are a possibility, potedly detectable through
cross-wavelet analysis. The respective spectraviatmlized in Fig. 8 (of the drought indices, résubr only SPEI are
shown, as the cross-wavelet patterns are veryairfot SPI and PDSI); additional results for altdive predictors are

provided in Fig. S1 in the Supplement.
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While an approximately 11-year oscillation is mfehe defining features of total solar irradiarsegies (Fig. 7b),
the match with similar periodicities in the Czedloufjht data is limited to just a few short perioggnifesting mutually
quite different phase shifts (Fig. 8a). This outeosnpports the conclusions of the regression apaly$Sect. 4.1, indicating
the lack of a robust direct link between the cdrtaopean climate and solar activity variations.

Several noteworthy interaction regions in the timguency space seem to exist between the Czectateli
descriptors and predictors with distinct inter-diadeoscillations, AMO (Fig. 8b) and PDO (Fig. 8these are particularly
noticeable in the reconstruction by Mann et al.0@0and quite similar for PDO and AMO, following drom the
resemblance of the two series. More curious, hokyasdhe similarity between cross-oscillatory pats pertaining to the
relation between AMO/PDO and temperature or pretipn; while some differences appear, the geraoaitions 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 forops 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 coheeemgpears for periods of
about 70 years from the mid-18th century to the ehthe 20th. These features may also be foundiénctoss-wavelet
spectra involving drought indices. However, whea tteconstruction 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 differenceutfhout the analysis period (Fig. Sla). Similanawor was also
detected for the PDO reconstruction by Shen €2806; Fig. S1c), while no significant periodicityatch was found for the
PDO data by MacDonald and Case (2005; Fig. S1b).

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 noise §#gFor Mann et al.

(2009) inter-decadal ENS@ata, there are several discontinuous regionsperiad band of 8-16 years, but with highly

variable phase shifts, again indicating the lack sf/stematic stable relationship (Fig. S1d).

No significant match between the oscillations ie 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 recarcdton by Luterbacher et al. (2002), common osatibths with periods
of around 70 years were found, especially durirggBth and 19th centuries (Fig. 8e). For the Ortgal. (2015) winter
NAO data, significant common oscillations@f60-100 years appear for temperature throughout ofitise analysis period
(Fig. S1e). A similar, even stronger pronouncedtepa of similarities at multi-decadal scales wks® dound for the Trouet
et al. (2009) NAO index, owing to the strong reskmbe of the long-term components in the Ortegd.eind Trouet et al.
NAO data(Fig—3d)..
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5 Discussion

The results obtained from the analysis of threaught indices in the current paper do generally aonfto the

conclusions of Brazdil et ak2015a)—although-there—are—afew-noteworthy—estaré?015a), highlighting the role of

anthropogenic forcing in establishing the long-té&mech drought regim&he general importance of anthropogenic effects

in the occurrence and risk of meteorological drauwds previously been confirmed by, for exampledi@undsson and
Seneviratne (2016). Based on an observational Amate-model based assessment, they concludedattibtopogenic
emissions have increased the probability of droyglats in the Mediterranean and decreased it ithewr Europe. The
evidence related to central Europe appeared ingsivel. This is consistent with increasing drougivesity related to
temperature rise in southern Europe (Vicente-Seredral., 2014). More recently, Naumann et al. @@emonstrated how
drought patterns can worsen in many regions ofatbidd (including southern Europe) at a global terapge increase of
1.5, 2 and 3°C compared with the pre-industrial €nar findings show that the increase in the amb@&iGs post 1850 is
correlated with the increased probability of tenapere-associated droughts in the Czech Republide wluring the pre-
instrumental period such link does not manifesterEgo, it should be emphasized that regressionn{ore generally,
statistical) analysis does only reveal formal samiiles between target and explanatory variabled,cannot prove presence
of physically meaningful relationships on its owvilthis is particularly true in case of signals doniaby simple trends,
such as the gradual rise of GHG radiative forcingrd) the industrial era. Our results should thamefbe considered a
supportive argument regarding the relationship betwthe drought regime and the anthropogenic forciot a proof of a
causal link.

