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Abstract. While a considerable number of records document the temporal variability of droughts for central Europe,
understanding of its underlying causes remains limited. In this contribution, time series of three drought indices (SPI, SPEI
PDSI) that may be used to characterize the long-term drought regime of the Czech Lands are analyzed with regard to the
mid-to-long-term variability and potential links to external and internal climate forcings over the 1501-2006 period.
Employing instrumental and proxy-based data characterizing the external climate forcings (solar and volcanic activity,
concentration of greenhouse gases) in parallel with series that correspond to the activity of climate variability modes with
pronounced inter-annual to inter-decadal variability (El Nifio-Southern Oscillation — ENSO, Atlantic Multidecadal
Oscillation — AMO, Pacific Decadal Oscillation — PDO), regression and wavelet analysis were deployed to identify and
guantify the temporal variability patterns of drought indices and similarity between individual signals. Aside from the long-
term trend that correlates with anthropogenic radiative forcing, temperatures in the AMO and PDO regions were disclosed a
one of the possible drivers of inter-decadal variability in the Czech drought regime. Colder and wetter episodes were founc
to coincide with increased volcanic activity, while no clear signature of solar activity was found. In addition to identification
of the links themselves, their temporal stability and coherence were investigated. The oscillations at periods of
approximately 60—100 years were found to be potentially relevant in establishing the teleconnections affecting the long-tern

variability of central European droughts.

1 Introduction

Droughts, among the most prominent manifestations of extreme weather and climate anomalies, are not only of grea
climatological interest but also constitute an essential factor to be considered in the assessment of the impacts of clima
change (Stocker et al., 2013; Trnka et al., 2018; Wilhite and Pulwarty, 2018). The abundance of long-term instrumental
meteorological observations in the European area has provided a basis for a number of recent drought-focused studie
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revealing complex regional drought patterns and a richness of features observed at various spatial and temporal scales (e.
van der Schrier, 2006, 2007; Brazdil et al., 2009; Briffa et al., 2009; Dubrovsky et al., 2009; Sousa et al., 2011; Spinoni et
al., 2015). Along with more rapid variations, these also include long-term variability, such as a distinct trend towards drier
conditions, prominent especially during the late 20th and early 21st centuries (e.g., Trnka et al., 2009a; Brazdil et al., 2015b)

In addition to a substantial number of Europe-centered studies investigating instrumental-period drought indices,
generally calculated from measured precipitation totals and temperatures, considerable attention has been devoted to pi
instrumental drought reconstructions. The longest high-resolution drought series are typically based on various tree-ring
series, usually reconstructing drought indices (mainly PDSI) for summer (JJA) or other combinations of months during the
growing season (e.g., Buntgen et al., 2010a, 2010b, 2011a, 2011b; Cook et al., 2015; Dobrovolny et al., 2015). Natural prox
data (see PAGES Hydro2k Consortium, 2017) may be supplemented by the documentary records generally utilized ir
historical climatology (Brazdil et al., 2005, 2010) in drought reconstructions. These are usually represented as series fo
drought frequency covering the last few centuries, usually from the 16th century to the present time or shorter (e.g., Piervital
and Colacino, 2001; Dominguez-Castro et al., 2008, 2012; Diodato and Bellocchi, 2011; Brazdil et al., 2013; Noone et al.,
2017). However, reconstructions of long-term series of drought indices from documentary and instrumental data, as has bee
done for the Czech Lands from the 16th century (Brazdil et al., 2016a; Mozny et al., 2016), still remain the exception.

Although the series above permit the study of drought variability at various temporal and spatial scales, only a few
researchers have attempted to link such fluctuations with the effects of external and internal forcings, usually within the
instrumental period. Pongracz et al. (2003) applied a fuzzy-rule-based technique to the analysis of droughts in Hungary
Hess-Brezowsky circulation types and ENSO events were used and their influence on drought occurrence (monthly PDSI
documented. Trnka et al. (2009b) showed (using weekly Z-index and PDSI) that increase in drought frequency toward the
end of the 20th century during April-June period is linked to increased occurrence of Hess-Brezowsky circulation types that
are conducive to drought conditions over central Europe. Brazdil et al. (2015a) used regression analysis to investigate th
effects of various external and internal forcings in series of drought indices in the Czech Lands during the 1805-2012 period
They demonstrated the importance of the North Atlantic Oscillation phase and of the aggregate effect of anthropogenic
forcings. Other examples include attribution analyses for the climatic variables in Croatia (Bice et al., 2012) and for
temperature and precipitation instrumental series in the Czech Lands (MikSovsky et al., 2014). More recent papers
addressing the influence of certain forcing factors on individual climate variables may be added to this overview (e.g., Anet
et al.,, 2014; Gudmundsson and Seneviratne, 2016; Schwander et al., 2017). Even so, the exact causes of the variabil,
detected in drought data remain only incompletely known, especially regarding variations at decadal and multidecadal time
scales.

