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Abstract

The 2018-2019 Central European drought was probably the most extreme in Germany since the early sixteenth century.
We assess the multiple consequences of the drought for natural systems, the economy and human health in the German
part of the Elbe River basin, an area of 97,175 km? including the cities of Berlin and Hamburg and contributing about 18%
to the German GDP. We employ meteorological, hydrological and socio-economic data to build a comprehensive picture
of the drought severity, its multiple effects and cross-sectoral consequences in the basin. Time series of different drought
indices illustrate the severity of the 2018-2019 drought and how it progressed from meteorological water deficits via soil
water depletion towards low groundwater levels and river runoff, and losses in vegetation productivity. The event resulted
in severe production losses in agriculture (minus 20-40% for staple crops) and forestry (especially through forced logging
of damaged wood: 25.1 million tons in 2018-2020 compared to only 3.4 million tons in 2015-2017), while other economic
sectors remained largely unaffected. However, there is no guarantee that this socio-economic stability will be sustained in
future drought events; this is discussed in the light of 2022, another dry year holding the potential for a compound crisis.
Given the increased probability for more intense and long-lasting droughts in most parts of Europe, this example of actual
cross-sectoral drought impacts will be relevant for drought awareness and preparation planning in other regions.

Keywords Central European drought - Elbe River basin - Eastern Germany - Drought indices - Drought impacts - Cross-
sectoral

Introduction experienced yet another exceptional drought, but our anal-

ysis focuses on the years 2018-2020 owing to the lagged

The Central European drought of 2018-2019 was a com-
pound event with two consecutive years of exceptionally
low precipitation. Through depleted soil water storage the
event also extended into 2020. This drought was probably
the most severe in Central Europe for centuries, perhaps
even for more than two millennia (Biintgen et al. 2021).
One has to go back to the first half of the sixteenth century
to find heat and drought of comparable magnitudes in this
region (Brazdil et al. 2020; Biintgen et al. 2021; Orth et al.
2016; Wetter et al. 2014). In 2022, large parts of Europe
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availability of socio-economic data.

As is typical with such exceptional events, scientific
assessments of impacts began to emerge during and soon
after the drought. Most frequent among these early responses
were studies about crops and forests (e.g. Schuldt et al. 2020;
Obladen et al. 2021) or vegetation in general (Bastos et al.
2021), with many assessments involving remote sensing
(Reinermann et al. 2019; Buras et al. 2020; Ahmed et al.
2021; Kowalski et al. 2022). A review of media articles
researching the drought impact on drinking water supply
from private wells in Germany was also conducted (Rickert
et al. 2022).

Here we give a broader account of the multisectoral
impacts of the 2018-2019 drought in the German part of
the Elbe River basin, including both the cascade of impacts
in the eco-hydrological system and the socio-economic
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impacts. There is no standardized framework for consider-
ing sectorial interlinkages for determining drought severity
(van Loon et al. 2016; Bachmair et al. 2016), and a sys-
tematic approach to data collection, the European Drought
Impact Report Inventory (EDII, see Stahl et al. 2016), has
been orphaned in 2013.

Multisectoral drought impact assessments have shown
the value of interlinking natural and socio-economic con-
sequences. Examples include Eklund and Seaquist (2015)
on the full impact cascade of drought in Iraqi Kurdistan,
Quiroga and Suarez (2016) on income distribution shifts in
Spain, Carse (2017) on supply issues at the Panama Canal
during the 2015-2016 drought, Vicente-Serrano et al. (2021)
on vegetation and agriculture in a Spanish basin and the
review of Wlostowski et al. (2022) on nonagricultural socio-
economic sectors in the Western US. For Europe, Ionita
et al. (2017) assessed the 2015 drought mainly affecting
Eastern Central Europe and Southern Germany in detail
using meteorological fields, while prominent multisectoral
impacts have been addressed by Van Lanen et al. (2016).
A recent literature analysis about cascading drought effects
included at least the year 2018 of the Central European
drought (Niggli et al. 2022).

This study considers both the progression of hydromete-
orological impacts in North-Eastern Germany and the socio-
economic impacts of the 2018-2019 drought. Another ques-
tion is how resilient infrastructure and societal conditions
will be under future droughts of comparable magnitude,
a scenario increasingly likely under climate change—and
already looming with 2022 being another drought year in
large parts of Europe. Finally, detailed knowledge about all
aspects of these extremes is imperative for preparing Euro-
pean societies for future major drought events.

Materials and methods
Research domain

The area of interest is the German part of the Elbe River
basin (GEB) covering an area of 97,175 km? (Simon et al.
2005) with a special focus on the Havel River subbasin
(Fig. 1). River basins are natural observation units for
droughts (and floods) due to the gauged water discharge.
Parallel analyses for the Havel River subbasin were moti-
vated by the question of transferability (pars pro toto prin-
ciple) and the fact that drought factors (lower precipitation
and average soil water capacity) concentrated here.

As many data are not available for hydrological basins
but administrative units, we often combined federal state
data from Berlin, Brandenburg, Saxony-Anhalt, Saxony and
Thuringia (green boundaries in Fig. 1) as a proxy for the
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average GEB conditions. A geographical description of the
research domain is given in Supplementary section S1.

Data sources

Basin boundary geodata were obtained from the German
Federal Institute of Hydrology (BfG 2020). Other vector
geodata, including administrative boundaries, have been
provided by Eurogeographics (EGM 2020) and the Ger-
man Federal Agency for Cartography and Geodesy (BKG
2021). Land surface elevations were taken from EU-DEM
v1.1 (Copernicus 2016), and Corine Land Cover (CLC) data
for 2018 were applied (Copernicus 2020).

The German Weather Service (Deutscher Wetterdienst,
DWD) regularly publishes monthly 1-km gridded meteoro-
logical variables over Germany (DWD-CDC 2021a,b,c). The
GEB and Havel areas were extracted from these data to serve
as the basis for the climate portrait in section S1 and the
meteorological drought indices detailed below. Based on a
personal request, the DWD also provided daily UV radia-
tion measurements of the station Lindenberg (52°12.5'N,
14°07.1'E).

The agrometeorological model of the DWD, AMBAV
(Lopmeier 1993, 1994, n.d.) calculates the potential evapo-
transpiration according to Penman—Monteith and the actual
vertical water fluxes for a sandy loam standard soil. Soil
water content is among the modelled variables, and the
results can also be readily obtained as monthly gridded data
products (DWD-CDC 2021d). Monthly soil moisture index
(SMI) maps considering Germany’s diverse soil landscape
were obtained from the Helmholtz Centre for Environmen-
tal Research in Leipzig (UFZ 2021). Weekly global grids
of NASA’s GRACE-Based Shallow Groundwater Drought
Indicator in 0.25° resolution were obtained from their dedi-
cated website (NDMC 2022).

Daily river discharge data of the Elbe gauges Dresden
and Neu Darchau and the Havel gauge Rathenow UP for
the years 1961-2019 had been obtained from the Global
Runoff Data Centre (GRDC 2021), Koblenz, Germany. The
runoff time series of the Havel River gauge Rathenow UP
was extended by the year 2020 on request by the Branden-
burg State Agency for the Environment (LfU) on behalf
of the Waterways and Shipping Office Spree-Havel (WSA
Spree-Havel).

Vegetation status monitoring by the Plant Phenology
Index (PPI) was calculated from the Moderate Resolution
Imaging Spectroradiometer (MODIS) nadir bi-directional
reflectance distribution function (BRDF) adjusted reflec-
tance (NBAR) product (Version 6.0) at a daily time step
and 500-m spatial resolution (Schaaf and Wang 2015). Veg-
etation areas were masked using the CLC 2018 (Copernicus
2020).
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Fig. 1 Map of the research

domain. Basin boundaries (red T~
brown) with the Havel River
subbasin (hatched) extracted
from BfG (2020). Data avail-
able for administrative units
only are regularly analyzed for
an aggregate of five federal
states (green boundaries): Ber-
lin, Brandenburg (BB), Saxony
(SN), Saxony-Anhalt (ST) and
Thuringia (TH)
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For socio-economic data, the electronic data bases of
Eurostat (Eurostat 2022) and the German Statistical Offices
(DESTATIS 2022a,b; Statistische Amter 2022b) have been
consulted. These were extended by special resources for
federal state-level national accounting (Statistische Amter
2022a) and energy balances (LAK Energiebilanzen 2022).

Environmental data on freshwater use could be obtained
via the national environmental accounting (Statistische
Amter 2022¢), air pollution data is available from the Ger-
man Environmental Agency (UBA 2022). Further data
points collected from websites or literature are referenced
individually.

Drought severity indicators

Meteorological drought is defined as an extended time
period with less than average precipitation. While there
are many drought severity indicators, there is no generally
accepted rule about the duration or deviation thresholds used

to identify drought events (WMO and GWP 2016). Among
the most important drought indices are SPI and SPEI:

SPI: the Standardized Precipitation Index (McKee et al.
1993) was recommended in 2009 by an international
WMO workshop as the main meteorological drought
index that countries should use to monitor and follow
drought conditions (Hayes et al. 2011). The only input
is a long time series of precipitation (at least 20 years
of observations) from which normalized deviations from
period averages are calculated. Typically, index values
below — 1 are flagged as drought situations (WMO 2012).
SPEI: the Standardized Precipitation Evapotranspira-
tion Index (Vicente-Serrano et al. 2010; Begueria et al.
2014) also incorporates, as the name suggests, potential
evapotranspiration. This allows consideration of drought
intensification through rising temperatures under cli-
mate change, a common observation even if there is
no long-term trend in precipitation. The calculus and
interpretation are similar to SPI. SPEI has been widely
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recognized and is combined with SPI into the GPCC-DI
drought index of the Global Precipitation Climatology
Centre (Ziese et al. 2014). The SPI and SPEI time series
used for this study have been calculated from area aver-
ages of gridded precipitation and temperatures (DWD-
CDC 2021a,b) using the SPEI R package (Begueria and
Vicente-Serrano 2017).

The original soil moisture index (SMI) of the UFZ
drought monitor (UFZ 2021) is a rescaled soil water content
modelled daily and nationwide with the mesoscale hydrolog-
ical model (mHM) for profiles of approximately 1.8-m depth
at 4-km spatial resolution (Zink et al. 2016). The rescaled
values give the long-term probabilities of lower soil moisture
in the respective raster cell and month based on a time series
going back to 1951. Hence, the historical SMI time series
have a uniform distribution between O and 1; values of 0.2
or less indicate a drought condition. To compare regional
averages in the Z-score metric of the other drought indices,
we transformed the n grid cell values of a time step ¢, to
standard normal distribution before averaging (Eq. (1)). As
the spatial averaging reduced some variance, the time series
values were normalized by their respective sample standard
deviation (Eq. (2)). This derived index is henceforth named
SMI*.

Zzzld)‘l SMI,

SMI', = - ey
SMI* = SMI;
’ o) @
21, (smr-smr')

T-1

A GRACE-based groundwater index (GGI) was obtained
in the same manner from weekly grids of NASA’s GRACE-
based shallow groundwater drought indicator (Houborg et al.
2012; Liet al. 2019). These data were also aggregated to the
monthly time scale.

To assess drought severity from the streamflow per-
spective we calculated the Standardized Streamflow Index
(SSI) following the Best Monthly Fit (BMF) approach by
Vicente-Serrano et al. (2012) (see section S2.3 for details).
For the Havel area, runoff measurements of the Rathenow
gauge representing 80.8% of the entire Havel river catch-
ment (including the Czech part) could be used directly for
SSI calculation. The GEB discharge contribution had to be
approximated from the difference area between the gauged
catchments of Dresden and Neu Darchau (78,854 km?)
which includes the Havel catchment. The average time lag
of a flood wave from Dresden to Neu Darchau is 6.5 days,
and the distance between the gauges along the river course is
480.84 km which indicates a wave celerity of about 0.9 m/s.
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Hence, the streamflow contribution of the intermediate area
was estimated by subtracting the respectively time-lagged
runoff at Dresden from the runoff at Neu Darchau. Nega-
tive contribution values around flood peaks were avoided
by considering the flood wave dispersion through gamma
kernel smoothing of the Dresden time series. The error of
this procedure should be less than that of the original gauge
measurements. A map with the three gauges and their (dif-
ference) catchments is shown in Fig. S9 in the Supplement.

For monitoring drought impacts on vegetation growth,
the Plant Phenology Index (PPI) was utilized. While
primarily based on daily NBAR reflectance in red and
NIR bands using MODIS data similar to other vegeta-
tion indices, the PPI calculation (Jin and Eklundh 2014,
Karkauskaite et al. 2017) considers canopy geometry and
soil reflectance characteristics which makes the index
relatively robust to snow and maintains a linear relation-
ship to the leaf area index (LAI). PPI has been used for
estimating trends in vegetation phenology (Jin et al. 2019)
and is used as a standard productivity and phenology indi-
cator in the recently released European Copernicus high-
resolution data sets (Tian et al. 2021). We used monthly
PPI aggregates of our focus areas and finally calculated
Z-scores (PPI-Z) which can be interpreted as a standard-
ized vegetation health index.

Results

Drought severity and progression through natural
systems

Meteorological drought

Figure 2 shows time series of the meteorological drought
indices over six decades for the GEB. A similar image has
been obtained for the Havel area (Fig. S6). The upper panel
of Fig. 2 shows the results for 3-month time scale; the lower
panel was calculated with 12-month time scale.

