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2.1. Sectorial drought impacts in the different basins



1. Introduction

Drought is a recurrent and creeping natural hazard, which makes it difficult to quantify its
characteristics (Lloyd-Hughes, 2014; Vicente-Serrano, 2016; Wilhite, 2005) or to analyze its
possible impacts on both natural and human environments (Mishra and Singh, 2010; Wilhite
et al., 2007; Wilhite and Pulwarty, 2017). Drought impacts span a wide spectrum of disciplines,
including water resources (e.g. river flow, reservoir storage, groundwater) (Bloomfield and
Marchant, 2013; Folland et al., 2015; Van Lanen et al., 2013; Van Loon, 2015), crop yield (Dalla
Costa and Gianquinto, 2002; Kim et al., 2019; Webber et al., 2018), forest productivity and tree
growth (e.g. Anderegg et al., 2018; Restaino et al., 2016; Sanchez-Salguero et al., 2013), in
addition to a variety of environmental systems (e.g. Vicente-Serrano et al., 2020).

Drought is often a climate-driven phenomenon, and assessed using tailored climate indices
(Heim, 2002; Mukherjee et al., 2018). In the literature, it is well-recognized that the sensitivity
of any socioeconomic sector or environmental system to drought severity can be analyzed by
means of drought indices that can be linked directly to sectoral impact data (Bachmair et al.,
2016, 2015). This strong association has been evident for streamflow (e.g. Barker et al., 2016;
Lépez-Moreno et al., 2013), vegetation activity (e.g. Liu and Kogan, 1996; Vicente-Serrano et
al., 2013; Zhang et al., 2016), forest growth (Arzac et al., 2016; Pasho et al., 2011; Skomarkova
et al.,, 2006), and even human health (Sena et al., 2014; Stanke et al., 2013). Hydrological
droughts correspond to temporal anomalies in the river flows, characterized by a water deficit
regarding to long-term average conditions (Van Loon, 2015), which may be related to different
human, climatic and environmental factors. Numerous studies indicate that hydrological
droughts can develop differently to climatic droughts, as a function of the dominant
physiographic characteristics (Lopez-Moreno et al., 2013; Pefia-Gallardo et al., 2019; Tijdeman
et al., 2016; Van Lanen et al., 2013) or human management (Rangecroft et al., 2018; Tijdeman
et al., 2018). Moreover, numerous studies report a varying response of vegetation dynamics to
drought, mainly due to the prevailing vegetation types (e.g. woodland, grassland, steppe, etc.)
(Vicente-Serrano et al., 2020b), forest species (Anderegg et al., 2018, 2016; Gazol et al., 2017)
and prevailing climate characteristics (Gazol et al., 2018; Pasho et al., 2011). Some of these
studies established thresholds to identify drought vulnerability in response to different
environmental factors (Slette et al., 2019).

Nevertheless, the majority of studies that assessed the impacts of drought have focused
primarily on a specific socioeconomic sector or an environmental system. However, the multi-
sectoral response to drought severity is poorly understood. This is probably due to data
limitations, which hinders assessment of how multi-sectorial drought impacts can develop and
compound in a particular catchment. This assessment is important in many environments to
define the extent to which water and land management practices can modulate or accelerate
drought impacts on different natural systems and socioeconomic sectors. Specifically, in some
natural basins that are not affected by water regulation and human uses, drought impacts may
exceed the locations where droughts occur. As such, these negative impacts may propagate
downstream (Vicente-Serrano et al., 2017; Xu et al., 2019; Zhang et al., 2014), especially when
water supply is essential for the development of different economic activities (e.g. irrigation,
domestic use, industry, tourism, etc). Comprehensive assessment of the multi-sectoral drought
impacts can also be important when establishing appropriate vulnerability thresholds,
especially for ecosystems with complex drought impacts or diverse physiographical or
phenological conditions (Allen et al., 2015; Sanchez-Salguero et al., 2013). In these regions,
better understanding of multi-sectoral droughts can contribute to more effective monitoring,
early-warning (Svoboda et al., 2002) and mitigation of drought risk (Wilhite, 2009, 2002). As
such, given that accurate knowledge of the adverse impacts of drought on a variety of
economic sectors (Bachmair et al., 2016, 2015) and environmental systems (Vicente-Serrano et
al., 2020) is needed for reliable monitoring and management of drought, it is important to
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qguantify comprehensively the multifaceted impacts of drought that may occur in a single
territory.

The overriding objective of this report is to analyze the multisectorial impacts of drought
severity in basins of Europe with different characteristics. Specifically, we aim to i) determine
the response of water systems to drought variability, and ii) assess the varying response of
natural vegetation to drought.



2. Impacts in the German part of the Elbe basin

2.1. Geography of the domain

The German part of the Elbe River basin covers an area of 97,175 km?, 65.5 % of the entire
basin (Simon et al. 2005). The Elbe River originates from the Czech Republic where practically
the complete upstream third of its basin is located, very small parts of the basin belong to
Poland and Austria (Figure 1). The Czech—-German national boundary stretches along mountain
ranges (Bohemian Forest, Fichtel Mountains, Ore Mountains) but does not exactly follow the
water divides. Therefore German splinter areas of the Czech upstream part are excluded for
this assessment, leaving a contiguous area of 96,864 km? (own GIS analysis) loosely enclosed
by the geographical coordinates 8°30'E-15°05'E and 49°45'N-54°30'N. For the sake of
simplicity we henceforth refer to this domain as German part of the Elbe basin (GEB).

The Elbe River enters Germany passing the Ore Mountains at Schmilka, approximately 50 km
southeast of the city of Dresden. The stream profile at this location is typically 150—200 m
wide, and the mean runoff observed during the 20th century was 311 m3/s (Simon et al. 2005).
The rivers Schwarze Elster, Mulde, Saale, and Havel constitute the major tributaries along the
generally northwestern course of the Elbe River towards the North Sea (see Figure X.1). Some
analyses are confined to the Havel subbasin: 23,790 km? of its total area of 23,860 km? are
located in Germany (FGG Elbe 2015); to ease readability “Havel area” henceforth only refers to
the German part unless stated otherwise. On the final downstream stretch of the Elbe River
stream widths increase from approximately 1 km near Hamburg to about 3 km at Brunsbiittel
where the transition to the estuary funnel begins. The mean discharge into the sea was
estimated at 861 m3/s (Simon et al. 2005); direct runoff measurements are rendered
impossible here due to tidal currents.

The highest spot of the GEB has an elevation of 1215 m amsl (Fichtelberg in the Ore
Mountains). Also noteworthy are the Harz mountains reaching 1141 m amsl (Brocken) on the
western edge of the basin. As most of the GEB is located in the North German Lowlands, the
average elevation is only 151 m amsl, and the median is at 81 m amsl; 75.4 % of the area are
below 200 m amsl and 93.6 % below 500 m amsl. The Havel area ranges between 23 and
582 m amsl with an average of 69 and a median of 55 m amsl.

With the exception of the the Ore Mountains of late Paleozoic origin surface geology of the
GEB domain is characterized by deep sediments ordered by a sequence of glacial series. In the
southern and western parts these sediments are topped by loam and loess layers while the
central part — including most of the Havel area — is largely characterized by poor, sand
dominated soils. Drought is therefore a serious threat for farmers in this region, some of them
were facing complete yield losses in 2018 or 2019. Soils with higher water storage capacity can
only be found again in the loamy moraine regions of the most recent (Weichsel) glaciation at
the north-eastern edge of the GEB or in the silty marshlands around the Elbe estuary.

The land use is dominated by agriculture, pastures and coniferous forests. Such managed
ecosystems — which are strongly affected by drought events — cover more than 85 % of the
region (Figure 2 and Table 1). Built-up areas account for about 8 % of the land demand, and
their share rises slowly but continuosly at the expense of agricultural areas, a trend expected
to sustain at least in the vicinity of the big cities (Hoymann et al. 2016, Maretzke et al. 2021).
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Figure 1: Digital elevation model DGM200 of the German Federal Agency for Cartography and
Geodesy, © GeoBasis-DE / BKG 2021. Basin boundaries extracted from geodata provided by
the German Federal Institute for Hydrology, © WasserBLIcK/BfG & Zustdndige Behérden der
Ldnder, 2020-11-10.
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Figure 2: CLC 2018 version v.2020_20ul, downloaded in March 2021. Source: Copernicus Land
Monitoring Service, part of the European Earth monitoring programme (GMES).



Table 1: Distribution of land use classes according to CLC 2018 (Copernicus 2020). Included are
categories whose coverage exceeds 0.1 percent of the respective basin area. Dominating
categories are coloured.

CLC category GEB Havel area
Code Land use km? % km? %
111 Continuous urban fabric 155.80 0.16 48.34 0.20
112 Discontinuous urban fabric 6,001.18 6.20 1,535.18 6.46
121 Industrial or commercial units 1,286.06 1.33 345.39 1.45
124 Airports 109.32 0.11  38.85 0.16
131 Mineral extraction sites 379.04 0.39 175.93 0.74
141 Green urban areas 139.00 0.14 53.69 0.23
142 Sport and leisure facilities 547.51 0.57 169.72 0.71
211 Non-irrigated arable land 41,400.68 42.74 7,223.88 30.39
222 Fruit trees and berry plantations 290.18 0.30 26.92 0.11
231 Pastures 14,933.45 15.42 3,526.90 14.83
243 Agriculture with natural vegetation 253.35 0.26 36.41 0.15
311 Broad-leaved forest 5,078.86 5.24 1,013.53 4.26
312 Coniferous forest 20,740.28 21.41 7,829.18 32.93
313 Mixed forest 1,572.77 1.62  480.68 2.02
321 Natural grasslands 290.65 0.30 71.48 0.30
322 Moors and heathland 425.85 0.44  214.59 0.90
324 Transitional woodland-shrub 665.75 0.69 218.19 0.92
411 Inland marshes 114.60 0.12 65.43 0.28
423 Intertidal flats 150.18 0.16 - -
511 Water courses 213.63 0.22 50.58 0.21
512 Water bodies 1,434.70 1.48 606.02 2.55
522 Estuaries 305.50 032 - -
XXX Other 375.93 0.39 43.86 0.18
TOTAL 96,864.27 100.0 23,774.75 100.0

2.2 Administrative divisions

The German Elbe Basin is of course confined to Germany, but Germany consists of 16 federal
states (Bundesldnder) which are further divided into district level units (Kreise and kreisfreie
Stddte), henceforth called districts. There are currently 401 or 412 German districts depending
on whether Berlin as a whole or its twelve city districts (Bezirke) are counted in. Ten federal
states and 105 districts have a share in the GEB as shown in Figure 3.