The findings of this study for the effects of sadativity (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., 2014Brazdil et al. 20159a or even to global climate descriptors such abajl mean temperature (see
Benestad, 2003; Gray et al., 2010 for an overvi®&gpite using a longer period for analysis, iniajvprominent features
of mid-to-long-term solar variability in the fornf Maunder and Dalton minima, the absence of comsistignificant links
suggests that the impacts of solar variations erdtbught regime are negligible in central Eurapgardless of the obvious
importance of solar radiation as the main sourcéhefenergy for the climate system. On the othedh®iodato and
Bellocchi (2011), studying drought conditions inntral-southern Italy in 1581-2007 based on docuamgnévidence,

reported distinct 11-yr and 22-yr cycles, whichldaeflect single and double sunspot cycles, albeitconsistently present
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throughout the period analyzed. They even arguatigbriods of low sunspot activity, such as the mkun Minimum,

could have more impact on drought than local faycagents. Schwander et al. (2017) studied theenfia of solar
variability on the occurrence of central Europeaathier types in the 1763-2009 period. They repdeegr days with
westerly and west-southwesterly flow over centrafdpe under low solar activity and an increasehim dccurrence of
northerly and easterly types. This could be reflééh precipitation totals and droughts as well.

The effects of El 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, althoudh lmorderline statistically significant at the 99&tel for the Mann et
al. data when the entire period 1501-2006 is cens@l Specific conclusions regarding the nature rafidbility of the
respective links are however difficult to make witih a supporting analysis of circulation pattefigthermore, comparison
with prior results obtained for the instrumentatipé (such as the seasonalriations responsaeported by Brazdil et al.,
2015a,2015b) is rendered problematic by profound diffesmnin the nature of ENSO-related explanatory et

While previous studies of the possible influenceerplosive volcanism on Czech droughts reportedeeino
significant connection (Brazdil et al., 2015a),amly a weak and geographically sporadic effect @dilsky et al., 2016b),
this analysis of more than five centuries of data fevealed a more distinct volcanic imprint, sstjigg a tendency towards
wetter conditions following major eruptions, largeue to temporary temperature decrease, most peornin summer. Our
results conform well to the findings by Fischeakt(2007), who reported a distinct radiative cogleffect of major tropical
eruptions during European summer over the lastdarguries. The results are also consistent withatialysis by Gao and
Gao (2017), who studied European hydroclimatic aasps to volcanic eruptions over the past nineucest Applying a
superposed epoch analysis, they found a signifiaatting response for 31 tropical eruptions (95%ficience level) in
years 0 (the year of eruption) and +1 (the firgryafter eruption) and a significant drying in ye&. Large high-latitude
eruptions in the Northern Hemisphere gave riseryind responses in western—central Europe occuiringear +2 and
shifting south-eastwards in years +3 and +4. Sitgjléhe analysis of the MAM and JJA hydroclimateenEurope and the

Mediterranean during the last millennium by Ra@let(2017) indicated wet conditions occurring i #ruption year and
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the following three years in western Mediterraneahjle northwestern Europe and the British Islepesience dry
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 resg@mto 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.e2@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 Hod2005; McCabe et al., 2004; Mohino et al, 2Qdgtesby et al., 2012;
Baek et al., 2017). Here, a connection of Czechighbindices to both these oscillations was inddatspecially in case of
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 severatiClocations 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 cressrelet spectrum
between the AMO and PDO series (Fig. S2b), revegdligh coherence especially for period£.020-30 years and 60-100
years, with relatively stable phase shifts, esplgdiar the latter band. Considering the relativenitarity of magnitude and
significance of the regression coefficients for AM@d PDO and their typically opposite signs, itlifficult to assign the
variations in the target variables to one or theontWhen employed individually (i.e. either AMO BDO, but not both),
the PDO series constitutes a more influential ptedithan AMO, with links to SPEI and PDSI statiatly significant at a
99% level over the 1501-2006 period (Fig. 6b). bam other hand, AMO alone produces no significamitslito drought
indices (Fig. 6b). To investigate this behaviorter, the AMO/PDO pair was replaced with their meatue and their
difference fote-thathis setup formally corresponds to the outcomesnobtated principal component analysis applied to a

bi-variate system consisting of the AMO and PDCeinderies, with the mean value responsible for 88%tal variance of
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the AMO/PDO pair and the difference responsiblettierremaining 12%). Quite surprisingly, a moragigant connection
to the series of Czech drought indices was indicéde the AMO-PDO difference (all responses statidly significant at
the 99% level) rather than their common value (BD). This suggests that the contrast betweenetihedrature anomalies
in the northern Atlantic and northern Pacific, oiddion to their individual variability, may be pmttially influential in the
context of the inter-decadal components of cefdtabpean 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 andhegdrought indices for
positive AMO phase, and negative temperature arieg)albut with lower statistical significance (Figf). 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. S2c).

