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Fig. 7. (a) Example of a long-term ‘continental-scale’ drought forecast for the USA in comparison with (b) a high-resolution
(500 x 500 m) short-term forecast using the ensemble of 5 numerical weather prediction models for the Czech Republic where
forecast error (%) is also given for each
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that control drought variability and severity could
improve drought forecasting skill [Q29]. ENSO is one
of the main drivers of climate variability at the global
scale, and large areas of the world show a strong
drought severity response to these events (Dai et al.
1998, Dai 2011, Vicente-Serrano et al. 2011a).

3.4. Climatology

Large-scale drought events affecting significant
portions of a continent, such as the 2010 drought in
Russia or the 2012 drought across the central US,
highlight the need for enhanced preparedness for
future droughts in terms of frequency [Q30], dura-
tion, extent, and termination [Q31] (Parry et al
2016a,b). The recent drought in California (e.g. Sea-
ger et al. 2014) demonstrates that even advanced
economies are vulnerable to long-term drought, be-
cause such events have multiple cascading societal
consequences that are difficult to predict. In some
regions of the world, drought occurrence has been
linked to long-term temporal variability patterns,
such as the Atlantic and Pacific multi-decadal oscilla-
tions (McCabe et al. 2004, Mohino et al. 2011,
Oglesby et al. 2012). Therefore, being able to derive
linkages between decadal climate variability and the
occurrence of drought [Q32] and properly model
drought [Q33] are needed to improve forecasts.
Understanding the underlying physical processes
requires an understanding of the influence of land-
atmosphere interactions ([Q34], Lejeune et al. 2017).
Climate forcings/drivers or large-scale climate phe-
nomena (e.g. El Nino) need to be studied [Q35-36]
for the same reason because they provide hints about
the long-term predictability of drought risk (e.g.
Nicolai-Shaw et al. 2016) or allow attribution of
drought trends to particular forcings (Brazdil et al.
2015, Gudmundsson & Seneviratne 2016). Some
examples (e.g. Davidson et al. 2012) urge researchers
to decipher the relationships between drought for-
mation and land-use changes [Q37]. On longer time
scales, some researchers are concerned about ‘mega-
drought’ events, such as the medieval 'mega-
droughts’ in the western US (Cook et al. 2004, 2007),
and shorter but still extreme events, such as the 1540
drought in Europe (Wetter et al. 2014). A 12-century-
long perspective of Northern Hemisphere hydrocli-
mate anomalies was recently provided by Ljungqvist
et al. (2016) (Fig. 8). Although this study did not focus
on 'mega-droughts,’ such large-scale studies (in
terms of both area and time covered) are critical for
our understanding of the potential for extraordinary

events [Q38], the long-term variation in large-scale
drought probability, and the drivers responsible for
these events. Understanding drought teleconnec-
tions and past drought frequencies is also critical for
supporting reported increases in the drought fre-
quency/severity in some regions (e.g. Trnka et al.
2009, 2015, Vicente-Serrano et al. 2014) that have
been attributed to climate changes [Q38]. Although
some studies (e.g. Trigo et al. 2013, Brazdil et al.
2015) have provided fairly conclusive evidence that
increases in drought frequency are linked to increas-
ing CO, and no other known factor, this relationship
remains to be quantified globally in a comprehensive
way [Q39].

Assessing future changes in drought frequency
and severity either via new methods of downscaling
or higher-resolution global circulation models [Q40]
and/or regional climate models [Q41] is also high on
the agenda. The development of a new generation of
climate models is considered especially important. In
recent years, we have witnessed several debates
(e.g. Dai 2011, Vicente-Serrano et al. 2011b, 2015,
Hoerling et al. 2012, Begueria et al. 2014, Feng et al.
2017) centered around choosing the most appro-
priate drought index for assessing drought under
changing climate conditions; the associated inconsis-
tencies should be clarified [Q42]. Additionally, the
drought risks associated with climate change caused
by future carbon emissions should be quantified
[Q43]. Moreover, the frequently recommended con-
cept of improving soil health as a drought mitigation
strategy remains to be objectively tested [Q44].

