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Supplementary	Figures	
	
	
	

	
	
Supplementary	Figure	1.	Germany	divided	into	NUTS-1	regions,	including	their	
acronyms.	
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3 | Approach & Methodology

In this chapter the general approach of the study is
given. First, the case studies are described for which
drought impact is forecasted. Thereafter, the general
methods used in this study are described. These include:
transformation of text-based impact reports into binary
timeseries, calculations of drought indices, development
of drought impact functions, and the skill assessment.

3.1 Cases

Availability and accessibility of impact information from
reports appear to vary across Europe. This results in
temporal and spatial biases within the EDII inventory.
For the present study, Germany was selected for analysis,
as it is one of the most documented countries within the
EDII.

When forecasting droughts, it would be beneficial for
end-users and stakeholders to have more detailed infor-
mation about possible impacts. Details on temporal and
spatial scale and specific type of impact are, however,
strongly related to the impact data available. To find
a balance between reasonable forecasts and the level
of detail, 5 cases were identified. The temporal reso-

Figure 3.1: Germany divided in NUTS 1 regions includ-
ing their abbreviation.

lution is constant for all the cases and is based on a
monthly time step. For all cases the skill of forecast-
ing drought impacts will be analysed. Drought impact
functions built for these cases di�er in spatial coverage
and detail of each drought impact, i.e. lumped impacts,
see Table 3.1.

Table 3.1: Case studies for which drought impacts are
forecasted in the present study

Case Spatial Level Impact
1 Germany Total Impact
2 Germany Impact Category EDII
3 NUTS 1 Level Total Impact
4 NUTS 1 Level Merged Impact Category EDII
5 NUTS 1 Level Impact Category EDII

For the Cases 1 and 2 the entire country is the spatial
extent. For the Cases 3, 4, and 5 the spatial coverage is
based on NUTS 1 level (Nomenclature of Units for Ter-
ritorial Statistics), see Figure 3.1. The NUTS regions
are geo-coded standard regions developed by the Euro-
pean Union. In Germany the NUTS 1 level corresponds
with the federal states. As already mentioned in Section
2.1, the EDII divides drought impact into 15 categories.
The Cases 2 and 5 use all these individual categories
for forecasting drought impacts. For the cases 1 and
3 no distinction is made between the di�erent drought
impacts categories, i.e. all categories are lumped. For
Case 4, the EDII categories were arbitrarily grouped as
follow:

• Agriculture and Livestock Farming + Forestry
• Energy & Industry + Transportation + Public Wa-

ter Supply
• Water Quality + Freshwater Ecosystem + Terres-

trial Ecosystem
• Wildfire + Air Quality + Human Health & Public

Safety

3.2 Workflow

In Figure 3.2 the general workflow followed in the
present study is illustrated. Four general steps can be
distinguished, consisting of the following: (1) transfor-
mation of text-based impact reports into binary time-
series, in green,(2) retrieving drought indices from proxy
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Supplementary	Figure	2.	Number	of	impact	occurrences	(top),	and	distribution	
of	impact	categories	for	each	NUTS-1	region	in	Germany	(lower	left)	and	for	each	
season	 (lower	 right)	 within	 the	 time	 frame	 of	 1990-2017	 obtained	 from	 the	
EDII1.	For	the	acronym	of	NUTS-1	regions	in	Germany,	see	supplementary	Fig.	1.	
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4 | Results

In this Chapter the results obtained during this study are
presented and illustrated. In Section 4.1, the selected
drought impacts from the EDII used in the study are
shown. In Section 4.2, the skill of re-forecasted drought
indices is evaluated. In Section 4.3, findings on mod-
elled drought impacts are shown. First the di�erences
and similarities between LG and RF are shown. There-
after, the most important predictors in the impact func-
tions are identified for various drought categories and re-
gions. Finally, results of modelled re-forecasted drought
impacts are illustrated for particular examples.

4.1 Retrieved Drought Impacts

As already discussed in Section 3.3, the EDII inventory
was translated into binary time series of drought im-
pacts. An overview of these binary time series is shown
in Figure 4.1, for 1990-2017. The upper part of Figure

4.1, shows the number of months with impacts on a
regional (left) and seasonal (right) scale. In the lower
part, the category of impact contributing to the total
impact occurrence is shown.