The top event within the six decades occurred in 2018
and the two following years in which precipitation was still
below average (in the GEB 430 mm, 573 mm and 584 mm,
respectively, compared to 656 mm a~! in 1991-2020; see
also Fig. S2b) and could not compensate the severe loss from
soil and groundwater storages. This is correctly captured by
the SPEI. Furthermore, SPI shows that the 2018 drought
severity was comparable to the two major events in 1963 and
1976, whereas SPEI shows that the 2018 event was the most
severe among all events when considering high evaporative
demand by elevated temperature.

The 1976 drought was however certainly second in sever-
ity within the six decades, and the drought of 2003 ranks
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Fig.2 Meteorological drought indices (SPI and SPEI) for the GEB, calculated for 3- and 12-month time scales. The orange and red threshold
levels are at—1.0 and —2.0 indicating drought and extreme drought, respectively

third. Notable also are dry starts of two pairs of subsequent
years, 1963 and 1964 as well as 1972 and 1973, the dry
autumn of 1982, and, especially in the Havel area, extended
below-average precipitation in and around 1989.

Soil moisture deficit

Like for most areas around the world (Novick et al. 2022),
there are no spatially distributed long-term soil moisture
measurements for the Elbe basin; respective efforts have
been started only recently (Bogena et al. 2022). We there-
fore resort to modelled data, a customary way to integrate
the scattered observation data and obtain a consistent picture
over several decades (see Boeing et al. (2022) or Sungmin
et al. (2022) for recent developments).

Soil water contents show time-lagged dynamics, espe-
cially towards the deeper layers. For a synthetic 1-m profile

of loamy sand under grass, Fig. 3 shows the domain-spe-
cific seasonalities for the period 1991-2020 calculated from
DWD’s gridded AMBAYV product (DWD-CDC 2021d). The
percentages in Fig. 3 represent the plant-available water stor-
age relative to the soil-specific maximum (field capacity).
There has been a clear trend towards drier soils in recent
years. Especially in May and June the modelled soil became
increasingly dry, and the regular autumn recovery was occa-
sionally hampered. After 2018, soil water contents were at
extremely low levels as late as November and could not fully
recover in the following winter. The lowest February values
(brown lines, 89.6% for the GEB and 85.8% for the Havel
area) were observed in 2019 as well as the record minimum
of 35.9% in the Havel area in September of the same year.
The UFZ Drought Monitor SMI maps showing the end-
of-summer situations in 2018 and 2019 are reproduced in
Fig. S7. While the northeastern part of the GEB was still
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Regional averages for the GEB |5
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not much affected in 2018, 1 year later almost the entire
research domain was struck by exceptional soil moisture
deficit (observed in less than 2% of the respective months
since 1951). The end-of-winter situations (Figure S8) sig-
nal that soil moisture did not recover to normal levels in
most parts of the GEB even by 2021.

Drought propagation and response in vegetation

The drought propagation into the natural systems is shown
in Fig. 4 by comparing the area-specific indices for mete-
orological (SPEI3 and SPEI12), soil (SMI*), groundwater
(GGI), streamflow (SSI) and vegetation (PPI-Z) systems
over the last decade. Soil water storage became gradu-
ally depleted over more or less the entire decade which

a) GEB b) Havel
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Fig.4 Drought indices for the decade of 2011-2020 for GEB and
Havel area. From top to bottom, the 3- and 12-month meteorologi-
cal SPEI, the Z-score rescaled German Drought Monitor’s Soil Mois-
ture Index (SMI*), the GRACE-based Groundwater Index (GGI),
the Standardized Streamflow Index (SSI) and Z-scores of the Plant
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Phenology Index (PPI-Z; dots denoting winter dormancy period with
PP1<0.05) are depicted. Red and orange colours indicate drought and
extreme drought thresholds as in Fig. 2. The 2020 gap in the SSI of
the GEB is due to missing runoff data
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may explain the extremely low SMI* levels even in 2020.
The sustained effect of depleted storages is also visible in
the GGI and SSI indices which were almost constantly in
(extreme) drought state since the summer of 2018.

Dry conditions in spring during the onset of the vegeta-
tion period are a major threat for plants. In 2003, this was
the case in many parts of the Elbe River basin in March
and April, whereas in 2018 these months were still humid
enough, favouring spring vegetation growth that contrib-
uted to soil moisture depletion and consequently exacer-
bated summer drought (Peters et al. 2020). Note however
the PPI-Z peak in early 2014 despite the dry spell.

The large evapotranspiration losses in the summer of
2018 prevented usual grassland development even in subse-
quent years (Reinermann et al. 2019; Kowalski et al. 2022).
Consequently, in 2019 and 2020, deeper rooting vegetation
was affected as well. Although vegetation response in com-
pound events is generally complex (Bastos et al. 2021), dam-
ages were visible in the forests of the Elbe River basin. The
stress in canopy development peaked in the summer seasons
(see the PPI-Z time series in Fig. 4).

Based on a former European Council regulation (EEC
3528/86) (1986), the federal states publish observed percent-
ages of damaged trees, the most recent of the annual reports
considered here are SVUVK (2021), MLUK (2021) SME-
KUL (2021b), MULE (2021) and TMIL (2021) (for details
of this forest status monitoring (Waldzustandserhebung),
see Wellbrock et al. (2018)). Time series plots for the five
federal states are shown in Fig. S13. In 2019 and 2020, more
than 30% of trees in Thuringia and more than 50% in Saxony
were significantly damaged. Even in 2021 damage shares
remained very high, exemplifying the enormous time lag of
drought reaction in trees including compound effects—in
this case outbreaks of bark beetles (see below and the fol-
lowing section regarding the socio-economic impacts).

Drought effects on wildlife

Regarding drought effects on biodiversity there are only a
few sources specifically focusing on the 2018-2019 drought
in Eastern Germany. In December 2018 and January 2019,
vast amounts of fish died in canal systems near the Elbe estu-
ary. The fishes were dying from aluminium (Al) contamina-
tion which damages the gills and inhibits oxygen uptake.
Low groundwater levels initiated oxidation processes which
led to acidification causing Al dissolution from the clay
minerals in the soil. Precipitation events in December 2018
finally transported the contaminated water into the canal
system (Mollers n.d.; Vollinger n.d.).

Annual amphibian inventories in the Stechlin-Ruppiner
Land Nature Park in Brandenburg showed population break-
downs of about two-thirds for a number of species in 2019
(Naturwacht n.d.). Similar effects have also been reported

from Thuringia where small water bodies dried out and
spawn clumps of frogs decreased in size. The decline in
amphibian populations also affects white storks (Ciconia
ciconia) which feed on amphibians, especially frogs. In East-
ern Germany, the stork population stagnated in recent years
while other parts of the country saw certain increases (BAG
Weistorchschutz 2018-2020).

While insect populations are not generally monitored,
drought-triggered outbreaks in bark and jewel beetle popu-
lations have been reported in conjunction with the severe
forest damages caused by the larva living in the bark of trees
(SMEKUL 2021a,b; TMIL 2021). The drought also pro-
moted other insects, e.g. the dragonfly species Crocothemis
erythraea and the rose beetle Oxythyrea funesta.

Finally, the population of wolves (Canis lupus) is closely
monitored since their return to Germany in the year 2000.
Their main distribution is inside the GEB, and their numbers
increased almost linearly from 77 packs in the observation
year 2017/2018 to 157 packs in 2020/2021 (DBBW 2021).
While the speed of their actual spread does not seem to be
drought-affected at all, their specific sensitivity may become
apparent in future years after the population will have stabi-
lized on a higher level.

Socio-economic sector-specific drought impacts

We assessed the socio-economic impacts by aggregates of
the statistical classification of economic activities in the
European Community (NACE) Rev. 2 (Eurostat 2008),
indicated by capital letters. The socio-economic impact
assessment is mainly based on official data from the Statis-
tical Offices of Germany, detailed references are given with
the individual results; the same holds for further literature
sources.

Agriculture, forestry and fishing (NACE section A)

In 2018, GEB crop yield averages dropped by 20-40% com-
pared to their pre-drought levels (cf. Figs S10 and S11). The
maps in Fig. 5 show that the GEB was indeed the regional
centre of yield losses in 2018. Some farmers experienced
complete failure of their crops and consecutive personal
hardships which remain unaccounted by the integrated eco-
nomic impact analysis. Still moderate losses were reported
for wheat and barley (because they are preferentially planted
on richer soils with higher available water capacity), while
maize (corn and silage) experienced the most extreme losses.

Although many meat and dairy farmers had to buy
expensive extra fodder from abroad, the drought is not
visible in livestock numbers or slaughtering rates. To
quantify the economic impact on the agricultural sector
as a whole, we inspected the developments of gross value
added (GVA) and workforce in the agricultural sector
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Winter wheat

Winter barley

Summer barley

%
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Fig.5 Crop yields in 2018 relative to the 2012-2017 averages in German district-level administrative units; grey areas indicate missing data.
GEB and Havel area are outlined in black. Data source: Statistische Amter (2022b). Map geometries © GeoBasisDE/BKG

(Fig. S12). Over the last decade, both variables have been
in continuous decline, not only in terms of relative impor-
tance but also their absolute economic contribution. In
terms of inflation-adjusted 2015 euros, the sectorial GVA
peaked at 4.267 billion in 2014; hence, the 2017-2018
drop from 3.515 to 2.746 billion looks more like a random
fluctuation, a loss of merely 0.2% for the entire regional
economy with its 2018 GVA of 403.9 billion euros (Statis-
tische Amter 2022a). The monotonous decline in agricul-
tural workforce, — 14% between 2011 and 2020, was how-
ever accelerated by the drought. In 2020, the COVID-19
travel restrictions prohibited many seasonal workers from
taking up their jobs aggravating the downtrend. This may
explain why the GVA remained very low in 2020 despite
a partial recovery of yields.

According to CLC 2018 (Copernicus 2020), 28.3% of
the GEB surface is forested, and a forest share of 29.7% was
officially determined for the area of the five federal states
Berlin, Brandenburg, Saxony, Saxony-Anhalt and Thuringia
(DESTATIS 2021). The drought shocks in forestry can be
accessed through the official harvest assessments (DESTA-
TIS 2022a) which are aggregated and visualized for the five
states in Fig. 6.
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Before 2018, approximate annual harvest rates amounted
to 1.7 million m? of wood from broadleaved and 8.5 million
m? from coniferous trees, the latter dominating in Eastern
Germany. Until 2018, damaged wood accounted for minor
shares in the harvest statistics. The situation changed when
a series of gales struck in October 2017 (Haeseler 2017,
Haeseler and Lefebvre 2017) and January 2018 (Haese-
ler et al. 2018). In 2018, broadleaved trees were affected
most because their leaves are prone to high transpiration
losses, and they are more frequent in the comparatively dry
lowlands.

An indirect drought impact is the growth of damages
caused by insects, especially in “other conifers” in Fig. 6.
These are typically spruce trees in mountainous areas
attacked by bark beetles. The current bark beetle infestations
are the most severe since those of the 1980s when many
high-altitude areas in the Ore Mountains had been cleared.
Especially for spruce forests, the general damage situation
has never been worse (BMEL 2021), and complete spruce
diebacks occurred in some locations; the situation slightly
alleviated in 2021 (SMEKUL 2021b).

There were probably positive short-term economic
impacts in the forestry sector: more wood was cut down and
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sold at relatively stable price levels. However, reforestation
and substantial losses in wood capital will most probably
outweigh those surpluses in the long run (Seintsch et al.
2020). Mohring et al. (2021) suggest losses of 12.750 bil-
lion euros from the 2018-2020 damages for all of Germany;
neglecting regional differences in hectare values and drought
severity this would mean roughly 3 billion euros within the
GEB.

Forest fires affected more than 21 km? in 2018 and 15
km? in 2019 in the five federal states (Table S4). The situa-
tion eased in 2020 with only about 1.7 km? which is below
the average of the non-drought years 2015-2017 (BLE
2016-2021). For 2018 economic losses in Saxony, Saxony-
Anhalt and Thuringia were estimated at 1.65 million euros,
more than tenfold the non-drought year average.

Inland fisheries are a minor economic activity; the last
official survey (Binnenfischereierhebung) dates back to
2004. Based on figures collected by Bramick (n.d.), we esti-
mate a gross revenue estimate of about 50 million euros per
year. Fish production was also reduced, numbers reported
for single species and federal states suggest general losses
of 20-30% in quantity (for more details, see section S3.3).

Mining and quarrying, manufacturing and utilities (NACE
sections B-E)

No news reports about reduced industry production due
to water shortages could be found for the Elbe region.
The big industrial water demand—954 million m? for

mining and manufacturing and 492 million m? for private
households in the five state aggregate in 2016 (Statistische
Amter 2022c)—could be constantly met, at least where no
cooling was involved. Permittances for the discharge of
warm water were reduced in 2018 (as in the hot summers
of 2003 and 2006; IMAA 2019), but in the GEB this did
not affect major thermal power plants.