The current paper focuses on the identification and quantitative attribution of drought variability expressed by series
of three drought indices in the Czech Lands (modern Czech Republic) throughout the past five centuries (1501-2006), witl
the emphasis on manifestations of inter-decadal changes and their possible drivers. Regression and wavelet analysis we

employed (see Section 3) to identify links between series of the three drought indices (supplemented by correspondin
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temperature and precipitation series) and the iacti¥ external climate forcings or internal clineatariability modes (see
Section 2). The results of these analyses aremasbén Section 4 and discussed with respect tetieets and variability
patterns of individual forcings and their interantiin Section 5. The last section then deliversumlver of concluding
remarks.

2 Data
2.1 Drought indices

Various drought indices are used to characterieesiatio-temporal variability of droughts (see &lgim, 2000). To capture
the temporal patterns of historical Czech drouglgime, three drought indices were employed, ea¢heash embodying a
different strategy for defining dry/wet conditions:

(i) Standardized Precipitation Index (SPI; McKee agt 1993), calculated as the standardized deviatf
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.

(i) Standardized Precipitation Evapotranspiratiodex (SPEI; Vicente-Serrano et al., 2010) is ateinsimilar to
SPI, but it considers potential evapotranspirat@her than precipitation alone, hence also refigctemperature-related
climate variations.

(iiif) Palmer Drought Severity Index (PDSI; Palm@&65) describes long-term soil moisture status. IAcsdibrated
version of PDSI was used in this contribution (Wedit al., 2004). Unlike SPI and SPEI, which arecdated from
contemporaneous values of precipitation/tempera®IS| also considers past drought status andtiefiéc also storage
capacity of the soil, thereby providing a bettdlexion of long-term drought behavior.

Long-term seasonal and annual series of these itdéses, dating from AD 1501 in the Czech Landsd@lil et
al., 2016a) were used in the current study. Thesewerived from 500-year temperature and precipitateconstructions
based on a combination of documentary data andimsntal measurements. Firstly, Dobrovolny et2010) reconstructed
monthly, seasonal and annual central European tatope series, partly based on temperature indiegs/ed from
documentary data for Germany, Switzerland and theclk Lands in the 1501-1854 period and partly amdgenized
instrumental temperature series from 11 meteorcébgitations in central Europe (Germany, AustngifZerland, Bohemia)
from 1760 onwards. This temperature series is fdpresentative of the Czech Lands. Subsequemrthgosal and annual
precipitation series for the Czech Lands were rsitanted from document-based precipitation indicethe 1501-1854
period and from mean precipitation series calcdld#tem measured precipitation totals in the Czeemds after 1804
(Dobrovolny et al., 2015).

Missing monthly precipitation figures in the Dobobwy et al. (2015) pre-1804 reconstruction obsgdcthe
creation of a corresponding series of drought eslfor the Czech Lands dating back to AD 1501. melerate this, Czech
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mean monthly precipitation series for the 1875-1Bi&frumental period were used to estimate thdylikestribution of
monthly precipitation totals in any given seasohisTesulted in a 100-member ensemble of monttégipitation totals for
every season and year in 1501-1803, dividing ttescgeal precipitation according to the shares obrdexrl monthly
precipitation in individual years during the 1879%4 period. Using a median value of a hundred mgpméalizations up to
1803 and combining them with the measured totald894—2015, a monthly precipitation series forcakdtion of Czech
drought indices series was obtained (Brazdil eRfll6a). Note that only seasonal and annual seffiézech SPI, SPEI and
PDSI (Brazdil et al., 2016a), Central European teraure series (Dobrovolny et al., 2010) and Cz®ekipitation series

(Dobrovolny et al., 2015) were employed for furthealysis in the current paper.

2.2 Explanatory variables

Due to the multitude of climate-forming agents ahd complexity of their interactions, an essengiatt of statistical
attribution analysis consists in the selection loé tmost relevant explanatory factors and identificaof the most
appropriate quantifiable descriptors of their dtfiviFor an analysis involving data from the pretmmental period, this
task is further complicated by the limited amouhdata suitable for direct quantitative analysigei so, reconstructions of
long-term behavior exist for most of the key climdtivers, be they external forcings or major maafdsternal variability.
In this analysis, several of these data sources wamsidered; brief descriptions of them appeavvhelvhile visualization
of their fluctuations is provided in Figs. 2 andsBpplemented by wavelet spectra for the signatls motable oscillatory
components in Fig. 6.

Of the external factors shaping the long-term dénevolution, a key role is played by the effectsdifying
radiative balance through changes in atmospheniposition. While the respective processes are guoitgplex and involve
gaseous atmospheric components as well as aeradalgie part of the observed changes may bewtdito variations in
the concentrations of long-lived greenhouse gasebpon dioxide (C¢) in particular (Stocker et al., 2013). Considertinat
past CQ concentrations are accessible to relatively ateuraconstruction using ice cores, their annualieslwere
considered as a potential formal descriptor ofltmg-term trends in the drought series studied.hEne time series of
annual CQ concentrations, compiled by the Earth Policy tngti from historical data by the Worldwatch Indétand from
observations by NOAA, was obtained from the CLIMEXd&abase (https://climexp.knmi.nl/).