There is a large di�erence between the NUTS-1 regions
with respect to frequencies and impact category. These
di�erences between regions are not surprising consid-
ering the di�erences in topography, land-use, economic
activities, demography, etc. Looking at the seasonal dis-
tribution it can be concluded that most drought impacts
occur during the summer period. Categories, which are
more pronounced throughout the data are: agriculture
and livestock farming, freshwater ecosystems, public wa-
ter supply, and water-borne transportation. It should be
noted that there are no drought impact reports regard-
ing Conflicts and Tourism & Recreation.
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Figure 4.1: Number of impact occurrences and distribution of impact categories for each NUTS-1 region in
Germany and for each season within the time frame of 1990-2017. For acronyms of NUTS-1 regions, see Figure
3.1.
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Supplementary	 Figure	 3.	 Standardized	 Precipitation	 Index	 and	 Standardized	
Runoff	Index	accumulated	over	6	months:	(a)	SPI-6	for	Rheinland-Pfalz	(RP);	(b)	
SRI-6	 for	 Rheinland-Pfalz	 (RP);	 (c)	 SPI-6	 for	 Brandenburg	 (BB);	 (d)	 SRI-6	 for	
Brandenburg	 (BB).	 SPI-6	 and	 SRI-6	 were	 calculated	 using	 proxy	 observed	
weather	data.		
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Supplementary	 Figure	 4.	 Predictor	 importance	 in	 developed	 drought	 impact	
forecasting	functions	using	Random	Forest	for	impact	Group	1	(a),	Group	2	(b),	
Group	3	(c),	and	Group	4	(d).	The	colored	boxes	show	the	predictor	importance	
for	 each	 NUTS-1	 region	 in	 Germany.	 Red	 colors	 indicate	 highly-related	
predictors	 and	 yellow	 colors	 indicate	 lowly-related	 predictors	 to	 the	 selected	
drought	 impacts.	A	 summary	 is	given	as	histograms	at	 top	of	each	 figure.	Gray	
boxes	 indicate	 NUTS-1	 regions	 that	 have	 not	 been	 included	 in	 the	 forecasting	
because	 of	 insufficient	 impact	 reports.	 For	 the	 acronym	 of	 NUTS-1	 regions	 in	
Germany,	see	supplementary	Fig.	1.	
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Supplementary	Figure	5.	Flowchart	showing	data	and	methods.		
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Supplementary	Notes	
	
	
	
Analyses	 in	 this	 study	were	 carried	 out	 based	on	 the	German	NUTS-1	 regions.	
The	NUTS	 regions	 are	 geo-coded	 standard	 regions	developed	by	 the	European	
Union2.	 In	 Germany,	 the	 NUTS-1	 regions	 correspond	 with	 the	 federal	 states	
(Supplementary	 Fig.	 1).	 Figure	 1	 shows	 the	 German	NUTS-1	 regions	 and	 their	
acronyms.	
	
Collection	of	drought	impact	reports	and	their	entries	in	the	EDII1	is	still	an	on-
going	process.	The	text-based	reports	are	obtained	from	various	sources,	such	as	
governmental	 reports,	 NGO	 reports,	 newspapers,	 digital	 media,	 and	 scientific	
papers.	Impact	entries	in	the	EDII	must	contain:	(1)	temporal	reference	that	can	
be	 indicated	by	month,	 season,	 or	 year;	 and	 (2)	 spatial	 reference,	which	 is	 the	
location	of	the	reported	impacts.	This	can	be	either	referred	to	different	levels	of	
geographical	 regions	using	 the	European	Union	NUTS	 standard	 (Nomenclature	
of	Units	 for	Territorial	 Statistics)	or	 specified	by	 rivers	and	 lakes.	The	drought	
impact	 reports	 are	 divided	 into	 15	 impact	 categories:	 (1)	 agriculture	 and	
livestock	 farming,	 (2)	 forestry,	 (3)	 freshwater	 aquaculture	 and	 fisheries,	 (4)	
energy	and	industry,	(5)	waterborne	transportation,	(6)	tourism	and	recreation,	
(7)	 public	 water	 supply,	 (8)	 water	 quality,	 (9)	 freshwater	 ecosystems,	 (10)	
terrestrial	 ecosystem,	 (11)	 soil	 system,	 (12)	 wildfires,	 (13)	 air	 quality,	 (14)	
human	 health	 and	 public	 safety,	 and	 (15)	 conflicts	 (Supplementary	 Fig.	 2).	
Supplementary	Figure	2	shows	that	in	Germany	most	drought	impacts	occurred	
during	the	summer	period	and	mainly	in	the	southern	and	western	regions	(BV,	
BW,	 and	 BB,	 see	 Supplementary	 Fig.	 1	 for	 the	 acronyms).	 The	 most	 frequent	
reported	drought	impacts	are	in	the	categories	agriculture	and	livestock	farming,	
freshwater	ecosystems,	public	water	supply,	and	water-borne	transportation.		
	
