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

We would like to thank all three anonymous referees for their valuable comments regarding our
manuscript. We tried to incorporate the corresponding modifications into our analysis and its proposed
presentation in the revised paper, or bring arguments in cases when we were unsure how the proposals
could be implemented into the manuscript without too severe changes of its context or aim.

Main changes to the analysis and its presentation in the revised manuscript:

- Results involving effect of the North Atlantic Oscillation (NAQO) have been added in a quantitative
form (whereas in the original manuscript, only a brief mention of NAO effects was made in text).

- More reconstructions have been employed to represent the AMO index (2 versions in total) and
PDO index (3 versions in total) and comparison with the previous results based just on the
reconstruction by Mann et al. (2009) has been provided. Predictor representing radiative forcing
due to changes in the atmospheric composition has been altered to involve the aggregate effect
of multiple greenhouse gases rather than just carbon dioxide. The solar variability predictor has
been replaced by the recently published Total Solar Irradiance (TSI) data by Lean (2018), covering
the entire 1501-2006 period, whereas the data by Coddington et al. (2016) are now used as an
alternative solar activity descriptor.

- Discussion of the results has been expanded to pay more attention to the potential interactions
between individual predictors.

- Additional results have been added to better illustrate properties of the regression mappings,
including values of the coefficient of determination, samples of regression-estimated
components associated with individual predictors, and graphs of regression residuals and their
autocorrelation functions.

- Electronic Supplement has been added to the manuscript to hold extra materials illustrating
outcomes of the supporting analyses.

Please see below for specific responses to the comments of referees 1, 2 and 3 (R1, R2, R3) and
description of the corresponding changes to the manuscript.

The marked-up version of the manuscript, detailing the changes made, is attached at the end of this
document.
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Anonymous Referee #1

The paper analyses the long-term variability of droughts in the Czech lands based on long
reconstructions (based on instrumental and documentary data). Time series of drought indices,
temperature and precipitation are compared to reconstructions or time series of suspected drivers such
as external forcings and oceanic variability modes. Anthropogenic radiative forcing as well as AMO/PDO
are identified as influencing factors. The paper is interesting, valuable to the community and within the
scope of Climate of the Past. However, | have several comments, which | think the authors should
consider, before the paper can be published.

Methods

It is not fully clear which data are monthly or seasonal. Often the text mentions "seasonal and annual" or
"monthly, seasonal and annual", which | found confusing. Also, the drought indices are usually calculated
for individual measurement locations or grid cells. Here they are calculated for a large-scale average, as |
understand. This should be made clear and explained. In the results section it then becomes clear that
the seasons are analysed separately. However, what is the motivation for analysing a autumn or winter
drought index?

Response R1-1: The data description (Sect. 2.1, 2nd paragraph) should now make it more clear
that the analysis was carried out on either series of true annual values (i.e., consecutive values
representing means for an entire year) or series of season-specific means (i.e., one seasonal
value for each year). The note regarding monthly series in Sect. 2 pertains to some of the original
data sources; monthly values were not directly studied in the current analysis. The nature of the
drought indices as area-wide means is now more explicitly stated in the text (Sect. 2.1, 1st
paragraph). Since drought data for all seasons (including autumn and winter) were available and
analyzed, we present the outcomes for all four seasons, to illustrate the full range of potential
climate links. It should also be considered that even though for some applications (such as
investigation of agricultural droughts) spring and summer conditions may be of greater interest,
recharge of the underground water resources and surface reservoirs depends on the water
available during autumn and winter and droughts in these periods often induce major
hydrological impacts in the following year.

Multiple linear regression is used to separate individual components, but fully separating external forcing
from internal variability (e.g., oceanic modes) is fundamentally difficult. External forcings might operate
via altering internal variability modes (e.g. solar and volcanic forcing might change the climate system via
AMO or ENSO). Conversely, AMO and PDO have the imprint of global temperature rise. | see that the
authors use cross-wavelet spectra, partly to assess the interdependencies, but not systematically. Partial
correlation methods could be used to go into more depth here, or different models could be compared.
In any case, the interpretations should be phrased very carefully.

Response R1-2: Indeed, the problem of separating the strictly external forcings from the
internally induced variability is a complicated one, not only at a statistical level, but also with
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regard to the underlying physical mechanisms. While this was not mentioned in the manuscript,
we examined the mutual links between individual predictors with episodic or oscillatory
components in terms of Pearson (cross-)correlation. Although some potentially noteworthy
correlations appeared, none of them (other than the AMO-PDO relation) seemed strong and
stable enough to warrant a specific treatment of inter-predictor links, at least not in the context
of purely linear regression. Therefore, in our analysis eventual external forcing-induced
components in the indices of internal climate variability modes were treated as a part of these
indices; components attributed by the regression analysis to the forcings themselves were then
treated as direct responses. To provide a more complete picture of the potential indirect effects
of external forcings manifesting through their influence on the internal climate variability modes,
results of analysis carried out with just the predictors representing external forcings (solar,
volcanic, anthropogenic) have been added to the revised manuscript (Fig. Sla in the
Supplement), and they are mentioned in the main text (p. 16, I. 18+). The effect of solar and
volcanic forcing on NAO is also discussed (paragraph starting at p. 16, . 3) and documented in
the Supplement (Fig. S7). Furthermore, the Discussion has been expanded to provide additional
references to some works addressing the influence of external forcings on NAO (Ortega et al.,
2015; Sjolte et al., 2018). We did, however, not attempt to extend our analysis to involve the
effects of external forcings on long-term components in the internal climate variability modes
(particularly AMO and PDO), as this issue would require a considerably different methodological
approach.

In the case of the imprints of global temperature in the AMO and PDO indices derived
from data by Mann et al. (2009), please note that the long-term temperature component (in the
form of mean northern hemispheric temperature) has been removed from the data during pre-
processing (as described in Sect. 2.2), and the AMO/PDO predictors therefore only encompass
oscillatory variations around the hemispheric temperature series. This is stated in the respective
paragraphs of Sect. 2.2.

Due to the sheer amount of possible combinations, results of the cross-wavelet analysis
were only presented for selected pairs of predictors/predictands, either those showing
interesting interactions, or those intended to illustrate a similarity or contrast in behavior
compared to some other pair of variables. In the revised version, the interactions between SPEI,
temperature and precipitation and the primary predictors have been retained in the manuscript
(Fig. 7); results for the alternative predictors are given in the Supplement (Fig. S2). Selected
additional cross-wavelet spectra have also been added to the Supplement, illustrating
interactions between predictands (Fig. S3a) and between different predictors and their versions
(Figs. S3b, S3c).

While we agree that partial correlations can offer additional insight into the
interdependencies in a multivariable system, their use does not necessarily solve the ambiguity
arising from the existence of a common, physically relevant component within multiple
explanatory variables, stemming not from a one-way causality, but rather from a two-or-more-
way interaction. Such a component cannot be reliably assigned by purely statistical means and
since its origin is typically rather complex, we prefer to deal with its presence and interpretation
during the discussion of the results. Note also that in the most prominent case of such
collinearity in our analysis, related to the similarity between AMO/PDO predictors by Mann et al.
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(2009), we addressed this problem by carrying out regression with mean value and difference of
the AMO and PDO series; the outcomes are now shown explicitly (Fig. Sic) rather than just
mentioned in the main text. Results for regression involving AMO-only and PDO-only
configuration of predictors are now also included (Fig. S1b) instead of just discussed.

The regression model itself is not explained clearly. From the text it becomes clear that different ENSO
indices were used, but which model (which ENSO index) is the one shown in Figs. 4 and 5? Furthermore,
only very late in the paper we learn that the explained variances are very low, below 5%. Should we even
analyse regression models that have no explanatory power? Finally, the effect of reconstruction
uncertainty is not discussed.

Response R1-3: The missing identification of the primary ENSO index has been corrected — it is
now explicitly stated that the results in Figs. 4 and 5 are based on the ENSO reconstruction by Li
et al. (2011). Furthermore, due to the inclusion of alternative predictors in the revised version of
the manuscript, individual data sources are now systematically specified in the individual figures
whenever more than one version of the predictor exists.

The seemingly low fraction of variance explained by the regression models (R%) is a result
of dominance of inter-annual variability in the predictand series, matched in the regression
mapping against predictors mostly dominated by inter-decadal variation. Formally, higher R’
could be achieved by removing the year-to-year variations, e.g. by smoothing the series by a
moving average filter (to give an example, for the period 1501-2006, 21% of variability of the
annual SPEI series can be explained by the regression model if the series are smoothed by 11-
year moving average; this value increases to 33% when the NAO reconstruction by Luterbacher
et al. (2002) is also included as a predictor). However, since some of our explanatory factors (the
episodic volcanic activity, 11-year cycle in the solar variability signal, and the NAO index in the
revised version of the analysis) do exhibit faster variability, which would be largely erased by the
smoothing, we prefer to perform the analysis with the unaltered series. The prominence of
individual explanatory factors is evaluated through statistical significance of the respective
regression coefficients, regardless of the overall R> — an approach that we believe to be
consistent with our primary aim, i.e. identification of forcings and large-scale factors influential
in establishing the drought regime of the Czech Lands (as opposed to an attempt to construct a
predictive model reproducing the series with as much variability as possible). To better illustrate
the actual magnitude of components associated with individual explanatory factors, a sample of
time series of regression-generated components corresponding to individual explanatory
variables has been included in the Supplement (Fig. S5); furthermore, values of R* have been
added to Figs. 4 and 5 for each of the regression configurations.

The effect of uncertainties tied to the results would be rather difficult to quantify
reliably, as not all series analyzed come with an uncertainty estimate, and methods of its
estimation differ even when such data exist. However, due to increased number of versions of
some predictors in the revised version of the analysis, more attention is paid in the revised
manuscript to the robustness of the results based on different reconstruction sources.
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The paper says little about the mechanisms linking the external and internal drivers to drought and
hydroclimatic conditions in general. Obviously a study using reconstructions cannot explicitly address net
radiation, soil moisture, temperature effects, land-surface feedbacks, atmospheric circulation effects
(blocking), etc. But it would be nice to read the authors’ hypotheses. The paper is rather silent about
mechanisms. In the introduction Hess-Brezowsky weather types are mentioned, and later the NAO, but
the NAO is not incorporated into the analyses and the discussion parts then follows another thread:
Doing a PC analysis of AMO/PDO. It would be nice if the Discussion section could come back to
mechanisms at some point.

Response R1-4: Note please that our study is dealing with droughts defined through the
SPI/SPEI/PDSI indices, shaped by (and calculated from) precipitation and temperature series. Our
interpretation of the possible links is therefore focused on the role and eventual interaction of
the temperature and precipitation variability in establishing the central European drought
regime expressed by the above indices. Also note that some of the responses, while statistically
significant, represent rather minor tendencies, difficult to reliably assign to specific mechanisms
(especially in our analysis involving pre-instrumental period, as no data exist consistently
capturing global large-scale circulation over the last five centuries, making it difficult to evaluate
influences related to circulation, blocking, etc.).

NAO-related effects have been included in the revised version of the manuscript, based
on the NAO index reconstructions by Luterbacher et al. (2002) and Ortega et al. (2015) as well as
multidecadal NAO variability reconstruction by Trouet et al. (2009). The results in Figs. 4 and 5
have been updated to show regression coefficients related to NAO in addition to the previously
considered predictors; the Discussion has been expanded to include analysis of the NAO-related
links.

Minor comments

Abstract, |. 14: "external and internal climate forcings". Please be careful with terminology here and
elsewhere. Considering the coupled climate system "forcing" is used for external influences (subdivided
into natural and anthropogenic) while internal variability is used for the dynamics of the coupled system
even if unforced. When considering only the atmosphere, "oceanic forcing" is sometimes used. In any
case, the terms should be defined and used consistently.

Response R1-5: Terminology in the manuscript has been modified to avoid use of the term
‘forcing’ for factors originating from internal climate dynamics.

P. 2, L. 5: a substantial number of studies: cite
P.2,L.5: Alot of work has been done on droughts in the USA. Perhaps before zooming in on Europe, you
could mention that.