3.5. Adaptation

Acquiring the capability to enhance long-term
drought resilience is a critical part of risk manage-
ment strategies, as shown by the development of the
National Integrated Drought Information System in
the US. To promote risk management and to increase
resilience, adequate indicators should be used, and
their validity should be assessed [Q45]. Increasing lo-
cal resilience requires a methodological framework to
determine vulnerability and resilience [Q46]. Drought
plans are viewed as an aspect of enhancing drought
resilience (Wilhite et al. 2005). However, in the re-
gions/countries where drought planning and drought
monitoring are divided (e.g. between different min-
istries or governmental levels), the linkages between
these 2 critical components of the drought response
system should be improved [Q47]. It remains to be
seen how much of eventual conflicts might be re-
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Fig. 8. Spatio-temporal distribution of gridded centennial hydrological proxy anomalies (brown: drought, green: wet) over

land areas with at least 3 independent proxies within the estimated centennial correlation decay length for centennial-scale

hydrological variability. Anomalies are shown relative to the centennial mean and standard deviation over the 11% to the 19®

centuries. The color scale is truncated at -2 and 2, and areas with insufficient proxy coverage to compute a gridded weighted
mean value are left white. From Fig. 2a in Ljungqvist et al. (2016)

solved through the integrated use of resources [Q48],
and more research is required to identify and rank
the available adaptation options [Q49]. The benefits
of drought mitigation and drought planning seem to
be obvious and have been listed by some researchers,
such as Schwab (2013); however, more quantitative
assessments are needed in order to demonstrate
these benefits and provide officials with the support
to take proactive actions. Studies focused on cost-—
benefit analysis of drought planning and drought mit-
igation would be highly beneficial when framing
public discussion [Q50], as conceptual models (Fig. 9)
need to be supported by data.

The proper and functional inclusion of drought into
overall risk management policies remains a challenge
that needs to be tackled [Q51]. As the overall regional
drought resilience can be viewed as a product of the
resilience of individual sectors and landscape compo-

nents, studying and improving the resilience of these
factors should also be prioritized [Q52-56]. These
sectors/landscape components include urban areas
[Q52], managed and non-managed ecosystems [Q53],
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Fig. 9. Conceptual model illustrating the diminishing conse-

quences, moving from left to right, of inaction to drought,

drought response with a crisis management approach, and

an approach that promotes preparedness and risk manage-
ment (adapted from WMO & GWP 2017)
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and farmland [Q54-56], where irrigation and its asso-
ciated costs are considered important research ques-
tions (e.g. Rey et al. 2017).

3.6. Planning and policy

Planning for drought events is intertwined with
drought monitoring, forecasting, and impact assess-
ment; thus, finding the proper relationship among
these themes is paramount in drought planning
[Q57]. Some studies (e.g. Blauhut et al. 2016) indicate
that finding critical thresholds is difficult and re-
quires substantial and widespread analysis of data
archives and innovative statistical techniques. In
some cases, specific policies might affect drought
resilience in undesirable ways (e.g. limiting drought
resilience by primarily focusing on drought impact
alleviation) [Q58]. The development of and changes
in drought policy are usually initiated by a major
drought episode, as in 1947 in Central Europe (e.g.
Brazdil et al. 2016) or in the late 1990s in the US Mid-
west (e.g. McLeman et al. 2014). Understanding why
some drought events trigger responses at the policy
level seemed critical to the respondents [Q59]. The
final research question reflects one of the major chal-
lenges associated with preparing meaningful long-
term drought policy, i.e. ongoing climate change and
uncertainty in the magnitude (and in some regions
also the sign) of the change [Q60].

4. CONCLUSIONS

This study drew its inspiration from other priority
research exercises that have taken place in fields
such as ecology (Sutherland et al. 2013), paleo-
ecology (Seddon et al. 2014), and historical ecology
(Armstrong et al. 2017). As noted in the preceding
exercises, the resulting drought questions are in no
way final and definitive. The 431 initial questions
were a heterogeneous mix of general and specific
questions, and the subsequent 4-phase process gen-
erated increasingly universal questions. For exam-
ple, approximately 30 region-specific questions were
translated into several more general questions that
are, in our view, more relevant to a wider global
audience. In the current structure, the 60 questions
may be adapted to various regions of the world and
can also serve as a ‘check-list’ in formulating drought
research priorities, starting with identifying appro-
priate monitoring methods [Q1-7] and drought im-
pact assessment strategies [Q8-26], forecasting