As many data are not available for hydrological basins but for administrative units, we
sometimes combine federal state data from Berlin, Brandenburg, Saxony-Anhalt, Saxony, and
Thuringia (uniformly yellow tinted in Fig. 3) to characterize the case study area. Each of these
states has most of its area inside the GEB, and Berlin and Brandenburg may also serve as data
proxy for the Havel basin. Other data are available for East Germany, also including
Mecklenburg-Western Pomerania (yellowish stripes in Fig. 3). Notwithstanding minor changes
in boundary delineations East Germany resembles the extent of the former German
Democratic Republic whose socialist system left many traces still present in the landscape and
economy of the domain, more than three decades after the German reunification.

District data are important for regional differentiation. There are currently about 2532
municipalities (Gemeinden) as basic administrative units overlapping the GEB, but besides the
population analysed in the next section there is not much data published on this level.
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Figure 3: Federal states and boundaries of district level units overlapping with the German Elbe
Basin. The yellow tints indicate states used for aggegations of statistical data. Hydrography
and administrative boundaries © EuroGeographics 2020 and © GeoBasis-DE / BKG 2021. Basin
boundaries extracted from geodata provided by the German Federal Institute for Hydrology,
© WasserBLIcK/BfG & Zustdndige Behérden der Ldnder, 2020-11-10.

2.2 Climatic conditions and meteorological droughts
2.2.1 Recent climatology

A decade ended in 2020, and a new standard climate normal period (1991-2020) can be
analysed since. The German Weather Service (Deutscher Wetterdienst, DWD) provides
monthly 1-km raster data of many meteorological variables over Germany (DWD-CDC 2021a-
c). The GEB and Havel areas were extracted from these rasters providing the basis for the
aggregate figures presented in this subsection.

The 1991-2020 averages of the air temperature at 2 m above ground were 9.4°C in the GEB
and 9.7°C in the Havel area. As the upper panel of Fig. 4 illustrates, there were upward trends
over the last decades, linear approximations since 1961 estimate a regional warming rate of
0.35 K per decade. Precipitation varied about 656 mm per year (586 mm/a in the Havel area)
and did not expose a significant trend, but the drought years 1976, 2003 and 2018 are clearly
visible in the middle panel of Fig.4. Sunshine durations however increased with the
temperatures (lower panel of Fig. 4): The trend lines indicate a surplus of 39.3 hours per
decade. The 1991-2020 averages amounted to 1682 sunshine hours per year in the GEB and
1738 h/a for the Havel area.



Since the 1970s the average air temperatures increased at about the double rate compared to
the global average (Allen et al. 2018). The notable increase in sunshine can at least partly be
attributed to anthropogenic brightening (Wild 2014, Wild et al. 2021). The Havel subdomain is
a little warmer, drier, and sunnier than the GEB as a whole owing to the lower average
elevation (82 m less) and a more continentally located centre of gravity. This effect can also be
seen in the isohyetes map in Fig. 5: Besides the mountains, the coastal region near the Elbe
estuary receives above-average precipitation. The map also shows the “rain shadow” of the
Harz mountains, this area with spots receiving less than 500 mm in an average year is also the
driest region of Germany.
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Figure 4: Annual domain averages of air temperature, precipitation, and sunshine hours. Data
source: DWD Climate Data Center (CDC): Grids of monthly averaged climate variables, version
v1.0. URL: https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/ — last
accessed in May 2021.
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Figure 5: Isohyet map of the German Elbe basin for the climate normal period 1991-2010. Data
source: DWD Climate Data Center (CDC): Grids of monthly total precipitation over Germany,
version v1.0. URL:
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/ — last accessed
in May 2021.

The Walter—Lieth climogram in Fig. 6 shows the seasonality of temperature and precipitation
in the 1991-2020 climate normal period. The coldest month was January with 0.8°C, the
warmest July with 18.7°C, which means an average annual amplitude of 17.9 K. The driest
month was April with 35.2 mm of precipitation, and the wettest July with 79.7 mm. A
substantial share of the summer precipitation is generated in convective clouds;
thunderstorms, hail, and heavy rain events occur most frequently during the hot season.

2.2.2 Meteorological droughts

A meteorological drought is defined as an extended time period with less than average
precipitation. There is no generally accepted rule about the duration or deviation thresholds,
but drought indices galore (WMO & GWP 2016). Among the most important are SPI and SPEI:

SP| — Standardized Precipitation Index (McKee et al. 1993). It was recommended by the WMO
in 2009 as the main meteorological drought index 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), and normalized negative deviations from period averages,
specifically index values below -1, are flagged as drought situations (WMO 2012). The German
Weather service (DWD) produces monthly maps with SPI classifications.
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SPElI — Standardised Precipitation Evapotranspiration Index (Vicente-Serrano et al. 2010,
Begueria et al. 2013). With temperatures rising under climate change, drought frequency and
severity may increase over time even if there is no long-term trend in precipitation. The SPEI
accounts for that through temperature-derived potential evapotranspiration as additional
input. The calculus and interpretation is similar to SElI using a log-logistic probability
distribution. SPEI has been widely recognized and is combined with SEl into the GPCC-DI
drought index of the Global Precipitation Climatology Centre (GPCC).

The DWD grid products also contain the drought index according to de Martonne (dMl; de
Martonne 1926) on annual and monthly basis, a simple indicator based on precipitation and
temperature: dMI =P/(T+10). There are also regular updates of dMI anomaly maps for
Germany
(https://www.dwd.de/EN/ourservices/klimakartendeutschland/klimakartendeutschland.html
— last accessed in May 2021; choose “Aridity index” and the desired month from the dropdown
menus) allowing for a quick check of the current meteorological drought situation.
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Figure 6: Walter—Lieth climogram for the German Elbe basin, climate normal period 1991—
2020. Data source: DWD Climate Data Center (CDC): Grids of monthly averaged climate
variables, version v1.0. URL:

https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/ — last accessed
in May 2021.

Figures 7 and 8 show time series of these three drought indices over six decades for the GEB
and the Havel area, respectively. They are based on area averages of precipitation and
temperatures according to the monthly DWD climate grids; SPI and SPEI have been calculated
using the SPEI R package (Begueria & Vicente-Serrano 2017). The upper halves of the figures
show the results for three-month moving averages, the lower halves are calculated with
twelve-month averaging windows. The first impression is that, as these indices quantify
drought always relative to the regional climate normals, there is not much difference between
the GEB and its generally drier sub-region. Second, the advantages and disadvantages of the
two time windows are obvious: While the three-month analyses better represent the actual
occurrence of dry spells (cf. 1976 and 2003: in the twelve-month indices both events extend
into the subsequent years) the indices based on the extended time window much better
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convey the critical years or time periods given the hysteretic cascading drought effects in other
sectors. Third, the graphs of the twelve-month dMI anomalies (dMla12) look very similar to
the SPEI despite their much simpler calculation. However, their values are not distribution-
based, and their drought thresholds marked in orange and red are chosen arbitrarily (-2.5 and
-5.0 for dMla3, -1.5 and -3.0 for dMla12). For SPI and SPEI the orange and red thresholds are
at -1.0 and -2.0 indicating “drought” and “extreme drought”, respectively.
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Figure 7: Three meteorological drought indices for the GEB area, calculated for 3- and 12-
month running averages. Data source: DWD Climate Data Center (CDC): Grids of monthly total
precipitation and monthly average air temperature over Germany, version v1.0. URL:
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/ — last accessed
in May 2021.

The top event within the six decades occurred just in 2018 and the two following years in
which precipitation was still below average and could not compensate the severe loss from soil
and groundwater storages. This is correctly captured by the SPEI and even the simple dMlI
anomalies, only the SPI which does not account for evapotranspiration shows the 1976 event
on a comparable level. The 1976 drought is however certainly second in the severity ranking,
and the heat wave of 2003 may claim the bronze medal. Notable are also 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, an extended below-average precipitation in and around
1989. Owing to data availability and comparability with the present economy sector effects
will be studied primarily for the more recent events, the 2003 heat wave and the 2018
drought.

2.3 Drought impacts on natural systems
2.3.1 Soils

The depletion of the soil water storage is one of the immediate effects of meteorological
droughts caused by soil evaporation and plant transpiraton, the latter virtually equalling root
water uptake. The top soil layers are the first to dry out (and the first whose water storage is
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repleted by precipitation); deeper soil layers show a more hysteretic reaction and can sustain
an accumulated water deficit over years hampering plant growth and agricultural production.

The agrometeorological model of the DWD, AMBAYV (Lopmeier 1993, 1994, n.d.) calculates not
only the potential evapotranspiration according to Penman—Monteith but also the actual one
for a standard grassland on a sandy loam standard soil. Soil water content is among the
modelled variables, and the results can be obtained as monthly gridded data products for
Germany since 1991. Figure 9 shows monthly averages for GEB and Havel area as easonal
cycles of all years up to 2020 expressed as fraction of the plant available soil water capacity.
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Figure 8: Three meteorological drought indices for the Havel area, calculated for 3- and 12-
month running averages. Data source: DWD Climate Data Center (CDC): Grids of monthly total
precipitation and monthly average air temperature over Germany, version v1.0. URL:
https://opendata.dwd.de/climate_environment/CDC/grids_germany/monthly/ — last accessed
in May 2021.

From the colour coding of the individual years in Fig. 9 one can see that there had been clear
trend towards drier soils in the most recent years. Especially in May and June the model soil
became increasingly dry, and only in two or three years of the last decade a recovery was
possible already during summer. After the extreme drought in 2018 soil water contents were
on extremely low levels still in November and could not fully recover in the following winter:
the lowest February values (red graphs, 89.6 % for the GEB and 85.8 % for the Havel area) are
from the year 2019 as well as the record minimum of 35.9 % in the Havel area in September.

More than a third of plant available water left may not sound dramatic. The values are
however only averages for larger regions, and smaller sub-areas had been affected more
severely. In addition to that, most soils in the real Havel area are sand-dominated and do not
provide the storage capacity of the standard soil in the model. Consequently, there have been
complete cropping failures for some farmers in 2018 and 2019.