Between 2015 and 2019, the annual gross electricity
production in the five-state aggregate ranged between
136.0 and 145.9 TWh year™!, the upper boundary reached
in 2018, the first drought year (LAK Energiebilanzen 2022;
data for 2020 not yet available). As there are no active
nuclear power plants in the GEB, the lignite-fuelled plants
in Lusatia (Brandenburg and Saxony) alone deliver nearly
half of this electricity, approximately 65 TWh year™!
(Fig. S14). Koch et al. (2014) analyzed the problems for
electricity production in the Elbe basin under a dry climate
scenario, and the reality of the recent drought seems to fol-
low the projections. A cooling water shortage problem was
however limited to small stations in the city of Berlin; the
big lignite-fuelled power plants near the open-cast min-
ing areas were not affected at all because the groundwater
uptake from the mining areas delivered enough water with
suitable temperatures (approx. 11°C). Furthermore, these
power plants, namely Boxberg, Janschwalde and Schwarze
Pumpe, use water-saving closed-loop systems with cooling
towers as heat exchangers which makes them practically
fully resistant against heat and drought.
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While in many GEB districts unauthorized water with-
drawals from rivers and lakes are regularly forbidden in
each summer since 2019, actual tap water supply prob-
lems affected only very few municipalities. The village
of Harsefeld, approximately 25 km west of Hamburg, was
confronted with pipe pressure breakdowns in the sum-
mers of 2018-2020. Rickert et al. (2022) searched German
press reports about private wells running dry in the years
2018-2020: 115 respective news items were found of which
44 referred to locations in Saxony.

Transportation (NACE section H)

The hauling capacity of the German transport sectors kept
a relatively stable level between 2016 and 2020 with annual
values ranging between 671.8 (2020) and 697.9 (2019) bil-
lion ton-kilometres. Road and rail had quite stable transport
shares of about 71% and 18.5%, respectively (DESTATIS
2022b).

Marginally affected was the hauling capacity on German
waterways, dropping from 55.5 billion ton-kilometres in
2017 to 46.9 billion ton-kilometres in the first drought year
(DESTATIS 2022b). Considering the general downtrend
in inland navigation, the 2018 figure fell short of the gen-
eral trend by 6.9 Gt km (— 13%), and in 2019 by 2.0 Gt km
(—4%) (see Fig. S15). Regional figures for the GEB are hard
to obtain (see section S3.8 for details), but the Elbe River
upstream from the big international port of Hamburg is
rather unimportant for hauling, not only compared to Ham-
burg’s offshore relations but also to other inland waterways
such as the Rhine River (Table S6).

The service sector (NACE sections J-Q)

This section refers mainly to office work or indoor activi-
ties: (J) information and communication; (K) financial and
insurance activities; (L) real estate activities; (M) profes-
sional, scientific and technical activities; (N) administrative
and support service activities; (O) public administration and
defence, compulsory social security; (P) education and (Q)
human health and social work activities.

No outages in electricity and tap water supply are a good
precondition for indoor work, only air conditioning is still
more of an exception than the rule in the GEB, and many
indoor work places became uncomfortably hot in the sum-
mers of 2003, 2018 and 2019. This problem is reflected in
recent demand peaks for air conditioning sets as seen in the
imports and exports visualized in Fig. S17. Unfortunately,
no reliable estimation of a temperature—productivity rela-
tionship is possible yet; a brief review of the research gap is
given in section S3.10.

Econometric time series on the service sector’s productiv-
ity in the five-state aggregate are shown in Fig. 7: comparing

@ Springer

the sector specific to the total GVA in Fig. 7a shows primar-
ily a parallel growth of services with the entire economy. A
strong resilience against the financial crisis of 2008/2009
is also visible. Furthermore, neither any influence of the
2003 heat wave nor of the 2018-2019 drought on the service
sector can be identified. A similar picture is conveyed from
the percentages of this sector in the total economy shown
in Fig. 7b. The services share even reached a new record
during the recent drought, and the long-term trend of slowly
deteriorating importance of the primary and secondary sec-
tors seems to persist.

Drought impacts on human health

The region-specific drought-related health risks were heat,
ultra-violet (UV) radiation and air pollution. The German
Weather Service (DWD) issues daily heat alerts based on
the concept of perceived temperature (Staiger et al. 2012).
In 2018 and 2019 there were 1326 and 978 official warnings,
respectively, for strong or extreme heat stress for districts in
the five-state aggregate. Considering the annual warnings
in the years 2011-2021 whose median is at 687, these num-
bers ranked first and third. Only in 2015 was a similar level
reached with 1153 warnings, but as the warning thresholds
had been altered over time comparability may be limited.
The heat-related death toll in Berlin and Brandenburg was
remarkably high in 2018 with about 700 fatalities, two-thirds
of them aged 80 and above (Axnick 2021). This analysis also
showed that not only extreme temperatures but also the dura-
tion of heat waves is decisive for mortality. In that respect,
2019 was a less severe year despite the hottest summer since
1985 (Axnick 2021).

There are only a very limited number of stations observ-
ing UV radiation. We could obtain daily measurements of
UV indices (a dimensionless measure of the energy flux
in the sunburning action spectrum on the ground around
noon, WHO 2002) and sunshine duration from the DWD
station Lindenberg, approximately 60 km southeast of the
city centre of Berlin, for the years 2015-2021. We restricted
our analysis, visualized in Fig. S18, to the summer months
June—August as they have the highest radiation intensities
and are most critical due to open-air activities and skin-
exposing summer clothing.

There is no empirical correlation between UV stress and
sunshine duration per month due to the variability of the
stratospheric ozone layer and high intraday variation of the
solar zenith angle. Consequently, the above-average sun-
shine of the drought years 2018 and 2019 is generally not
mirrored in the UV indices whose monthly averages fall into
the usual ranges between 6 and 7 for June and July, and
between 5 and 6 for August. Only June 2019 was a positive
outlier in both series with a UV index of 7.46 and 369.9 sun-
shine hours (Fig. S18). Given the linear scale of the index,
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the sunburn hazard in the drought years was only marginally
elevated compared to other years.

Higher UV radiation is however also harmful in combina-
tion with nitrogen oxides in the air: this combination trig-
gers chemical reactions producing ozone near the surface.
Ozone stresses the human respiration system which leads to
symptoms like coughing, headache and restricted pulmo-
nary function (UBA 2020). Ozone levels did peak during
the drought years 2018 and 2019. Measurement stations in
the five federal states counted on average 37 and 24 days
exceeding the critical 8-hour level of 120 pg/m* O in 2018
and 2019, respectively, compared to an average of 17 days
per year in 2010-2017 (UBA 2022).

Discussion

Our analysis of the 2018-2019 drought in the German part
of the Elbe River basin showed strong impacts on regional
hydrology and vegetation, especially crop production and
forestry, but few consequences for other sectors of the econ-
omy. The drought perturbed the system, but not beyond its

current stability domain; this reminds of a global ecosystem
analysis by Zhang et al. (2019) who found plant ecosystems
surprisingly insensitive against droughts. Zhang et al. how-
ever only focused on gross primary productivity or above-
ground net primary productivity in single drought years;
other effects like potential species recompositions or con-
sequences of extreme droughts were left to further research.

We observed a typical pattern of drought with cascad-
ing eco-hydrological consequences. This so-called drought
propagation has gained scientific interest in recent years,
but studies usually stop at hydrological drought (Wang et al.
2016; Pefia-Gallardo et al. 2019; Ma et al. 2021; Ho et al.
2021) or at agricultural drought (Zhu et al. 2021). A closer
look at Fig. 4 reveals not only temporal lags but also nonlin-
earities in the ecohydrological system which call for closer
investigation, especially PPI-Z peaking in 2014—probably
caused by a combination of above-average radiation with soil
moisture and shallow groundwater still on relatively high
levels—or exposing distinct summer troughs in 2018-2020.

The extremely negative GGI values in Fig. 4 are con-
firmed by historically low groundwater levels observed in
the years 2019-2021 at hundreds of sites in Brandenburg

@ Springer



32 Page 12 0f 18

Regional Environmental Change (2023) 23:32

(LfU 2022). This marks the preliminary end point of nega-
tive trends observed since the 1980s. The long-term ground-
water losses are primarily caused by climate change; in most
places groundwater extractions for tap water and industrial
needs are still way below the natural recharges (LfU 2022).
It may be noted here that the concentrated water demand of
the city of Berlin is mainly fulfilled by river bank filtrate
and is fully returned into the Spree and Havel rivers through
wastewater treatment plants. Even in the summer of 2019,
the inflows to Berlin practically equalled the outflows from
the city (SUVK 2021).

A reason why interlinkages between natural and socio-
economic drought consequences are rarely studied might
be that, especially in developed countries, industrial produc-
tion and services seem quite insensitive to drought (Islam
and Hyland 2019; Damania et al. 2020)—just as observed
in the GEB. Climate risk awareness before 2018 was only
well established in the forest sector where long-term pro-
grammes for shifting the tree species composition from
coniferous monocultures to resilient mixtures with high
broadleaf shares had already been initiated about the year
2000 (e.g. MLUK 2004). The positive effect of deciduous
trees on groundwater recharge has come into focus only
recently, though.

In other sectors, climate risk awareness led a niche exist-
ence in all parts of Germany. For a study about climate adap-
tation in enterprises and municipalities (Mahammadzadeh
et al. 2013), industry representatives were asked for their
risk perception. Heat was an issue of concern for only 23%,
and drought for only 13% of those enterprises which gener-
ally cared about climate change. Frost, storms and floods
were more frequently named. Higher climate risks were
anticipated for the future (2030) with heat being the high-
est concern (46%). Meanwhile, these concerns can be rated
realistic given the peaks in air conditioning demand and heat
mortality.

Liihr et al. (2014) focused on possible supply chain dis-
ruptions. In procurement, extreme heat can cause traffic
disruptions (damaged traffic lanes, higher probability of
accidents), and drought often limits navigation along riv-
ers—the latter also realized in the current drought. Process
risks include reduced employee productivity, problems in
cooling of IT components and workplaces, and heat dam-
age to stocked goods. Due to the international interlinkage
of supply chains, the risks are not confined to the drought
region. Liihr et al. (2014) see the metal industry as espe-
cially drought sensitive because of its high water and energy
demand—this did not however become apparent in the
2018-2019 drought.

Virtually, the same points of concern regarding drought
and manufacturing were highlighted by Buth et al. (2015),
another national study. The authors also made some efforts
to differentiate the risks spatially albeit without giving

@ Springer

a clear picture for the Elbe region. For the Dresden area
Auerswald and Vogt (2010) identified water or energy-
intensive sectors of manufacturing. The result, reproduced
in Table S5, should be generally transferable to the whole
GEB. Interestingly, paper making or printing was not clas-
sified as energy sensitive, albeit paper mills and rotation
presses would immediately stop without electricity. The
same holds for the tools used in manufacture of machinery
equipment, a sector named economically important for the
Dresden region but neither classified as energy nor water
sensitive.

Certain enterprises will likely be confronted with water
shortages in the coming decades. The recently opened Tesla
factory at Griinheide near Berlin has been criticized for its
planned water demand of 3.6 million m? per year. This is just
a small fraction of the entire manufacturing sector demand
across the region, but the problem is that the demand needs
to be fulfilled onsite.

It is striking that in contrast to the uncomfortable sce-
narios of Mahammadzadeh et al. (2013), Liihr et al. (2014)
and Buth et al. (2015), the most intensive regional drought
event in centuries did not really hamper the secondary and
tertiary sectors of the economy. The service sector in par-
ticular seemed to be resilient to external shocks including
economic crises, probably because many service jobs are
permanent positions with fixed standard wages (especially in
the public administration), and their GDP relevance is there-
fore more or less independent from their actual productivity.

Meanwhile, at the time of writing (end of 2022), another
European drought year has materialized, and stability bound-
aries are tested anew, probably with increased vulnerabilities
(Hughes et al. 2019). In our case study region, ecosystem
degradation is currently being observed and some local eco-
systems destroyed with impacts that may last for years. This
includes burnt forest areas in Saxony and an exhaustive fish
kill in the Oder River, the neighbouring stream along the
Polish border. While both cases are not directly caused by
the drought they have at least been enabled by the extreme
meteorological conditions. This is consistent with our find-
ings from 2018 and 2019 where there were significant forest
fires and fish kills, and considerable forest diebacks since.

Conclusion and outlook

The 2018-2019 extreme drought in the German part of
the Elbe basin exemplified the cascading effect of drought
propagation in natural systems (with lagged but locally fatal
consequences for vegetation and wildlife), caused significant
economic damages in agriculture and forestry but only mod-
estly affected the secondary and tertiary economic sectors.
Tap water supply was generally continuously maintained;
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however, the associated summer heat caused health issues
and excess mortality.

This cross-sectoral analysis demonstrates drought-related
interdependencies between the natural and socio-economic
systems which are understudied but will become more sig-
nificant with increased frequency and duration of droughts.
Emerging evidence on the link between anthropogenic cli-
mate forcing and drought (e.g. Chiang et al. 2021) highlights
the necessity to increase preparedness for future climate and
drought situations across Europe.

With future intensification of droughts under climate
change (Ionita et al. 2022), the danger of irreversible
drought damages to ecosystems (tipping into new stabil-
ity domains; e.g. with altered, less diverse species com-
positions and permanently reduced net primary produc-
tion) will grow. Driven by the positive temperature trend,
evapotranspiration is bound to increase over the next
decades. Respective scenarios from 10 years ago (Con-
radt et al. 2012) are still valid regarding trend directions.
This is confirmed by other studies (Horton et al. 2016) as
well as by recent climate scenario assessments (Spinoni
et al. 2018; Hari et al. 2020; Zhao and Dai 2022) which
might still underestimate already observed drought trends
(Piniewski et al. 2022). The ecosystems of the Elbe basin
should be closely monitored for indications of catastrophic
developments, for instance by a spatial extension of the
TERENO field observatory in North-Eastern Germany
(Heinrich et al. 2018).