While variations in solar activity typically leaveo strong clear imprint on the climatic conditionfsthe lower
troposphere during the instrumental era (e.g., Bade 2003; Gray et al. 2010; Brénnimann, 20159jrteffects may
become more noticeable over longer analysis periois major events such as the Maunder Minimum ingninto play
(e.g., Lohmann et al., 2004). In this contributiarreconstruction of annual mean total solar ieradésince AD 1610 based
on numbers of sunspots (Coddington et al., 20168)wsad as the descriptor of solar activity. Simgeual solar activity data
for the earliest part of the period analyzed weseavailable, the tests involving solar forcing eearried out for a shorter
interval, covering the years 1610-2006.
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Unlike variations in solar activity or concentraitoof greenhouse gases, the effects of major viclaaptions
tend to be rather episodic, manifesting in the lotveposphere as temporary global temperature dfegs Canty et al.,
2013), but with rather inconclusive local imprinlisring the instrumental period (e.g. MikSovsky let2016a). In this study,
the volcanic activity descriptor was adapted fréma stratospheric volcanic aerosol optical-deghies in the 30°N—90°N
latitudinal band compiled by Crowley and Unterma813), based on sulfate records in the polar icesco

Aside from being the dominant climate mode in thaagorial Pacific, EI Nifio—Southern Oscillation (EX) has
also been linked to various aspects of weatheenpettin many regions around the globe (e.g., Bra2@is7 and references
therein). While these teleconnections manifestequitakly in the European climate, some indicatminan ENSO imprint
have been found in Czech temperature series (Mék§ost al., 2014) as well as in the drought inditesnselves (Brazdil
et al., 2015a). Two ENSO reconstructions were egpgoldere: a reconstruction of inter-annual ENSQatéity based on
tree rings by Li et al. (2011) and a multi-proxgeestruction of temperature in the Nifio3 regionMgnn et al. (2009).
Since the primary focus of this study centers upsxillatory behavior associated with internal cliengariability, the Mann
et al. series has been detrended by subtractingGhgar moving average of the northern hemisphezan temperature
also provided by Mann et al. (2009); the largegntt-free series by Li et al. (2011) was used ioritginal form. Even after
detrending, the difference in the basic naturdeftemporal variability of both ENSO-capturing sitthwas profound (Fig.
3). While the data from Mann et al. (2009) refllcgely inter-decadal variations, the ENSO signalLbet al. (2011) only
involves more rapid variations. This contrast @ppears in the wavelet spectra in Fig. 6, withLihet al. series dominated
by oscillations within a range usually associatathvENSO activity during the instrumental era -8 years — e.g.,
Torrence and Compo, 1998), while the Mann et abmstruction is active largely in the range of 8y2@r periods.

In the area of northern Atlantic, the Atlantic Mdeticadal Oscillation (AMO) provides the major sauiaf inter-
decadal variability, with an assumed main periagdiof about 70 years (e.g., Enfield et al., 2000 .analyze possible AMO
influence over the last five centuries, a recortsiton of annual temperatures in the AMO region bgriv et al. (2009) was
employed. Again, due to the presence of a strasmgdtcomponent in the time series involved, detrejdly moving mean
of the northern hemispheric temperature was apjligthg the pre-processing phase. The same treatnaenalso used in
the case of the Pacific Decadal Oscillation (PD@iizing Mann et al. (2009) temperature data foe horthern Pacific
region. It is essential to note that this procediwmes not fully conform to the usual definitiontb& PDO index, which is
typically derived from the first principal comportesf sea surface temperatures in the northern iPadétrended by mean
global sea temperature. For the sake of brevityelver, the PDO designation will hereafter be usedte signal obtained
from Mann et al. (2009) data.

3 Methods

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

imposed by limited data availability and qualitytesf render the use of nonlinear techniques immacteven worthless,
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given their higher degrees of freedom and highesiigity to inhomogeneities in the inputs. Thisus may become still
more critical for non-instrumental data sourcegerofalready burdened with substantial uncertaimgt homogeneity

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

Multiple linear regression was used to separateqardtify individual components in the series ajudght indices,
formally pertaining to individual explanatory vablas. The statistical significance of the regrassioefficients was
evaluated by moving-block bootstrap, with the bl@tke chosen to account for autocorrelations withi@ regression
residuals (Politis and White, 2004). The resulis gresented in the form of standardized regressiefficients in Figs. 4
and 5, i.e. equivalent to a setup with both predidtand predictor series converted in linear fashiozero mean and unit
variance. The series were analyzed in the annual step, either as true annual means, or as sexpuehealues pertaining
to a single season in the usual climatological sdtitee seasonal analysis was only carried out Rira®d SPEI indices,
since PDSI definition involves long-term memoryedause of the availability of annually-resolvedasairadiance data and
their possible aliasing with the forcing effectsgpéenhouse gases, the target period was resttwtbe years 1610-2006
for the investigation of solar and G@elated effects; the rest of the analyses wergechout for the whole 1501-2006
period. To investigate possible instabilities i tlelations detected, regression analysis wascalseed out for the sub-
periods 1501 (or 1610) to 1850 and 1851 to 2006e(hensidered approximately equivalent to the imséntal period). No
time-lag was applied to the predictors, excephm ¢ase of volcanic forcing at seasonal time scalken a delay of three
months was applied.