A modelling initiative considering the different hydrological properties of Germany’s soil
landscape is the Drought Monitor Germany at the Helmholtz Centre for Environmental
Research (UFZ) in Leipzig (https://www.ufz.de/index.php?en=37937, last accessed in June
2021). Soil water content is modelled daily and nationwide with the mesoscale hydrological
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Available water content in %

model (mHM) for profiles of approximately 1.8 m depth and 4 km horizontal grid resolution
(Zink et al. 2016).
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Figure 9: Seasonal cycles of available soil water modelled with AMBAYV for a standard soil
(sandy loam) of 1 m depth. Regional averages for the GEB (left) and Havel area (right). Data
basis: DWD Climate Data Center: Calculated monthly values for different characteristic
elements of soil and crops,Version v19.3, 2019. URL:
https://opendata.dwd.de/climate_environment/CDC/derived_germany/soil/monthly/historical
/—last accessed in June 2021.

Output is given in form of a soil moisture index (SMI) which is however not defined on a
standard normal distribution but within a [0,1] interval. Values of 0.3 or less are characterised
as “abnormally dry”, 0.2 or less means drought with 0.1 (severe drought), 0.05 (extreme
drought), and 0.02 (exceptional drought) being further escalation thresholds which also
indicate the long-term occurrence probabilities (e.g. 0.02 = 2% of a multi-decadal time series).
Another difference to the other drought indices presented here is the time frame of the
underlying statistics, currently the UFZ uses the years 1951-2019.

The end-of-summer situations during the extreme meteorological drought of 2018-2019 is
shown in Fig. 10. While the northeastern part of the GEB was still not so much affected in
2018, one year later more or less the entire research domain was struck by exceptional soil
drought. Figure 11 shows the end-of-winter counterparts, extended by the years 2020 and
2021. As the SMI adapts to the seasonal cycle of soil moisture similar to other drought indices
a certain water content in spring might be flagged with the same drought severity as a much
lower level in autumn, but there is no doubt that in early 2018 the soil water storage was still
in a normal state that was damaged soon thereafter and did not recover since.

Another interesting observation when comparing Figs 10 and 11 is that the most affected parts
of the GEB relocalised first from the south to the northwest, and meanwhile concenrate more
or less in the central part, albeit with a high spatial heterogeneity.

The long-term temporal evolution of the SMI in the GEB and the Havel area is shown similarly
to the other drought indices in Figure 12. There is no doubt that the recent drought was (and
still is) the most severe regarding sustained soil moisture deficits within the observed time
period.

14

Jan Feb Mar Apr Mai Jun Jul Aug Sep Okt Nov Dez



2019-09-01

R W P . :
Figure 10: Spatial distribution of full profile (1.8 m) SMI extremes in Northeastern Germany
after the summers of 2018 and 2019. Orange colours indicate drought (values of 0.2 or less);
scarlet (0.05 or less) and brown red (0.02 or less) show extreme and exceptional drought,
respectively. Source: UFZ Drought Monitor / Helmholtz Centre for Environmental Research.
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Figure 11: Spatial distribution of full profile (1.8 m) SMI extremes in Northeastern Germany at
begin of spring for the years 2018—2021. Orange colours indicate drought (values of 0.2 or

less); scarlet (0.05 or less) and brown red (0.02 or less) show extreme and exceptional drought,
respectively. Source: UFZ Drought Monitor / Helmholtz Centre for Environmental Research.
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Figure

12: Time series of monthly soil moisture index (SMI) spatial averages for the German Elbe Basin
(GEB) and the Havel area. Note the confinement of the index values to the [0,1] interval and the
log scale of the y-axis (applied for optical reasons). Data source: UFZ Drought Monitor /
Helmholtz Centre for Environmental Research.

2.3.2 Water bodies

Hydrological drought manifests in low or disappearing stream runoff, shrinking water surfaces,
and decreasing groundwater levels. As shorelines of lakes and rivers are not frequently
surveyed and groundwater level measurements are not easily accessible we concentrate on
river discharge for evaluating the hydrological drought situation in the GEB. The map in
Fig. X.14 shows the positions of three principal gauges — Dresden and Neu Darchau at the Elbe
river and Rathenow at the Havel river — and their catchment areas. For these gauges complete
time series of daily runoff data could be obtained for the years 1961-2019 from the Global
Runoff Data Centre (GRDC) at Koblenz, Germany; the year 2020 could therefore not be
evaluated.

While Rathenow represents 80.8 % of the entire Havel river catchment (19,288 of 23,860 km?,
including the Czech part), the discharge contribution from the GEB had to be approximated
from the difference area of the gauge catchments of Dresden and Neu Darchau (78,854 km?)
which includes the Havel catchment; the respective areas are shown in Fig. 13.

River streamflow integrates the hydrological situation of the catchment area very well
especially during low runoff phases provided it is not largely controlled by reservoir
operations. Then it corresponds more or less to the groundwater discharge which in turn is
strongly correlated to the current groundwater storage situation.

Groundwater is principally the most hysteretic storage system in the land part of the
hydrological cycle and is locally of the same or even higher importance for plant water uptake
than soil water storage. For human needs, groundwater is the most important resource: In the
German Elbe area 1,055.788 million m3 water were furthered by public waterworks in 2016,
602.851 million m3 of this volume was furthered from groundwater, a share of 57.1 %. The
respective numbers for the Havel area are 326.395 and 163.037 million m3, indicating a
groundwater share of 50.0 % (DESTATIS 2019b).

The dynamics of surface water bodies are also largely captured by stream runoff fluctuations,
because the close relationship of river water stages and runoff is actually used for runoff
measurements via so-called rating curves. It is however not possible to derive important
ecological thresholds (disconnection or dryfall of river lakes) from streamflow values alone,
and water levels in lakes and reservoirs not directly connected to the river system may react
quite differently.

While the runoff time series of Rathenow could be used as is (shown in the upper part of
Fig. 14), simple differences between the Dresden and Neu Darchau readings do not equal the
actual streamflow contribution of the intermediate catchment area: the travel time and
dispersion of flood waves along the main river channel must be considered. The average time
lag of a flood wave from Dresden to Neu Darchau is approximately 6.5 days, and the distance
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between the gauges along the river course is 480.84 km (which indicates a wave celerity of
about 0.9 m/s). Considering the time lag and accomodating the dispersion with a gamma
kernel allows for separating the streamflow contribution from the intermediate (Elbe) area;
the hydrograph is shown in the upper part of Fig. 15.
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Figure 13: Approximations of GEB and Havel area by stream runoff gauge catchments. GEB is
approximated by the Neu Darchau minus the Dresden catchment (area with elevation colours),
and the Havel area is represented by the Rathenow catchment (magenta-coloured hachure).
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Figure 14: Streamflow Index for the Havel area.

In order to assess drought severity from the river streamflow perspective we calculated the SSI
(standardized streamflow index) generally following the Best Monthly Fit (BMF) approach by
Vicente-Serrano et al. 2012. Like the meteorological drought indices SPI and SPEI the SSI
compares monthly runoff values to distributions of other runoff records of the same month
and provides the results in a normalized way as z-values. At the core of the BMF method is the
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selection of a probability distribution from a candidate set to optimally approximate the data

distribution for each calendar month separately. We used the same candidate distributions

Vicente-Serrano et al. proposed (GEV, Pearsonlll, Generalized Pareto, Lognormal, Log-Logistic,

and Weibull), but did not fit the distribution parameters through L-moments but maximum

likelihood estimation. The selection of the distribution to apply was based on p-values

calculated by the Kolmogorov-Smirnov-test. Table 2 lists distributions and p-values for

catchment areas and calendar months.
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Figure 15: Streamflow Index for the approximated GEB.
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Table 2: Probability distributions selected in the Best Monthly Fit method of the SSI calculation

and their p-Values according to KS-testing.

Elbe basin (Dresden—Neu Darchau) Havel catchment, gauge Rathenow
Month Prob. distribution p-Value Prob. distribution p-Value
January Log-Logistic 0.068 Pearsonlll 0.077
February Log-Logistic 0.111 Lognormal 0.068
March Lognormal 0.085 Lognormal 0.107
April Lognormal 0.064 Lognormal 0.070
May Log-Logistic 0.079 Lognormal 0.064
June Log-Logistic 0.090 Pearsonlll 0.053
July Lognormal 0.055 Weibull 0.069
August Lognormal 0.072 Lognormal 0.062
September Lognormal 0.088 Pearsonlll 0.067
October Log-Logistic 0.070 Lognormal 0.045
November Log-Logistic 0.111 Pearsonlll 0.047
December Log-Logistic 0.062 Pearsonlll 0.058

Interestingly, the distribution of the monthly streamflows generated between the Elbe gauges

approximating the GEB discharge can be approximated best by either lognormal or log-logistic

probability distributions while the Havel streamflow at Rathenow can usually be represented

by Pearsonlll or Lognormal distributions. The p-Values are generally lower for the Havel

catchment, probably due to noise in the Elbe data remaining from incomplete filtering of the

inflow signal from upstream Dresden. For interpreting the results it should also not be

neglected that both streamflow generating areas are to some extent subject to human
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interventions: Before the German Reunification in 1990 there were massive lignite mining
activities in the southern part of the Havel catchment for which up to 30 m3/s of groundwater
were extracted and released into the Spree river. Meanwhile, most former open-cast mining
areas are being flooded and groundwater storage recovers which naturally means less
streamflow contribution (Griinewald 2001, 2010; Koch et al. 2005). Consequently the 1976 and
1989 droughts are less pronounced in the Havel SSI (Fig. 15) compared to the time series for
the entire contribution area between the Elbe gauges (Fig. 14), while the downward SSI peak
of 2018 was more negative for the Havel sub-area. Other upstream areas of the GEB may
expose streamflow modifications from reservoir operations, the reservoirs in the Harz and Ore
mountains are however small and can neither alter the general runoff seasonality nor provide
sustained runoff during drought.

Comparing the drought indices along the cascade of hydrometeorological effects from weather
via soil water to streamflow illustrates the temporal hysteresis: The meteorological indices
with three month time windows signal the 1976 drought in summer and autumn of that year
while the soil water and discharge indices indicate the most extreme negative deviation of this
drought not before winter 1976/1977. The 2018 drought was not repeated with the same
intensity in 2019 and 2020 according to the meteorological indices, the soil water however still
remains on extreme low levels in 2021, and the streamflow was probably also still affected in
2020 (unfortunately missing due to the limitation of the available runoff data).