Response R1-6: Both comments accepted, corrected by adding new references as follows (p. 2, I.
15 in the revised manuscript): “In addition to a substantial number of studies investigating
drought indices for the instrumental period in Europe (e.g. van der Schrier et al., 2007, 2013;
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Briffa et al., 2009; Sousa et al., 2011; Todd et al., 2013; Spinoni et al., 2015; Haslinger and
Bléschl, 2017) and other areas of the world (e.g. Dai, 2011; Spinoni et al., 2014; Ryne and Forest,
2016; Wilhite and Pulwarty, 2018), generally calculated ...”.

P. 2, L. 24: instrumental precipitation series
Response R1-7: Corrected as “The authors demonstrated the importance ...”
P. 3, L. 10: What time window was used for the SPI?

Response R1-8: The time window used for the SPI/SPEI calculation was chosen to match the type
of the series used as predictand, i.e. 12 months for the annual data, 3 months for seasonal data.

P. 4, L. 3 and 4: 1 do not understand this sentence.
Response R1-9: The sentence has been changed to (p. 4. I. 26): ‘As a result, a 100-member
ensemble of distributions of monthly precipitation totals for each season and the year was
obtained. These distributions were then applied for calculation of indices for every year in the
1501-1803 period.’. Note, please, that this is just a substantially simplified description of the
data preparation process, and full explanation can be found in Brazdil et al. (2016a).

P.4, L. 10: "climate forming agents": rephrase
Response R1-10: Reformulated to ‘climate-defining factors’

P.4, L. 19 and 20: Omit the first part of the sentence, which is unnecessary. Start with "A large part..."
Response R1-11: Accepted

P. 4, L. 26: strong clear?

Response R1-12: Changed to ‘clear’

P.5, L. 1-3: Perhaps cite Fischer et al. GRL (https://doi.org/10.1029/2006GL027992)

Response R1-13: The reference to Fisher et al. (2007; DOI 10.1029/2006GL027992) has been
added to the revised manuscript.

P.5, L. 19: I am a bit puzzled why the authors use the Mann et al. ENSO series. As the authors write (and
other authors have also pointed to that), the reconstruction varies mostly on the 8-20 year time scale.
Why use it as an ENSO time series then? | would rather use other ENSO reconstructions. Similarly, for
AMO and PDO it would be nice to have two indices for each (e.g. Shen et al. 2006 for the PDO, Gray et al.
2004 for the AMO).
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P. 10, L.

Response R1-14: Please note that ENSO reconstruction by Li et al. (2011) was used as the
primary descriptor of ENSO, and a basis for the results shown in Figs. 4 and 5. ENSO index
derived from the Mann et al. (2009) data was only used as an alternative ENSO descriptor. This
should now be more clear from the revised text, as more thorough identification of individual
data sources is given throughout the text. Regression outcomes for Mann et al. (2009) ENSO data
are now included in the Supplement (Fig. S1i).

Results based on the PDO reconstructions by MacDonald and Case (2005) and Shen et al.
(2006) and AMO reconstruction by Gray et al. (2004) have been included in the revised
manuscript and discussed along with the outcomes of the analysis utilizing the originally
employed PDO/AMO data by Mann et al. (2009). Regression coefficients are presented for each
version of the predictors (some of them in the Supplement, Fig. S1); their similarity (or lack
thereof, as is the case for the PDO reconstructions) is now discussed with regard to the
robustness of the results and the associated uncertainties (in the relevant sections of the
Discussion).

34:Is the tendency for wet conditions after volcanic eruption really due to lower temperatures?

Response R1-15: This formulation is meant to reflect the fact that the tendency towards higher
values of the drought indices during periods with higher amounts of volcanic aerosol coincides
with significant drop of temperature, while no statistically significant change in precipitation is
indicated.

P. 11, L. 34: | am surprised that Sutton and Hodson (2005) paper is not mentioned in context with the
AMO effect.

Response R1-16: The reference to Sutton and Hodson (2005) has been added to the revised
manuscript (p. 13, I. 31).
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Anonymous Referee #2

GENERAL COMMMENTS:

Manuscript under revision is an approach to study of drought in Czech Republic area, taking in
consideration previous climatic reconstructions, already published, using these informations to generate
drought indices based on instrumental records. Analysis of possible relations with different forcing
factors is also made to offer general or initial explanation to drougth mechanisms for this Central Europe
study area.

Main effort focused to compare rainfall indices and temperatures for long or complete periods. It's a
good first approach to drougth phenomena. It open research to study specific events at higher temporal
resolution, impacts and responses, etc.

SPECIFIC COMMENTS

+ Title could include temporal dimension of work of manuscript.

Response R2-1: Because we are using the expression “long-term”, it is probably not necessary to
extend the title for the time span used.

+ Title. Expression "drought" into title is excessively general. A more correct definition of topic
developped into manuscript would be "drought indices".

Response R2-2: Accepted and also with respect to a comment of Referee 3 changed to “Long-
term variability of drought indices in the Czech Lands and effects of external forcings and large-
scale climate variability modes”

+ Lines 28-30. Seasonal and annual precipitation for 1501-1854 is reconstructed from "document-based
precipitation indices". Dobrovolvy et al., 2015. Could explain in a short description general characteristics
or contents of these "documents"? How was developed previous analysis. Just to have a connection
between original information and present results generated into manuscript. IF drought is analyzed, at
least public must know about historical documents used for reconstruction, temporal resolution of
information obtained, locations or regions with available information, aspects of natural process and/or
and human impacts detected/evaluated....etc.... | understand manuscript can have restrictions of
extension, but this short overview would be useful for public.

Response R2-3: This comment and several following remarks of Referee 2 concern details
related to the documentary data used. We would like to stress that the primary aim of the
analysis is the study of forcings and large-scale climate drivers reflected in series of drought
indices, described in detail in the paper by Brazdil et al. (2016a). Because their calculations are
based on reconstructed temperature (Dobrovolny et al., 2010) and precipitation (Dobrovolny et
al.,, 2015) series, in which a detailed information of documentary data used with their types,
examples and critical evaluation are given (as well as the reconstruction uncertainties), it would
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bring not too much new information to the merit of this article. But looking at the comments of
the Referee 2, we included several additional sentences in this direction with hope to fulfill at
least partly these requests by the change of the fifth paragraph of Section 2.1 as follows (p. 4, I.
3):

“Long-term seasonal and annual series of these three indices, dating from AD 1501 in the Czech
Lands (Brazdil et al., 2016a) were used in the current study. They were derived from 500-year
temperature and precipitation reconstructions based on a combination of documentary data and
instrumental measurements. Documentary data comprised descriptions of weather and related
phenomena from a variety of documentary evidence, some of it individual, some of it of an
institutional character, such as annals, chronicles and memoirs, weather diaries (non-
instrumental observations), financial and economic accounts, religious records, newspaper and
journals, epigraphic sources, and more. Such data in the Czech Lands cover particularly, at
varying degrees of density, the period from AD 1501 to the mid-19th century, but continue even
to the present time. The spatial density of such data changes over time, depending on the
availability and extraction of existing documentary sources. All the data collected were critically
evaluated with respect to possible errors in dating or spatial attribution and were used for
interpretation of monthly-weighted temperature and precipitation indices on a 7-degree scale,
from which series of seasonal and annual indices were created (for more details of the use of
documentary data, its critics, analysis and interpretation, as well as creation of series of indices
in historical climatology, see Brazdil et al., 2005, 2010). Such data were further used as a basic
tool for temperature/precipitation reconstructions. Firstly, Dobrovolny et al. (2010)
reconstructed monthly, seasonal and annual central European temperature series, partly based
on temperature indices derived from documentary data for Germany, Switzerland and the Czech
Lands in the 1501-1854 period and partly on homogenized instrumental temperature series
from 11 meteorological stations in central Europe (Germany, Austria, Switzerland, Bohemia)
from 1760 onwards. This temperature series is fully representative of the Czech Lands.
Subsequently, seasonal and annual precipitation series for the Czech Lands were reconstructed
from documentary-based precipitation indices in the 1501-1854 period and from mean
precipitation series calculated from measured precipitation totals in the Czech Lands after 1804
(Dobrovolny etal., 2015).”

+ Bibliography used on work is complete and well updated.
Response R2-4: Thank you.

+ Effort to offer a background or general overview about drought events is not so complete as we would
like find. For example, justification of study of drought. It's a present or potential problem for Czech
Republic?, any previous strong event justify this study? How they are drougth conditions in Czech
Republic?

Response R2-5: To fulfill this comment, the first paragraph of Introduction has been changed as
follows: “Droughts, among the most prominent manifestations of extreme weather and climate
anomalies, are not only of great climatological interest but also constitute an essential factor to
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be considered in the assessment of the impacts of climate change (Stocker et al., 2013; Trnka et
al., 2018; Wilhite and Pulwarty, 2018). This is also valid for the territory of the Czech Republic
where droughts, apart from floods, constitute the most important natural disasters, with
significant impacts upon various sectors of the national economy, such as agriculture, forestry,
water management, and tourism/recreation. Since the Czech Republic lies on a continental
divide with rivers flowing out of its territory, it depends on atmospheric precipitation alone for
its water supply. Although certain extreme droughts with important socio-economic and political
impacts are known from the past, such as the drought of 1947 (Brazdil et al., 2016b), studies
performed in recent years show the Czech climate has become increasingly dry in the past 2—-3
decades, expressed in terms of higher frequency of extreme droughts with significant
consequences (e.g. Brazdil et al., 2015b; Zahradnicek et al., 2015). The abundance of long-term
instrumental meteorological observations has provided a basis for a number of recent drought-
focused studies, revealing complex regional drought patterns and a richness of features
observed at various spatial and temporal scales, in the European area (e.g., 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) as well as other areas of the world (e.g. Dai, 2011; Spinoni et al., 2014; Ryne
and Forest, 2016; Wilhite and Pulwarty, 2018). 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). “

+ Historial dimension of drought is not analyzed. Just index values from previous research considered as
approach to climatic patterns related to low values of reconstructed precipitation. Drought is not studied
by itself as climatic/historic phenomena. This aspect is not negative nor positive. Just it would require
any extension of explanations about drougth as climatic pehnomena in introduction of work.

Response R2-6: As explained above, our manuscript concentrates on the explanation of effects
of external forcings and large-scale climate drivers on long-term drought indices variability in the
Czech Lands. This means that we are really not analyzing “historial dimension of drought” as the
referee correctly states because it does not fit to the concept of this paper.

+ No specific drought events are mentioned. No description at least for one event is included into
manuscript. Complexity of drought events and related impacts is not described/evaluated. May be
authors are preparing other papers with these specific topics?

Response R2-7: The description of any “specific drought event” does not fit to the paper context,
analyzing rather effects of external forcings and large-scale climate drivers in long-term drought
indices series. Descriptions of specific drought events in the Czech Lands can be found, for
example, in Brazdil et al. (2013) or Brazdil et al. (2015b). Moreover, the paper “Extreme droughts
and human responses to them: the Czech Lands in the pre-instrumental period” by Brazdil et al.
was currently submitted to Climate of the Past (https://doi.org/10.5194/cp-2018-135).
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+ No explanation about drought as climatic phenomena. How is considered drought in Czech Republic,
what criteria are applied, what instrumental thresholds, duration/extension/severity, different
concepts/definitions of drougth, affectation of agriculture.... Any explanation would be useful to
understand characteristics and effects for public unknowning these specific details.

Response R2-8: We would like to stress that we are not concentrating in this paper primarily on
“drought as climatic phenomena” or “what criteria are applied, what instrumental thresholds,
duration/extension/severity, different concepts/definitions of drought, affectation of
agriculture”, because it was analysed already in many other papers related to the territory of the
Czech Republic (for comprehensive overview see e.g. Brazdil et al., 2015b). We are just trying to
find how fluctuations in series of drought indices in the Czech Lands are influenced by external
forcings or large-scale climate drivers.