Monitoring is also key in the socio-economic system.
Blauhut et al. (2022) asked stakeholders across Europe
about their perception of the 2018-2019 drought and the
drought risk management in their countries. Germany was
among the drought-aware but least prepared countries with
no management plan in place. While most stakeholders
supported the idea of a EU drought directive, the ques-
tion remains how the complexity of drought effects and
other tensions in the regional socio-economic fabric can
be addressed.

For instance, given the current (end of 2022) multifaceted
challenges in Central Europe, such as price inflation in the
Eurozone or insecure food and energy supplies, any socio-
economic crisis cannot not easily be attributed to drought
alone, save socio-economic disruptions are likely to become
more frequent and more damaging under future droughts. To
avoid worst-case scenarios like a blackout (Petermann et al.
2011), real-time monitoring and early warning systems for
drought and other stress factors in both natural and societal
systems should be further developed together with appropri-
ate action plans.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10113-023-02032-3.

Funding Open Access funding enabled and organized by Projekt
DEAL. This assessment of the international AXIS-CROSSDRO
research project was funded by the German Federal Ministry for Edu-
cation and Research (BMBF), grant number FKZ 01LS1901A. Con-
tributions by L. E. and H. J. were supported by Formas, grant number
FR-2019/0003. C. M. acknowledges funding from the Irish Environ-
mental Protection Agency (2019-CCRP-MS.60). The responsibility for
the content of this publication remains with the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmed KR, Paul-Limoges E, Rascher U, Damm A (2021) A first
assessment of the 2018 European drought impact on ecosystem
evapotranspiration. Remote Sens 13(1):16. https://doi.org/10.
3390/rs13010016

Auerswald H, Vogt G (2010) Zur Klimasensibilitdt der Wirtschaft in
der Region Dresden. ifo Dresden berichtet 17(3):15-23. https://
www.ifo.de/DocDL/ifodb_2010_3_15_23-3.pdf — Last accessed
in July 2022

Axnick (2021) Hitzebedingte Sterblichkeit in Berlin und Brandenburg.
Zeitschrift fiir amtliche Statistik 2021(1):34-39. https://downl
oad.statistik-berlin-brandenburg.de/4c24 1e5c83eedf6b/d9ec6
a993297/hz_202101-06.pdf — Last accessed in July 2022

Bachmair S, Stahl K, Collins K, Hannaford J, Acreman M et al (2016)
Drought indicators revisited: the need for a wider considera-
tion of environment and society. Wiley Interdiscip Rev Water
3(4):516-536. https://doi.org/10.1002/wat2.1154

BAG Weilstorchschutz (2018-2020) Mitteilungsblatt der BAG Weif3s-
torchschutz, issues 110/2018, 111/2019, and 112/2020. Bunde-
sarbeitsgruppe (BAG) Weilstorchschutz, Bundesfachausschuss
(BFA) fiir Ornithologie und Vogelschutz, NABU — Naturschutz-
bund Deutschland e.V., Berlin. https://www.nabu.de/tiere-und-
pflanzen/voegel/aktivitaeten/bfa-ornithologie/02755.html — Last
accessed in January 2022

Bastos A, Orth R, Reichstein M, Ciais P, Viovy N et al (2021) Vulner-
ability of European ecosystems to two compound dry and hot
summers in 2018 and 2019. Earth Syst Dyn 12(4):1015-1035.
https://doi.org/10.5194/esd-12-1015-2021

Begueria S, Vicente-Serrano SM, Reig F, Latorre B (2014) Standard-
ized Precipitation Evapotranspiration Index (SPEI) revisited:
parameter fitting, evapotranspiration models, tools, datasets and
drought monitoring. Int J Climatol 34(10):3001-3023. https://
doi.org/10.1002/joc.3887

Begueria S, Vicente-Serrano SM (2017) Package ‘SPEI’ — calcula-
tion of the standardised precipitation-evapotranspiration index.
R software package, version 1.7. https://CRAN.R-project.org/
package=SPEI — Last accessed in January 2022

BfG (2020) Catchment-DE. Geodata of drainage and river basins pro-
vided by the German Federal Institute for Hydrology, © Was-
serBLIcK/BfG & Zustindige Behorden der Lénder, 2020. https:/

@ Springer


https://doi.org/10.1007/s10113-023-02032-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13010016
https://doi.org/10.3390/rs13010016
https://www.ifo.de/DocDL/ifodb_2010_3_15_23-3.pdf
https://www.ifo.de/DocDL/ifodb_2010_3_15_23-3.pdf
https://download.statistik-berlin-brandenburg.de/4c241e5c83eedf6b/d9ec6a993297/hz_202101-06.pdf
https://download.statistik-berlin-brandenburg.de/4c241e5c83eedf6b/d9ec6a993297/hz_202101-06.pdf
https://download.statistik-berlin-brandenburg.de/4c241e5c83eedf6b/d9ec6a993297/hz_202101-06.pdf
https://doi.org/10.1002/wat2.1154
https://www.nabu.de/tiere-und-pflanzen/voegel/aktivitaeten/bfa-ornithologie/02755.html
https://www.nabu.de/tiere-und-pflanzen/voegel/aktivitaeten/bfa-ornithologie/02755.html
https://doi.org/10.5194/esd-12-1015-2021
https://doi.org/10.1002/joc.3887
https://doi.org/10.1002/joc.3887
https://CRAN.R-project.org/package=SPEI
https://CRAN.R-project.org/package=SPEI
https://geoportal.bafg.de/inspire/download/HY/catchment/datasetfeed.xml

32 Page 14 of 18

Regional Environmental Change (2023) 23:32

geoportal.bafg.de/inspire/download/HY/catchment/datasetfeed.
xml — Accessed in November 2020

BKG (2021) Verwaltungsgrenzen 1:250 000 mit Einwohnerzahlen.
Vector geodata as of 31 December 2020, released in 2021.
https://daten.gdz.bkg.bund.de/produkte/vg/vg250-ew_ebenen_
1231/2020/ — Last accessed in November 2022

Blauhut V, Stoelzle M, Ahopelto L, Brunner MI, Teutschbein C et al
(2022) Lessons from the 2018-2019 European droughts: a col-
lective need for unifying drought risk management. Nat Haz-
ards Earth Syst Sci 22(6):2201-2217. https://doi.org/10.5194/
nhess-22-2201-2022

BLE (2016-2021) Waldbrandstatistik fiir die Bundesrepublik
Deutschland [annual issues, published online as PDF docu-
ments]. Bundesanstalt fiir Landwirtschaft und Ernahrung, Bonn.
https://www.bmel-statistik.de/forst-holz/waldbrandstatistik/ —
Last accessed in July 2021

BMEL (2021) Ergebnisse der Waldzustandserhebung 2020. Bun-
desministerium fiir Erndhrung und Landwirtschaft (BMEL),
Bonn, 72 pp. https://www.bmel.de/SharedDocs/Downloads/
DE/Broschueren/ergebnisse-waldzustandserhebung-2020.pdf
— Last accessed in July 2022

Boeing F, Rakovec O, Kumar R, Samaniego L, Schron M et al (2022)
High-resolution drought simulations and comparison to soil
moisture observations in Germany. Hydrol Earth Syst Sci
26(19):5137-5161. https://doi.org/10.5194/hess-26-5137-2022

Bogena HR, Schron M, Jakobi J, Ney P, Zacharias S et al (2022)
COSMOS-Europe: a European network of cosmic-ray neutron
soil moisture sensors. Earth Syst Sci Data 14(3):1125-1151.
https://doi.org/10.5194/essd-14-1125-2022

Brazdil R, Dobrovolny P, Bauch M, Camenisch C, Kiss A et al
(2020) Central Europe, 1531-1540 CE: the driest summer
decade of the past five centuries? Clim past 16(6):2125-2151.
https://doi.org/10.5194/cp-16-2125-2020

Brimick U (no date) Jahresbericht zur Deutschen Binnenfischerei
und Binnenaquakultur [annual issues, published online as PDF
documents]. Institut fiir Binnenfischerei e.V., Potsdam-Sacrow.
https://www.bmel-statistik.de/ernaehrung-fischerei/fischerei/
aquakultur — Last accessed in July 2022

Biintgen U, Urban O, Krusic PJ, Rybnic¢ek M, Kolar T et al (2021)
Recent European drought extremes beyond Common Era back-
ground variability. Nat Geosci 14(4):190-196. https://doi.org/
10.1038/541561-021-00698-0

Buras A, Rammig A, Zang CS (2020) Quantifying impacts of the
2018 drought on European ecosystems in comparison to
2003. Biogeosci 17(6):1655-1672. https://doi.org/10.5194/
bg-17-1655-2020

Buth M, Kahlenborn W, Savelsberg J, Becker N, Bubeck P et al. (2015)
Vulnerabilitdt Deutschlands gegeniiber dem Klimawandel.
Umweltbundesamt, Climate Change 24/2015, Dessau-RoBlau,
688 pp. https://www.umweltbundesamt.de/sites/default/files/
medien/378/publikationen/climate_change_24_2015_vulnerabil
itaet_deutschlands_gegenueber_dem_klimawandel_1.pdf — Last
accessed in July 2022

Carse A (2017) An infrastructural event: making sense of Panama’s
drought. Water Alternatives 10(3):888-9009. https://www.water-
alternatives.org/index.php/alldoc/articles/vol10/v10issue3/387-
al0-3-13/ — Last accessed in July 2022

Chiang F, Mazdiyasni O, AghaKouchak A (2021) Evidence of
anthropogenic impacts on global drought frequency, duration,
and intensity. Nat Commun 12:2754. https://doi.org/10.1038/
s41467-021-22314-w

Conradt T, Koch H, Hattermann FF, Wechsung F (2012) Spatially dif-
ferentiated management-revised discharge scenarios for an inte-
grated analysis of multi-realisation climate and land use scenar-
ios for the Elbe River basin. Reg Environ Chang 12(3):633-648.
https://doi.org/10.1007/s10113-012-0279-4

@ Springer

Copernicus (2016) European Digital Elevation Model (EU-DEM), ver-
sion 1.1. Copernicus Land Monitoring Service, part of the Euro-
pean Earth monitoring programme (GMES). https://land.coper
nicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1 — Last accessed
in December 2022

Copernicus (2020) CORINE Land Cover (CLC) 2018, version
v.2020_20ul. Copernicus Land Monitoring Service, part of
the European Earth monitoring programme (GMES). https://
land.copernicus.eu/pan-european/corine-land-cover/clc2018 —
Accessed in March 2021

Damania R, Desbureaux S, Zaveri E (2020) Does rainfall matter for
economic growth? Evidence from global sub-national data
(1990-2014). J Environ Econ Manag 102:102335. https://doi.
org/10.1016/j.jeem.2020.102335

DBBW (2021) Wolfe in Deutschland — Statusbericht 2020/21. Doku-
mentations- und Beratungsstelle des Bundes zum Thema Wolf
(DBBW), Gorlitz, 32 pp. https://www.dbb-wolf.de/mehr/liter
atur-download/statusberichte?file=files/publisher/downloads/
Statusbericht%20_W %C3%B61fe%20in%20DE%2020202021_
DBBW_20211224.pdf — Last accessed in January 2022

DESTATIS (2019) Offentliche Wasserversorgung und offentliche
Abwasserentsorgung. Fachserie 19 Reihe 2.1.1., 78+22 pp.
Statistisches Bundesamt, Wiesbaden. https://www.destatis.de/
DE/Themen/Gesellschaft-Umwelt/Umwelt/Wasserwirtschaft/
Publikationen/Downloads-Wasserwirtschaft/wasser-oeffentlich-
2190211169004.pdf — Last accessed in January 2022

DESTATIS (2021) Bodenfliche nach Art der tatséchlichen Nutzung
— Fachserie 3, Reihe 5.1, 2020. Statistisches Bundesamt, Wies-
baden, 430 pp. https://www.destatis.de/DE/Themen/Branchen-
Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaec
hennutzung/Publikationen/Downloads-Flaechennutzung/boden
flaechennutzung-2030510207004.pdf — Last accessed in July
2022

DESTATIS (2022a) Genesis-Online Table 41261-0012: Schadholzein-
schlag: Bundeslinder, Jahre, Einschlagsursache, Holzartengrup-
pen, Waldeigentumsarten. Online resource, Statistisches Bun-
desamt, Wiesbaden. https://www-genesis.destatis.de/genesis//
online?operation=table&code=41261-0012#astructure — Last
accessed in July 2022a

DESTATIS (2022b) Giiterverkehr: Beforderungsmenge und Beforder-
ungsleistung nach Verkehrstrigern. Online Table. Statistisches
Bundesamt, Wiesbaden. https://www.destatis.de/DE/Themen/
Branchen-Unternehmen/Transport-Verkehr/Gueterverkehr/Tabel
len/gueterbefoerderung-Ir.html — Last accessed in July 2022b

DWD-CDC (2021a) DWD Climate Data Center (CDC): Grids of
monthly averaged daily air temperature (2m) over Germany,
version v1.0. ASCII files. Deutscher Wetterdienst, Wiesbaden.
https://opendata.dwd.de/climate_environment/CDC/grids_germa
ny/monthly/air_temperature_mean/ — Last accessed in January
2022

DWD-CDC (2021b) DWD Climate Data Center (CDC): grids of
monthly total precipitation over Germany, version v1.0. ASCII
files. Deutscher Wetterdienst, Wiesbaden. https://opendata.dwd.
de/climate_environment/CDC/grids_germany/monthly/precipitat
ion/ — Last accessed in January 2022