Continuous wavelet transform, based on the Moyiet-mother wavelet, was employed to obtain a bpttture of
oscillatory components in the series of droughtattzristics and explanatory variables. By prowdiransformation of the
target signals into time-frequency domains, theelehapproach facilitates the investigation ofgiability in the oscillatory
components of the target signals and, through aras®let spectra, their mutual coherence. This makeossible to
identify sub-periods of activity associated witttilations of interest, and their eventual simifarfand potential transfer)
between individual signals. The statistical sigrifice of the wavelet coefficients was evaluatedhagythe null hypothesis
of a series generated by an autoregressive prot#ss first order (AR1), using the methodologyatésed by Torrence and
Compo (1998). Standardized and bias-corrected icimfts are presented for the wavelet (Liu et 2007) and cross-

wavelet (Veleda et al., 2012) spectra.

4 Results
4.1 Drought responsesto forcings

Standardized regression coefficients obtained bytiphe: linear regression between series of Czeabught indices,
temperature or precipitation and a set of explagatariables, representing external forcings angdsscale internal climate

variability modes, are shown for annual values ig. B and for seasonal values in Fig. 5. The rejpascoefficients
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associated with the GQconcentration show a clear contrast between thevier of the Czech temperature (distinct,
strongly significant link) and precipitation (stttcally non-significant connection) series. Theflects a strong formal
similarity in the shape of the temperature series @0, concentration, sharing an increase in the latdr 26d early 21st
centuries. The connection becomes even more proinfaethe 1851-2006 period (Fig. 4c), but does manifest during
the pre-instrumental 1610-1850 era (Fig. 4b), inclvihe CQ signal is mostly featureless. This pattern alsopeaps for
individual seasons, with the G@emperature link at its relative strongest du@@N and weakest during DJF (Fig. 5). The
formal association of COconcentrations with individual drought indices rtheonforms to their definition: while
precipitation-only SPI behaves in a fashion vemilsir to precipitation itself, stronger (althougbtralways statistically
significant) links were indicated for SPEI and PDBlis also worthy of note that, due to strongretation between the
respective time series, very similar results woboéle been obtained if the gBeries were replaced with a predictor
representing total greenhouse gases forcing draothropogenic forcing.

There is a lack of any imprint from solar activityour target series (Fig. 4). This not only aeplto the drought
and precipitation data, but also to the temperatigspite the analysis period involving periodsnafrked decreases in solar
irradiance in the form of Maunder and Dalton minirdasimilar absence of detectable solar signal alas found for
individual seasons (not shown).

The cooling effect of major volcanic eruptions isar in the Czech temperature series over theeeh&01-2006
period, but becomes statistically non-significartew only the instrumental era (1851-2006) is camsidl This contrast
may stem from the limited amount of major volcaewents taking place after 1850, combined with #et that individual
eruptions, varied in their location and nature,ndd form a sufficiently consistent sample for stital analysis of local
volcanism imprints (unlike, e.g., global temperatun which the imprint is substantially clearesee, e.g., Canty et al.,
2013). The volcanism effect on Czech precipitasenies is non-significant regardless of the pedodlyzed. As a result,
the volcanism-attributed component is negligibl@iiacipitation-only SPI, but somewhat more promir(erren though only
borderline significant) in temperature-sensitiveeESBnd PDSI. The season-specific outcomes (Figr&)argely consistent
with those obtained for the year as a whole, witimes degree of cooling indicated for all seasonss tiesulting in mildly
wetter conditions following episodes of volcanisgaching the stratosphere.

Despite the previous indications of possible (albeiher weak) links between the Czech droughtmmegand the
activity of ENSO, this analysis did not reveal atgtistically significant associations within thenaal data. Such a lack of
significant responses was obtained from both EN&®nrstructions (Mann et al., 2009; Li et al., 20d4¢d herein, despite
their distinctly different temporal variability. Bse results also hold for individual sub-periodewkver, in the case of
season-specific results, a significant tendencyatde higher precipitation (and wetter conditionglswndicated for the
positive ENSO phase in DJF for Li et al. (2011)agais well as a borderline significant tendencyatals warmer and drier
conditions in SON. No such links appeared wherBRSO reconstruction by Mann et al. (2009) was asrsd.

The Atlantic Multidecadal Oscillation (AMO) was fod to be linked to the variability of Czech pretagion, as
well as all drought indices during the 1501-2006qae However, its effect is largely absent prierl850. The existence of
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a robust link is therefore dubious, especially @eréing previously reported low AMO influence dugithe instrumental
period (Brazdil et al., 2015b; MikSovsky et al.180). There is a distinct similarity between AMQated links detected for
the annual data and their season-specific countsrfféig. 5), with SON showing the highest relatdegree of statistical
significance.