+ If drougth is defined only from specific indices (SPI, SPEL...), when we work in historical time, out of
instrumental data availability, this topic must be taken with more introductory explanations. A more
complete and informative approach about how documentary records detect and define droughts, what
they record, what transmit....

Response R2-9: We would like to stress that drought indices are not primarily derived
(calculated) from documentary data, but from temperature/precipitation reconstructions based
on documentary-based indices series and overlapping instrumental series. For this reason we are
of the opinion that comment “A more complete and informative approach about how
documentary records detect and define droughts, what they record, what transmit....” could be
difficult to follow in the recent concept of our paper.

+ If manuscript is based on previous reconstructions, focused on reconstructed values of mm. rainfall, by
total monthly/seasonal/annual resolution, authors must consider they cannot analyze all dimension of
droughts. Rainfall indices with positive aspect can cover important drought events, when dry periods are
interrupted by strong rainfall events. Knowing what tipe of drougth is under study, these singular aspects
could be differenced, generating a better and deeper study.

Response R2-10: We agree with the opinion of referee 2 but we are not analyzing drought on
the base of precipitation indices. Precipitation reconstruction was used only as one of two basic
series which were used to calculate series of drought indices.

+ Manuscript doesn’t show a clear relation of type of documents and type of information rescued and
anallyzed.

Response R2-11: As mentioned in Section 2.1, we analyse effects of external forcings and large-
scale climate drivers in long-term variability of drought indices series, calculated from
reconstructed series of temperatures (Dobrovolny et al., 2010) and precipitation (Dobrovolny et
al., 2015). Both these papers contain detailed information about types of documents and
information rescued and analysed. Calculation of drought indices was explained in detail in the
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paper by Brazdil et al. (2016a). From these reasons we do not see as necessary to repeat in detail
all these aspects in the present paper.

+ It would be interesting focuse efforts on variability and extreme events of the same variable before to
compare with variability of others proxys.

Response R2-12: Aspects reported by the referee (variability, extreme events, ...) were dealt in a

great detail already in the paper by Brazdil et al. (2016a). We feel it redundant to repeat it here
again because it does not fit to the context of the present article.
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Anonymous Referee #3

Description

This paper addresses the understanding of the variability of droughts, temperature and precipitation in
the Czech lands 1500-present from the point of view of its dependence on internal drivers (e.g. some
specific modes of circulation) and also external forcing factors (volcanic, CO2, etc). For that purpose a
multiple linear regression is applied having as predictand variables 3 drought indices and as predictors a
set of external and internal drivers.

The purpose of the paper has value and meaningful and solid results in this direction would be worth to
be published in CP. If attribution of drought variability or a meaningful step forward in its understanding
in the Czech Lands would be attained | think this would be sufficiently valuable in my view to support
publication. Therefore, | encourage authors to pursue this line of work towards publication. At this state,
| would recommend major revision of the manuscript. There are several issues related to the rationale,
methodology and description and interpretation of results that in my understanding require revision. |
will argue about this in the following points.

General Comments

GC1 General approach to attribution As it is described in the paper, 5 predictand series (3 drought
indices and a temperature and a precipitation series) are examined using multiple linear regression as
functions of independent predictors, the latter being internal and external in nature. In practice, these
are 5 individual multiple regressions.

Having that in mind | would suggest to consider the analysis, description and discussion of the: a)
selected predictors; b) of the methodological approach; and c) of the residuals of the methodology.

a) Selected predictors. | would argue these are insufficient in both the case of the external and internal
subsets.

a.1-Regarding external predictors | have no objections to the ones considered so far but the authors
should discuss why important predictors like other greenhouse gases (GHGs), aerosols and particularly
land use land cover (LULC) are not considered. For the case of other GHGs than CO2, it would be more
elegant either to consider them or to use equivalent CO2. For the case of aerosols some arguments or
strategy or implementation should be considered also. For the case of LULC, this would really be an
important variable since it can have an impact on drought. If any significant trends are found, how can
we attribute them arbitrarily to CO2 or to a mix of the influence of GHGs and aerosols? If there has been
progressive changes in LULC in the area, in the context of this manuscript, eluding them would be really
misleading for the results of this analysis.

Response R3-1: It is true that using just CO, concentration as an approximation of anthropogenic
influence oversimplifies the setup. In the revised version of the analysis, aggregate radiative
forcing of multiple GHGs (including CO,, CH, and N,O) is therefore used instead. As for the
inclusion of the effects of (tropospheric) aerosols, their regional effect is difficult to consider in
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an analysis such as ours, due to high temporal and spatial variability of their concentrations and
differences in behavior of different aerosol species. Note also that from a standpoint of a
regression analysis, the predictors with and without the aerosol forcing are usually quite similar,
as the respective time series are very strongly correlated. For instance, using the Meinshausen et
al. (2011) global annual concentration and forcing data over the 1765-2005 period, the CO,
concentration series is correlated with total anthropogenic forcing (representing the aggregated
effect of various greenhouse gases as well as aerosols) at 0.995. There would therefore be
almost no change of the regression results if different versions of the predictor representing
anthropogenic forcing were applied (despite the obvious differences in the physical effects
involved). This is now explicitly mentioned in the manuscript (p. 8, |. 14+)

Regarding the Land use land cover (LULC): We are working with drought indices for the
whole Czech Lands calculated from reconstructed temperature and precipitation series. The
calculation procedure of none of these indices includes information about LULC. Although it can
be an important factor deciding about drought severity and particularly its impacts, effects of
LULC on country-wide temperature and precipitation should be limited. In this study oriented on
long-term temporal changes it seems to be not an important factor helping us as predictor in the
regression analysis of drought indices series.

a.2- Regarding internal predictors, the NAO is argued to be important but has not been used. Even if it
has been described in previous works, it is relevant to see in this approach how much variability do ENSO
or PDO account for from the residuals once the NAO has been taken into account. Do the results of the
analysis concerning the presently used internal predictors change if the NAO index is used? There are
some millennium long index reconstructions that would allow for this exercise. | think there is no point in
looking only at Pacific indices without considering a potential larger explanatory variable like this one.

Response R3-2: Our original intention was to concentrate on mid-to-long-range variability in the
drought series, i.e. oscillations typically slower than the dominant variability of NAO. Moreover,
the strong relation between central European drought regime and NAO phase has been
established by various prior studies, hence we considered it to be less interesting for the current
analysis. Since both Referees 1 and 3 expressed their interest in the NAO-related effects, in the
revised version of the paper, results involving NAO reconstructions by Luterbacher et al. (2002),
Ortega et al. (2015) and Trouet (2009) have been included. The results in Figs. 4 and 5 have been
updated to show regression coefficients related to NAO in addition to the previously considered
predictors; the Results, Discussion and Conclusions sections have been expanded to include
analysis of the NAO-related links.

b) Methodological issues There are three ideas that | would like to bring here. One is the linear vs non-
linear character of the influences that the paper tries to assess. Another one is the power of the
approach used herein related to the covariance structure pursued by the analysis in view of the
properties of the predictors. Finally, and related, the collinearity of some predictors.
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b.1 Regarding the first one, this is commented in the first paragraph of Sec. 3. | have no reservations
against the possibility of nonlinear interactions being relevant. | think it is though important and has
value, to study the linear relationships. It is also important to study it in a solid way so that we minimize
the danger to loosely argue that everything we cannot explain with a linear approach is due to the
limited character of its ‘linearity’ and probably due to nonlinear interactions.

Response R3-3: We seem to be in agreement with the referee; the mention of nonlinear
approach was meant to provide a methodological context while also giving rationale for using
linear version of regression for analysis of links in an inherently nonlinear system.

b.2 Regarding the second one, the multiple linear regression is a valid approach to analyze the linear
covariance structure in the data. Now, for that purpose, the variables used as predictors like CO2 or, for
that case, if additional GHGs+aerosols would (and should) be considered, since these variables present
very low variability at high and mid frequencies, one has to be careful in how to handle them in terms of
covariance. For instance, a positive coefficient with temperature in the instrumental period means that
both temperature and CO2 show positive trends... but any variable showing a positive or a negative
trend would show association for that matter. The limited meaning of correlating preindustrial CO2
(+GHGs+aerosols) must be commented and the limited interpretation of correlating trends in the
industrial period also should be argued and improved by including other GHGs and aerosols in a
meaningful way.

Response R3-4: This is definitely true, and admittedly under-explained in the original manuscript.
The inclusion of a trend-like variable (CO, concentration in the original version of the manuscript,
composite GHG forcing in the revised one) was meant to provide a predictor potentially
approximating long-term evolution observed in the drought indices. Naturally, despite the
similarity in shape (and thus statistical significance of the link detected for some of the drought
indices), the formal relationship does not prove causal relation. While we commented on this in
the original version of the text (‘Even considering that statistical attribution analysis can only
reveal formal similarities and cannot verify the causality of the links detected ... in the
Conclusions), and referenced supporting evidence pointing to a physical link between droughts
and anthropogenic forcing (the second paragraph of Discussion), the potential for mis-
attribution has now been more explicitly emphasized in the revised manuscript (2nd paragraph
of the Discussion, p. 12, |. 2+).

b.3 Some of the predictors (eg. AMO, PDO) show covariability. How is this addressed in the analysis and
how does this influence the results? Explaining which type of multiple regression approach would be
important for this point.

Response R3-5: For the AMO and PDO representations based on the Mann et al. (2009)
temperature reconstruction, this was actually addressed (in the Discussion section) by employing
a simple form of principal component analysis, allowing to better assess the role of the common
component in these predictors and of their difference. In the revised manuscript, the respective
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results are now shown in more detail, including the graphs of the regression coefficients
pertaining to predictor configurations involving only AMO or only PDO (Figs. S1b, S1c).

Please note also that (multi)collinearity of the predictors results in increased variance
inflation factor for the regression coefficients (and thus wider confidence intervals). Since this is
an inherent feature of multivariable regression, we did not comment on it specifically; the effect
can, however, be seen from Figs. 4 and 5, and it is mentioned in the context of the AMO/PDO
collinearity (p. 14, |. 5+).

c) Residuals This is also a rather methodological issue. If the purpose is to statistically describe drought
with a multiple linear regression approach, the behavior of the residuals should be discussed. The
authors should show estimation of drought variability from the predictor variables, explained variances
and some convincing arguments that part of the variability is being reproduced by the predictors used.

| recognize this point, GC1, is rather long. It should probably be treated as independent points.
Nevertheless | think it is important and would like to see the arguments for all these. Some specific
comments will also follow below.

Response R3-6: The analysis of regression residuals was performed when designing the optimum
setup for the moving-block bootstrap. The only noteworthy feature (aside from the
approximately AR(1)-consistent persistence structure) was a presence of a weak and rather
unstable 22-year-period oscillation (possibly an imprint of the 22-year cycle in solar activity, but
inconsistently present throughout our analysis period). This is now mentioned and discussed in
the revised version (Discussion, p. 15, I. 32+). Graphs illustrating residual variability have been
included in the Supplement (Fig. S4), along with charts of the residual autocorrelations.

As for the explained variances and evaluation of the regression results, R* values have
been added to the results in Figs. 4 and 5 in the revised manuscript, and sample graphs
illustrating regression-estimated components pertaining to individual predictors have been
included in the Supplement, as Fig. S5. Regarding the reproduction of variability by our
predictors: Please note that prominence of individual explanatory factors is evaluated through
statistical significance of the respective regression coefficients, regardless of the overall R* — an
approach that we believe to be consistent with our primary aim, i.e. identification of forcings and
large-scale factors influential in establishing the drought regime of the Czech Lands (as opposed
to an attempt to construct a predictive model reproducing the series with as much variability as
possible).

GC2 Mechanisms As it stands, the approach of the manuscript is to argue on the basis of the regression
coefficients. This is quite extreme in its present state. Even in the discussion part, a relatively aseptic
account of the results of other authors are provided in this sense. However a more mechanistic based
approximation discussing the rationale behind the statistical relationships that may be found is needed.