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.17 in absolute value
over their respective overlap periods=(-0.17 being the correlation between the Marel.eind MacDonald and Case data).
Clear differences between the reconstructions laeapparent in the cross-wavelet spectra (Fig). S2bile some regions
of common oscillations exist, especially in the20-30 years and 60-100 years period bands, thsepshifts 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 onlymagifesting statistically
significant links to the Czech drought, temperatamd precipitation data, and that several oltesrseries are available as
parts of the same dataset (including the mean Ipheie temperature), this dataset can be deempdrtifular interest for
future analyses concerned with central Europeamatdi. Even so, it should bemphasizedstressethat different
reconstructions emphasize different aspects otlieate subsystem in question and our results shood be considered a
proof of inherent superiority of any of them.

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 (Fig. 8e), thmidance of relatively fast inter-annual variabilitythe NAO data allows
for the regression mappings to be split to morersads than in our other tests. In Fig. 9, regressaefficients pertaining
to NAO are therefore shown for the individual cem@s. While there are some differences among tkabeperiods, the

links are statistically significant for all of theim case of SPEI and temperature. This outcomemigtconfirms presence of
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links between droughts and NAO, but also verifiagability of the Luterbacher et al. (2002) recaonstion for their
analysis, even in the early parts of the data agdrdless of certain degree of heteroscedastititiie Luterbacher et al.
(2002) series (manifesting through lower variantethie early parts of the NAO series for all seasoais DJF). The
temperature-related results obtained with the lbatelner et al. (2002) data were partly confirmedhigyOrtega et al. (2015)
reconstruction for the 1501-1969 period, althouglistical significance of the link was generalbyver (Fig. 6k); also, just
a comparison for DJF was performed, given the wigpecific nature of the Ortega et al. (2015) NAQdx 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 clasgyrtoptic time scales and tied to local climateaiyics (see Fig. S4 for
an illustrative example, visualizing regressiondohsstimate of the annual SPEI values and theawgwedictor-specific
components). Still, as the statistical significarfesome of the links in this analysis suggests, éffects of the extra-
European climate drivers should not be dismissedthay appear to contribute substantially to iecadal 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 (Fig. S3), with the exception of posstbdees of a 22-year cycle in the PDSI residuakseand a weak tendency
towards positive autocorrelations for temperatifile these may indicate the presence of unaccdtfoteeffects of a
double solar cycle (previously reported for Italidmughts by Diodato and Bellocchi, 2011) and/oruaexplained trend
component, the statistical significance of thesedtel 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 assied 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 targéahlas 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 (Fig. S5); if presenistihct extrema of cross-correlations only occuri@dconcurrent, non-lagged
series. Additionally, presence of long-term compdsevas detected in the solar-related autocoroeldtinctions. Since
these stem from interaction of long-term trendhimtime series and cannot be reliably interpreteatorrelation/regression
techniques, they were not taken into account in analysis. Attention has also been paid to theilpitiss of delayed

responses to volcanic or solar activity in the N&@ex, considering the previous reports of positi&O phase during
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several years following large volcanic eruptionsté@a et al., 2015; Sjolte et al., 2018). No clizlay was detected for the
analysis setup herein (Fig. S6). In case of the NASD cross-correlation, a maximum was indicatedldgy of 2-3 years.
While this behavior may be indirectly related te thryear delayed circulation response to solaviactieported by Sjolte et
al. (2018), its magnitude was rather low in ourlgsia setup. Finally, to assess whether part ofvir@bility generated by
external forcings may be mediated through predictmrtaining to internal climate variability modesgression analysis
was carried out with external forcings only (Fig).6The resulting responses were found to be veries to the setup with
all seven predictors (Fig. 4), suggesting just timidirect linear imprint of external forcings imetpredictors representing
influential internal climate variability modes inmanalysis.

One of the key questions associated with any aisabfsnulti-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 ciestand 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 alsabcompanied 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 radiafimecing) matches the long-term trend componenthiae central
European temperature quite well. This warming Entlalso reflected in a drying tendency in the tewrupee-sensitive
drought indices (SPEI and PDSI), although not abniaya statistically significant manner. Even cdesing that statistical
attribution analysis can only reveal formal sinitias and cannot verify the causality of the lidetected, the dynamics of

the relationship during pre-instrumental and instental periods and other available evidence (inetudata from climate
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simulations) support the existence of an anthropiogi@duced drying effect in central Europe, priityatied to temperature
increase rather than precipitation changes.