The imprint of decadal and multidecadal temperatagability in the northern Pacific area, stronglgsociated
with the activity of the Pacific Decadal OscillatigPDO), was found to be quite distinct in all thdrought indices, but
especially in PDSI. The influence of PDO is alsmrsfj in Czech precipitation data, but less so intre¢ European
temperature series. While the relationships arenddly stronger for the 1851-2006 period, the liskalso borderline
significant in the earlier part of the series (1:50850), especially for PDSI, supporting its tempstability. On a seasonal
basis, the strongest drought association with PR indicated for SON, whereas only non-signifidarks were found for
DJF (Fig. 5).

4.2 Coherence between drought indices and for cings

Although Brazdil et al. (2015a) demonstrated welifunced inter-annual and inter-decadal variatiorise Czech spring—
summer drought data, these were predominantlyutaegAs follows from Figs. 1 and 6, no persisteltminant periodic or
quasi-periodic component exists in any of the seofethe Czech drought indices, or in their temjpeeaor precipitation
counterparts. The same also holds when data fovidudl seasons are studied (not shown). While fimding is not
surprising in the context of the central Europelimate, it also confirms only a limited direct inénce for the factors of
periodic nature, such as the 11-year solar cydtetlhe approximately 70-year periodicity of the NoAtlantic sea-surface
temperature, typically ascribed to AMO (note alsat talthough this periodicity is clearly noticeallgéhe wavelet spectrum
of the AMO series, it tests as statistically sigmifit only from the 18th century onwards — Fig. 6).

Several noteworthy interaction regions in the tiinegruency space seem to exist between the Czectateli
descriptors and predictors with distinct inter-disdeoscillations, AMO and PDO (Fig. 7). The patteare very similar for
PDO and AMO, following on from the resemblance loé two series. More curious, however, is the siitylebetween
cross-oscillatory patterns pertaining to the retatbetween AMO/PDO and temperature or precipitatiohile some
differences appear, the general positions of thasaof significant links are quite alike for botriss. None of these regions
of significant local coherence is, however, stabfeughout the entire period analyzed; coherentamperiods of. 20-30
years appears in the 17th and 18th centuries, lhasvduring most of the 20th century (albeit wétltifferent phase shift).
Another region of high coherence appears for perifdabout 70 years from the mid-18th century @ ehd of the 20th.
These features also appear in the cross-waveletrapgevolving drought indices (Fig. 7 — results émly SPEI are shown,
as the graphs are almost identical for SPI and PDSI

In contrast to the influence of AMO/PDO, the cressrselet spectrum of the Czech climate descripisr&NSO
reconstruction by Li et al. (2011) shows no sigwifit coherence regions beyond scattered noiseMB&on et al. (2009)

data, there are several discontinuous regiongperiad band of 8-16 years, but with highly varigtihese shifts, indicating
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the lack of a systematic stable relationship, atest with the non-significance of the links obtnby the regression
analysis.

Cross-wavelet spectra may also shed more lighhemnteraction between individual explanatory Valea (Fig. 7).
The similarity between the ENSO representationkilst al. (2011) and Mann et al. (2009) is concateir in a period band
of ¢. 8-16 years; areas of significant links are, hawequite scattered, with substantial periods clikee relations. This
(together with a lack of shorter-term variationshie Mann et al. data) may explain the differenoesegression analysis
outcomes for the two ENSO index versions. High oehee is observed between AMO and PDO, especialtiié period
bands oft. 20-30 years and 60—100 years, with relativelglstphase shifts, especially for the latter bane:rEn this case,
however, significant links exist for only partstbe 1501-2006 period. Finally, there is some dicetierence between the
series of temperature and precipitation, mostlyeappg around the period of 70-100 years, frommtige 16th to the mid-
19th century. However, due to the presence of shtetm variations in both temperature and preaijoimn, the occurrence
of statistically significant coherences is lessvptent than in the cross-wavelet spectra of tenpesgorecipitationvs.
AMO/PDO.

5 Discussion

Brazdil et al. (2015a) analyzed imprints of climéiecings in series of six spring—summer drougldidas (SPI-1, SPI-12,
SPEI-1, SPEI-12, Z-index and PDSI) for the Czechdsain the 1805—-2012 period. Using multiple regoesanalysis, they
identified the importance of the North Atlantic @stion phase and of the aggregate effect of apbgenic forcing, driven
particularly by increasing C{roncentrations. However, the magnitude of théects varied with the type of drought index
and season. Among other potential explanatory facolar irradiation and the Southern Oscillatshrowed only minor
contributions to drought variability, while the efts of volcanic activity and the Atlantic Multicatal Oscillation were
even weaker and statistically non-significant.