2.3.3 Vegetation

How meteorological droughts affect different kinds of vegetation in the Elbe River basin
strongly depends on the drought characteristics. Timing and duration account for different
stressors and types of vegetation affected. Rooting depth of plants is an important for their
drought resistance, and the plant-available water distribution in soil profiles is the decisive
factor of vegetation status under drought conditions. For instance grasses were the first
natural vegetation seen wilting in the drought years 2018-2020; they strongly depend on
water availability in shallow soils (Reinermann et al. 2019).

Dry conditions in spring during the onset of the vegetation period are a major threat for plants.
In the 2003 drought, this was the case in vast areas of the Elbe-River basin. Enhanced
Vegetation Indices (EVI) attest reduced growing rates in the months of March and April
whereas in the 2018 drought wet conditions favoured vegetation growth still during those
months. However, due to major precipitation deficits during summer the resulting effects on
vegetation were of the same magnitude as in the other drought years under investigation
(Reinermann et al., 2019).

As drought conditions continued in the subsequent years 2019 and 2020, decreasing water
availability also affected deeper rooting kinds of vegetation. The effects are visible in the
forests of the Elbe River basin. Forests in the overlapping non-city federal states SN, ST, BB and
TH are severely affected. A combination of abiotic and biotic threats accompanied the drought
conditions: wind storms and a bark beetle infestation favoured by warm winter weather
caused severe forest diebacks in spruce stands in the GEB. Among the survivors, the overall
tree condition has decreased.
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As shown in Fig. 16 below, after exceeding a new maximum for the share of trees with severe
damages in 2019, the situation exacerbated in Saxony in 2020 (SMEKUL 2020). Whereas in
Brandenburg the worst condition was reached in 2019 with a slight relief in 2020 (Forst
Brandenburg 2020). In Thuringia 55 % of trees were severely damaged in 2020 which is the
highest value in the four federal states (TMIL 2020). In Saxony-Anhalt the share of severely
damaged trees seems comparably low, but since 2018 it exceeded the 1991-2017 values; with
the 2019 value of 12 % tripling the former 2004 maximum (MULE n.d.). Overall, the effects of
the 2003 drought on forests were by far exceeded in the 2018-2020 drought period.
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Figure 16: Area of forest with severe damages in the federal states BB, TH, SN and ST. Sources:
(TMIL 2020, MULE n.d., SMEKUL 2020, Forst Brandenburg, 2020).

In terms of biodiversity, wetlands are important ecosystems with surplus features as carbon
sink and water storage (Maltby and Acreman, 2011). Due to higher evaporation rates and
lowering groundwater levels during droughts, Dietrich et al. (2012) suggest stressing
conditions for wetlands in the Elbe River basin in a future dryer and warmer climate. In fact,
renaturation of wetlands in the Elbe River basin is necessary due to low precipitation rates in
recent years (MULE 2021).

Ludewig et al. (2015) found only slight effects on floodplain meadow in a study conducted with
artificially reduced summer precipitation in the Elbe River basin. However, the study may not
picture a drought period as seen between 2018 and 2020. Heklau et al. (2019) suggest
mitigation of drought impacts for floodplain forests by flooding events before or after a
drought event at the Saale River. This concludes the amplification of drought impacts on
floodplain forests by missing flood events.

The floodplain forest (Auwald) was investigated for impacts of the extreme drought years 2018
and 2019. In this investigation Wirth et al. (2021) found moderate drought impacts in 2018 and
much amplified impacts in the subsequent year for water flow in oak trees and for growth
rates in ash trees. Furthermore, ash-trees showed the worst reaction on the extreme drought
event. Already affected by pests before, the number of ash trees with irreversible damages
increased from 14 % in 2016 to 47 % in 2020.
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The extreme drought and heat conditions during 2018 also affected inner city ecosystems such
as parks. There, the most obvious impact on vegetation were local extinctions of grasses and
other low-growing vegetation, especially where tree canopy was missing (Kabisch and
Kraemer, 2020).

2.3.4 Wildlife

Rivers and standing water bodies are among the most threatened ecosystems under extreme
drought conditions. Impacts such as lower oxygen levels, bacteria blooms and elevated
contamination levels are stressors for many wildlife species of freshwater ecosystems (Mosley
2015). In extreme cases droughts result in the drying-up of water bodies which eliminates
most biota species (Humphries and Baldwin 2003).

In December 2018 and January 2019 vast amounts of fish died in canal systems near the Elbe
estuary. The fishes were dying from Aluminium (Al) contamination which damages the gills and
inhibits oxygen uptake. The Al contamination was the result of low groundwater levels
allowing oxidation processes which then resulted in acidification. Since metals dissolve under
acidic conditions, Al was dissolved in high amounts, and precipitation events in December
2018 finally transported the contaminated water into the canal system (Mollers, no date a).

The canal system was investigated for fish species populations in August 2019. The results
were no significant differences in fish species diversity and overall population. However, the
fish biomass decreased by 87.6 % in principally affected and by 56.5 % in moderately affected
sections. The most harmed species were eels whereas sticklebacks were the species most
benefitting from the absence of predators (Mollers, no date b). Small numbers of eels might
also result from bacterial infections caused by a bacterial bloom in warm water temperatures
(Mollers, no date b).

Amphibians are another species strongly depending on wet habitats. The reproduction
depends on suitable environments for spawning. In the recent drought most of the spawning
sites in BB had dried. This resulted in a decline of 67% in the BB newt population (SVZ 2020).
Further effects of drought impacts on amphibia population have been found in TH where in
recent years small water bodies dried out and spawn clumps of frogs decreased in size (WELT
2020). The decline in amphibia population also affects white storks who feed from amphibia,
especially frogs. In the Spreewald region in Southern BB the result was a decrease in white
stork population of 26 % in recent years. However, also other stressors like an increase in
agricultural intensity put pressure on the population (WELT 2020).

The best reported changes in insect populations is an increase in bark and jewel beetle
population. This is due to the extreme damage the larva living in the bark of trees cause to
their host organism (TMIL 2020, MULE n.d., SMEKUL 2020, Forst Brandenburg 2020). Other
insects like the dragonfly species Crocothemis erythraea and the rose beetle Oxythyrea funesta
are among the species favoured by recent drought conditions (Sliddeutsche Zeitung 2019b).

Ecosystem services such as feed and habitat provision important for wildlife are threatened by
drought via the effects on vegetation. However, since these drought impacts are indirect and
less obvious, there is less information about the state of wildlife populations, especially
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mammals, under drought conditions. On the other hand, drought events increase the
probability for sudden ecosystem breakdowns, especially through wildfires, resulting in broad
extinction or expulsion of all kinds of animals and plants.

2.5 Drought impacts on human health

2.5.1 Heat stress

The recent drought came with high temperatures during summer, especially in 2018 and 2019.
The DWD statistic of heat alerts issued between 2010 and 2020 in the districts of the four
federal states BB, SN, ST and TH is shown in Fig. 17. The number of alerts suggests many
events with strong heat stress on human health in 2018 and 2019. However, extreme heat
stress events defined by perceived temperatures exceeding 38°C are on a low level during both
years. This is most probably due to the drought related low level of humidity which drives the
perceived temperature.

BB along with the city-state Berlin provides actual data on heat-related mortality (Fig. 18). In
the federal states of TH, ST and SN, the provision of such timeseries is lacking, but since the
states’ demographics are alike with shares of people over 64 years between 24.7 % and 26.7 %
(DESTATIS 2021h) and the heatwaves affected the whole area of concern, these data should be
representative for the GEB.

High heat-related mortalities were observed in 2018, 2019, and 2020. Even though the
summer of 2019 was the warmest summer since 1985 in BB, heat related deaths in 2018
clearly outweighed those in 2019. This is due to a long heatwave with 12 days of average
temperatures exceeding 23°C in a row, which is the criterium for the connection of heat and
mortality, during 2018 (Statistik BB 2021). In most years, the numbers for Berlin follow the
same pattern with slight differences in the amplitude. However, with only about 10% more
people older than 64 years in Berlin (DESTATIS 2021h), deaths in 2010 and 2015 exceeded this
difference by far. One reason for this is the 0.7 K higher temperature average of the city-state
between 1985 and 2020, resulting in an average of 34 % more heat days in Berlin than in BB
(Statistik BB 2021).
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Figure 17: Heat related alerts between 2010 and 2020 in the four federal states BB, SN, ST and
TH. Data source: DWD Climate Data Center (CDC): Historical heat warnings in Germany, version
001. URL
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https://opendata.dwd.de/climate_environment/health/historical_alerts/heat_warnings/ — Last
accessed in September 2021
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Figure 18: Heat related deaths in BB between 2010 and 2020. Data Source: Amt fiir Statistik
Berlin-Brandenburg (2021).

In ST, excess mortality data suggests about 500 heat-related deaths during the 2016-2020
period. Especially days with high temperatures in the summer of 2018, some exceeding daily
average temperatures of 29°C, caused a vast amount of the heat-related deaths in this federal
state (Statistik ST 2021).

2.5.2 Air quality

Besides high temperatures, poor air quality is another stressor of human health. Ground-level
ozone concentration is driven inter alia by weather conditions. High UV radiation levels and
nitrogen oxide concentrations trigger chemical reactions producing amplified ozone
formations near the surface. Ozone stresses the human respiration system which leads to
symptoms like coughing, headache and restricted pulmonary function (UBA 2020).

In BB ozone levels in the 2010-2019 period peaked during the drought years 2018 and 2019.
The critical ozone level is regulated in the Federal Imission Control Act (Bundes-
Immissionsschutzgesetz) and determined to an average of 120 pg/m?3 in an 8-hours period.
One target of this act is to minimize the occurrence of the critical level to 25 days on average
during three consecutive years. Another long-term goal is not to exceed the critical ozone level
at all (LfU 2019). A dataset provided by the German Federal Environmental Agency (UBA 2021)
covering ozone measurement stations in the four federal states counts 37 and 24 days
exceeding the critical level in 2018 and 2019, respectively, compared to an average of 17 days
per year in the 2010-2017 period. The critical 25-day threshold was crossed by 30 % and 40 %
of the stations during the 2016—2018 and 2017-2019 periods, respectively. Between 2010 and
2017 only 17 % of the stations exceeded the number of 25 days in a three-year window.
However, ozone levels have drastically decreased compared to the first decade of the century
when modern catalytic converters on vehicles reducing nitrogen oxide emissions were not as
widespread as they are now (UBA 2020).