Availability	 of	 reported	 impact	 information	 in	 the	 EDII	 appears	 to	 vary	 across	
Europe.	 This	 results	 in	 temporal	 and	 spatial	 biases	 within	 the	 EDII.	 For	 the	
present	study,	Germany	was	selected	to	explore	the	potential	of	drought	impact	
forecasting,	as	it	is	one	of	the	most	documented	countries	within	the	EDII.		
	
An	example	of	 time	series	of	drought	events	 in	the	German	NUTS-1	regions	RP	
and	BB	 is	 presented	 in	 Supplementary	 Figure	 3.	 These	 events	were	 calculated	
using	 proxy	 observed	 data	 for	 Standardized	 Precipitation	 Index	 and	
Standardized	 Runoff	 Index	 accumulated	 over	 6	months	 (SPI-6	 and	 SRI-6,	
respectively).	The	optimal	accumulation	period	for	standardized	drought	indices	
depends	 on	 catchment	 characteristics	 (fast	 versus	 slowly-responding	
catchments),	 but	 also	 on	 the	 impacted	 sector.	 For	 some	 sectors,	which	 largely	
depend	on	soil	moisture,	 an	accumulation	period	of	3	months	 (SPI-3)	 fits	well,	
for	other	sectors	that	are	more	influenced	by	groundwater,	or	groundwater-fed	
rivers,	 longer	 accumulation	 periods	 are	 selected	 (e.g.	 SPI-6).	 For	 instance,	 the	
heat	maps	 compiled	 by	 Ref.	 3	 show	 that	 accumulation	 periods	 over	 6	months	
(SPI-x,	x>6)	are	typical	for	groundwater.	The	temporal	evolution	of	the	SPI-6	and	
SRI-6	shows	that	droughts	occurred	in	RP	and	BB	in	2003,	2006,	and	2008.		
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Drought	 impact	 forecasting	 functions	 have	 been	 developed	 for	 the	 German	
NUTS-1	 regions	with	 sufficient	 impact	data	 for	 the	drought	 impact	 groups:	 (1)	
agriculture	and	livestock	farming,	and	forestry;	(2)	energy	and	industry,	water-
borne	 transportation,	 and	 public	 water	 supply;	 (3)	 water	 quality,	 freshwater	
ecosystem,	 and	 terrestrial	 ecosystem;	 and	 (4)	wildfire,	 air	 quality,	 and	 human	
health	and	public	 safety.	These	 functions	were	 trained	using	observed	drought	
events	derived	from	drought	indices	(SPI-x,	SPEI-x,	and	SRI-x,	with	x=1,	3,	6,	12),	
years	 in	drought,	and	months	 in	drought	 from	1990	to	2017	as	predictors,	and	
binary	 drought	 impact	 time	 series.	 Supplementary	 Figure	 4	 illustrates	 the	
predictor	importance	for	every	region	and	for	selected	merged	impact	categories	
(impact	 groups),	which	 are	 generated	with	 the	 Random	 Forest	 algorithm.	 The	
dark	gray	boxes	indicate	that	insufficient	data	are	available	for	a	certain	impact	
group	and	NUTS-1	region	to	develop	drought	impact	forecasting	functions.	
	