Response R3-7: Note, please, that most of the connections highlighted in our analysis represent
rather weak (albeit sometimes statistically significant) tendencies, which are difficult to assign
unambiguously to specific mechanisms (especially considering that no observational data exist
that could be used for analysis of global circulation patterns over the full period of the last five
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centuries, and that dynamical models are still rather unreliable in capturing some of the relevant
factors, including the sources of multidecadal climate variability). This is further complicated by
often mutually inconsistent or contradicting accounts regarding the effects and mechanisms of
some of the relevant forcings/variability modes in the existing literature. Assessment of the
possible factors behind our results would therefore be quite speculative on our part. Future,
more topically focused (and methodically wider) analysis may bring better understanding of the
relevant questions; such an effort would however go beyond the intended scope and aim of our
present study.

GC3 Temperature and precipitation What does having temperature and precipitation add in this
analysis? | don’t mean to be unconstructive... just that if it is included in the analysis pursuing a more in
depth understanding of drought, the reader should understand why they are there. What gain in our
understanding do we get from including temperature and precip and analyzing them as predictors?
Would it be of use including them in one exercise as predictands and assess their relative influence on
drought?

Response R3-8: Temperature and precipitation data were used for calculation of the drought
indices themselves (as explained in Sect. 2.1), and their behavior is therefore crucial when
discussing their combined effect in the drought descriptors.

GC4 Section 5: PCA analysis The strategy for the PCA analysis in pagel2 should be described (already in
the methods section), as well as it is purpose and results presented in the text... unless the results are
rendered invalid or not useful. If the analysis provides some valuable insights within this ms, it should be
shown.

Response R3-9: We did not mention PCA in the Methods section, as it was only employed as a
supporting technique in a small part of our analysis (and we assumed its general principles to be
well-enough known to not require introduction). In the revised version, the transformation of
the AMO/PDO pair is introduced simply as a calculation of their mutual mean and difference;
PCA is now only mentioned as an alternative way to produce the same result. The results based
on analysis of principal components are now presented directly instead of just mentioned in the
text (Fig. S1c in the Supplement).

GC5 Section 5: discussion The Discussion section provides a wealth of information on different results
from various papers. However, in my opinion it misses a bit some purpose or direction. Actually, it also
reports on results (e.g. GC4) that are not shown although they permeate to the conclusions. This is not
recommendable. | suggest to pass any results clearly to the parts of the paper to make clear the
objectives, methods and analysis of the results. Having a Discussion part or a Conclusion and Discussion
makes sense to put the results of the present ms in view of past literature and state clearly what we
learn from it. | would advise the authors to modify this section in this sense.

Response R3-10: The results originally just mentioned (but not shown) in the manuscript are
now included fully, either in the main paper or in its Supplement. The Introduction and

17



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

Discussion have been modified to paint a clearer picture of our main objectives: to assess the
existence of links between Czech drought indices and climate forcings or activity of large-scale
internal variability modes, and to investigate the properties of the existing reconstructions.

Specific comments

SC1 Title: “... large-scale climate drivers’ If we understand ‘large-scale climate drivers’ referring to modes
of circulation, shouldn’t the title also include those? E.g. ‘ Longterm variability of droughts in the Czech
Lands due to external forcing and large scale climate drivers’ ?

Response R3-11: Based on this comment and suggestions of Referee 2, we changed the title to
“Long-term variability of drought indices in the Czech Lands and effects of external forcings and
large-scale climate variability modes”

SC2 Page 2, | 17: ‘Internal forcings’ | think the use of this concept is not adequate in the manuscript. We
relate forcing factors to changes in the energy of the system and, therefore, external in nature. | agree
with using the terms internal/external drivers or external forcings, but not internal forcings.

Response R3-12: The terminology has been changed in the revised version of the text to avoid
use of the term ‘forcing’ for factors originating from internal climate dynamics.

SC3 Page 3, | 31: ‘Missing monthly precipitation figures ..." | don’t understand what is meant here by
‘missing’ figures in Dobrovolny et al (2015).

Response R3-13: Changed to “Missing monthly precipitation totals in ...”

SC4 Section 2: Figure 1 | haven’t found a reference to Figure 1 in the ms. Check on this please. Regarding
this figure and the presentation of drought, in Section 2 there is some description of differences in
definitions among the different drought indices used in the text. | think some comment on the available
reconstructions are pertinent. There is a paragraph in page 2 (I 21-30) describing the origin of the series.
Can the authors provide any thoughts on whether the different definitions really play a role or basically
the same information is available, also considering the source data for the reconstructions. Can we
anticipate any added value of using these three indices instead of one in this work?

Response R3-14: In order to express various sides of droughts, there exists a great number of
different drought indices. SPI, SPEI and PDSI represent those which are used in description and
guantification of droughts most frequently, and they are also used for estimating impacts of
agricultural and hydrological droughts. While there are obvious similarities between the
respective time series (due to precipitation sums being the key factor shaping all of them), each
of the indices represents slightly different approach. As mentioned by the referee, these are
briefly summarized in Sect. 2.1, along with references to more comprehensive sources. Based on
the differences found during our analysis, their individuality seems strong enough to justify
inclusion of all three indices.
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Reference to Fig. 1 has been added to the text, to the first paragraph of Sect. 2.1.

SC5 Section 2.2: forcings | think it is desirable to place this forcing in the context of PMIP3 and PMIP4
forcings. The authors will find longer reconstructions of this forcing spanning the millennium that have
been used to detect solar forcing on temperatures for instance since the 14th century (Schurer et al
2013). Maybe these can be better options for predictors than the one used in the ms (1610-present)
Schurer, A., G. Hegerl, M. E. Mann, S. F. B.+Tett, and S. J. Phipps, 2013: Separating forced from chaotic
climate variability over the past millennium. J. Clim., doi:10.1175/JCLI-D-12-00826.1.

Response R3-15: We are grateful for the suggestions; in the revised version of the analysis, a
recently published TSI reconstruction by Lean (2018) has been used to represent solar activity
(providing full coverage for the 1501-2006 period). The previously employed TSI data by
Coddington et al. (2016) have been retained as an alternative solar-related predictor.

SC6 Section 5 L 30 “... the increase in the ambient CO2 post 1850 is clearly correlated with the increased
probability of drought... while during the pre-instrumental period such link does not manifest. The trend
in CO2 in the industrial period is just one degree of freedom. Please recall the comments GC1b

Response R3-16: True, but note please that while we mentioned the existence of a correlation,
we did not interpret it as a causal relation, only noted the possibility of one (please see also our
Response R3-4).

Technical corrections, typing errors,etc:

TT1 Page 6, | 8: “...results...standardized regression coefficients...’ In an simple regression these would
be, by definition, correlation coefficients. How does this differ in this analysis from correlations? Some
methodological details on the multiple regression approach taken is advisable. Does it account for
covariability in the predictors? Etc...Please provide more explanation of the relevant aspects in the ms.

Response R3-17: Indeed, in simple (univariable) linear regression, standardized regression
coefficient corresponds to correlation between predictor and predictand (and, in absolute value,
to square root of the coefficient of determination). In multiple regression, however, no such
straightforward relation exists for individual predictors. Standardization of the coefficients is
used to make them more comparable mutually (among different predictors as well as among
predictands), thought, admittedly, this representation does not directly convey information
about the magnitude of the responses. In the revised version, the responses are therefore also
shown in the form of predictor-specific time series generated for a selected regression
configuration (Fig. S5 in the Supplement).

As for covariance of the predictors, its effect is reflected in the size of the confidence
intervals for individual predictors (please see also our response R3-5).

TT2 Page 2, |1 20: “...that increase...” substitute by ‘...that the increase...” This is just an example. | have
found a few of those. | think the text is easy to understand in general. However, | would recommend it
would be revised for editing/English
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Response R3-18: Selected example corrected. The English of the manuscript was checked and
corrected by a native speaker, Mr. Tony Long. The language correction was repeated in the
revised text once again.
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Abstract. While a considerable number of records documeattémporal variability of droughts for central Epeo
understanding of its underlying causes remaingdiniln this contribution, time series of threeudlot indices (SPI, SPEI,
PDSI) that may be used to characterize the long-tought regime of the Czech Lands are analyzéd negard to their
mid-to-long-term variability and potential links &xternalforcingsand internal climatésreingsvariability mode®ver the
1501-2006 period. Employing instrumental and prbaged data characterizing the external climateinfgsc(solar and
volcanic activity, concentration of greenhouse gaseparallel with series that correspond to tttévey of selectectlimate
variability modeswith-pronounced-inter-annual-to-inter-decadalakitity (El Niflo—Southern Oscillation — ENSO, Atlantic
Multidecadal Oscillation — AMO, Pacific Decadal @stion — PDQ North Atlantic Oscillation — NAQ) regression and
wavelet analysis were deployed to identify and ¢jfiathe temporal variability patterns of droughtices and similarity

between individual signals. Aside from the longwtdrend that correlates with anthropogenic radéaforcing,and strong
connection to the NAGtemperatures in the AMO angbarticularly) PDO regions were disclosed as one of the possible

drivers of inter-decadal variability in the Czecdtought regime. Colder and wetter episodes wereddoncoincide with
increased volcanic activity, while no clear sigmatof solar activity was found. In addition to idénation of the links

themselves, their temporal stability assherencestructure of their shared periodicitvese investigated. The oscillations at

periods of approximately 60—100 years were founletpotentially relevant in establishing the tefeactions affecting the

long-term variability of central European droughts.
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1 Introduction

Droughts, among the most prominent manifestatidnexoeeme weather and climate anomalies, are nigt @i
great climatological interest but also constitute esssential factor to be considered in the assedsofghe impacts of
climate change (Stocker et al., 2013; Trnka et 2018; Wilhite and Pulwarty, 2018}he—abundance—of-long-term

Barn-areaThis is also valid for the territoryiaf €zech Republic where

droughts, apart from floods, constitute the mosiartant natural disasters, with significant impagben various sectors of

the national economy, such as agriculture, forestater management, and tourism/recreation. SineeCzech Republic

lies on a continental divide with rivers flowingtaof its territory, it depends on atmospheric poéaiion alone for its water

supply. Although certain extreme droughts with imiaot socio-economic and political impacts are kndrom the past,

such as the drought of 1947 (Brazdil et al., 2016h)dies performed in recent years show the Cekctate has become

increasingly dry in the past 2—3 decades, expressddrms of higher frequency of extreme droughith vgignificant

consequences (e.qg. Brazdil et al., 2015b; Zahtakrgt al., 2015). The abundance of long-term imsémnital meteorological

observationshas provided a basis for a number of recent drsfoglised studies, revealing complex regional dnbug
patterns and a richness of features observed @&ugaspatial and temporal scalés the European are@.g., van der
Schrier, 2006, 2007; Brazdil et al., 2009; Briffaat, 2009; Dubrovsky et al., 2009; Sousa et 2011; Spinoni et al.,
2015).2015) as well as other areas of the worlgl. @ai, 2011; Spinoni et al., 2014; Ryne and For2@16; Wilhite and
Pulwarty, 2018)Along with more rapid variations, these also inlduong-term variability, such as a distinct tréodards
drier conditions, prominent especially during thtel20th and early 21st centuries (e.g., Trnkd. e2@09a; Brazdil et al.,
2015b).