The results obtained from the analysis of threaught indices in the current paper do generally confto the
conclusions of Brazdil et al. (2015a), althoughr¢hare 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 anvalisnal and climatenodel based assessment, they concluded that

anthropogenic emissions have increased the prifyatiildrought years in the Mediterranean and desed it in northern
Europe. The evidence related to central Europeapgeinconclusive. This is consistent with incregsilrought severity
related to temperature rise in southern EuropeefMi Serrano et al., 2014). More recently, Naumeinal. (2018)
demonstrated how drought patterns can worsen inymegions of the world (including southern Europ¢)a global
temperature increase of 1.5, 2 and 3°C compareu thié pre-industrial era. Our findings show tha thcrease in the
ambient CQ post 1850 is clearly correlated with the increggembability of drought in the Czech Republic, whduring

the pre-instrumental period such link does not fieahi
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The findings of this study for the effects of sodativity (see Fig. 4) are consistent with previoesults targeting
the instrumental period and reporting only weakanfy, solar links to the European climate (see Bice et al., 2012;
MikSovsky et al., 2014), or even to global climdtscriptors such as global mean temperature (seesBel, 2003; Gray et
al. 2010 for an overview). Despite using a longeniqul for analysis, involving prominent featureswfl-to-long-term solar
variability in the form of Maunder and Dalton miramthe absence of significant links suggests thatimpacts of solar
variations on the drought regime are negligibleémtral Europe, despite the obvious importanceolafr sadiation as the
main source of the energy for the climate system.ti@ other hand, Diodato and Bellocchi (2011)dwng drought
conditions in central-southern ltaly in 1581-20@i&dx on documentary evidence, reported distingtr Hhd 22-yr cycles,
which could reflect single and double sunspot clbeit not consistently present throughout teog analyzed. They
even argued that periods of low sunspot activitghsas the Maunder Minimum, could have more impactirought than
local forcing agents. Schwander et al. (2017) saidie influence of solar variability on the ocemte of central European
weather types in the 1763-2009 period. They regdawer days with westerly and west-southwestddw fover central
Europe under low solar activity and an increastaéoccurrence of northerly and easterly typess €Thuld be reflected in
precipitation totals and droughts as well.

The effects of ElI Niflo—Southern Oscillation (ENS@) drought variability in central Europe also appeaite
limited. Previously, Pongracz et al. (2003) dem@iset the influence of ENSO events on drought geawe in Hungary;
however the signal was relatively weak in the stiatl sense. Bice et al. (2012) showed a weaKkreimce of ENSO on
temperatures in Croatia. Also weaker and less stergi was the ENSO influence on Croatian wintercipitation,
modulated by longer-term PDO cycles. MikSovsiyal. (2014) indicated a weak Southern Oscilfatidluence on Czech
temperature series and none on precipitation sdriesontrastPiervitali and Colacino (2001), analyzing drougkergs
derived from rogation ceremonies for the 1565-18&60d 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 to ENSO occurred for Bh#- season, and only when Li et al. (2011) dateeweed as the
predictor, compared to the non-significant respaaséthe Mann et al. (2009) ENSO series. Considetiregabsence of
shorter-scale variability in the Mann et al. seriemay be speculated that the responses in tsopal data are tied to inter-
annual rather than decadal variability. Specifiaatosions regarding the nature and reliability feé tespective links are
however difficult to make without a supporting arsss of circulation patterns. Furthermore, compmarisith prior results
obtained for the instrumental period (such as tbassnal variations reported by Brazdil et al. 2Q018brendered
problematic by profound differences in the natfrENSO-related explanatory variables.

While previous studies of the possible influenceegplosive volcanism on Czech droughts reporteldeeinho
significant connection (Brazdil et al., 2015a),omly a weak and geographically sporadic effect @diksky et al. 2016b),
this analysis of more five centuries of data hagaked a more distinct volcanic imprint, suggestintendency towards
wetter conditions following major eruptions, largelue to temporary temperature decrease. Thes#sresa consistent

with the findings of Gao and Gao (2017), who anedyEuropean hydroclimatic responses to volcaniptems over the
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past nine centuries. Applying a superposed epoctysin, they found a significant wetting response 31 tropical
eruptions (95% confidence level) in years 0 (tharyef eruption) and +1 (the first year after erap}iand a significant
drying in year +2. Large high-latitude eruptiongtie Northern Hemisphere gave rise to drying respsiin western—central
Europe occurring in year +2 and shifting southsgasls in years +3 and +4. Similarly, the analydigh@ spring and
summer hydroclimate over Europe and the Mediteaarguring the last millennium by Rao et al. (20hdjicated wet
conditions occur in the eruption year and the feltg three years in western Mediterranean, whikthveestern Europe and
the British Isles experience dry conditions in mse to volcanic eruptions, with the largest moestdeficits in post-
eruption years, and the Czech Lands being mosttaffedwo and three years after the eruption. PésekBrazdil (2006)
analyzed the imprints of seven large tropical eomgtin four temperature series and three gloldihtian series in central
Europe. They demonstrated that the volcanic sigmedgional series is not as strongly expressetthason a hemispheric
scale, owing to varying local effects and circdatpatterns. The climatological responses to evoptin areas closer to
central Europe, such as Iceland and the Meditesrgn@ere identified as more important. This wasfioored by a more
recent and detailed analysis of the climatologarad environmental impacts of the Tambora 1815 emumin the Czech
Lands (Brazdil et al., 2016b) and in its comparisath the Lakagigar 1783 eruption (Brazdil et &017). Presence of a
distinct signature of the Tambora eruption was asofirmed in the central European tree-ring chlagies, though
overestimated in both intensity and duration of¢beling (Blintgen et al., 2015). Overall, it apetrat while the effects of
individual volcanic eruptions or their shorter seqces on central European droughts are difficulistdate from the
background of other influences, their existenceobexs more clear from multi-century series, covedngrger number of
powerful volcanic events.