DWD-CDC (2021c) DWD Climate Data Center (CDC): grids of
monthly total sunshine duration over Germany, version v1.0.
ASCII files. Deutscher Wetterdienst, Wiesbaden. https://opend
ata.dwd.de/climate_environment/CDC/grids_germany/monthly/
sunshine_duration/ — Last accessed in January 2022

DWD-CDC (2021d) DWD Climate Data Center (CDC): monthly
grids of soil moisture under grass and sandy loam, version 0.x.
Deutscher Wetterdienst, Wiesbaden. https://opendata.dwd.de/
climate_environment/CDC/grids_germany/monthly/soil_moist/
— Last accessed in January 2022


https://geoportal.bafg.de/inspire/download/HY/catchment/datasetfeed.xml
https://geoportal.bafg.de/inspire/download/HY/catchment/datasetfeed.xml
https://daten.gdz.bkg.bund.de/produkte/vg/vg250-ew_ebenen_1231/2020/
https://daten.gdz.bkg.bund.de/produkte/vg/vg250-ew_ebenen_1231/2020/
https://doi.org/10.5194/nhess-22-2201-2022
https://doi.org/10.5194/nhess-22-2201-2022
https://www.bmel-statistik.de/forst-holz/waldbrandstatistik/
https://www.bmel.de/SharedDocs/Downloads/DE/Broschueren/ergebnisse-waldzustandserhebung-2020.pdf
https://www.bmel.de/SharedDocs/Downloads/DE/Broschueren/ergebnisse-waldzustandserhebung-2020.pdf
https://doi.org/10.5194/hess-26-5137-2022
https://doi.org/10.5194/essd-14-1125-2022
https://doi.org/10.5194/cp-16-2125-2020
https://www.bmel-statistik.de/ernaehrung-fischerei/fischerei/aquakultur
https://www.bmel-statistik.de/ernaehrung-fischerei/fischerei/aquakultur
https://doi.org/10.1038/s41561-021-00698-0
https://doi.org/10.1038/s41561-021-00698-0
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.5194/bg-17-1655-2020
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/climate_change_24_2015_vulnerabilitaet_deutschlands_gegenueber_dem_klimawandel_1.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/climate_change_24_2015_vulnerabilitaet_deutschlands_gegenueber_dem_klimawandel_1.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/climate_change_24_2015_vulnerabilitaet_deutschlands_gegenueber_dem_klimawandel_1.pdf
https://www.water-alternatives.org/index.php/alldoc/articles/vol10/v10issue3/387-a10-3-13/
https://www.water-alternatives.org/index.php/alldoc/articles/vol10/v10issue3/387-a10-3-13/
https://www.water-alternatives.org/index.php/alldoc/articles/vol10/v10issue3/387-a10-3-13/
https://doi.org/10.1038/s41467-021-22314-w
https://doi.org/10.1038/s41467-021-22314-w
https://doi.org/10.1007/s10113-012-0279-4
https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1
https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://doi.org/10.1016/j.jeem.2020.102335
https://doi.org/10.1016/j.jeem.2020.102335
https://www.dbb-wolf.de/mehr/literatur-download/statusberichte?file=files/publisher/downloads/Statusbericht%20_W%C3%B6lfe%20in%20DE%2020202021_DBBW_20211224.pdf
https://www.dbb-wolf.de/mehr/literatur-download/statusberichte?file=files/publisher/downloads/Statusbericht%20_W%C3%B6lfe%20in%20DE%2020202021_DBBW_20211224.pdf
https://www.dbb-wolf.de/mehr/literatur-download/statusberichte?file=files/publisher/downloads/Statusbericht%20_W%C3%B6lfe%20in%20DE%2020202021_DBBW_20211224.pdf
https://www.dbb-wolf.de/mehr/literatur-download/statusberichte?file=files/publisher/downloads/Statusbericht%20_W%C3%B6lfe%20in%20DE%2020202021_DBBW_20211224.pdf
https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Umwelt/Wasserwirtschaft/Publikationen/Downloads-Wasserwirtschaft/wasser-oeffentlich-2190211169004.pdf
https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Umwelt/Wasserwirtschaft/Publikationen/Downloads-Wasserwirtschaft/wasser-oeffentlich-2190211169004.pdf
https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Umwelt/Wasserwirtschaft/Publikationen/Downloads-Wasserwirtschaft/wasser-oeffentlich-2190211169004.pdf
https://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Umwelt/Wasserwirtschaft/Publikationen/Downloads-Wasserwirtschaft/wasser-oeffentlich-2190211169004.pdf
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Publikationen/Downloads-Flaechennutzung/bodenflaechennutzung-2030510207004.pdf
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Publikationen/Downloads-Flaechennutzung/bodenflaechennutzung-2030510207004.pdf
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Publikationen/Downloads-Flaechennutzung/bodenflaechennutzung-2030510207004.pdf
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-Fischerei/Flaechennutzung/Publikationen/Downloads-Flaechennutzung/bodenflaechennutzung-2030510207004.pdf
https://www-genesis.destatis.de/genesis//online?operation=table&code=41261-0012#astructure
https://www-genesis.destatis.de/genesis//online?operation=table&code=41261-0012#astructure
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Transport-Verkehr/Gueterverkehr/Tabellen/gueterbefoerderung-lr.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Transport-Verkehr/Gueterverkehr/Tabellen/gueterbefoerderung-lr.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Transport-Verkehr/Gueterverkehr/Tabellen/gueterbefoerderung-lr.html
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/air_temperature_mean/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/air_temperature_mean/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/precipitation/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/precipitation/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/precipitation/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/sunshine_duration/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/sunshine_duration/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/sunshine_duration/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/soil_moist/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/soil_moist/

Regional Environmental Change (2023) 23:32

Page150f18 32

EEC 3528/86 (1986) Council Regulation (EEC) No 3528/86 of 17
November 1986 on the protection of the Community’s forests
against atmospheric pollution. OJ L 326, 21.11.1986, p. 2. http://
data.europa.eu/eli/reg/1986/3528/0j — Last amended by Regula-
tion (EC) No 804/2002 of the European Parliament and of the
Council of 15 April 2002 (OJ L 132, 17.05.2002, p. 1). Validity
ended 31.12.2002, subsequently replaced by Regulations (EC)
No 2152/2003 and (EC) No 1737/2006. http://data.europa.eu/
eli/reg/2006/1737/0j

EGM (2020) EuroGlobalMap. 1:1 million scale topographic dataset,
Version 2020. EuroGeographics, Brussels. https://eurogeogra
phics.org/maps-for-europe/open-data/ — Accessed in October
2020, current version available via https://www.mapsforeurope.
org/datasets/euro-global-map

Eklund L, Seaquist J (2015) Meteorological, agricultural and socio-
economic drought in the Duhok Governorate. Iraqi Kurd-
istan Nat Hazards 76(1):421-441. https://doi.org/10.1007/
s11069-014-1504-x

Eurostat (2008) NACE Rev. 2 — Statistical classification of economic
activities in the European Community. Eurostat, European
Commission. Office for Official Publications of the European
Communities, Luxembourg, 363 pp. ISBN 978-92-79-04741—
1, ISSN 1977-0375. https://ec.europa.eu/eurostat/documents/
3859598/5902521/KS-RA-07-015-EN.PDF — Last accessed in
August 2022

Eurostat (2022) Eurostat Database. https://ec.europa.eu/eurostat/
web/main/data/database — Last accessed in August 2022

GRDC (2021) Daily runoff time series 6340110 Neu Darchau,
6340120 Dresden, and 6340501 Rathenow UP for the years
1961-2019. Global Runoff Data Centre, Koblenz, Germany.
https://portal.grdc.bafg.de/applications/public.html#dataD
ownload/Home — Last accessed in December 2022

Haeseler S (2017) Sturmtief XAVIER zieht am 5. Oktober 2017 mit
Orkanbden iiber Deutschland. Deutscher Wetterdienst, Wies-
baden, 8 pp. https://www.dwd.de/DE/leistungen/besonderee
reignisse/stuerme/20171009_sturmtief_xavier_deutschland.
html — Last accessed in July 2022

Haeseler S, Lefebvre C (2017) Sturmtief HERWART sorgt am
28./29. Oktober 2017 fiir Orkanboden iiber Deutschland.
Deutscher Wetterdienst, Wiesbaden, 6 pp. https:/www.dwd.
de/DE/leistungen/besondereereignisse/stuerme/20171030_
herwart_europa.html — Last accessed in July 2022

Haeseler S, Lefebvre C, Bissolli P, DaBler J, Mamtimin B (2018)
Orkantief FRIEDERIKE wiitet am 18. Januar 2018 iiber
Europa. Deutscher Wetterdienst, Wiesbaden, 6 pp. https://
www.dwd.de/DE/leistungen/besondereereignisse/stuerme/
20180123 _friederike_europa.html — Last accessed in July 2022

Hari V, Rakovec O, Markonis Y, Hanel M, Kumar R (2020) Increased
future occurrences of the exceptional 2018-2019 Central Euro-
pean drought under global warming. Nat Sci Reps 10:12207.
https://doi.org/10.1038/s41598-020-68872-9

Hayes M, Svoboda M, Wall N, Widhalm M (2011) The Lincoln dec-
laration on drought indices: universal meteorological drought
index recommended. Bull Am Meteorol Soc 92(4):485-488.
https://doi.org/10.1175/2010BAMS3103.1

Heinrich I, Balanzategui D, Bens O, Blasch G, Blume T et al (2018)
Interdisciplinary geo-ecological research across time scales in
the Northeast German Lowland Observatory (TERENO-NE).
Vadose Zone J 17(1):1-25. https://doi.org/10.2136/vzj2018.
06.0116

Ho S, Tian L, Disse M, Tuo Y (2021) A new approach to quantify
propagation time from meteorological to hydrological drought.
J Hydrol 603(Part B):127056. https://doi.org/10.1016/j.jhydr
01.2021.127056

Horton RM, Mankin JS, Lesk C, Coffel E, Raymond C (2016) A
review of recent advances in research on extreme heat events.

Curr Clim Chang Rep 2(4):242-259. https://doi.org/10.1007/
540641-016-0042-x

Houborg R, Rodell M, Li B, Reichle R, Zaitchik BF (2012) Drought
indicators based on model assimilated GRACE terrestrial water
storage observations. Water Resour Res 48(7):W07525. https:/
doi.org/10.1029/201 1WR011291

Hughes TP, Kerry JT, Connolly SR, Baird AH, Eakin CM et al
(2019) Ecological memory modifies the cumulative impact
of recurrent climate extremes. Nat Clim Chang 9(1):40-43.
https://doi.org/10.1038/s41558-018-0351-2

IMAA (2019) Monitoringbericht 2019 zur Deutschen Anpas-
sungsstrategie an den Klimawandel. Bericht der Interminis-
teriellen Arbeitsgruppe Anpassungsstrategie der Bundesr-
egierung. Umweltbundesamt, Dessau-Roflau, 272 pp. https://
www.umweltbundesamt.de/sites/default/files/medien/1410/
publikationen/das_monitoringbericht_2019_barrierefrei.pdf
— Last accessed in July 2022

Ionita M, Tallaksen LM, Kingston DG, Stagge JH, Laaha G et al
(2017) The European 2015 drought from a climatological per-
spective. Hydrol Earth Syst Sci 21(3):1397-1419. https://doi.
org/10.5194/hess-21-1397-2017

Ionita M, Nagavciuc V, Scholz P, Dima M (2022) Long-term drought
intensification over Europe driven by the weakening trend of
the Atlantic Meridional Overturning Circulation. J Hydrol Reg
Stud 42:101176. doi:https://doi.org/10.1016/j.ejrh.2022.101176

Islam A, Hyland M (2019) The drivers and impacts of water infrastruc-
ture reliability — a global analysis of manufacturing firms. Ecol
Econ 163:143-157. https://doi.org/10.1016/j.ecolecon.2019.04.
024

Jin H, Eklundh L (2014) A physically based vegetation index for
improved monitoring of plant phenology. Remote Sens Environ
152:512-525. https://doi.org/10.1016/j.rse.2014.07.010

Jin H, Jonsson AM, Olsson C, Lindstrom J, Jonsson P, et al. (2019)
New satellite-based estimates show significant trends in spring
phenology and complex sensitivities to temperature and precipi-
tation at northern European latitudes. Int J Biometeorol 63:763—
775. https://doi.org/10.1007/s00484-019-01690-5

Karkauskaite P, Tagesson T, Fensholt R (2017) Evaluation of the Plant
Phenology Index (PPI), NDVI and EVI for Start-of-Season Trend
Analysis of the Northern Hemisphere Boreal Zone. Remote Sens
9(5):485. https://doi.org/10.3390/rs9050485

Koch H, Vogele S, Kaltofen M, Grossmann M, Griinewald U (2014)
Security of water supply and electricity production: aspects of
integrated management. Water Res Management 28(6):1767—
1780. https://doi.org/10.1007/s11269-014-0589-z

Kowalski K, Okujeni A, Brell M, Hostert P (2022) Quantifying drought
effects in Central European grasslands through regression-based
unmixing of intra-annual Sentinel-2 time series. Remote Sens
Environ 268:112781. doi:https://doi.org/10.1016/j.rse.2021.
112781

LAK Energiebilanzen (2022) Energiebilanzen. Website with interac-
tive data tables. Landerarbeitskreis Energiebilanzen, Statistisches
Landesamt Bremen. https://www.lak-energiebilanzen.de/ — Last
accessed in July 2022.