In addition to a substantial number

indices,studies investigating drought indices foe instrumental period in Europe (e.g. van der iSchat al., 2007, 2013;
Briffa et al., 2009; Sousa et al., 2011; Todd et2013; Spinoni et al., 2015; Haslinger and Bl#is2017) and other areas of
the world (e.g. Dai, 2011; Spinoni et al., 2014nRwnd Forest, 2016; Wilhite and Pulwarty, 20&nerally calculated

from measured precipitation totals and temperatwessiderable attention has been devoted to gtedmental drought

reconstructions. The longest high-resolution drougbries are typically based on various tree-riegies, usually
reconstructing drought indices (mainly PDSI) fomsner (JJA) or other combinations of months durlmg growing season
(e.g., Bintgen et al., 2010a, 2010b, 2011a, 20Cbok et al., 2015; Dobrovolny et al., 2015). Natymeoxy data (see
PAGES Hydro2k Consortium, 2017) may be supplemebtedhe documentary records generally utilized istdnical
climatology (Bréazdil et al., 2005, 2010) in drougltonstructions. These are usually representeski@ss for drought
frequency covering the last few centuries, usuatiyn the 16th century to the present time or shdieey., Piervitali and
Colacino, 2001; Dominguez-Castro et al., 2008, 201@dato and Bellocchi, 2011; Brazdil et al., 20N&one et al., 2017).
However, reconstructions of long-term series oludtd indices from documentary and instrumental ,dadehas been done
for the Czech Lands from the 16th century (Braetal., 2016a; Mozny et al., 2016), still remaia #xception.
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Although the series above permit the study of dnbwgriability at various temporal and spatial ssalonly a few
researchers have attempted to link such fluctustisith the effects ofxternalclimate forcingand large-scalenternal

fereingsvariability modes usually within the instrumental period. Pongrészal. (2003) applied a fuzzy-rule-based

technique to the analysis of droughts in Hungamss3-Brezowsky circulation types and ENSO evente wsed and their
influence on drought occurrence (monthly PDSI) aoented. Trnka et al. (2009b) showed (using weekipdéx and
PDSI) thatthe increase in drought frequency toward the end of2@# century during April-June period is linked to
increased occurrence of Hess-Brezowsky circulatypes that are conducive to drought conditions memtral Europe.
Brazdil et al. (2015a) used regression analysiavestigate the effects of various exteraab-internafforcingsand large-
scale climate variability modeia series of drought indices in the Czech Landsndguthe 1805-2012 periodtheyThe

authorsdemonstrated the importance of the North Atlaftgzillation phase and of the aggregate effect tirapogenic
forcings. Other examples include attribution anedyfor the climatic variables in Croatia (Bice ¢t 2012) and for
temperature and precipitation instrumental serfeghie Czech Lands (MikSovsky et al., 2014). Moreeng papers
addressing the influence of certain forcing facmmsndividual climate variables may be added te tiverview (e.g., Anet
et al.,, 2014; Gudmundsson and Seneviratne, 2018ys8aler et al., 2017). Even so, the exact causdiseofariability
detected in drought data remain only incompletelgun, especially regarding variations at decaddl ranltidecadal time
scales.

The current paper focuses on the identification guhtitative attribution of drought variabilitygessed by series
of three drought indices in the Czech Lands (mo@xeach Republic) throughout the past five centud€91—-2005-with).
In addition to an analysis of potential droughereint links inthe emphasis-en-manifestations-of-inter-decadal-chaages
climate system, attention is paid tiweir possible—drivers.temporal stability and (mis)matéhresults based on climate
reconstruction data from different sourcBegression and wavelet analysisreareemployed (see Section 3) to identify

links between series of the three drought indisep§lemented by corresponding temperature andpjiteg@dn series) and
the activity of external climate forcings or intafrclimate variability modes (see Section 2). Témuits of these analyses are
presented in Section 4 and discussed with respeittet effects and variability patterns of indivitldaceingsexplanatory
factorsand their interaction in Section 5. The last secthen delivers a number of concluding rematkilitional materials

are presented in the electronic Supplement.

2 Data
2.1 Drought indices

Various drought indices are used to characterigesgiatio-temporal variability of droughts (see &lgim, 2000). To capture
the temporal patterns of historical Czech drouglgime, threecountry-widedrought indices were employed, each of them
embodying a different strategy for defining dry/veenditions (Fig. 1):
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() Standardized Precipitation Index (SPIl; McKee adt, 1993), calculated as the standardized dewiatf
precipitation totals over chosen time-window froheit long-term means. SPI is a purely precipitatiased drought
descriptor that takes no account of the direcuarfce of temperature. As such, it is primarily espntative of the factors
altering precipitation in the target area.

(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 andtiefigc also storage
capacity of the soil, thereby providing a bettdleion 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 andumsntal measuremenf8ocumentary data comprised descriptions of

weather and related phenomena from a variety aimeatary evidence, some of it individual, somet @f ian institutional

character, such as annals, chronicles and memaegher diaries (non-instrumental observationsgrftial and economic

accounts, religious records, newspaper and joureaigraphic sources, and more. Such data in tleefCkands cover

particularly, at varying degrees of density, theigoe from AD 1501 to the mid-19th century, but dooe even to the

present time. The spatial density of such data gdsmver time, depending on the availability antiaekion of existing

documentary sources. All the data collected weitically evaluated with respect to possible errrdating or spatial

attribution and were used for interpretation of thbnweighted temperature and precipitation indioasa 7-degree scale,

from which series of seasonal and annual indicee waesated (for more details of the use of documrgrdata, its critics,

analysis and interpretation, as well as creatioseofes of indices in historical climatology, se&®&lil et al., 2005, 2010).

Such data were further used as a basic tool fopeesure/precipitation reconstructiomrstly, Dobrovolny et al. (2010)

reconstructed monthly, seasonal and annual cdbdralpean temperature series, partly based on taetoperindices derived
from documentary data for Germany, Switzerland taedCzech Lands in the 1501-1854 period and paintlgomogenized
instrumental temperature series from 11 meteorcébgitations in central Europe (Germany, AustngitZerland, Bohemia)
from 1760 onwards. This temperature series is ffyresentative of the Czech Lands. Subsequerdgosal and annual
precipitation series for the Czech Lands were rettanted fromdoeeumentdocumentaityased precipitation indices in the
1501-1854 period and from mean precipitation serdéculated from measured precipitation totaldimm €zech Lands after
1804 (Dobrovolny et al., 2015).

Missing monthly precipitatiofigurestotalsin the Dobrovolny et al. (2015) pre-1804 recondtom obstructed the
creation of a corresponding series of drought eslfor the Czech Lands dating back to AD 1501. melerate this, Czech

mean monthly precipitation series for the 1875-1Bidfrumental period were used to estimate thdylikestribution of
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monthly precipitation totals in any given seas®hisresulted-in As a resuld, 100-member ensemble dftributions of

monthly precipitation totals foeveryeachseason and yean-was obtained. These distributions were then iagpio

calculation of indices for every year in tl&01- 180%d4md+ng4he—s&asemal—p#ee+pﬁaﬂ%aeee¥dmg¥he—sha#es—of

=197period. Using a median value of a hundred monthly

realizations up to 1803 and combining them with theasured totals for 1804—2015, a monthly predipitaseries for
calculation of Czech drought indices series waainbtl (Brazdil et al., 2016a). Note that only seatand annual series of
Czech SPI, SPEI and PDSI (Brazdil et al., 2016ahtal European temperature series (Dobrovolny.,e2@10) and Czech

precipitation series (Dobrovolny et al., 2015) wenaployed for further analysis in the current paper

2.2 Explanatory variables

Due to the multitude of climat®rming-agentsdefining factond the complexity of their interactions, an efakpart of
statistical attribution analysis consists in thieat®on of the most relevant explanatory factord mfentification of the most
appropriate quantifiable descriptors of their dattiviFor an analysis involving data from the pretirmmental period, this
task is further complicated by the limited amouhdiata suitable for direct quantitative analysigelk so, reconstructions of
long-term behavior exist for most of the key climdrivers, be they external forcings or major maafaéaternal variability.
In this analysis, several of these data sourcee wamnsidered; brief descriptions of them appeavviaelvhile visualization

of their fluctuations is provided in Fig2-and-3,2 (external forcings) and 3 (internal ctinaariability modes),

supplemented by wavelet spectra for the signals motable oscillatory components in Fig. 6.

Of the external factors shaping the long-term déanevolution, a key role is played by the effectsdifying
radiative balance through changes in atmosphenposition.\While-the respective-processes-are-guite-compleiramive
gaseous-atmospheric-compeonents-as-well-as-aeraddarge part of the observed changes may be atdbiat variations in

the concentrations of long-lived greenhouse gg§#dGs),carbon dioxide (C¢) in particulay but also methane (CHand
nitrous oxide (NO) (Stocker et al., 2013). Considering that p@&.GHG concentrations are accessible to relatively

accurate reconstruction using ice cores, theindal-values-werecombined radiative forcing waissidered as a potential

formal descriptor of the long-term trends in theuwdsht series studidekrehereinThe time series of annu@aHG forcing by
Meinshausen et al. (2011) was used for the pelrm[ésAD 1765, and extended back to AD 1501 usmxﬂﬁ)z CH, and

N,O concentratio

observations—by-NOAA—wasobtained from theCLIMEXP -database(https:/felimexp-kaminl/).onlimatabase of the

Institute for Atmospheric and Climate Science, EAuilich.

While variations in solar activity typically leaveo-strengclear imprint on the climatic conditions of thewkr
troposphere during the instrumental era (e.g., 8®e 2003; Gray et al. 2010; Bronnimann, 2015jr teffects may
become more noticeable over longer analysis perioils major events such as the Maunder Minimum ingninto play
(e.g;. Lohmann et al., 2004). In this contribution, aomestruction of annual mean total solar irradiagieee-ABb-1610-based
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on-numbers-of sunspeots{Ceoddington(TI®))Leanet al-2016. (201Bwas used as theimarydescriptor of solar activity.
Since-annual-solar-activityWittatafor-the-earliest-part-of the-period-analyzed-wearkavailable the-tests-involving-solar
foreing-were—carried-out from AD 850 onwards, thel Talues were used for the period 1501-2006 hefginalternative
TSI dataset by Coddington et al. (2016) was alspleyad,for a-sheorter-interval—coverirheyears1610-2006eriod

Unlike variations in solar activity or concentraio of greenhouse—gasesGHGhe effects of major volcanic
eruptions tend to be rather episodic, manifestinipé lower troposphere as temporary global tentperalrops (e-g Canty

et al., 2013)triggering summer cooling over Europe and winternaiag over northern Europe (Fisher et al., 200d}with

ratherexhibiting jusinconclusive local imprints during the instrumémteariod (e.g, MikSovsky et al., 2016a). In this study,
the volcanic activity descriptor was adapted frwa $tratospheric volcanic aerosol optickpth(AOD) series in the 30°N—
90°N latitudinal band compiled by Crowley and Untan (2013), based on sulfate records in the poéacares.

Aside from being the dominant climate mode in thygagorial Pacific, EI Nifio—Southern Oscillation (§8) has
also been linked to various aspects of weatheenattin 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-proxgaastruction of temperature in the Nifio3 regionMgnn et al. (2009).
Since the primary focus of this study centers upgxillatory behavior associated with internal cliengariability, the Mann
et al. series has been detrended by subtractingGhgar moving average of the northern hemispheran 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 naturédneftemporal variability of both ENSO-capturing sigmwas profound (Fig.
339. While the data from Mann et al. (2009) reflemtgely inter-decadal variations, the ENSO signalLbgt al. (2011)
only involves more rapid variations. This contralto appears in the wavelet spectra in By with the Li et al. series
dominated by oscillations within a range usuallgcasated with ENSO activity during the instrumerded €. 2—8 years —
e.g., Torrence and Compo, 1998), while the Maral.eeconstruction is active largely in the ran§8-e20-year periods.

In the area of northern Atlantic, the Atlantic Mdéicadal 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 centuriesnultiproxyreconstruction of annual temperatures in the AM@an by Mann et al.
(2009) was employedior the 1501-2006 period, as well as tree-ringedaAMO reconstruction by Gray et al. (2004),
available for the 1567—1990 period (Fig. 3Again, due to the presence of a strong trend commtoin theimeMann et al.

seriesinveolved detrending by moving mean of the northern henggphttemperature was applied during the pre-pracgss
phase. The same treatment was also used in theftse Pacific Decadal Oscillation (PDO), utiligifMann et al. (2009)
temperature data for the northern Pacific regibis ¢ssential to note that this procedure doeguligtconform to the usual
definition of the PDO index, which is typically dezd from the first principal component of sea aoef temperatures in the

northern Pacific, detrended by mean global sea ¢eatyire. For the sake of brevity, however, the RI2Signation will
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hereafter be used for the signal obtained from Matrad. (2009) dataAdditional PDO index reconstructions by MacDonald
and Case (2004) and Shen et al. (2006) were atdoded in our analysis for the 1501-1996 and 159%81periods
respectively (Fig. 3c).