Regarding the annual values for BB, other air pollutants did not show increased levels during
the drought period. However, isolated pollution events as forest fires may not be adequately
represented in these time-averages (LfU 2019).

2.5.3 UV radiation

We have requested a representative UV radiation time series at the German Federal Office For
Radiation Protection whose monitoring started in 1993, but got no answer in time. As a
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replacement, a sunshine duration series provided by the DWD is shown in Fig. 19. Potsdam has
been chosen as reference station due to its relatively central position in the GEB. In the
respectable observation period 1893[sic!]-2019, May and July of 2018 and June of 2019 were
among the five months with the most sunshine. Figure 19 shows the accumulated sunshine
duration between May and September of each year between 2010 and 2020. The five months
in 2018 contained 1431 hours of sunshine, which is the highest value among all 127 years
covered in the dataset. The high UV exposure coming with high radiation levels increases the
number of skin cancer diseases making up 290,000 cases per year in Germany. This is
particularly important for workers with high shares of outdoor work like construction workers,
gardeners and farmers (Hiinefeld & Hiinefeld 2019).
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Figure 19: Accumulated sunshine duration during May, June, July, August and September in
Potsdam. Data source: German Weather Service (DWD). URL:
https://www.dwd.de/DE/leistungen/klimadatendeutschland/klimadatendeutschland.html — —

Last accessed in September 2021.
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3. Impacts in the Boyne basin in Ireland
3.1. Introduction: The Boyne Catchment

The Boyne catchment is located in east Ireland and has an annual average total precipitation of
897mm (1952-2009). The catchment drains a total land area of 2694 km”. A long term river
flow gauging site (1941-present) of good quality is located at Slane Castle in Co. Meath (lat
53.706870°N, long 6.562389°W) and used in this study to represent flows in the catchment.
The catchment area to Slane Castle is 2460 km2 and the main channel length is 94 km. There
are a number of lakes in the catchment, to the north, the most significant being Lough Ramor
and Mullagh lake in Co. Cavan. The catchment can be characterised as being predominantly
flat to undulating lowland with elevation ranging between 16 and 338 m (Figure 20). Land-use
within the catchment is dominated by agricultural pastures (87 %) with dairy farming being the
predominant agricultural enterprise. Other significant land use types in the catchment
comprise arable agriculture (~10 %), forestry (~5 %) and bogs (~5 %). The catchment is
classified as essentially rural with approximately 1.5 % of the catchment containing urbanised
areas. The main towns in the catchment include Drogheda, Navan, Trim, Kells, Virginia,
Bailieborough, Athboy, Kinnegad, Edenderry and Enfield. The total population of the
catchment is approximately 196,400, with a population density of circa 73 people per km®.
Water supplies in the catchment for human consumption comprise 89 abstractions, including
six group water schemes, eight public supplies serving major urban centres and five private
supplies.
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Figure 20: The Boyne catchment in eastern Ireland. The red dot marks the location of the river
flow gauge at Slane Castle.

The catchment is underlain by metamorphic rocks in the north and limestone bedrock in the
centre and south of the catchment. Extensive sand and gravel areas are found in the upper
reaches of the catchment. Geology and soil types show a similar pattern with the southern and
central parts of the catchment dominated by grey brown podzolics and gleys with significant
peat deposits. In the north of the catchment soils are typically acid brown earths and gleys.
More than 35 percent of the catchment is comprised of poorly drained soils, including basin
peat and gleys.
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Industry in the catchment is dominated by agriculture and traditional activities in the
catchment related food processing and meat industries. Over recent decades mining and metal
extraction have become important, particularly at Tara Mines, while water pressures are
associated with the service sector, electronics and pharmaceutical industries and tourism and
recreation activities. The Boyne is an important fishing river nationally, and designated a
Salmonid river.

Given the importance of agriculture in the catchment and the presence of poorly drained soils,
the catchment has been subject to extensive arterial and field drainage works. Arterial
drainage comprises the artificial widening and deepening of main river channels and important
tributaries to improve discharge conveyance (O’Kelly, 1955). Following arterial works peak
flows have been noted to increase and the time to peak and duration of flood hydrographs to
shorten (O’ Kelly, 1955; Bree and Cunnane, 1979; Bailey and Bree, 1981). Little is known about
the impact of arterial drainage on drought and low flows. The Boyne catchment experienced
widespread arterial drainage over the period 1969-1986 (OPW, 2014) with more than 60 % of
the river network affected. According to Harrigan et al. (2014) most works were competed
between 1977 and 1979 with works on the main channel of the Boyne completed in 1984.
Coincident with arterial drainage, the catchment was also subject to extensive field drainage
works. This involves the installation of pipes and ditches to remove surplus water for
waterlogged agricultural lands, resulting in shorter transmission times of water to river
channels (Harrigan et al.,, 2014). While studies have indicated that field drainage likely
increases runoff in winter and spring (Burdon, 1986), little work has been completed on the
impacts of field drainage on low flows and droughts. Harrigan et al. (2014) estimate that more
than 30 % of the catchment has been subjected to field drainage, however neither exact
figures, nor the location of field drainage works are available due to a lack of records on
implementation.

3.2. Meteorological and Hydrological Data

A monthly catchment average precipitation series was developed for the period 1950-2019.
Data from individual stations within the catchment were derived from Met Eireann for the
post 1940 period. Hawkins et al. (2021) succeeded in transcribing monthly data from the ‘10-
year rainfall books’ held in the UK Met Office. This dataset contains pre-1940 precipitation
data for the UK and Ireland. We extracted available stations for the Boyne catchment and
together with available historical data from the Island of Ireland precipitation network
developed by Noone et al. (2016), we were able to extend the catchment precipitation series
to 1850. The derived annual series was evaluated for breaks to identify any inhomogeneities in
the series given changing measurement practice and changing number of stations through
time. No significant breaks (0.05 level) were identified (Figure 21).

No long-term temperature series is available within the catchment. We therefore use monthly
mean temperature for Dublin Airport for the period of available records. To extend the
temperature data back to 1850 we followed the procedure used by O’Connor et al. (2020)
whereby gridded monthly mean temperature data from Casty et al. (2007) was extracted for
grids overlying the catchment and bias corrected using quantile mapping to available
observations. The Oudin method (Oudin et al., 2005) was then used to derive PET estimates
from available temperature records.

Daily discharge data for the Boyne catchment at Slane Castle are available from the Office of
Public Works for the period 1941 to present. Missing data within the series (<2%) were
unfilled. Monthly mean discharge (cubic metres per second) was derived from the available
daily data.
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Figure 21. Annual precipitation series for the Boyne catchment for the period 1850-2019.

3.3 Hydrological Modelling

We employ a simple conceptual hydrological model to both i) extend monthly river flows to
1850, concurrent with available meteorological data, and ii) to reconstruct river flows in latter
part of the record to examine the possible impacts of arterial and field drainage on drought
events. To this end we use the GR2M monthly water balance model (Mouelhi et al., 2006),
available via the airGR R hydrological modelling package (Coron et al., 2017). The monthly flow
model contains two reservoirs representing a soil store and routing reservoir governed by two
parameters: the production store capacity and groundwater exchange coefficient and has
been used for flow reconstruction in Irish catchments (O’Connor et al., 2020). The model was
calibrated (1942-1959) and validated (1960-1969) during the pre-drainage record and used to
both extend and reconstruct river flows. Given the focus on low flows calibration and
evaluation was undertaken using the Log Nash Suthcliffe (NS) objective function. Ten thousand
parameter sets were sampled from a uniform distribution representing the range of plausible
values for each parameter. Those sets with a LogNS score >0.8 during the validation period
were retained for deriving extended and reconstructed flows. We base our subsequent
analysis on the median simulated flows from retained parameter sets.

3.4 Standardised Drought Indices

We employ widely used standardised drought indices to evaluate and identify droughts in the
catchment. Specifically, we use the Standardised Precipitation Index (McKee et al., 1993), the
Standardised Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010) and
the Standardised Riverflow/Runoff Index (SRI) (Barker et al., 2016) derived for accumulation
periods ranging from 1 to 24 months. For each index values between 0.99 and -0.99 are
considered near normal, -1.00 to -1.49 is moderate drought, -1.50 to -1.99 is severe drought
and less than -2.0 is extreme drought (WMO, 2012). Both SPI and SPEI are fitted using a
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gamma distribution, while SSl is fitted using the Tweedie distribution, following O’Connor et al.
(2021). While we typically use the full series as the reference period for fitting distributions, it
should be noted that the post drainage period is used as reference period when evaluating the
impact of arterial and field drainage on standardised drought metrics.

Drought events are identified and extracted as follows for each accumulation period. Drought
start is defined as the month in which standardised values fall below -1.00, and end when they
return to positive values. Drought duration is defined as the number of months from start to
termination. Drought severity is defined by accumulated deficit, calculated as the sum of
deficits during the drought event. We also derive a mean deficit, by dividing accumulated
deficits for each event by their duration (months).

3.5 Trend Analysis

To evaluate changes in standardised indices and the drought events though time we examine
trends using the modified Mann Kendall test (Yue and Wang, 2004) that employs variance
correction to address serial correlation. Trends were evaluated at the 0.05 significance level
with a MK Z statistic >1.96 indicating a significant positive trend and a score <-1.96 indicating a
significant negative trend. Trend magnitude was evaluated using the non-parametric Sen’s
slope estimate.

3.6. Historical Droughts in Boyne Catchment

Data rescue activities resulted in the development of a continuous monthly precipitation series
for the Boyne catchment for the period 1850-2019. Figure 21 shows the annual total
precipitation series. Over the 169-year period there is an increasing trend in annual
precipitation significant at the 0.05 level. No significant break points were detected in the
annual series using the Pettit change point test.

To investigate historical droughts in the catchment we extracted the standardised
precipitation index (SPI) at 3-, 6- and 12-month accumulation periods from the newly derived
catchment series. Figure 22 shows the resultant SPI series with the thresholds for severe and
extreme drought also noted. Of note is the fact that despite the impacts felt in the catchment,
the 2018 drought is unremarkable in the SPI-3 and SPI-12 series, being frequently exceeded in
the historical record. Only in the SPI-6 series does the 2018 event register as an extreme
drought (minimum SPI < -2.0).