LfU (2022) Wasserversorgungsplanung Brandenburg — Sachlicher
Teilabschnitt mengenmiBige Grundwasserbewirtschaftung.
Landesamt fiir Umwelt (LfU), Ministerium fiir Landwirtschaft
Umwelt und Klimaschutz des Landes Brandenburg, Potsdam, 67
pp- https://Ifu.brandenburg.de/sixcms/media.php/9/Wasservers
orgungsplan_barrierefrei.pdf — Last accessed in December 2022

Li B, Rodell M, Kumar SV, Beaudoing HK, Getirana A et al (2019)
Global GRACE data assimilation for groundwater and drought
monitoring: advances and challenges. Water Resour Res
55(9):7564-7586. https://doi.org/10.1029/2018 WR024618

Lopmeier, FJ (1993) Agrarmeteorologisches Modell zur Berech-
nung der aktuellen Verdunstung (AMBAV). Beitridge zur

@ Springer


http://data.europa.eu/eli/reg/1986/3528/oj
http://data.europa.eu/eli/reg/1986/3528/oj
http://data.europa.eu/eli/reg/2006/1737/oj
http://data.europa.eu/eli/reg/2006/1737/oj
https://eurogeographics.org/maps-for-europe/open-data/
https://eurogeographics.org/maps-for-europe/open-data/
https://www.mapsforeurope.org/datasets/euro-global-map
https://www.mapsforeurope.org/datasets/euro-global-map
https://doi.org/10.1007/s11069-014-1504-x
https://doi.org/10.1007/s11069-014-1504-x
https://ec.europa.eu/eurostat/documents/3859598/5902521/KS-RA-07-015-EN.PDF
https://ec.europa.eu/eurostat/documents/3859598/5902521/KS-RA-07-015-EN.PDF
https://ec.europa.eu/eurostat/web/main/data/database
https://ec.europa.eu/eurostat/web/main/data/database
https://portal.grdc.bafg.de/applications/public.html#dataDownload/Home
https://portal.grdc.bafg.de/applications/public.html#dataDownload/Home
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20171009_sturmtief_xavier_deutschland.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20171009_sturmtief_xavier_deutschland.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20171009_sturmtief_xavier_deutschland.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20171030_herwart_europa.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20171030_herwart_europa.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20171030_herwart_europa.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20180123_friederike_europa.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20180123_friederike_europa.html
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20180123_friederike_europa.html
https://doi.org/10.1038/s41598-020-68872-9
https://doi.org/10.1175/2010BAMS3103.1
https://doi.org/10.2136/vzj2018.06.0116
https://doi.org/10.2136/vzj2018.06.0116
https://doi.org/10.1016/j.jhydrol.2021.127056
https://doi.org/10.1016/j.jhydrol.2021.127056
https://doi.org/10.1007/s40641-016-0042-x
https://doi.org/10.1007/s40641-016-0042-x
https://doi.org/10.1029/2011WR011291
https://doi.org/10.1029/2011WR011291
https://doi.org/10.1038/s41558-018-0351-2
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/das_monitoringbericht_2019_barrierefrei.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/das_monitoringbericht_2019_barrierefrei.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/das_monitoringbericht_2019_barrierefrei.pdf
https://doi.org/10.5194/hess-21-1397-2017
https://doi.org/10.5194/hess-21-1397-2017
https://doi.org/10.1016/j.ejrh.2022.101176
https://doi.org/10.1016/j.ecolecon.2019.04.024
https://doi.org/10.1016/j.ecolecon.2019.04.024
https://doi.org/10.1016/j.rse.2014.07.010
https://doi.org/10.1007/s00484-019-01690-5
https://doi.org/10.3390/rs9050485
https://doi.org/10.1007/s11269-014-0589-z
https://doi.org/10.1016/j.rse.2021.112781
https://doi.org/10.1016/j.rse.2021.112781
https://www.lak-energiebilanzen.de/
https://lfu.brandenburg.de/sixcms/media.php/9/Wasserversorgungsplan_barrierefrei.pdf
https://lfu.brandenburg.de/sixcms/media.php/9/Wasserversorgungsplan_barrierefrei.pdf
https://doi.org/10.1029/2018WR024618

32 Page 16 of 18

Regional Environmental Change (2023) 23:32

Agrarmeteorologie 1983 (7). Deutscher Wetterdienst, Zentrale
Agrarmeteorologische Forschungsstelle Braunschweig, 55+22

Lopmeier FJ (1994) Berechnung der Bodenfeuchte und Verduns-
tung mittels agrarmeteorologischer Modelle. Z Bewiss:wirtsch
29(2):157-167

Lopmeier FJ (n.d.) Agrarmeteorologisches Modell zur Berechnung der
aktuellen Verdunstung (AMBAV). DWD Climate Data Center
(CDC), 39 pp. https://opendata.dwd.de/climate_environment/
CDC/derived_germany/soil/daily/recent/ AMBAV.pdf — Last
accessed in January 2022

Liihr O, Kramer JP, Lambert J, Kind C, Savelsberg J (2014) Analyse
spezifischer Risiken des Klimawandels und Erarbeitung von
Handlungsempfehlungen fiir exponierte industrielle Produktion
in Deutschland (KLIMACHECK). Studie im Auftrag des Bun-
desministeriums fiir Wirtschaft und Energie, Bearbeitungsnr.: I
C4-0208 15 - 30/12. Prognos AG Basel, 110 pp. https://www.
bmwk.de/Redaktion/DE/Publikationen/Energie/analyse-spezi
fischer-risiken-des-klimawandels-und-erarbeitung-von-handl
ungsempfehlungen-fuer-exponierte-industrielle-produktion-in-
deutschland-klimacheck.pdf — Last accessed in July 2022

Ma L, Huang Q, Huang S, Liu D, Leng G, Wang L, Li P (2021) Propa-
gation dynamics and causes of hydrological drought in response
to meteorological drought at seasonal timescales. Hydrol Res
2021:nh2021006. https://doi.org/10.2166/nh.2021.006

Mahammadzadeh M, Chrischilles E, Biebeler H (2013) Klimaanpas-
sung in Unternehmen und Kommunen — Betroffenheiten, Verlet-
zlichkeiten und Anpassungsbedarf. Forschungsberichte aus dem
Institut der deutschen Wirtschaft Koln 83, 185 pp. https://www.
iwkoeln.de/fileadmin/user_upload/Studien/IW-Analysen/PDF/
Bd._83_Klimaanpassung.pdf — Last accessed in July 2022

McKee TB, Doesken NJ, Kleist J (1993) The relationship of drought
frequency and duration to time scale. In: Proceedings of the
Eighth Conference on Applied Climatology, Anaheim, Califor-
nia,17-22 January 1993. Boston, Am Meteorol Soc, 179-184.
https://www.droughtmanagement.info/literature/ AMS_Relat
ionship_Drought_Frequency_Duration_Time_Scales_1993.pdf
— Last accessed in September 2021

MLUK (2004) Waldbau-Richtlinie 2004 ,,Griiner Ordner* der Landes-
forstverwaltung Brandenburg. Ministerium fiir Landwirtschaft,
Umwelt und Klimaschutz des Landes Brandenburg. Potsdam,
143 pp. https://forst.brandenburg.de/sixcms/media.php/9/waldb_
rl.pdf — Last accessed in December 2022

MLUK (2021) Waldzustandsbericht 2021 des Landes Brandenburg.
Ministerium fiir Landwirtschaft, Umwelt und Klimaschutz des
Landes Brandenburg. Potsdam, 48 pp. https://mluk.brandenburg.
de/sixcms/media.php/9/Waldzustandsbericht-2021.pdf — Last
accessed in January 2022

Mohring B, Bitter A, Bub G, Dieter M, Dog M et al. (2021) Abschiit-
zung der 6konomischen Schiden der Extremwetterereignisse der
jahre 2018-2020 in der Forstwirtschaft. Report, 15pp. Deutscher
Forstwirtschaftsrat, Berlin. https://www.forstpraxis.de/wp-conte
nt/uploads/Langfassung-Schadensbewertung-AfB-DFWR-BMg.
pdf — Last accessed in March 2022

Mollers F (no date) Jahresbericht 2018. Anglerverband Niedersach-
sen e.V., Hannover, 48 pp. https://av-nds.de/wp-content/uploa
ds/2021/04/2018_AVN-Geschaeftsbericht WEB.pdf — Last
accessed in December 2022.

MULE (2021) Waldzustandsbericht Sachsen-Anhalt 2021. Ministe-
rium fiir Umwelt, Landwirtschaft und Energie Sachsen-Anhalt
(MULE), Magdeburg, 44 pp. https://www.nw-fva.de/fileadmin/
nwfva/common/veroeffentlichen/wzb/WZB_SachsenAnhalt_
2021.pdf — Last accessed in January 2022

Naturwacht (no date) Riickgang der Amphibienzahl. Web page, Stif-
tung Naturschutzfonds Brandenburg, Potsdam. https://www.natur
schutzfonds.de/natur-schuetzen/naturwacht-brandenburg/monit

@ Springer

oring/rueckgang-der-amphibienzahl/ — Last accessed in January
2022

NDMC (2022) Groundwater and soil moisture conditions assimilated
from GRACE and GRACE-FO data. NetCDF files. NASA’s
Goddard Space Flight Center via National Drought Mitigation
Center, Lincoln, NE. https://nasagrace.unl.edu — Last accessed
in December 2022

Niggli L, Huggel C, Muccione V, Neukom R, Salzmann N (2022)
Towards improved understanding of cascading and inter-
connected risks from concurrent weather extremes: analysis
of historical heat and drought extreme events. PLOS Clim
1(8):e0000057. https://doi.org/10.1371/journal.pclm.0000057

Novick KA, Ficklin DL, Baldocchi D, Davis KJ, Ghezzehei TA et al
(2022) Confronting the water potential information gap. Nat Geo-
sci 15(3):158-164. https://doi.org/10.1038/541561-022-00909-2

Obladen N, Dechering P, Skiadaresis G, Tegel W, KeBler J et al. (2021)
Tree mortality of European beech and Norway spruce induced by
2018-2019 hot droughts in central Germany. Agric For Meteorol
307:108482. https://doi.org/10.1016/j.agrformet.2021.108482

Orth R, Vogel MM, Luterbacher J, Pfister C, Seneviratne SI (2016)
Did European temperatures in 1540 exceed present-day records?
Environ Res Lett 11:114021. https://doi.org/10.1088/1748-9326/
11/11/114021

Pena-Gallardo M, Vicente-Serrano SM, Hannaford J, Lorenzo-Lacruz
J, Svoboda M et al (2019) Complex influences of meteorological
drought time-scales on hydrological droughts in natural basins
of the contiguous United States. ] Hydrol 568:611-625. https://
doi.org/10.1016/j.jhydrol.2018.11.026

Petermann T, Bradke H, Liillmann A, Poetzsch M, Riehm U (2011)
What happens during a blackout: consequences of a prolonged
and wide-ranging power outage. Technology Assessment Studies
Series, vol. 4. Office of Technology Assessment at the German
Bundestag (TAB), Berlin, 252 pp. ISBN 978-3-7322-9329-2.
https://doi.org/10.5445/IR/1000103292

Peters W, Bastos A, Ciais P, Vermeulen A (2020) A historical, geo-
graphical and ecological perspective on the 2018 European sum-
mer drought. Phil Trans R Soc B 375(1810):20190505. https://
doi.org/10.1098/rstb.2019.0505

Piniewski M, Eini MR, Chattopadhyay S, Okruszko T, Kundzewicz ZW
(2022) Is there a coherence in observed and projected changes
in riverine low flow indices across Central Europe? Earth-Sci
Rev 233:104187. https://doi.org/10.1016/j.earscirev.2022.104187

Quiroga S, Suarez C (2016) Climate change and drought effects on
rural income distribution in the Mediterranean: a case study for
Spain. Nat Hazards Earth Syst Sci 16(6):1369-1385. https://doi.
org/10.5194/nhess-16-1369-2016

Reinermann S, Gessner U, Asam S, Kuenzer C, Dech S (2019) The
effect of droughts on vegetation condition in Germany: an anal-
ysis based on two decades of satellite Earth observation time
series and crop yield statistics. Remote Sens 11(15):1783. https://
doi.org/10.3390/rs11151783

Rickert B, Gornt A, Vogelsang L, Ruhl AS (2022) Indications of recent
warm and dry summers’ impact on private wells for drinking-
water supply in Germany: a review of press articles. J Water
Health 20(1):167-175. https://doi.org/10.2166/wh.2021.312

Schaaf C, Wang Z (2015) MCD43A4 MODIS/Terra+Aqua BRDF/
Albedo Nadir BRDF Adjusted Ref Daily L3 Global - 500m V006
. NASA EOSDIS Land Processes DAAC. https://doi.org/10.
5067/MODIS/MCD43A4.006 — Last accessed in December 2022

Schuldt B, Buras A, Arend M, Vitasse Y, Beierkuhnlein C et al (2020)
A first assessment of the impact of the extreme 2018 summer
drought on Central European forests. Basic Appl Ecol 45:86—
103. https://doi.org/10.1016/j.baae.2020.04.003