The influence of AMO and PDO on drought variabilitgs already been demonstrated in the resultsvefae
papers (e.g., Enfield et al., 2001; McCabe et24lQ4; Mohino et al, 2011; Oglesby et al., 2012)reill@ connection of
Czech drought indices to both these oscillations iwdicated, more prominent for PDO. This resuklili consistent with
the outcomes of an analysis by MikSovsky et al16d), applying linear regression to the seasormlght index data from
several Czech locations in the 1883-2010 period rapdrting quite a strong link to the PDO indexulésg from an
interaction of PDO-correlated components in botecjpitation and temperature. However, a potentiablem with the
analysis procedure stems from the close similafitthe pair of predictors representing AMO and Pi@ability. Despite
the removal of the long-term temperature compoffrem the original temperature reconstructions bynklat al. (2009),
the Pearson correlation coefficient of the twoeseis 0.77 over the 1501-2006 period; there isalsery strong similarity
between the two signals at periods of around 2@ea5s as well as around 70 years (Fig. 7). Asutrése AMO and PDO
predictors are competing for the same componentthéntarget signals and the confidence intervalghef resulting
regression coefficients are inflated compared éodtimer explanatory variables (Fig. 4). Considetirggrelative similarity of
magnitude and significance of the regression atiefftis for AMO and PDO and their typically oppossigns, it is difficult
to assign the variations in the target variablesne or the other. When employed individually (@gher AMO or PDO, but
not both), the PDO series constitutes a more inflak predictor than AMO, with links to SPEI and BDstatistically
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significant at a 99% level over the 1501-2006 mkrion the other hand, AMO alone produces no sigmifi links to
drought indices. To investigate this behavior farththe AMO-PDO pair was replaced with their transfation by
unrotated principal component analysis. In thisigethe first principal component (PC1; represen88% of total variance)
corresponded to the arithmetic mean of the AMO RB® series, while the second component (PC2; thaining 12% of
total variance) represented their difference. Qsitgprisingly, a substantially more significant sention to the series of
Czech drought indices was indicated for PC2 tharPfol. This suggests that the difference betweenetmperatures in the
northern Atlantic and northern Pacific, rather thlair common concurrent variability, is influertia the context of the
interdecadal variability of central European draisgh

It should be mentioned that the fraction of var@egplained by the regression mappingd {&quite low in all the
cases presented above: it does not exceed 0.@fdoght indices or precipitation at annual resolutin the 1501-2006
period. A slightly higher value (R= 0.14) was achieved for the temperature seriestlyndue to the match of long-term
trends for temperature and of €@oncentration. Somewhat highef Ras also indicated for individual sub-periods,
especially 1851-2006. Even so, the components tddtét the drought indices, even when statisticsiyificant, do not
constitute a predominant source of total variahilibhis role appears to be played by inter-annaailations associated with
weather changes closer to synoptic time scalesi@thdo local climate dynamics. Still, as the sttatal significance of some
of the links in this analysis suggests, the effeftsome of the extra-European climate drivers khoot be dismissed, as
they appear to contribute substantially to interadfal variability (driven, at least partially, lgmiperature variations in the
AMO and PDO regions) or episodic perturbationsdanic activity).

Due to the focus on globally-acting and more slovdyiable factors, the analysis herein did not w@rssome of
the canonical drivers of more rapidly variable comgnts in the climate system. For central Eurdpese include the North
Atlantic Oscillation (NAO) in particular, an osetiory mode typically defined from the atmosphetiesgure distribution
over the northern Atlantic and projecting a sigmfit influence over many aspects of the Europemmat#, including
drought variability (e.g. Brazdil et al. 2015a; Mdusky et al. 2016b). When a NAO reconstructiorLbterbacher et al.
(2002) was used as one of the explanatory varialtihes link to Czech drought indices was found tost®ng and
statistically significant for both instrumental apte-instrumental periods, with positive NAO phassulting in distinctly
warmer and wetter conditions, and thus negativeribotions to the drought indices. In potentialuitg extensions of
drought attribution analysis, concerned with mengid oscillatory modes in the drought data, the afINAO (as well as its
potential interactions with other drought-influemgifactors) should not be ignored.