(i) While the results herein confirmed the lack afconsistent solar variability imprint in the Caedrought series, a
signature of temporarily wetter conditions follogimajor stratospheric volcanic eruptions was detkclargely tied to
transitory temperature decrease. This behavior aappendetectable from instrumental data alone, giflgbdue 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) droughtesdiEven more curiously, more significant drougithponents appear to
be linked to the difference between AMO and PDOsplaather than to their common value. Furthedattn will be,
however, needed to verify whether this behaviar imanifestation of actual physical relationshigpeeially considering
that it only appears for some of the AMO/PDO retartions in our analysis.

(iv) NAO was reaffirmed as a powerful driver of dght variability in this analysis. For the primaAO reconstruction in
our tests (Luterbacher et al., 2002), not only werks detected for all the drought indices as vasltemperature and
precipitation, but their presence was confirmedulghout the entire analysis period, including @diest parts.

Overall, the results herein indicated some potyptiaominent, but not completely stable relatidmtween the
time- series investigated. In the future, these shoulid\mstigated more closely, as a better understgnafithem 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 rdl&tehigher uncertainty and the sometimes limitédrimation content of
documentary- and proxy-based data.
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Figure 1. Annual series of drought indices, temperature aedipitation anomalies (w.r.t. 1961-1990 referepegod) for the Czech
Lands in the 1501-2006 period; smoothed by 11-g@aning means (darker lines).
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Volcanic aerosol optical depth
(Crowley and Untermann, 2013)
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Figure 2. Annual series of external forcing descriptors:@anic aerosol optical depth and total solardiaace, (b) greenhouse gases

radiative forcing.
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(Lietal., 2011) (Mann et al., 2009, detrended)
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Figure 3. Reconstructed annual series of internal climatabiity modes: (a) El Nifio — Southern OscillatiENSO), (b) Atlantic
Multidecadal Oscillation (AMO), (c) Pacific Decadascillation (PDO), (d) North Atlantic OscillatigiNAO).
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Figure 4. Standardized regression coefficients (central kvith 95% confidence interval shown as the box 88% confidence interval

as the whiskers), obtained by multiple linear regien between the predictands characterizing |6z&ich climate (drought indices,
temperature and precipitation) and a set of explapaariables representing external forcings amdd-scale internal climate variability
modes in various periods: (a) 1501-2006, (b) 158%81(c) 1851-2006. %Rfraction of variance explained by the regressiapping.
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Figure 5. Standardized regression coefficients (central lvith 95% confidence interval shown as the box 8@8% confidence interval
as the whiskers), obtained by multiple linear regien between the predictands characterizing |6z&ich climate (drought indices,
temperature and precipitation) and a set of explapaariables representing external forcings amdd-scale internal climate variability
modes during individual seasons: (a) winter (DJB),spring (MAM), (c) summer (JJA), (d) autumn (SPNI501-2006 period. R
fraction of variance explained by the regressioppireg.
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Figure 6. Standardized regression coefficients (central kvith 95% confidence interval shown as the box 88% confidence interval
as the whiskers), obtained by multiple linear regien between the predictands characterizing |6z&ich climate (drought indices,
temperature and precipitation) and (a) a set oflaggpory variables representing external forcingly ¢i.e. a 3-predictor setup involving
GHG forcing, volcanic aerosol optical depth andltsblar 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 + PR difference (AMO —
PDO), (d-k) setups with one of the predictors repthby its alternative version while keeping th&t Eame 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 prominent ilatory component: (b) total solar

irradiance, ENISO, (d) AMO, (e) PDO, (f) NAO.

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 dfénte, i.e. region with diminished representatgsnof the wavelet spectra due to edge

effects.
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(a) SPEI vs Total SIr Irradiance (Lean 2018) Temperature vs Total Solar Irraian:e (Lean 2018) . Precipitation vs Total Solarlrradiance (Lean 2018)
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Figure 8. Standardized cross-wavelet spectra between séniézech 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 perio@he lower-contrast areas pertain to the cone dtfiente, i.e. region with diminished

representativeness of the wavelet spectra duege eftects.
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Figure 9. Standardized regression coefficients (central kvith 95% confidence interval shown as the box 88% confidence interval
as the whiskers), obtained for the NAO index (Lbéeher et al., 2002) in five non-overlapping sulesivals of the 1501-2006 period.
Multiple linear regression was employed in a semedictor setup identical to the one in Fig. 4 yardefficients for the NAO index are

shown).
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