drought and understanding drought climatology
[Q27-38], and addressing climate change consequen-
ces [Q39-44]. While the first two-thirds of the ques-
tions represent basic research on drought as a natu-
ral science phenomenon, a significant share of the
questions cover the societal components of drought.
These questions [Q45-60] are more in the realm of
applied research, and include adaptation strategies
for drought and the planning and policy aspects of
the issue. In general, method-oriented questions rep-
resent relatively large proportions of the ‘Adaptation
strategies to drought' theme and the themes dealing
with drought monitoring and impact assessment.
This pattern is understandable because, while there
has been marked development in drought monitor-
ing and assessment tools, much work remains to be
done at the science—-decision making interface.

While the process of question evaluation was based
on robust and tested methodology, the final list of 60
priority research questions is skewed towards those
where common agreement could be found. On the
other hand, ‘provocative’ or ‘original’ questions that
drew highly contrasting views, or appealed to a small
subset of the participants, naturally fell down in the
list due to the question ranking process (e.g. Fig. 2b).
For this reason, readers are advised to use Supple-
ment 4 to explore the research questions that did not
pass the final ‘cut’ in which only the most 'consen-
sual' questions were retained. Supplement 3 pro-
vides readers with the view of the original set of
questions including those that were narrowly fo-
cused on a particular region/research field, and thus
tended to score lower in the evaluation process.

The formulated questions also show that the crite-
ria selected to define drought must be stated explic-
itly (Wilhite & Glantz 1985) so that the definition can
be evaluated and its applicability to other locations
examined (e.g. Lloyd-Hughes 2014 or [Q8]). On the
other hand, some of the concluding questions (e.g.
[Q59] and [Q60]) indicate difficulty on the part of the
research community in reaching out to decision mak-
ers, particularly those at the policy levels, to highlight
the importance of drought, which was also identified
as one of the major research issues 3 decades ago
(Wilhite & Glantz 1985).

Despite the continued efforts to understand how
droughtis defined for different sectors and across var-
ious regions, the list does highlight the massive tech-
nological advances in the area of remote sensing and
ground-based monitoring of drought onset, severity,
and impacts. Never in the past have researchers been
in the position (at least potentially) to monitor the cli-
mate, land use, and societal drivers of drought and
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drought impacts globally, and at such a high resolu-
tion and in nearreal time. At the same time, the wealth
of information on drought variability and impacts over
previous centuries to study drought-society interac-
tions has been growing in response to networking and
international collaborations. In a way, the set of ques-
tions presented by this paperreflects the challenges of
such situations, with many researchers feeling that
the commonly used approaches are not enough to uti-
lize new information, and that substantial human and
computational resources should be devoted to mak-
ing sense of the available data. We are proposing 3
steps that would, in our view, greatly speed up the
process of answering many of the posed questions:

(1) Organize global inter-comparison and improve-
ment projects focused on available methods in the
monitoring and forecasting of drought and drought
impacts, fostering collaboration among all research
labs across continents and disciplines using the
experiences of similar efforts in related research
fields (e.g. AgMIP project - www.agmip.org/);

(2) Create a multiscale, open-access repository of
both ground and remote sensing based drought
indicators as well as drought impacts that would be
properly documented and updated;

(3) Commission review and position papers as col-
laborative efforts to leading research labs that
would capture the present state-of-the-art, particu-
larly in the fields of drought monitoring (including
both ground based and remote sensing), drought
impacts, drought forecasting and prediction,
drought adaptation strategies, and drought plan-
ning and policy.

The list of 60 questions expresses, to a large extent,
the interdisciplinarity and the multiple settings of
drought research, and it maps at least some of the
knowledge gaps that still exist or are perceived to
exist. In the case of drought research, the link with
stakeholders (and frequently the main funders)
should be as close as possible, and the research
should directly affect existing policies and legisla-
tion. Therefore, closing the known knowledge gap is
important, and this list of questions can be used as a
guide to define research needs in particular regions/
sectors.
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