Using the threshold of -1.00 to indicate the onset of a drought event we identify 136 individual
events using SPI-3, 83 events for SPI-6 and 42 for SPI-12. Table 3 ranks the top 10 drought
events for SPI-3, 6 and 12 in terms of their severity using both the accumulated deficit and the
mean deficit identified for each event. Notably the recent 2018 drought does not feature in
the top 10 events for any accumulation period. For accumulated deficits the 1887 drought,
which commenced in March 1887 and terminated in April 1888 is the most severe SPI-3
drought in the series. The event also ranks highly for SPI-6 and SPI-12. For both SPI-6 and SPI-
12 the drought which commenced in 1854 is the most severe by accumulated deficits in the
entire series. Of note across all accumulation periods is that the most recent drought to
feature in the top 10, occurred in the early 1970s, which the majority of the major events
occur prior to the 1940s. This indicates the value of our long-term record for understanding
historical drought in the catchment and the lack of severe drought in the catchment. It also
highlights the vulnerability to drought given the impacts of the 2018 drought, which does not
feature as an extreme event in our data.

3.7 Trends in droughts

Trends in drought were investigated in a number of ways. First, we assessed the SPI series for
evidence of change in seasonal and annual droughts. Results are presented in Figure 23 and
Table 3. We find an increasing trend (less drought) in winter droughts (February SPI-3)
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significant at the 0.10 level. No evidence of change was found for spring droughts (May SPI-3).
In summer (August SPI-3) we find a decreasing trend (more drought) significant at the 0.10
level. We find an increasing trend (less drought) in autumn (November SPI-3) significant at the
0.05 level. Annual (December SPI-12) and winter half year (WHY: March SPI-6) drought show
increasing trends (less drought), both significant at the 0.05 level. No evidence for trend was
found in the summer half year series (September SPI-6) These findings are consistent with
Vicente-Serrano et al. (2021) who find evidence for decreasing winter and increasing summer
drought for Ireland over the same time period. In summary, no trends or trends towards less
drought are evident for all but summer months. In summer however, there is evidence of a
trend towards more droughts.

In addition, we also tested for trends in the characteristics of drought events identified from
SPI-3, 6 and 12 series. Characteristics examined include the duration, accumulated deficits and
mean deficits of events. Most tests revealed no significant trends. The only significant trend
(0.05 level) found was an increasing trend in accumulated deficits (less severe droughts) from
the SPI-3 series (MKZs 2.02; p = 0.04). The time series of accumulated deficits for each of the
136 SPI-3 derived events is shown in Figure 24.
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Figure 22 Standardised Precipitation Index (SPI) series of 3-, 6- and 12 month accumulation
periods for the Boyne catchment from 1850 to 2019.

3.8 Arterial drainage

As indicated above arterial drainage works have been extensive in the Boyne catchment. While
the impacts of drainage on high flows are well understood, little research has investigated the
impact of such interventions on droughts. Therefore, we sought to reconstruct monthly river
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flows for the gauging station at Slane Castle to create an artificial series representing the
catchment without drainage. By deriving and comparing Standardised Streamflow indices of
various accumulations (SSI-3, 6, 12) for the observed and reconstructed series we aim to
provide a first investigation of the impacts of drainage on drought in the catchment.

The GR2M model was calibrated and validated in the pre-drainage record, before being used
to reconstruct the post drainage record and extend river flow estimates back to 1850,
concurrent with available precipitation records. The NSE values derived from the Log of flows
with a performance >0.8 were identified during calibration and retained for simulation during
validation and the reconstruction period (post-drainage). Results are shown in Figure 25. It is
evident that for verification (black dots) similar performance levels are obtained by the model,
while there is a decrease in performance during the post drainage period (grey dots).

Table 3 Top 10 drought events for each accumulation period (SPI-3, 6 and 12). Events are
ranked according to accumulated deficit (left) and mean deficit (right) for each drought. Also
provided are drought start and end dates in the form of Year/Month.

Accumulated Deficit Mean Deficit
1887/03  1888/04 -21.2 1891/02 1891/05 -2.8
1933/08 1934/09 -17.3 1879/11 1880/04 -2.2
1971/02 1972/03 -13.2 1922/11 1923/02 -2.0
1955/09 1956/08 -13.1 1972/09 1973/01 -2.0
1953/01 1953/08 -12.7 1953/01 1953/08 -1.8
1873/12 1874/09 -11.4 1975/04 1975/09 -1.8
1857/09  1858/04 -11.1 1964/02 1964/04 -1.8
1879/11 1880/04 -10.9 1947/10  1947/11  -1.7
0 1995/05 1995/11 -10.4 1995/05 1995/11 -1.7
E 1969/08 1970/02 -10.2 1969/08 1970/02 -1.7
1854/04 1856/09 -29.6 1995/08 1995/12 -2.0
1887/04 1888/07 -28.7 1887/04 1888/07 -1.9
1933/08 1934/12 -27.0 1969/10 1970/04 -1.9
1952/07 1953/11 -21.5 1879/12 1880/07 -1.7
1905/10 1907/06  -18.5 1905/01 1905/08 -1.7
1869/08 1871/01 -18.1 1933/08 1934/12 -1.7
1971/05 1972/05 -16.1 1878/12 1879/06 -1.6
1972/09 1973/09 -15.5 1857/10 1858/07 -1.6
© 1857/10 1858/07 -14.5 1874/02 1874/10 -1.6
§, 1955/10 1956/08 -14.4 1978/08 1978/12 -1.6
1854/03 1860/06  -93.7 1887/06 1889/02 -1.8
1905/01 1908/01 -45.1 1933/09 1935/06 -1.8
1971/09 1974/02  -39.5 1952/12 1954/05 -1.5
1933/09 1935/06 -38.0 1971/09 1974/02 -1.4
1887/06  1889/02 -36.3 1959/08 1960/01 -1.3
1889/06  1892/02 -29.6 1905/01 1908/01 -1.3
1952/12  1954/05 -26.3 1969/12 1970/11 -1.3
ﬁl 1921/07 1923/10 -23.0 1854/03 1860/06 -1.2
E 1975/07 1977/02 -21.8 1874/01 1875/01 -1.2
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Figure 23 Time series of seasonal and annual SPI series used to evaluate evidence for trend
using the Modified Mann-Kendall test. Each plot shows the observed series together with
linear regression line, Sen’s slope estimate, the Modified Mann-Kendall test statistic and the
associated p-value for each test.

This decrease in performance is predominantly due to underestimation of wet months by the
model in the post drainage period. Looking at the time series of reconstructed and observed
summer mean flows in Figure 26, it is apparent that overall, the model does reasonably well at
capturing flows during dry months, with flows during wet summers (e.g. 2009) being
considerably underestimated. Figure 6 also points the possible flow data quality issues in
summer months in the pre-drainage record, particularly during the 1950s.
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Table 4 Results of trend tests for each indicator or seasonal and annual drought. Shown are the
Modified Mann-Kendall test statistics (MKZs), the magnitude of trend in standardised units
using Sen’s slope estimate and the associated p-value of the test on trend magnitude.

Indicator MKZs Sen's Slope p-value
winter (February SPI3) 1.74 0.003 0.08
spring (May SPI13) 0.71 0.001 0.48
summer (August SPI3) -1.81 -0.003 0.07
autumn (November SPI3) 2.35 0.004 0.02
annual (December SP112) 2.42 0.004 0.02
WHY (March SPI6) 2.75 0.005 0.01
SHY (September SPI6) -0.99 -0.001 0.32

SPI3 Acc deficit of drought events 1851-2019
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Figure 24 Accumulated deficits for each of the 136 SPI-3 drought events identified in the Boyne

catchment over the period 1850-2019.
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Figure 25 Distribution of behavioural parameters sets (those with logNSE > 0.80 during
calibration) for the validation period (pre-drainage; black) and the post drainage record (grey).

— cbserved
— median simulated

50

40

30

Summer cumecs

20
!

10

1940 1960 1980 2000 2020

Year

Figure 26 Observed (black) and median reconstructed (red) summer mean flows for the Boyne
at Slane Castle for the period 1941-2019. The vertical black line represents the completion of
arterial drainage works in the catchment.

To further investigate the impact of drainage on standardised drought indices we derived SRI-
1, 3, 6 and 12 from observed and reconstructed flows for the post drainage record (1980-
present). Scatter plots of the derived indices are shown in Figure 27. Evident is that at high
flow end there is a tendency for reconstructions to underestimate the observations for all
accumulation periods. This is consistent with arterial drainage increasing peak flows and flows
during wet months (see Harrigan et al., 2015). Notably there is good correspondence between
observations and reconstructions at the low end of the distribution, indicating limited impact
of arterial drainage of droughts.
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Figure 27 Scatter plots of observed and reconstructed SRI-1, 3, 6 and 12 for observed and
reconstructed flows for the post drainage period 1980-2019.

The impact of drainage on the characteristics of drought events was also investigated by
identifying drought events for each SRI accumulation period for both observed and modelled
flows. The same criteria for identification of drought events as used in the SPI analysis above
were implemented. Figure 28 provides an example using SRI-3 events given the greater
frequency of such events compared to SRI-12. Both accumulated and mean deficits show no
evidence of significance differences in the pre/post drainage record using either observed or
modelled flows. These findings again suggest that arterial drainage has limited impacts on the
severity of drought events. However, it should be noted that there are fewer droughts in the
post drainage record due to natural climate variability also. We assume that our reconstructed
flows, driven by observed precipitation adequately captures this.
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Figure 28 Comparison of SRI-3 mean and accumulated deficits from observed pre (blue) and
post (orange) drainage drought events and reconstructed pre (grey) and post (yellow)
drainage drought events.