Seintsch B, Englert H, Dieter M (2020) Kalamitéten fiithren zu forstli-
chem »Rekordergebnis« — Ergebnisse der Forstwirtschaftlichen
Gesamtrechnung 2018. Holz-Zentralblatt 27:506-507. https://


https://opendata.dwd.de/climate_environment/CDC/derived_germany/soil/daily/recent/AMBAV.pdf
https://opendata.dwd.de/climate_environment/CDC/derived_germany/soil/daily/recent/AMBAV.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/analyse-spezifischer-risiken-des-klimawandels-und-erarbeitung-von-handlungsempfehlungen-fuer-exponierte-industrielle-produktion-in-deutschland-klimacheck.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/analyse-spezifischer-risiken-des-klimawandels-und-erarbeitung-von-handlungsempfehlungen-fuer-exponierte-industrielle-produktion-in-deutschland-klimacheck.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/analyse-spezifischer-risiken-des-klimawandels-und-erarbeitung-von-handlungsempfehlungen-fuer-exponierte-industrielle-produktion-in-deutschland-klimacheck.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/analyse-spezifischer-risiken-des-klimawandels-und-erarbeitung-von-handlungsempfehlungen-fuer-exponierte-industrielle-produktion-in-deutschland-klimacheck.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/analyse-spezifischer-risiken-des-klimawandels-und-erarbeitung-von-handlungsempfehlungen-fuer-exponierte-industrielle-produktion-in-deutschland-klimacheck.pdf
https://doi.org/10.2166/nh.2021.006
https://www.iwkoeln.de/fileadmin/user_upload/Studien/IW-Analysen/PDF/Bd._83_Klimaanpassung.pdf
https://www.iwkoeln.de/fileadmin/user_upload/Studien/IW-Analysen/PDF/Bd._83_Klimaanpassung.pdf
https://www.iwkoeln.de/fileadmin/user_upload/Studien/IW-Analysen/PDF/Bd._83_Klimaanpassung.pdf
https://www.droughtmanagement.info/literature/AMS_Relationship_Drought_Frequency_Duration_Time_Scales_1993.pdf
https://www.droughtmanagement.info/literature/AMS_Relationship_Drought_Frequency_Duration_Time_Scales_1993.pdf
https://forst.brandenburg.de/sixcms/media.php/9/waldb_rl.pdf
https://forst.brandenburg.de/sixcms/media.php/9/waldb_rl.pdf
https://mluk.brandenburg.de/sixcms/media.php/9/Waldzustandsbericht-2021.pdf
https://mluk.brandenburg.de/sixcms/media.php/9/Waldzustandsbericht-2021.pdf
https://www.forstpraxis.de/wp-content/uploads/Langfassung-Schadensbewertung-AfB-DFWR-BMg.pdf
https://www.forstpraxis.de/wp-content/uploads/Langfassung-Schadensbewertung-AfB-DFWR-BMg.pdf
https://www.forstpraxis.de/wp-content/uploads/Langfassung-Schadensbewertung-AfB-DFWR-BMg.pdf
https://av-nds.de/wp-content/uploads/2021/04/2018_AVN-Geschaeftsbericht_WEB.pdf
https://av-nds.de/wp-content/uploads/2021/04/2018_AVN-Geschaeftsbericht_WEB.pdf
https://www.nw-fva.de/fileadmin/nwfva/common/veroeffentlichen/wzb/WZB_SachsenAnhalt_2021.pdf
https://www.nw-fva.de/fileadmin/nwfva/common/veroeffentlichen/wzb/WZB_SachsenAnhalt_2021.pdf
https://www.nw-fva.de/fileadmin/nwfva/common/veroeffentlichen/wzb/WZB_SachsenAnhalt_2021.pdf
https://www.naturschutzfonds.de/natur-schuetzen/naturwacht-brandenburg/monitoring/rueckgang-der-amphibienzahl/
https://www.naturschutzfonds.de/natur-schuetzen/naturwacht-brandenburg/monitoring/rueckgang-der-amphibienzahl/
https://www.naturschutzfonds.de/natur-schuetzen/naturwacht-brandenburg/monitoring/rueckgang-der-amphibienzahl/
https://nasagrace.unl.edu
https://doi.org/10.1371/journal.pclm.0000057
https://doi.org/10.1038/s41561-022-00909-2
https://doi.org/10.1016/j.agrformet.2021.108482
https://doi.org/10.1088/1748-9326/11/11/114021
https://doi.org/10.1088/1748-9326/11/11/114021
https://doi.org/10.1016/j.jhydrol.2018.11.026
https://doi.org/10.1016/j.jhydrol.2018.11.026
https://doi.org/10.5445/IR/1000103292
https://doi.org/10.1098/rstb.2019.0505
https://doi.org/10.1098/rstb.2019.0505
https://doi.org/10.1016/j.earscirev.2022.104187
https://doi.org/10.5194/nhess-16-1369-2016
https://doi.org/10.5194/nhess-16-1369-2016
https://doi.org/10.3390/rs11151783
https://doi.org/10.3390/rs11151783
https://doi.org/10.2166/wh.2021.312
https://doi.org/10.5067/MODIS/MCD43A4.006
https://doi.org/10.5067/MODIS/MCD43A4.006
https://doi.org/10.1016/j.baae.2020.04.003
https://literatur.thuenen.de/digbib_extern/dn062951.pdf

Regional Environmental Change (2023) 23:32

Page170f18 32

literatur.thuenen.de/digbib_extern/dn062951.pdf — Last accessed
in July 2022

Simon M, Bekele V, Kulasovd B, Maul C, Oppermann R, Rehdk P
(2005) Die Elbe und ihr Einzugsgebiet — Ein geographisch-
hydrologischer und wasserwirtschaftlicher Uberblick. Inter-
nationale Kommission zum Schutz der Elbe, Magdeburg, 258
pp. https://www.ikse-mkol.org/fileadmin/media/user_upload/
D/06_Publikationen/07_Verschiedenes/2005_IKSE-Elbe-und-
ihr-Einzugsgebiet.pdf — Last accessed in January 2022.

SMEKUL (2021a) Aktuelle Borkenkifersituation in Sachsen — Aktu-
alisiert am 03. August 2021. Séchsisches Staatsministerium fiir
Energie, Klimaschutz, Umwelt und Landwirtschaft (SMEKUL),
Dresden. Webpage archived on 19th August 2021: https://web.
archive.org/web/20210819070920/https://www.wald.sachsen.de/
aktuelle-situation-2020-8793.html

SMEKUL (2021b) Waldzustandsbericht 2021b. Séchsisches Staatsmin-
isterium fiir Energie, Klimaschutz, Umwelt und Landwirtschaft
(SMEKUL), Dresden, 64 pp. https://publikationen.sachsen.de/
bdb/artikel/39012 — Last accessed in January 2022

Spinoni J, Vogt JV, Naumann G, Barbosa P, Dosio A (2018) Will
drought events become more frequent and severe in Europe? Int
J Climatol 38(4):1718-1736. https://doi.org/10.1002/joc.5291

Stahl K, Kohn I, Blauhut V, Urquijo J, De Stefano L et al (2016)
Impacts of European drought events: insights from an interna-
tional database of text-based reports. Nat Hazards Earth Syst
Sci 16(3):801-819. https://doi.org/10.5194/nhess-16-801-2016

Staiger H, Laschewski G, Gritz A (2012) The perceived temperature
—a versatile index for the assessment of the human thermal envi-
ronment. Part A: scientific basics. Int J Biometeorol 56:165-176.
https://doi.org/10.1007/s00484-011-0409-6

Statistische Amter (2022a) Bruttoinlandsprodukt, Bruttowertschopfung
in den Léandern der Bundesrepublik Deutschland. Excel file, sta-
tus as of 30 March 2022a. Arbeitskreis »Volkswirtschaftliche
Gesamtrechnungen der Linder«, Statistische Amter des Bun-
des und der Lénder. http://www.statistikportal.de/de/veroeffent
lichungen/bruttoinlandsprodukt-bruttowertschoepfung — Last
accessed in July 2022a

Statistische Amter (2022b) Regionaldatenbank Deutschland. Website,
Statistische Amter des Bundes und der Linder. https:/www.regio
nalstatistik.de — Last accessed in July 2022b

Statistische Amter (2022¢) Umweltokonomische Gesamtrechnungen
der Lander — Wasser und Abwasser. Stand: Friihjahr 2022c. Web-
site. https://www.statistikportal.de/de/ugrdl/ergebnisse/wasser-
und-abwasser — Last accessed in July 2022¢

Sungmin O, Orth R, Weber U, Park SK (2022) High-resolution
European daily soil moisture derived with machine learn-
ing (2003-2020). Sci Data 9:701. https://doi.org/10.1038/
s41597-022-01785-6

SUVK (2021) Die Niedrigwasserjahre 2018, 2019 und 2020 —
Analysen und Auswirkungen fiir das Land Berlin. Senatsver-
waltung fiir Umwelt, Verkehr und Klimaschutz, Berlin, 67 pp.
https://www.berlin.de/sen/uvk/_assets/Tumwelt/wasser-und-geolo
gie/niedrigwasser/niedrigwasser_berlin_2018-2020.pdf — Last
accessed in December 2022

SVUVK (2021) Waldzustandsbericht 2021 des Landes Berlin. Sen-
atsverwaltung Umwelt, Verkehr und Klimaschutz (SVUVK);
Berliner Forsten, Berlin. 27 pp. https://www.berlin.de/forsten/_
assets/waldschutz/waldzustandsberichte/waldzustandsbericht_
2021.pdf — Last accessed in January 2022

Tian F, Cai Z, Jin H, Hufkens K, Scheifinger H et al. (2021) Calibrat-
ing vegetation phenology from Sentinel-2 using eddy covari-
ance, PhenoCam, and PEP725 networks across Europe. Remote
Sens Environ 260:112456. doi:https://doi.org/10.1016/j.rse.2021.
112456

TMIL (2021) Waldzustandsbericht 2021 — Forstliches Umweltmonitor-
ing in Thiiringen. Thiiringer Ministerium fiir Infrastruktur und
Landwirtschaft (TMIL), Erfurt, 53 pp. https://infrastruktur-landw
irtschaft.thueringen.de/fileadmin/Forst_und_Jagd/Forstwirts
chaft/TMIL_Broschuere_Waldzustandsbericht_2021_11-21_
Web.pdf — Last accessed in January 2022

UBA (2020) Ozonsituation in Deutschland — Wissensstand, Forschun-
gsbedarf und Empfehlungen. Workshop documentation. Umwelt-
bundesamt, Dessau-Roflau, 21 pp. https://www.umweltbund
esamt.de/sites/default/files/medien/479/publikationen/dokum
entation_02-2020_uba-iass_ozon-workshop_fin.pdf — Last
accessed in July 2022

UBA (2022) Luftdaten — Jahresbilanzen. Interactive online tables.
Umweltbundesamt, Dessau-RoBlau. https://www.umweltbund
esamt.de/daten/luft/luftdaten/jahresbilanzen/ — Last accessed in
July 2022.

UFZ (2021) Soil moisture index (SMI) data for the years 1951-2020,
all soil layers. UFZ Drought Monitor, Helmholtz Centre for
Environmental Research (UFZ), Leipzig. NetCDF file, 66.5
MB. https://www.ufz.de/export/data/2/248981_SMI_SM_Lall_
Gesamtboden_monatlich_1951-2020_inv.nc — Last accessed in
December 2021

Van Lanen HAJ, Laaha G, Kingston DG, Gauster T, Ionita M et al
(2016) Hydrology needed to manage droughts: the 2015 Euro-
pean case. Hydrol Proc 30(17):3097-3104. https://doi.org/10.
1002/hyp.10838

Van Loon AF, Stahl K, Di Baldassarre G, Clark J, Rangecrioft S et al
(2016) Drought in a human-modified world: reframing drought
definitions, understanding, and analysis approaches. Hydrol
Earth Syst Sci 20(9):3631-3650. https://doi.org/10.5194/
hess-20-3631-2016

Vicente-Serrano SM, Begueria S, Lopez-Moreno JI (2010) A multisca-
lar drought index sensitive to global warming: the standardized
precipitation evapotranspiration index. J Clim 23(7):1696-1718.
https://doi.org/10.1175/2009JCLI12909.1

Vicente-Serrano SM, Lopez-Moreno JI, Begueria S, Lorenzo-Lacruz
J, Azorin-Molina C, et al. (2012) Accurate computation of a
streamflow drought index. J Hydrol Eng 17(2):318-332. https://
doi.org/10.1061/(ASCE)HE.1943-5584.0000433

Vicente-Serrano SM, Pefia-Angulo D, Murphy C, Lépez-Moreno JI,
Tomas-Burgurea M et al. (2021) The complex multi-sectoral
impacts of drought: evidence from a mountainous basin in the
Central Spanish Pyrenees. Sci Total Environ 769:144702. https://
doi.org/10.1016/j.scitotenv.2020.144702

Vollinger M (no date) Fischsterben in den Marschgewissern des Elbe-
Weser Dreiecks infolge der Diirresommer 2018 und 2019. Nied-
ersidchsischer Landesbetrieb fiir Wasserwirtschaft, Kiisten- und
Naturschutz (NLWKN), Stade, 11 pp. https://www.nlwkn.niede
rsachsen.de/download/160345/NLWKN_2020_Fischsterben_
in_den_Marschgewaessern_des_Elbe-Weser_Dreiecks_infol
ge_der_Duerresommer_2018_und_2019.pdf — Last accessed in
December 2022