Unlike AMO, PDO and ENSO, dominated by mid-to-lalegm temporal variations, the North Atlantic Osilbn

(NAO) constitutes a faster-oscillating climate modihough the presence of long-term componentsalsasbeen 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 seriy Luterbacher et al. (2002), based on variousdian documentary
and proxy data, is available for AD 1659—-2001 imthty time-steps and for AD 1500-1658 in seasana-steps. For the

purposes of this study, it was also analyzed infdnm of annual NAO index values, extended to tkeary2006 by the

instrumental NAO index data by Jones et al. (199he annually-resolved multi-proxy winter NAO restimuction by

Ortega et al. (2015) was adopted for the 1501-1@6®d. Finally, a reconstruction of decadal wil¥&O variability by
Trouet et al. (2009) was used for the 1501-199ger

3 Methods

Despite the inherently nonlinear nature of manycesses and interactions within the climate systéma, constraints
imposed by limited data availability and qualitytesf render the use of nonlinear techniques immactieven
werthlessdetrimentalgiven their higher degrees of freedom and higleasitivity toinhemegeneitiesnon-homogeneities
the inputs. This issue may become still more @itifor non-instrumental data sources, often alrebdsdened with

substantial uncertainty and homogeneity problenws. this reason, only relatively robust linear atiahl methods —
multiple linear regression and wavelet analysiserenemployed here.
Multiple linear regression was used to separateqaradtify individual components in the series ajudght indices,

formally pertaining to individual explanatory vablas. The statistical significance of the regressioefficients was

evaluated by moving-block bootstrap, with the bl@ike chosen to account for autocorrelations withi@ regression

variareeThe series were analyzed in the annual time sithyer estrue-annuatb-meansvalues constituting mean forritieee

yeal, or asseguences-ofalues pertaining to a single seasdrach yeain the usual climatological sengée: winter (DJF),
spring (MAM), summer (JJA) or autumn (SON). Téeasonal analysis was only carried out for SPISPEI indices, since

PDSI definition involves long-term memery

investigation-of solarand-COelated-effects:-therest-ef-the. The bamalyses were carried out for the whole 1501-2006
period_more limited time ranges were, however, usedsfame of the tests involving specific predictorshwihorter
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temporal coveragéerlo investigate possible instabilities in the tielas detected, regression analysis was also dawtie for
the sub-periods 1508r1610)to 1850 and 1851 to 2006 (here considered apprégiynaquivalent to the instrumental

period). No time-lag was applied to the predict@s;ept in the case of volcanic forcing at seastin@ scales, when a

delay of three months wassed.The results are presented in the form of standeddiegression coefficients in Figs.

applied4 (annual series) and 5 (season-specifies3ei.e. equivalent to a setup with both predidtand predictor series

converted in linear fashion to zero mean and waribwmce

Continuous wavelet transform, based on the Moyiet-mother wavelet, was employed to obtain a bpttture of
oscillatory components in the series of droughtatigristics and explanatory variables. By proudiransformation of the
target signals into time-frequency domains, thealehapproach facilitates the investigation ofgiability in the oscillatory
components of the target signals and, through ares®let spectra, their mutual coherence. This makeossible to
identify sub-periods of activity associated witttidlations of interest, and their eventual simitarfand potential transfer)
between individual signals. The statistical sigrifice of the wavelet coefficients was evaluatedhagthe null hypothesis
of a series generated by an autoregressive prafethe first orderfAR1— AR(J), using the methodology 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 BreughtRegr ession-estimated drought r esponsesto-fereings

Standardized regression coefficients obtained bytiphel linear regression between series of Czeobugint indices,

temperature or precipitation and a set of explagatariables, representing external forcings angdacale internal climate
variability modes, are shown for annual values ig. B and for seasonal values in Fig. 5. The reipascoefficients
associated with th€0O,-coneentrationGHG forcinghow a clear contrast between the behavior ofCthech temperature
(distinct, strongly significant link) and precigiian (statistically non-significant connection) issr This reflects a strong
formal similarity in the shape of the temperatuegies and=G,GHGs concentration, sharing an increase in the latén 20
and early 21st centuries. The connection becomes ewre prominent for the 1851-2006 period (Fig, Bat does not
manifest during the pre-instrumenfed10150+1850 era (Fig. 4b), in which tH&O,GHG signal is mostly featureless. This
pattern also appears for individual seasons, WithGO.GHG-temperature link at its relative strongest durB@N and
weakest-during-DJIf-ig. 5). The formal association 8.-concentrationsGHG forcingith individual drought indices then
conforms to their definition: while precipitatiomly SPI behaves in a fashion very similar to priggtfpn itself, stronger
(although not always statistically significant)dgawere indicated for SPEI and PDSI. It is alsotlwpiof note that, due to
strong correlation between the respective timeesexiery similar results would have been obtaifigduelCO,GHG forcing
serieswerewasreplaced with a predictor representimgal-greenhouse—gases—fereing just,Ceated effectspr by total

anthropogenic forcingqicluding the effects of man-made aerosols
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There is a lack ofnysignificantimprint from solar activity in our target seriedien Lean (2018) solar irradiance
data are used for the 1501-2006 pe(fEid. 449. This not only applies to the drought and préaipn data, but also to the
temperature, despite the analysis period involygegods of marked decreases in solar irradiandbdérform of Maunder

and Dalton minima hownWhile a

borderline significant response appears for tempezan the 1501-1850 period (Fig. 4b), it disappeehen data for 1610—

2006 are considered alone, i.e. the period whespaiirdata are used in the reconstruction by Le@h82(whereas prior to

1610, a more indirect approach is used, utilizingnoogenic irradiance indices) — Fig. S1le. Non-ficarice of the imprint

of solar activity was also indicated when the Codthn et al. (2015) total solar irradiance series wsed as a proxy for

solar activity in the 1610-2006 period (Fig. S14).statistically significant solar-related signal svalso absent in all

individual seasons except for SON (Fiy. 5

The cooling effect of major volcanic eruptions Iear in the Czech temperature series over theeehfif1—-2006
period, but becomes statistically non-significaftew only the instrumental era (1851-2006) is camsidl This contrast
may stem from the limited amount of major volcaeients taking place after 1850, combined with #at that individual
eruptions, varied in their location and nature,ndd form a sufficiently consistent sample for sttial analysis of local
volcanism imprints (unlike, e.g., global temperafun which the imprint is substantially clearesee, e.g., Canty et al.,
2013). The volcanism effect on Czech precipitatenes is non-significant regardless of the pedndlyzed. As a result,
the volcanism-attributed component is negligibl@iiacipitation-only SPI, but somewhat more promtrenenthough-enly
berderline still nonsignificant) in temperature-sensitive SPEI and PO%Bk season-specific outcomes (Fig. 5) are largely
consistent with those obtained for the year as aleylwith some degree of cooling indicated forsghsonsthus+resulting

inespecially during summer, when a borderline stiglly significant response also appears for ipition and both SPI

and SPEI, indicatingildly wetter conditions following episodes of eahism reaching the stratosphere.

Despite the previous indications of possible (dlba&ther weak) links between the Czech droughtmmegand the
activity of ENSQ (Brazdil et al., 2015a)this analysis did not reveal any statisticallyngigant associations within the
annual dataSueh when the ENSO reconstruction by Li et ab1(3 was used, even though there \&dack—of slight
tendency towards higher temperature durmq posEMSO phase (Fig. 4). This tendency was even strofasnd borderline

statisticallysignifican &{)) for theMann et al-. 2009-Li-et-al,
291—19—used—he¢em—éespﬁe—the+r—d+sﬂnctly) ENSﬁ)aqu S1i), regardless of the markedifferent temporal variability

in both reconstructions.thme case of season-specific results,

a significant tendency towards higher precipitatiand wetter conditions) was indicated for the posiENSO phase in
DJF for Li et al. (2011) datdFig. 5),as well as a borderline significant tendency talsavarmer and drier conditions in
SON. No such links appeared when the ENSO recaristnuby Mann et al. (2009) wasnsideredused

The Atlantic Multidecadal Oscillation (AMGhdex based on the Mann et al. (2009) deas found to be linked to
the variability of Czech precipitation, as well @ drought indices during the 1501-2006 periffelg. 4a).However, its
effect islargely-absentsomewhat less prominprior to 1850 (Fig. 4b). A similar response also appears wihenAMO
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reconstruction by Gray et al. (2004) is employei).(51f), with the statistical significance of thek lower than for the

Mann et al. dataThe existence of a robustkconnectionis thereforedubiousuncertainespecially considering previously
reported low AMO influence during the instrumenpadriod (Brazdil et al., 2015b; MikSovsky et al.,180®). There is a
distinetsimilarity between AMO-related links detected fbetannual data and their season-specific counterffig. 5),
with SON showing the highest relative degree distiaal significance.

The imprint of decadal and multidecadal temperataability in the northern Pacific area, stronglysociated
with the activity of the Pacific Decadal OscillatigPDO), was found to be quite distinct in all #@drought indices, but
especially in PDS] when Mann et al. (2009) data were used as Pléxisource (Fig. 4)The influence of PDO 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 alsederlinesignificant in the earlier part of the series (1:50850),
especially for PDSlsupperting-its-tempeoral-stabilitpn a seasonal basis, the strongest drought aisocivith PDO was
indicated for SON, whereas only non-significankénvere found for DJF (Fig. 5)Vhen the Mann et al. data are replaced

with the reconstructions by MacDonald and Casej%206ig. S1g) or Shen et al. (2006 — Fig. S1h)significant response

to PDO index appears for any of the target varable

Of the NAO index reconstructions employed here, $keees by Luterbacher et al. (2002) was found ¢o b

associated with the strongest and statisticallytmigmificant responses in the 1501-2006 periodyelkas in both its sub-

periods (Fig. 4). Positive NAO phase correlates \Wwigh temperatures and low precipitation totahsl Hthus negative values

of drought indices. In terms of season, this patisrwell-pronounced in MAM and SON, whereas in DBE link to

precipitation and SPI is only borderline significamd no imprint appears for SPEI (Fig. 5). In Jth¥e effect of NAO is

non-significant regardless of the target variaflee effect of winter NAO was found to be similar fhe Ortega et al.

(2015) data, although only statistically signifitdor temperature (Fig. S1k). Finally, the winteA® index by Trouet et al.

(2009) was not associated with a statistically ificemt response in any of the target variableg.(5ilj); note, however, that

unlike the Luterbacher et al. (2002) and Ortegal.€2015) series, this reconstruction only caguhe long-term variations

of NAO, and thus foregoes most of the NAO varidpiipectrum).

4.2 CoeherenceShared periodicities between drought indices and fereingsexplanatory factors

Although Brazdil et al. (2015a) demonstrated wetiqounced inter-annual and inter-decadal variatiorise Czeclspring—
summerMAM—-JJAdrought data, these were predominantly irregélarfollows from Figs. 1 and 6, no persistent, damin
periodic or quasi-periodic component exists in ahyhe series of the Czech drought indices, omigirttemperature or
precipitation counterparts. The same also holdswdata for individual seasons are studied (not showhile this finding
is not surprising in the context of the central dagan climate, it also confirms only a limited dirimfluence for the factors
of periodic nature, such as the 11-year solar cgel#orthe approximately 70-year periodicity of the NoAhantic sea-
surface temperature, typically ascribed to AMO ¢nalso that although this periodicitydiearhynoticeable in the wavelet
spectrumspectraf theboth AMO seriesherg it tests as statistically significant only frommet18th century onwardsFig-
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6)in the Mann et al. (2009) data — Fig. 6d). Nbe&iss, partial interactions at specific oscillatoeriods are a possibility,

potentially detectable through cross-wavelet amslyghe respective spectra are visualized in Fi@fThe drought indices,

results for only SPEI are shown, as the cross-weavmtterns are very similar for SPI and PDSI);itemtthl results for

alternative predictors are provided in Fig. S2hie Supplement.