The GR2M model was also used to extend the flow record to 1850, concurrent with available
catchment precipitation records. The SRI-3, 6 and 12 series from reconstructed flows for the
period 1850-2019 for the Boyne at Slane Castle are presented in Figure 29. The recent 2018
drought is categorised as an extreme drought for all accumulation periods. However the event
is not as extreme as others that have occurred in this historical record, particularly for longer
accumulation periods (e.g. SRI-12).
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Figure 29 SRI-3, 6 and 12 for reconstructed flows covering the period 1850-2019 for the
Boyne at Slane Castle. The grey horizontal line represents the threshold for severe drought (-
1.5), while the black horizontal line represents the threshold for extreme drought (-2.0).
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3. Impacts in the Aragon basin in Spain
3.1. Study area

With a total area of 2181 km? the upper Aragon basin is located in the Central Spanish
Pyrenees (Figure 30). The basin is characterized by a strong topographical gradient, with
elevations varying from 600 to 2886 m.a.s.l. The Aragdn River flows from north to south within
a Paleozoic zone, with limestone, shale, and clay formations. It also crosses the Inner Sierras
(limestone and sandstone), the flysch sector, and the Inner Depression (marls) before changing
its direction westward. Climatologically, the basin receives an annual rainfall totals exceeding
1500 mm in the northernmost sector, declining to 800 mm in the Inner Depression. Apart from
summertime, rainfall is distributed all over the year, albeit with higher intensities during spring
and autumn. The mean annual air temperature is 10 °C. Snow cover appears in the period from
December to April, especially at sites located above 1500 m.a.s.l (Lépez-Moreno and Garcia-
Ruiz, 2004; Lopez-Moreno et al., 2020). Long-term annual mean runoff is 915 hm?, with a peak
occurring mainly during springtime. This corresponds to the annual peak of rainfall and melting
of the snowpack. With a capacity of 446.8 hm?, Yesa reservoir, located at the basin outlet, is
one of the largest reservoirs in the Pyrenees, providing water resources for irrigation purposes
to the Bardenas region (81,000 has), located 80 km to the South of the basin (Lopez-Moreno et
al., 2004). This irrigated area is located in the central portions of the Ebro basin, where annual
rainfall is generally below 300 mm, with a strong interannual variability and high rates of
reference evapotranspiration (> 1300 mm/year) (Tomas-Burguera et al., 2019). The main crops
in the Bardenas irrigated area are winter cereals (barley and wheat), which are harvested in
June, and summer corn, harvested in September-October.

Vegetation cover in the upper Aragon basin is characterized by the dominance of conifers
(Pinus sylvestris L., Pinus uncinata Ram., Abies alba Mill., Pinus nigra J.F. Arn.) and hardwood
species (Fagus sylvatica L., Quercus faginea Lam.), while shrubs dominate the understory (e.g.,
Buxus sempervirens L.) or are distributed over the sunfaced slopes and in areas of poor soil
(Garcia-Ruiz et al., 2015). Natural vegetation has been strongly impacted by human activities.
Historically, cultivated areas were located below 1600 m a.s.l., in the valley bottoms, perched
flats and steep, south-facing hillslopes, which were managed even under shifting agriculture
(Garcia-Ruiz et al., 2015). Above 1600 m a.s.l. the basin is dominated by pastures generated
during the middle ages to maintain big transhumant sheep folks, since the natural treeline was
depressed by anthropogenic disturbances. During the 20th century, most cultivated fields
were abandoned, except in the valley bottoms, and as consequence, the basin has been
affected by a large natural revegetation process (Lasanta-Martinez et al., 2005; Lasanta and
Vicente-Serrano, 2007) accentuated by the reforestation of some slopes by coniferous forests
during the 1950s and 1960s (Ortigosa et al., 1990). Crops are dominant in the Inner depression
and they are characterized by winter cereals: barley and wheat. Land cover changes have had
an important impact on hydrological processes, and water production severely decreased over
the last decades in the basin as a consequence of increased evapotranspiration (Begueria et
al., 2003; Lépez-Moreno et al., 2011).

3.2. Climatic dataset

The precipitation and reference evapotranspiration data for the basin were extracted from a
gridded climatic dataset developed by Vicente-Serrano et al. (2017c) for the whole of Spain.
This dataset includes information on a wide array of climatic variables (e.g. precipitation,
maximum and minimum air temperature, relative humidity, sunshine duration, and wind
speed) at high spatial (1.21 km?) and temporal (weekly) resolution. This dataset was developed
using the most complete register of observed climate records provided by the Spanish
Meteorological Agency (AEMET), including meteorological stations located at different
elevations. In particular, in the upper Aragon basin there are more than 50 meteorological
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stations from a range of 500 to 1750 m, although it varies among variables (more available for
precipitation than for temperature). The dataset showed good performance in capturing
drought characteristics (e.g. severity, spatial extent) in earlier studies over Spain (e.g.

Dominguez-Castro et al., 2019; Noguera et al., 2020).
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Figure 30: Location of the study domain and the spatial distribution of hydrological stations,
sites with piezometric data and tree-ring sampling sites (upper panels); and the main land
cover (LC) types in ths study area (lower panels). As illustrated, the Bardenas irrigation channel
transports water from the upper Aragén basin to the Irrigated lands of Bardenas in the South.

3.3. Hydrological dataset:
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Data on surface flows and storage levels for the Yesa reservoir were obtained from the Ebro
Basin Management Agency (Confederacion Hidrogrdfica del Ebro; http://www.chebro.es/) This
also includes data on monthly inflows into the reservoir and releases downstream (i.e. to the
Aragdén River and the Bardenas channel). Yesa water inflow is directly influenced by the
climatic conditions since there is not other regulation upstream), while all other hydrological
variables (Yesa storage, Bardenas channel and the Aragéon flows downstream Yesa) are
dependent to water management practices. Also, data about the piezometric levels at four
gauging stations in the basin were provided by the Spanish Ministry for the Ecological
Transition (https://sig.mapama.gob.es/redes-seguimiento) for the period 1992 to 2017 (Figure
1). These data were employed to assess the response of groundwater levels to climatic
droughts. Given considerable amount of missing values and data gaps in the piezometric data
before 2002, we only employ data for the period 2002-2017 to assess the links between
piezometric levels and climate droughts in the basin. We also employ monthly snow depth
data for highly elevated sites (above 1500 m.a.s.l). Data were obtained for the months
between December and April for the period 1958-2017. A description of this dataset is
outlined in Lépez-Moreno et al. (2020).

3.4. Tree-ring data:

Tree-ring width data were collected from six representative tree species in the basin: A. albag,
P. sylvestris, P. uncinata, P. nigra, F. sylvatica and Q. faginea. Data from 37 sites with forest
growth were used in this work. Overall, the tree-ring data were processed by means of
standard dendrochronological protocols (Fritts, 1976). Specifically, at least 10-15 dominant
trees located in undisturbed stands of each species were selected and cored at 1.3 m using
increment borers. This procedure aimed to obtain 2—3 cores per tree in each forest. Cores
were air dried, carefully sanded and ring series were visually cross-dated. Tree-ring width was
measured to at least the nearest 0.01 mm using binocular microscopes and different
measuring device systems (i.e. Lintab, RinnTech, Heidelberg, Germany; Velmex Inc., Bloomfirld,
NY, USA). In order to check the accuracy of visual cross-dating and measurements, we used the
COFECHA program (Holmes, 1983). Each individual tree-ring width series was detrended by
fitting negative exponential curves. Then, the residuals were computed through dividing the
observed values by the fitted ones. Autoregressive modelling was used to remove the first-
order autocorrelation from the individual, detrended tree-ring width series. Finally, the
detrended individual series of tree-ring width indices (hereafter TRWi) were averaged for each
forest and species by computing the bi-weight robust means. These procedures were carried
out using the ARSTAN software (Cook, 1985). Herein, the mean site-level chronology
represents the average growth series of the variable number of trees associated with the same
species and the same forest stand. A detailed description of the sampling procedure and data
processing is documented in recent studies (e.g. Gazol et al., 2018; Pefia-Gallardo et al., 2018;
Vicente-Serrano et al., 2020a).

3.5. Vegetation activity

Vegetation activity was quantified by means of two-band Enhanced Vegetation Index (EVI2)
from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite sensor for the
period 2000-2020. EVI2 is more robust against the three-band EVI, which is sensitive to
atmospheric disturbances caused by the blue band (Jiang et al., 2008). While EVI2 is an
indicator of the photosynthetic activity, it can also be seen as a proxy of other vegetation
parameters (e.g. the leaf area index, vegetation coverage, vegetation primary productivity and
carbon uptake) (Huete et al.,, 2002; Wang et al., 2005, Sjostrom et al., 2011). The MODIS
reflectance data used for calculating EVI2 were from the MCD43A4 product, retrieved from the
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NASA repository (https://modis.gsfc.nasa.gov/data/dataprod/modi13.php) at a grid interval of
500 m and averaged to a temporal frequency of 16-days. Curve fitting was applied to the 16-
day composite data to extract comparable monthly values using the TIMESAT software
package (Jonsson and Eklundh 2004). Typically, the use of EVI2 data is advantageous in areas
with pasture and shrub lands, where samples of forest growth are unavailable. Nonetheless,
these data can also be used in forest areas to determine the different impacts of drought,
given that vegetation responds differently to drought in forest areas (Gazol et al., 2018; Pefia-
Gallardo et al., 2018). We also make use of satellite data available at more detailed spatial
scales by computing the EVI2 using Sentinel-2 data at 10 m spatial resolution for the period
2017-2019. Sentinel-2 data were obtained from the European Space Agency
(https://sentinel.esa.int/web/sentinel/sentinel-data-access) at a spatial resolution of 10
meters and a daily temporal resolution. Curve fitting was applied to Sentinel-2 pixel values
using a robust method (J6nsson et al., 2018; Cai et al., 2017) to generate comparable monthly
values of EVI2 for each image pixel.

3.6. Vegetation phenology

As vegetation can be impacted by drought at different phenological phases (Reynolds et al.,
1999; Sah et al., 2020; Wang et al., 2020), we employed a set of phenological metrics to assess
ways in which drought can influence vegetation dynamics. These metrics included the start
date, end date, length of season (duration), amplitude (peak vegetation index value minus the
off-season base level value) and integral (seasonal sum of the vegetation index values) of the
growing season corresponding to each year for the period between 2001 and 2019. The start
and end dates represent the location of the growing season in time whereas the amplitude
and integrals relate to vegetation production during the growing season. All metrics were
retrieved from the EVI2 data using the TIMESAT software (Jonsson and Eklundh, 2004), after
applying a function fitting procedure to obtain the different phenological parameters.
TIMESAT-based phenology has been widely validated in different regions of the world with a
high agreement between phenological ground observations and TIMESAT calculations using
satellite data (Peng et al., 2017; Tan et al., 2011).

3.7. Land cover data

A land cover (LC) map developed by the Spanish Ministry of Agriculture (https:
//www.mapa.gob.es/es/cartografia-y-sig/publicaciones/agricultura/mac 2000 2009.aspx) was
used to determine possible differential impacts of drought on vegetation activity and annual
phenology in the dominant land cover types of the upper Aragdn basin. Although this map was
updated in 2010, it remains representative of the current dominant land cover classes in the
basin.