Overall,	 the	year	of	 impact	occurrence	seems	 to	be	a	good	predictor	 for	all	 the	
impact	groups	(most	right	bar	in	each	histogram).	This	is	the	result	of	temporal	
bias	 within	 the	 EDII.	 For	 impact	 Group	1,	 accumulation	 periods	 of	 3	 and	 6	
months	 are	best	 linked	with	 the	 impact	 (Supplementary	Fig.	 4a).	 SPEI	 and	SRI	
are	better	drought	impact	predictors	than	the	SPI.	The	accumulation	period	of	6	
months	appears	to	be	the	best	predictor	for	impact	Group	2,	closely	followed	by	
the	accumulation	periods	of	3	and	12	months	(Supplementary	Fig.	4b).	Drought	
indices	SPEI	and	SRI	are	best	linked	to	this	impact	group.	As	this	category	is	well	
covered	 across	 Germany,	 spatial	 trends	 can	 be	 found.	 For	 the	 more	 southern	
regions,	accumulation	periods	of	3	and	6	months	are	best	 linked.	The	northern	
regions	are	well	correlated	with	longer	accumulation	periods	(6	and	12	months).	
Supplementary	 Figure	 4c	 shows	 that	 best	 predictors	 for	 impact	 Group	3	 have	
accumulation	periods	of	3	and	6	months.	Like	the	other	two	impact	groups,	the	
drought	 indices	 SPEI	 and	 SRI	 have	 better	 predictive	 power	 than	 SPI.	 No	 clear	
spatial	 trends	 can	 be	 found	 across	 regions	 for	 this	 impact	 group.	 For	 impacts	
related	 to	 fires,	 health,	 and	 air	 quality	 (Group	4),	 predictors	 with	 short	
accumulation	 period	 are	 most	 important	 for	 forecasting	 this	 drought	 impact,	
closely	 followed	 by	 predictors	 with	 accumulation	 periods	 of	 6	 months	
(Supplementary	Fig.	4d).		
	 	
In	our	study,	we	used	methods	that	are	already	well	established.	As	described	in	
the	Method	section,	data	and	methods	used	in	this	study	are	similar	with	studies	
described	 in	 Ref.	 4,	 5,	 6,	 and	 7.	 Supplementary	 Figure	 5	 shows	 the	 flowchart	
describing	the	data	and	methods.		
	
	
	
	
	
	
	
	
	
	
	



9	
	

Supplementary	References	
	
1. Stahl,	 K.	 et	 al.	 Impacts	 of	 european	 drought	 events:	 insights	 from	 an	

international	database	of	text-based	reports.	Nat.	Hazards	Earth	Syst.	Sci.	16,	
801–819,	DOI:	https://doi.org/10.5194/nhess-16-801-2016	(2016).	

2. Eurostat.	 Regions	 in	 the	 european	union:	Nomenclature	 of	 territorial	 units	
for	statistics	nuts	2010/eu-27.	Eur.	Union	(2011).	

3. Bloomfield,	J.	P.	&	Marchant,	B.	P.	Analysis	of	groundwater	drought	building	
on	the	standardised	precipitation	index	approach.	Hydrol.	Earth	Syst.	Sci.	17	
(12),	4769-4787	(2013).	

4. Arnal,	L.	et	al.	Skilful	seasonal	forecasts	of	streamflow	over	europe?	Hydrol.	
Earth	Syst.	Sci.	22,	2057–2072,	DOI:	https://doi.org/10.5194/hess-22-2057-
2018	(2018).	

5. Bachmair,	 S.	 et	 al.	 Drought	 indicators	 revisited:	 the	 need	 for	 a	 wider	
consideration	 of	 environment	 and	 society.	WIREs	Water	 3,	 516–536,	 DOI:	
https://doi.org/10.1002/wat2.1154	(2016).	

6. Bachmair,	S.,	Svensson,	C.,	Prosdocimi,	I.,	Hannaford,	J.	&	Stahl,	K.	Developing	
drought	 impact	 functions	for	drought	risk	management.	Nat.	Hazards	Earth	
Syst.	Sci.	17,	1947–1960,	DOI:	https://doi.org/10.5194/nhess-17-1947-2017	
(2017).	

7. Van	Hateren,	T.,	Sutanto,	S.	J.	&	Van	Lanen,	H.	A.	J.	Evaluating	uncertainty	and	
robustness	of	seasonal	meteorological	and	hydrological	drought	forecasts	at	
the	catchment	scale-case	catalonia	(spain).	Env.	Int.	(accepted).	

	
	