Wang W, Ertsen MW, Svoboda MD, Hafeez M (2016) Propagation of
drought: from meteorological drought to agricultural and hydro-
logical drought. Adv Meteorol 2016:6547209. https://doi.org/10.
1155/2016/6547209

Wellbrock N, Eickenscheidt N, Hilbrig L, Diihnelt P, Holzhausen M
et al. (2018) Leitfaden und Dokumentation zur Waldzustand-
serhebung in Deutschland. Thiinen Working Paper 84. Thiinen-
Institut, Eberswalde und Braunschweig, 97 pp. https:/literatur.
thuenen.de/digbib_extern/dn059504.pdf — Last accessed in Janu-
ary 2022

Wetter O, Pfister C, Werner JP, Zorita E, Wagner, S et al. (2014) The
year-long unprecedented European heat and drought of 1540 —a
worst case. Clim Chang 125(8):349-363. https://doi.org/10.1007/

@ Springer


https://literatur.thuenen.de/digbib_extern/dn062951.pdf
https://www.ikse-mkol.org/fileadmin/media/user_upload/D/06_Publikationen/07_Verschiedenes/2005_IKSE-Elbe-und-ihr-Einzugsgebiet.pdf
https://www.ikse-mkol.org/fileadmin/media/user_upload/D/06_Publikationen/07_Verschiedenes/2005_IKSE-Elbe-und-ihr-Einzugsgebiet.pdf
https://www.ikse-mkol.org/fileadmin/media/user_upload/D/06_Publikationen/07_Verschiedenes/2005_IKSE-Elbe-und-ihr-Einzugsgebiet.pdf
https://web.archive.org/web/20210819070920/https://www.wald.sachsen.de/aktuelle-situation-2020-8793.html
https://web.archive.org/web/20210819070920/https://www.wald.sachsen.de/aktuelle-situation-2020-8793.html
https://web.archive.org/web/20210819070920/https://www.wald.sachsen.de/aktuelle-situation-2020-8793.html
https://publikationen.sachsen.de/bdb/artikel/39012
https://publikationen.sachsen.de/bdb/artikel/39012
https://doi.org/10.1002/joc.5291
https://doi.org/10.5194/nhess-16-801-2016
https://doi.org/10.1007/s00484-011-0409-6
http://www.statistikportal.de/de/veroeffentlichungen/bruttoinlandsprodukt-bruttowertschoepfung
http://www.statistikportal.de/de/veroeffentlichungen/bruttoinlandsprodukt-bruttowertschoepfung
https://www.regionalstatistik.de
https://www.regionalstatistik.de
https://www.statistikportal.de/de/ugrdl/ergebnisse/wasser-und-abwasser
https://www.statistikportal.de/de/ugrdl/ergebnisse/wasser-und-abwasser
https://doi.org/10.1038/s41597-022-01785-6
https://doi.org/10.1038/s41597-022-01785-6
https://www.berlin.de/sen/uvk/_assets/umwelt/wasser-und-geologie/niedrigwasser/niedrigwasser_berlin_2018-2020.pdf
https://www.berlin.de/sen/uvk/_assets/umwelt/wasser-und-geologie/niedrigwasser/niedrigwasser_berlin_2018-2020.pdf
https://www.berlin.de/forsten/_assets/waldschutz/waldzustandsberichte/waldzustandsbericht_2021.pdf
https://www.berlin.de/forsten/_assets/waldschutz/waldzustandsberichte/waldzustandsbericht_2021.pdf
https://www.berlin.de/forsten/_assets/waldschutz/waldzustandsberichte/waldzustandsbericht_2021.pdf
https://doi.org/10.1016/j.rse.2021.112456
https://doi.org/10.1016/j.rse.2021.112456
https://infrastruktur-landwirtschaft.thueringen.de/fileadmin/Forst_und_Jagd/Forstwirtschaft/TMIL_Broschuere_Waldzustandsbericht_2021_11-21_Web.pdf
https://infrastruktur-landwirtschaft.thueringen.de/fileadmin/Forst_und_Jagd/Forstwirtschaft/TMIL_Broschuere_Waldzustandsbericht_2021_11-21_Web.pdf
https://infrastruktur-landwirtschaft.thueringen.de/fileadmin/Forst_und_Jagd/Forstwirtschaft/TMIL_Broschuere_Waldzustandsbericht_2021_11-21_Web.pdf
https://infrastruktur-landwirtschaft.thueringen.de/fileadmin/Forst_und_Jagd/Forstwirtschaft/TMIL_Broschuere_Waldzustandsbericht_2021_11-21_Web.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/479/publikationen/dokumentation_02-2020_uba-iass_ozon-workshop_fin.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/479/publikationen/dokumentation_02-2020_uba-iass_ozon-workshop_fin.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/479/publikationen/dokumentation_02-2020_uba-iass_ozon-workshop_fin.pdf
https://www.umweltbundesamt.de/daten/luft/luftdaten/jahresbilanzen/
https://www.umweltbundesamt.de/daten/luft/luftdaten/jahresbilanzen/
https://www.ufz.de/export/data/2/248981_SMI_SM_Lall_Gesamtboden_monatlich_1951-2020_inv.nc
https://www.ufz.de/export/data/2/248981_SMI_SM_Lall_Gesamtboden_monatlich_1951-2020_inv.nc
https://doi.org/10.1002/hyp.10838
https://doi.org/10.1002/hyp.10838
https://doi.org/10.5194/hess-20-3631-2016
https://doi.org/10.5194/hess-20-3631-2016
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000433
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000433
https://doi.org/10.1016/j.scitotenv.2020.144702
https://doi.org/10.1016/j.scitotenv.2020.144702
https://www.nlwkn.niedersachsen.de/download/160345/NLWKN_2020_Fischsterben_in_den_Marschgewaessern_des_Elbe-Weser_Dreiecks_infolge_der_Duerresommer_2018_und_2019.pdf
https://www.nlwkn.niedersachsen.de/download/160345/NLWKN_2020_Fischsterben_in_den_Marschgewaessern_des_Elbe-Weser_Dreiecks_infolge_der_Duerresommer_2018_und_2019.pdf
https://www.nlwkn.niedersachsen.de/download/160345/NLWKN_2020_Fischsterben_in_den_Marschgewaessern_des_Elbe-Weser_Dreiecks_infolge_der_Duerresommer_2018_und_2019.pdf
https://www.nlwkn.niedersachsen.de/download/160345/NLWKN_2020_Fischsterben_in_den_Marschgewaessern_des_Elbe-Weser_Dreiecks_infolge_der_Duerresommer_2018_und_2019.pdf
https://doi.org/10.1155/2016/6547209
https://doi.org/10.1155/2016/6547209
https://literatur.thuenen.de/digbib_extern/dn059504.pdf
https://literatur.thuenen.de/digbib_extern/dn059504.pdf
https://doi.org/10.1007/s10584-014-1184-2

32 Page 18 of 18

Regional Environmental Change (2023) 23:32

$10584-014-1184-2 — Erratum: Clim Chang 125(8):365-367.
https://doi.org/10.1007/s10584-014-1193-1

WHO (2002) Global solar UV index: a practical guide. A joint recom-
mendation of the World Health Organization, World Meteoro-
logical Organization, United Nations Environment Programme,
and the International Commission on Non-Ionizing Radiation
Protection. Geneva, iv+28 pp. ISBN 241590076. https://apps.
who.int/iris/bitstream/handle/10665/42459/9241590076.pdf —
Last accessed in July 2022

Wlostowski AN, Jennings KS, Bash RE, Burkhardt J, Wobus CW,
Aggett G (2022) Dry landscapes and parched economies: a
review of how drought impacts nonagricultural socioeconomic
sectors in the US Intermountain West. Wiley Interdiscip Rev
Water 9 (1) e1571. https://doi.org/10.1002/wat2.1571

WMO (2012) World Meteorological Organization, 2012: Standardized
Precipitation Index User Guide (Svoboda M, Hayes M, Wood D).
WMO-No. 1090, Geneva. ISBN 978-92-63-11091-6. https://
www.droughtmanagement.info/literature/WMO_standardized_
precipitation_index_user_guide_en_2012.pdf — Last accessed
in January 2022

WMO, GWP (2016) World Meteorological Organization (WMO) and
Global Water Partnership (GWP): handbook of drought indica-
tors and indices (Svoboda M, Fuchs BA). Integrated Drought
Management Programme (IDMP), Integrated Drought Manage-
ment Tools and Guidelines Series 2. Geneva. ISBN 978-92-
63-11173-9. https://public.wmo.int/en/resources/library/handb

Authors and Affiliations

Tobias Conradt’

ook-of-drought-indicators-and-indices — Last accessed in January
2022

Zhang F, Quan Q, Ma F, Tian D, Hoover DL, et al. (2019) When does
extreme drought elicit extreme ecological responses? J Ecol
107(6):2553-2563. https://doi.org/10.1111/1365-2745.13226

Zhao T, Dai A (2022) CMIP6 model-projected hydroclimatic and
drought changes and their causes in the twenty-first century. J Cli-
mate 35(3):897-921. https://doi.org/10.1175/JCLI-D-21-0442.1

Zhu Y, Liu Y, Wang W, Singh VP, Ren L (2021) A global perspective
on the probability of propagation of drought: from meteorologi-
cal to soil moisture. J Hydrol 603(Part A):126907. https://doi.
org/10.1016/j.jhydrol.2021.126907

Ziese M, Schneider U, Meyer-Christoffer A, Schamm K, Vido J et al
(2014) The GPCC drought index — a new, combined and gridded
global drought index. Earth Syst Sci Data 6(2):285-295. https://
doi.org/10.5194/essd-6-285-2014

Zink M, Samaniego L, Kumar R, Thober S, Mai J, Schifer D, Marx
A (2016) The German drought monitor. Environ Res Lett
11(7):074002. https://doi.org/10.1088/1748-9326/11/7/074002

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Henry Engelhardt’ - Christoph Menz' - Sergio M. Vicente-Serrano? - Begofia Alvarez Farizo? -

Dhais Pefia-Angulo? - Fernando Dominguez-Castro®* - Lars Eklundh?® - Hongxiao Jin® - Boris Boincean® -

Conor Murphy’ - J. Ignacio Lépez-Moreno?

Henry Engelhardt
engelhardt@ pik-potsdam.de

Christoph Menz
menz @pik-potsdam.de

Sergio M. Vicente-Serrano
svicen@ipe.csic.es

Begofia Alvarez Farizo
b.farizo@csic.es

Dhais Pefia-Angulo
dhaispa@gmail.com

Fernando Dominguez-Castro
fdominguez@unizar.es

Lars Eklundh
lars.eklundh @nateko.lu.se

Hongxiao Jin
hongxiao.jin @nateko.lu.se

Boris Boincean
bboincean @gmail.com

Conor Murphy
conor.murphy @mu.ie

@ Springer

J. Ignacio Lépez-Moreno
nlopez@ipe.csic.es

Potsdam Institute for Climate Impact Research,
Telegrafenberg A31, 14473 Potsdam, Germany

Instituto Pirenaico de Ecologia Consejo Superior de
Investigaciones Cientificas (IPE-CSIC), Zaragoza, Spain

Aragonese Agency for Research and Development
Researcher (ARAID), Zaragoza, Spain

Department of Geography, University of Zaragoza, Zaragoza,
Spain

Department of Physical Geography and Ecosystem Science,
Lund University, Lund, Sweden

Selectia Research Institute of Field Crops, Balti, Moldova

7 Trish Climate Analysis and Research UnitS (ICARUS),
Department of Geography, Maynooth University, Maynooth,
Ireland


https://doi.org/10.1007/s10584-014-1184-2
https://doi.org/10.1007/s10584-014-1193-1
https://apps.who.int/iris/bitstream/handle/10665/42459/9241590076.pdf
https://apps.who.int/iris/bitstream/handle/10665/42459/9241590076.pdf
https://doi.org/10.1002/wat2.1571
https://www.droughtmanagement.info/literature/WMO_standardized_precipitation_index_user_guide_en_2012.pdf
https://www.droughtmanagement.info/literature/WMO_standardized_precipitation_index_user_guide_en_2012.pdf
https://www.droughtmanagement.info/literature/WMO_standardized_precipitation_index_user_guide_en_2012.pdf
https://public.wmo.int/en/resources/library/handbook-of-drought-indicators-and-indices
https://public.wmo.int/en/resources/library/handbook-of-drought-indicators-and-indices
https://doi.org/10.1111/1365-2745.13226
https://doi.org/10.1175/JCLI-D-21-0442.1
https://doi.org/10.1016/j.jhydrol.2021.126907
https://doi.org/10.1016/j.jhydrol.2021.126907
https://doi.org/10.5194/essd-6-285-2014
https://doi.org/10.5194/essd-6-285-2014
https://doi.org/10.1088/1748-9326/11/7/074002
http://orcid.org/0000-0001-5341-9794

	Cross-sectoral impacts of the 2018–2019 Central European drought and climate resilience in the German part of the Elbe River basin
	Abstract
	Introduction
	Materials and methods
	Research domain
	Data sources
	Drought severity indicators

	Results
	Drought severity and progression through natural systems
	Meteorological drought
	Soil moisture deficit
	Drought propagation and response in vegetation
	Drought effects on wildlife

	Socio-economic sector-specific drought impacts
	Agriculture, forestry and fishing (NACE section A)
	Mining and quarrying, manufacturing and utilities (NACE sections B–E)
	Transportation (NACE section H)
	The service sector (NACE sections J–Q)

	Drought impacts on human health

	Discussion
	Conclusion and outlook
	References