While an approximately 11-year oscillation is afdéhe defining features of total solar irradiarsegies (Fig. 6b),

the match with similar periodicities in the Czedloufjht data is limited to just a few short perioggnifesting mutually

quite different phase shifts (Fig. 7a). This outeosnpports the conclusions of the regression asatySect. 4.1, indicating

the lack of a robust direct link between the cdriftaopean climate and solar activity variations.

Several noteworthy interaction regions in the timgguency space seem to exist between the Czecfateli
descriptors and predictors with distinct inter-aadeoscillations, AMOFig. 7b)and PDO (Fig-—Fhepatterns7c). These
areveryparticularly noticeable in the reconstructionNann et al. (2009) and guigémilar for PDO and AMO, following

on from the resemblance of the two series. Moréogar however, is the similarity between crossitaory patterns
pertaining to the relation between AMO/PDO and terafure or precipitation; while some differencepesp, the general
positions of the areas of significant links aretgualike for both series. None of these regionssighificant lecal
coherenceoscillationis, however, stable throughout the entire peritalyzed;eeherence-withinmatch fgreriods ofc. 20—
30 years appears in the 17th and 18th centuriesetisas during most of the 20th century (albeithmé different phase
shift). Another region of high coherence appearfriods of about 70 years from the mid-18th cgnta the end of the
20th. These featuremay also appearbe foundn the cross-wavelet spectra involving droughtidged{(Fig—7——+esuits.
However, when the reconstruction by Gray et al0@Gvas used as sourfar the AMO variability,only SPELare-shewn,
as-the-graphs-are-almestidenticaloscillationdiéct 60—100 years range were found to be shared wittCitech drought
indices, and manifesting profound changes in pld#gsrence throughout the analysis period (Fig.)S&milar behavior
was also detectefdr SPHand-PDBSH).the PDO reconstruction by Shen €2@06; Fig. S2c), while no significant periodicity
match was found for the PDO data by MacDonald aase@2005; Fig. S2b).

In contrast to the influence of AMO/PDO, the cregsselet spectrum of the Czech climate descripter&NSO

reconstruction by Li et al. (2011) shows no sigifit coherence regions beyond scattered n@ige 7d).For Mann et al.
(2009) data, there are several discontinuous regiora period band of 8-16 years, but with highdyiable phase shifts,

againindicating the lack of a systematic stable reladiop-consistent-with-the-non-sighificance-of-the-lidktained-by-the
regression-analysis. (Fig. S2d).

bands-ofe-No significant match between the oscillationshia NAO index series and the drought indices wasddor the
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short-to-mid periods (it is worthy of note thatshiesult does not imply lack of relationships ashsumerely an absence of

common periodicities detectable by the waveletdiam). Regions of possible coherence were, howaletected for the

longer time-scales. Employing the NAO index recamdton by Luterbacher et al. (2002), common oatiths with periods

of around 70 years were found, especially duriregXBth and 19th centuries (Fig. 7e). For the Ortdgal. (2015) winter

NAO data, significant common oscillations@mf60—100 years appear for temperature throughout ofidise analysis period

(Fig. S2e). A similar, even stronger pronouncedtepa of similarities at multi-decadal scales wk® dound for the Trouet

et al. (2009) NAO index, owing to the strong reskmbe of the long-term components in the Ortegd. &ind Trouet et al.
NAO data (Fig. 3d).

5 Discussion

Brazdil et al. (2015a) analyzed imprints of clim&decings in series of sigpring—summerMAM—JJAlrought indices (SPI-
1, SPI-12, SPEI-1, SPEI-12, Z-index and PDSI) Far €zech Lands in the 1805-2012 period. Using pleltiegression
analysis, they identified the importance of thlerth—AtlanticOsecillationNAOphase and of the aggregate effect of
anthropogenic forcing, driven particularly by inessngCO.GHG concentrations. However, the magnitude of thd&ot$
varied with the type of drought index and seasomoAg other potential explanatory factors, solaadiation and the
Southern Oscillation showed only minor contributdo drought variability, while the effects of valic activity and the
Atlantic-Multidecadal-OseillationAMQvere even weaker and statistically non-significant

The results obtained from the analysis of threaught indices in the current paper do generally aonfto the
conclusions of Brazdil et al. (2015a), althoughr¢here a few noteworthy contrasts. The general itapoe of
anthropogenic effects in the occurrence and risieteorological drought has previously been cordirby, for example,
Gudmundsson and Seneviratne (2016). Based on anvatisnal and climate-model based assessmentctivjuded that
anthropogenic emissions have increased the prdityatiildrought years in the Mediterranean and desed it in northern
Europe. The evidence related to central Europeapgenconclusive. This is consistent with incregsirought severity
related to temperature rise in southern Europeef\ie-Serrano et al., 2014). More recently, Naumann et(2018)
demonstrated how drought patterns can worsen inymegions of the world (including southern Euromt)a global
temperature increase of 1.5, 2 and 3°C compared thié pre-industrial era. Our findings show that thcrease in the
ambientcO,GHGs post 1850 is clearly correlated with the incregseabability ofdreughtdroughtén the Czech Republic,
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while during the pre-instrumental period such lades not manifesEven so, it should be emphasized that regregsion

more generally, statistical) analysis does onlyatformal similarities between target and explanavariables, and cannot

prove presence of physically meaningful relatiopshin its own. This is particularly true in casesiginals dominated by

simple trends, such as the gradual rise of GHGatiai forcing during the industrial era. Our resudhould therefore be

considered a supportive argument regarding théae&hip between the drought regime and the antdg®epic forcing, not

a definitive 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., 2014), or even to global climdiscriptors such as global mean temperature (seesiel, 2003; Gray et
ak., 2010 for an overview). Despite using a longer qubffior analysis, involving prominent features ofdrd-long-term
solar variability in the form of Maunder and Daltorinima, the absence of significant links suggéséd the impacts of
solar variations on the drought regime are nedkgib central Europejespiteregardless the obvious importance of solar
radiation as the main source of the energy forctineate system. On the other hand, Diodato ancoBettli (2011), studying
drought conditions in central-southern Italy in 158007 based on documentary evidence, reportadatigtl-yr and 22-yr
cycles, which could reflect single and double sohgycles, albeit not consistently present througtioe period analyzed.
They even argued that periods of low sunspot agtisiich as the Maunder Minimum, could have mongaich on drought
than local forcing agents. Schwander et al. (2Gtdjlied the influence of solar variability on thecarrence of central
European weather types in the 1763—2009 periody féported fewer days with westerly and west-soesterly flow over
central Europe under low solar activity and an éase in the occurrence of northerly and eastefdgsty This could be
reflected in precipitation totals and droughts afi.w

The effects of ElI Niflo—Southern Oscillation (ENS@) drought variability in central Europe also appeaite
limited. Previously, Pongracz et al. (2003) demi@ist the influence of ENS&+entson drought occurrence in Hungary;
however the signal was relatively weak in the statistisathse. Bice et al. (2012) showed a weaker influei¢eaNSO 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 responsef the drought indiceto ENSO occurred fosrre DJF-seasonand only when Li et al. (2011) data

were used as the predictepm

ie€onsidering the
absence of shorter-scale variability in the Manalef2009) series, it may be speculated that the responsibe ineasonal
data are tied to inter-annual rather than decaal@bility. On the other hand, both ENSO predictors employed, gy Li et

al. (2011) as well as by Mann et al. (2009), hasenblinked to a tendency towards higher temperaduregng positive
ENSO phase, although only borderline statisticsidyificant for the Mann et al. (2009) data whea émtire period 1501—
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2006 is consideredpecific conclusions regarding the nature andbiilia of the respective links are however diffittib

make without a supporting analysis of circulaticatt@rns. Furthermore, comparison with prior resoliained for the
instrumental period (such as the seasonal varmtieported by Brazdil et-al2015b) is rendered problematic by profound
differences in the nature of ENSO-related explaiyatariables.

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 @diksky et al, 2016b),
this analysis of more five centuries of data hagaed a more distinct volcanic imprint, suggestintendency towards

wetter conditions following major eruptions, largalue to temporary temperature decreasgese, most prominent in

summer. Our results conform well to the findingsHisher et al. (2007), who reported a distinctatide cooling effect of

major tropical eruptions during European summerr dize last five centuries. Theesults arealso consistent with the

findings-ofanalysis bycao and Gao (2017), whanalyzedstudiedEuropean hydroclimatic responses to volcanic engt
over the past nine centuries. Applying a superpegedh analysis, they found a significant wettiegponse for 31 tropical
eruptions (95% confidence level) in years 0 (tharyef eruption) and +1 (the first year after erapjiand a significant
drying in year +2. Large high-latitude eruptionghie Northern Hemisphere gave rise to drying respsin western—central
Europe occurring in year +2 and shifting southigasts in years +3 and +4. Similarly, the analys$ithe springMAM and
summerJJAydroclimate over Europe and the Mediterraneainduhe last millennium by Rao et al. (2017) indéchwet
conditionseeeuroccurringn the eruption year and the following three yaarsvestern Mediterranean, while northwestern
Europe and the British Isles experience dry coanliiin response to volcanic eruptions, with thgdar moisture deficits in
post-eruption years, and the Czech Lands being affestted two and three years after the eruptidgsekPand Brazdil
(2006) analyzed the imprints of seven large trdpécaptions in four temperature series and threbajlradiation series in
central Europe. They demonstrated that the volcaigcal in regional series is not as strongly esped as that on a
hemispheric scale, owing to varying local effectd airculation patterns. The climatological respn® eruptions in areas
closer to central Europe, such as Iceland and theitistranean, were identified as more importants Was confirmed by a
more recent and detailed analysis of the climatobdgand environmental impacts of the Tambora 18dfption on the
Czech Lands (Brazdil et al016b2016f and in its comparison with the Lakagigar 1783ptaaom (Brazdil et al., 2017).
Presence of a distinct signature of the Tamborptienuwas also confirmed in the central Europeae-ting chronologies,
though overestimated in both intensity and duratibthe cooling (Blintgen et al., 2015). Overallajipears that while the
effects of individual volcanic eruptions or thelroster sequences on central European droughtsifficeiltito isolate from
the background of other influences, their existeheeomes morelearnoticeabldrom multi-century series, covering a
larger number of powerful volcanic events.

The influence of AMO and PDO on drought variabiliigs already been demonstrated in the resultsvefae
papers (e.g., Enfield et al., 20@ytton and Hodson, 2008tcCabe et al., 2004; Mohino et al, 2011; Oglesbglgt2012).