One of the key questions associated with any aisabfsnulti-centennial climatic signals is the issaf stability in
the patterns and relations observed. While thidysatitempted to address this subject within itsesgjon-based analysis, by
investigating two shorter sub-periods in the dataeven finer division would prove difficult in thight of the relatively
long characteristic timeef some of the processes involved (such as AMO)pewad to the length of the time series
available. In this regard, cross-wavelet transfamay provide extra insight; it appears that whildqic oscillations do not

dominate Czech drought indices, some time-scalessabstantially involved in the interactions betwemir target and
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explanatory variables (Fig. 7). However, none @sth connections is persistent throughout the emtiatysis period, even
though some of them (especially the relatively cehtlink indicated for periods of around 70 yeasan several centuries.
To better describe these links and their implicegica transition to more complex regression metmoayg be desirable in
the future. This extension of analytical methodsudth also be accompanied by a more detailed asabjghe uncertainties

in the pre-instrumental data, including inter-conigzmn with other data types (such as dendroclinratonstructions).

6 Conclusions

The current paper analyzed imprints of externadl some internal, climate forcings in three longrteseries of drought
indices (SPI, SPEI, PDSI) derived from documentarg instrumental data after AD 1501 for the Czeahds. The results
confirmed some of the previous findings derivedrfrmmstrumental data; in other cases, such exteatedysis 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:

(i) CO, concentration (and corresponding radiative forcin@tches the long-term trend component in the ésatpre-
sensitive drought indices quite well (SPEI and RD&laddition to temperature itself). Even consiugrthat statistical
attribution analysis can only reveal formal simitias and cannot verify the causality of the lirdetected, the dynamics of
the relationship during preindustrial and recentiqus and other available evidence (including datan climate
simulations) support the existence of an anthropiogi@educed drying effect in central Europe, priityatied to temperature
increase rather than precipitation changes.

(i) While the results herein confirmed the lackaofsolar variability imprint in the drought seriesdistinct signature of
temporarily wetter conditions following major stwapheric volcanic eruptions was detected, largig to transitory
temperature decrease. This behavior appears utaldtedrom instrumental data alone, probably dughto insufficient
number of large volcanic events.

(i) Unlike the mostly non-significant responseBdISO, both AMO and PDO appear to be tied to ddcaatthmultidecadal
components in (at least some) drought indices. Ewere curiously, a more significant drought compureppears to be
tied to the difference between AMO and PDO valwhkar than to their common component. Further aéba will be,
however, needed to verify whether this behavia msanifestation of actual physical links, or a fieatassociated only with
the specific AMO and PDO reconstructions used.

Finally, the results herein also indicated somempiially prominent, but not completely stable rielas between the
time-series investigated. In the future, these lshbe investigated more closely, as a better utatedig of them is vital to
proper analysis of records spanning many centuliethis context, the reliability of the reconstred records needs to be
addressed in more detail. Transition to more complatistical techniques (possibly nonlinear) mégoee desirable,
although challenges will have to be overcome rdlaehigher uncertainty and the sometimes limitédrimation content of

document- and proxy-based data.
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Data availability
The series of explanatory variables for externahade forcings, as well as internal climate vafdigbmodes, were obtained
from the KNMI Climate Explorer database — httpéifiexp.knmi.nl. The central European temperaturgesds available
on https://www.ncdc.noaa.gov/paleo-search/study9%hile Czech precipitation and drought indiceseseare available
from the authors.
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Figure 1. Fluctuations in annual drought indices, temperatumé precipitation anomalies (w.r.t. 1961-1990refee period) for the
Czech Lands in the AD 1501-2006 period; smoothetilbyear running means (darker lines).
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and CQ concentration).
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Figure 4. Standardized regression coefficients (central ith 95% confidence interval shown as the box 88&b confidence interval

as the whiskers), obtained by multiple linear regi@n between the predictands characterizing IGealch climate (drought indices —

green, temperature — red, precipitation — blue) arseét of explanatory variables representing eatdorcings and large-scale internal
climate variability modes in various periods: ap18.610)—2006, b) 1501(1610)-1850, c) 1851-2006.
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Figure 5. Standardized regression coefficients (central kvith 95% confidence interval shown as the box @8 confidence interval

as the whiskers), obtained by multiple linear regi@n between the predictands characterizing IGeakch climate (drought indices —

green, temperature — red, precipitation — blue) arset of explanatory variables representing eatdorcings and large-scale internal
5 climate variability modes; period 1501-2006, indival seasons.
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(continuous wavelet transform, Morlet). Areas egetbby black line correspond to wavelet coeffigesignificant at the 95% level, AR1
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Figure 7. Standardized cross-wavelet spectra between sefi€earh SPEI, central European temperature, Czeetipitation and
selected explanatory variables with distinct oatilty component (annual time-step; standardizecb@axicorrected, as per Veleda et al.,
2012). Coherences statistically significant at95&6 level are enclosed by black line; the arrowdicete local phase difference, with
corresponding to the two signals being in phase<ariddicating a shift of half the period.
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