Here, a connection of Czech drought indices to Hutise oscillations was indicatedpecially in case of Mann et al. (2009)

datg more prominent for PDO. This result is also cstesit with the outcomes of an analysis by MikSowskdl. (2016b),
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applying linear regression to the seasonal drouglex data from several Czech locations in the 48820 period and
reporting quite a strong link to the PDO index t#sg from an interaction of PDO-correlated computsein both
precipitation and temperature. However, a potemtiablem withtheouranalysis procedure stems from the close similarity
of the pair of predictors representing AMO and PD&iability. Despite the removal of the long-termmiperature
component from the original temperature reconstnstby Mann et al. (2009) the Pearson correlatiogfficient of the
two series is 0.77 over the 1501-2006 pe i i
around-20—35-years-as-wel-as-around—70-years IridAs a result, the AMO and PDO predictors are compgebor the

same components in the target signals and thedmmde intervals of the resulting regression cdeffits are inflated

compared to the other explanatory variables (Fjg.TAis similarity is also apparent from the cross-glet spectrum

between the AMO and PDO series (Fig. S3b), revedligh coherence especially for period£.020-30 years and 60-100

years, with relatively stable phase shifts, esplgdiar the latter bandConsidering the relative similarity of magnitudedan

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 theotWhen 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 peridéig. S1b).On the other hand, AMO alone produces no sigmifitimks to drought
indices (Fig. S1b).To investigate this behavior further, the AMBDO pair was replaced with théiensformation-by mean
value and their difference (note that this setupnédly corresponds to the outcomesurirotated principal component
analysis-th-this—setup—the-first-principal-compoenent{(P@presenting applied to a hi-variate system isting of the
AMO and PDO index series, with the mean value nesitte for88% of total variangecerresponded-to-the-arithmetic-mean
of-the AMO-and-PDO-series;—while thfe second-component{PC2; AMO/PDO pair and the diffeeeresponsible fahe
remaining 12—of totalvariance)represented—their—differende.Quite surprisingly, asubstantiathymore significant
connection to the series of Czech drought indicas wdicated foRPC2-than—ferPCl.the AMO-PDO difference (all
responses statistically significant at the 99% llevather than their common value (Fig. S1this suggests that the
differencecontrasbetween thdemperaturestemperature anomaliesthe northern Atlantic and northern Pacifiether

thanin addition tcatheir eemmen—concurrentindividualariability, ismay beinfluential in the context of theaterdecadal
variabilityinter-decadal componer$ central European droughts.
In_contrast with the data by Mann et al. (2009¢ #ifects of AMO/PDO on Czech drought indices wess

pronounced when other reconstructions were empldyethe case of AMO, use of the Gray et al. (208&hes revealed

tendencies qualitatively similar to the AMO Manmé&t(2009) predictor (higher precipitation andhegdrought indices for

positive AMO phase, and negative temperature arieg)albut with lower statistical significance (Figlf). While both

reconstructions are only moderately correlated .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), treeeedistinct similarity
in the oscillations in the 60—100-year period béfid. S3c).
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The similarity of individual reconstructions waseavweaker for PDO, with mutual correlations of theee
reconstructions (Mann et al., 2009; MacDonald araeC 2005; Shen et al., 2006) not exceedirrg 0.17 over their

respective overlap periods. Clear differences betvibe reconstructions are also apparent in thesemavelet spectra (Fig.

S3c). While some regions of common oscillationstexdspecially in the. 20—30 years and 60-100 years period bands, the

phase shifts vary substantially. The contrasts anmodividual reconstructions should not be surpdsin view of the major

differences in data inputs employed for their ¢oeafglobal multiproxies for Mann et al., 2009, £&@&ina summer rainfall
for Chen et al., 2006, and North American tree-riteja for MacDonald and Case, 2005). Choice of nsiroction

obviously plays a pivotal role in an analysis sashours; considering that the Mann et al. (2009 Reries was the only

one manifesting statistically significant linksttee Czech drought, temperature and precipitatiéa, dmd that several other

key series are available as parts of the sameaidtasluding the mean hemispheric temperaturés, dataset seems most

suitable for future analyses concerned with cefftmbpean climate.

Clear responses of all drought indices as welleasperature and precipitation to NAO were detectadilie

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-waviensform only suggests potential coherence éniodicities around 70

years, especially for temperature (Fig. 7e), thmidance of relatively fast inter-annual variabilitythe NAO data allows

for the regression mappings to be split to morensgys than in our other tests. In Fig. S8, regoessbefficients pertaining

to NAO are therefore shown for the individual ces. While there are some differences among timeieidual sub-

periods, the links are statistically significant &l of them in case of SPEI and temperature. ®hisome not only confirms

presence of links between droughts and NAO, bt &sifies suitability of the Luterbacher et al0O(2) reconstruction for

their analysis, even in the early parts of the datth regardless of certain degree of heteroscedgsi the Luterbacher et

al. (2002) series (manifesting through lower vazen the early parts of the NAO series for allsees but DJF). The

results obtained with the Luterbacher et al. (2@2& were also largely confirmed by the Ortecgd.€R015) reconstruction

for the 1501-2006 period, although statistical Bigance of the links to Czech drought indices waserally lower (Fig.

S1Kk); also, just a comparison for DJF was performean the winter-specific nature of the Ortegalef2015) NAO index

series.

It should be mentioned that the fraction of var@mxplained by the regression mapping$) (B quite low in
allsome ofthe cases presented aboveddes-not-exceedis abo0B506 for droughtindicesSPor precipitation at annual
resolution in the 1501-2006 perid@ig. 4a).A slightly higher value (R= 01411) was achieved for the temperataries,
mostly-due—to-the-match—of long-term-trends-sersiBPEI, and even higher {R 0.28) for temperatureand—of-CQ

concentration—Semewhat-higher itself. HigRBiwas also indicated faromeindividual sub-periods, especially 18512006
with R = 0.11 for SPI and = 0.21 for SPEI (Fig. 4cEven so, the components detected in the drougditds, even when

statistically significant, do not constitute a ppednant source of total variability; this role appeto be played by inter-

annual variations associated with weather charlgssrcto synoptic time scales and tied to locahalie dynamics(see Fig.
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S5 for an illustrative example, visualizing regressbased estimate of the annual SPEI values amdelevant predictor-

specific componentsstill, as the statistical significance of somdtdf links in this analysis suggests, the effectscofie-of

the extra-European climate drivers should not knidised, as they appear to contribute substantaliyter-decadal
variability (possibly driven, at least partially, by temperature variasion the AMO and PDO regions) or episodic

perturbations (volcanic activityNo distinct structures beyond the AR(1)-consistribcorrelation decay were found in the

regression residuals (Fig. S4), with the exceptibpossible traces of a 22-year cycle in the P@Sidual series and a weak

tendency towards positive autocorrelations for terapre. While these may indicate the presencenafapunted-for

effects of a double solar cycle (previously repdrfer Italian droughts by Diodato and Bellocchi, 12D and/or _an

unexplained trend component, the statistical Sicaniice of these residual structures is low.

The interactions among the explanatory variabléigsnananifesting through (multi)collinearity of thedictors,

are_among the potentially critical aspects of mealinble regression analysis. While this study assied the high

correlation between the AMO and PDO predictors thase Mann et al. (2009) data, there are other blesselationships

worthy of attention. Additionally, the links may babject to time-delayed responses of the targaihlas to the predictors

or delayed responses of internal variability mamesxternal forcings. To investigate these, crassetation functions were

examined between the target variables and predictith pronounced inter-annual variations, as vesllbetween the

selected predictors themselves. No prominent gleaori-time-delayed responses were detected regattiingjrect effects of

solar or volcanic activity (Fig. S6); if presenistthct extrema of cross-correlations only occuri@dconcurrent, non-lagged

series. Additionally, presence of long-term comprsavas detected in the solar-related autocoroaldtinctions. Since

these stem from interaction of long-term trendhmtime series and cannot be reliably interpretaaorrelation/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&@Qex, considering the previous reports of positi&O phase during

several years following large volcanic eruptionst€@a et al., 2015; Sjolte et al., 2018). No clslay was detected for the

analysis setup herein (Fig. S7). In case of the NASD cross-correlation, a maximum was indicatedldoy of 2-3 years.

While this behavior may be indirectly related te firyear delayed circulation response to solaviaictieported by Sjolte et
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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 predicgmrtaining to internal climate variability modesgression analysis

was carried out with external forcings only (Fid.a% The resulting responses were found to be sienyjar to the setup

with all seven predictors (Fig. 4), suggesting jlistited direct linear imprint of external forcinga the predictors

representing influential internal climate variatlyilmodes in our analysis.

One of the key questions associated with any aisabysnulti-centennial climatic signals is the iesaf stability in
the patterns and relations observed. While thidysatempted to address this subject within itseggjon-based analysis, by
investigating two shorter sub-periods in the datajan even finer divisiorvould-preve-difficultinwas employed to study
thelightstability of therelativelyNAO-related links, such an approach ishpematic for the factors dominated by variations

at long eharacteristic-times—of some-of- theprocesseswdgleriods(such as AM@-compared-to-the-length-of-the-time
series—available.)In this regard, cross-wavelet transformay—provideprovided somextra insight; it appears that while

periodic oscillations do not dominate Czech drougldices, somespecific time-scales areubstantiallyinvolved in the
interactions between our target and explanatoryakbes-(Fig—7).. However, none of these connections is persistent
throughout the entire analysis period, even thaayhe of them (especially the relatively coherark indicated for periods

of around 70 years) span several centudes appear for multiple target/explanatory vdesl¥ o betterdeseribeunderstand

these links and their implications, a transitionmore complex regression methaedsywill be desirable in the future. This
extension of analytical methods should also be rapemied by a more detailed analysis of the uncdigsi in the pre-

instrumental data, including inter-comparison vather data types (such as dendroclimatic recon&ing).

6 Conclusions

The current paper analyzed imprintsesfiernal—and-some—internalimate forcingsand large-scale internal variability

modesin three long-term series of drought indices (SREI, PDSI) derived from documentary and instrualetata after
AD 1501 for the Czech Lands. The results confirreaahe of the previous findings derived from instrataédata; in other
cases, such extended analysis period facilitaté@rbielentification and quantification of the fataesponsible for Czech
drought regimes, and a more complete understarofiihgw temperature and precipitation mediate tispeetive links:

() €9,GHGs concentration (and corresponding radiative forcimgatches the long-term trend component in the
temperature-sensitive drought indices quite weREBand PDSI, in addition to temperature itselfyel considering that
statistical attribution analysis can only reveainfal similarities and cannot verify the causalifytive links detected, the
dynamics of the relationship duringreindustrialpre-instrumentaand recentinstrumentaperiods and other available
evidence (including data from climate simulatiossjpport the existence of an anthropogenic-induagthgl effect in
central Europe, primarily tied to temperature iaserather than precipitation changes.

(i) While the results herein confirmed the lackao$olar variability imprint in th€zechdrought series, a distinct signature

of temporarily wetter conditions following majorrattospheric volcanic eruptions was detected, Igrget to transitory
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temperature decrease. This behavior appears utalgtedrom instrumental data alone, probably du¢hto insufficient
number of large volcanic events.

(i) Unlike the mostly non-significant responseEdISO,both AMO and (especially)PDO appear to be tied to decadal and
multidecadalmulti-decadadomponents in (at least some) drought indicesnErere curiously, a more significant drought
component appears to be tied to the difference dmtwAMO and PDOvaldesphasesather than to their common
component. Further validation will be, however, dembto verify whether this behavior is a maniféstabf actual physical
links, er—a-feature-asseciatedasoiily withappears for some dhe speeific AMO-and PDO reconstructionsised.in our

analysis.
Finally(iv) NAO was reaffrmed as a powerful drivef drought variability in this analysis. For theimpary NAO

reconstruction in the tests herein (Luterbachel.eP002), not only were links detected for a# tirought indices as well as

temperature and precipitation, but their statiiticgignificant presence was confirmed throughét éntire analysis period,

including its earliest parts.

Overall the results hereialsoindicated some potentially prominent, but not ctatgly stable relations between
the time-series investigated. In the future, th&ssuld be investigated more closely, as a bettdenstanding of them is
vital to proper analysis of records spanning mamturies. In this context, the reliability of theconstructed records needs
to be addressed in more detail. Transition to ncoreplex statistical techniques (possibly nonlin@aay also be desirable,

although challenges will have to be overcome rdl&tehigher uncertainty and the sometimes limitédrimation content of

doeumentdocumentarand proxy-based data.
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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 regi@n between the predictands characterizing IGezakch climate (drought indices
green temperature—+ed,andprecipitation—bl€ and a set of explanatory variables representieyeal forcings and large-scale internal
climate variability modes in various periods) 150116102006, (b) 150¥1610)—1850, (c) 18512006 R fraction of variance
explained by the regression mapping
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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 regi@n between the predictands characterizing IGezakch climate (drought indices
green temperature—+ed,andprecipitation—bli€ and a set of explanatory variables representieyeal forcings and large-scale internal
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Figure 7. Standardized cross-wavelet spectra between sefi€@erh SPElcentral-Europeattemperature Szechprecipitation and
selected explanatory variables with distinct oatilty component(a) total solar irradiance, (b) AMO, (c) PDO, NSO (e) NAO

(annual time-step; standardized and bias correetegher Veleda et al., 201Z)oherencesAreas enclosed by black line correspond t
cross-wavelet powerstatistically significant at the 95% levelte—enclosed-by-black-ltine, AR(1) process nulldilypsis the arrows
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