3.8. Methods

To characterize climatic drought severity, we used the standardized precipitation
evapotranspiration index (SPEI) (Vicente-Serrano et al., 2010). This is one of the well-
established drought indices, which has been widely used for drought quantification over the
past decade. The SPEI is computed as the difference between precipitation and reference
evapotranspiration, accounting for the possible role of atmospheric evaporative demand (AED)
in drought severity. Accordingly, it has been widely used for drought analysis and impact
monitoring in different regions worldwide (e.g. Bachmair et al., 2018, 2016, 2015; Pefia-
Gallardo et al., 2018; Pefia-Gallardo et al., 2018; Scaini et al., 2015). Herein, SPEl was
computed at different timescales ranging from 1- to 48-month timescales. This is simply
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because the response of different systems to drought is strongly determined by the time scale
at which drought is quantified. This dependency has already been evident in different studies,
including natural ecosystems (e.g. Pasho et al., 2011; Vicente-Serrano et al., 2013), hydrology
(e.g. Barker et al., 2016; Lorenzo-Lacruz et al., 2017, 2013; Pena-Gallardo et al., 2019), and
crop yields (e.g. Pefia-Gallardo et al., 2018). We computed a regional series of the SPEI for the
whole basin using a simple arithmetic average of the available precipitation and reference
evapotranspiration data. In the same manner, a regional series of the SPEI was also calculated
for the Bardenas irrigation area

Hydrological drought was quantified by means of the Standardized Streamflow Index (SSI)
(Vicente-Serrano et al., 2012). The SSI was computed using data of monthly inflows,
streamflow releases, and reservoir storages within the basin for the period 1962-2019. Similar
to SPEI, SSI values are expressed in standardized units, with a zero-average and one-standard
deviation, enabling direct comparison between streamflow systems with different magnitudes
and seasonal regimes. For this purpose, monthly series of the raw hydrological data are fitted
to a distribution probability. Given the strong differences in the distribution of the monthly
streamflow series, the distribution that shows the best fit with each one of the monthly series
is selected. The SSI is always calculated at the time scale of one month. Irrigation from the
Bardenas channel was not operative at full capacity until 1970 so standardization and
subsequent analysis were based on the period between 1970 and 2020.

The same standardization approach was implemented for data of snow depth. Nevertheless,
as the records of piezometric levels were not sufficiently long to allow a fit to a probability
distribution, the average and standard deviation of the monthly series were used, assuming a
normal distribution. For tree-ring data, the standardized mean series were obtained for each
forest and species. The detrended tree-ring series (with a range between 0 and 1) followed a
normal distribution so they were also standardized considering the mean and standard
deviation of each series. Following this approach the series of all of these variables had the
same units (z-units) and they were perfectly comparable, spatially and seasonally,
independently of the different magnitude and seasonality of each variable.

We employed the Pearson’s r correlations to assess the links between the series of SPEI and
those of the different available datasets (e.g. flows, tree-ring growth, phenology metrics, crop
yields). Correlations were computed for all SPEI timescales (i.e. 1- to 48-month) and were
calculated for each one of the 12 monthly series of the year. No lagged correlations were
calculated. Herein, it should be noted that drought severity was computed using different SPEI
thresholds, which represents different probabilities of occurrence. These thresholds included
SPEI values of zero (1 in 2 years), -0.84 (1 in 5 years), -1.28 (1 in 10 years) and -1.65 (1 in 20
years). However, this analysis was restricted only to forest growth and hydrological variables,
mainly due to the availability of longer timeseries to reliably assess the impacts of drought
severity analyzing the anomalies recorded in these variables corresponding to different
thressholds of the SPEI.

3.9. Temporal variability of climatic droughts

Figure 31 illustrates the temporal evolution of climatic drought over the Yesa basin using SPEI
computed at timescales ranging from 3- to 24-month. Results demonstrate that the basin has
witnessed frequent drought events in the period 1961-2020, but with more frequent dry
events in recent decades (mostly from the 1980s onwards). The longest and more intense
drought events were observed during the 1990s, while wet conditions prevailed in the 1960s
and 1970s. Nonetheless, it can be noted that the frequency of drought events varies
considerably as a function of SPEI time-scale.
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Figure 31: Evolution of climate droughts in the Yesa basin based on SPElI computed at time
scales of 3-, 6-, 12- and 24-month.

3.10. Links between meteorological and hydrological droughts

Figure 32 shows the evolution of the SSI between 1962 and 2020, calculated using different
hydrological data. Similar to SPEI evolution, the water inflows into the Yesa reservoir showed
generally wetter conditions during the 1960s and 1970s, and more severe droughts in the early
1990s and between 2005 and 2020. Relative to SPEI, it seems that hydrological droughts
exhibits higher interdecadal variability and a stronger negative trend over the concurrent
period of record. A similar pattern was observed for the Yesa reservoir storage. Large
important negative anomalies were recorded at the beginning of the 1990s and during the
2000s. A reversed pattern was observed for the water released to Bardenas channel during the
2010s, despite the pre-dominantly negative anomalies in the Yesa reservoir storage. In
accordance with other hydrological data, the SSI computed downstream of the Aragén River
showed a clear decreasing trend from the 1960s to 2020. Thus, from 1990 negative SSI
anomalies are clearly dominant. These negative anomalies are much more accentuated and
persistent than those identified from the inflows to the Yesa reservoir.

To further explore links between climatic and hydrological droughts, we computed the
correlation between SPElI and SSI. Results demonstrate varying responses of hydrological
variables to climate drought, which seem to be strongly related to water management in the
basin (Figure 33). As illustrated, the inflows to the Yesa reservoir showed the highest
correlation with climatic drought at the 2-month timescale. In contrast, reservoir storages
generally exhibited lower correlations with climatic drought. The highest correlations were
recorded at the 6-month timescale. Figure 33a reveals that the dependency between climatic
drought and both inflows in Yesa reservoir and reservoir storages showed similar patterns at
the different timescales, albeit with quite lower correlations with reservoir storages. Figure
33a also shows low correlations between hydrological drought in the Bardenas channel and
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climatic drought, with values generally below 0.4. This weak association is evident for all
timescales. These general correlations vary considerably on the monthly scale (Figure 33b).
Specifically, inflows showed high correlations with SPEI during all months, but with a stronger
association in the period from September to May. Reservoir storages exhibited stronger
correlations with SPEI from October to February and in July and August. However, this
dependency seems to be more sensitive at longer time scales (10-15 months) during
summertime. The sensitivity of SSI to SPEI indicated high seasonality downstream of the Yesa
reservoir, with higher dependency between December and March and low dependency during
summer months. As opposed to other hydrological variables, it seems that hydrological
droughts in the Bardenas channel shows weaker response to climatic droughts, irrespective of
the season. Exceptionally, in some years (e.g. 1990, 2003 and 2005), the channel flow was
strongly constrained by climate drought events (refer to Figure 3). In these three years the
reservoir storages were reduced and they were not sufficient to supply the channel at the
normal level. This pattern is not identified in all drought events. In 2013 a severe drought
event produced low inflows and reservoir storages, but the SSI of the Bardenas channel only
recorded small negative anomalies during a few months of the year. On the contrary, the
releases to the Aragdn river, downstream of Yesa, showed the largest negative values during
the 2013 drought.
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Figure 32: Evolution of hydrological drought, as revealed by SSI, computed for the period 1962-

2020. SSI was calculated using water inflows, reservoir storages, Bardenas channel flow and
the Aragén River downstream the Yesa reservoir.
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Figure 33: a) Pearson’s r correlations between climatic drought (as defined using SPEI at 1- to
48-month timescales) and hydrological drought (as represented using SSI computed for the
four hydrological variables). . Black circles: Yesa inflows, White circles: Reservoir storages,
Black squares: Releases to the Aragdn river downstream Yesa, White squares: Bardenas
channel, b) same as panel a, but considering correlations at monthly scale. Significant
correlations are set at Pearson’s r = +/-0.25 (p < 0.05, two-tailed), for inflows, reservoir
storages and the Aragdn flows downstream Yesa and at Pearson’s r = +/-0.27 (p < 0.05, two-
tailed), for the Bardenas channel.

An inspection of these Figures illustrates that the slightly dry climate conditions between 2015
and 2020 coincided with pre-dominantly negative anomalies of reservoir inflows, positive
anomalies in the Bardenas channel, and strongly negative anomalies in the Yesa releases to the
Aragon River. This behavior is illustrated in Figure 34, which indicates that severe climate
drought conditions, as represented by a return period of one event on average per 20 years,
corresponded to negative anomalies in the flow of the Bardenas channel during the warm
season (MJJAS). Rather, climatic drought showed relatively less impact on the releases to the
Aragdn River. Reservoir storages are also constrained by severe drought conditions in summer
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months. The situation is different during the cold season (ONDJFMA) since the
inflows/outflows to/from the Yesa reservoir are more affected by drought severity than the
anomalies in reservoir storages and the flows of the Bardenas channel, which show high
spread with drought severity. Figure 34 also shows that hydrological droughts downstream of
the Aragon River are more sensitive to drought severity during the warm season, with notable
variability in response to mild, moderate and extreme drought events.

Inflows Reservoir Aragon downs. Bardenas channel

Cold season
SSI
HIH
HIH
HIH
HITH
HIH
HIH
HIH
HTH

2 -2 - 2 - -2
e L e e 3T I e
(\’LQ (\\9 o q, (\'19 (\'\9 » q, \(\’LQ \Q\'Q \J q, \Q'L ) \(\'\/0 \;\(\%AQ o
NN »° & AT ° & NN o & N
2 2 2 2
c . . 4 1 4
s 1 1 1
(D]
8 2 o - B % 0 ] é o ] O ]
v @ O
e ¢ 1 -1-9 1 -1-E|
3
= 2 2 -2 - -2
3L B3 3L 3L
Q’lz (\\'Q » q,fo ) \(\'1/ \(\'\9 » q,fo \(\"l/ \<\\' '» <° q,fo ) \0’1/ \(\'\/ NQOJ (\q,fo
NN ° & NN o & AN & Ny R

Figure 34: Boxplots showing the values of SSI corresponding to the different climatic drought
severities, as represented by return periods. Herein, results are presented only for drought
timescales at which the different hydrological variables showed the best correlation (refer to
Figure 4). Warm season (MJJAS): Inflows (2-month); Reservoir storages, outflows and Bardenas
channel (14-month); Outflows (14-month); Cold season (ONDJFMA): Inflows (2-month);
Reservoir storages; outflows and Bardenas channel (8-month. The central solid line indicates
the median. The whiskers represent the 10th and the 90th, while the 25th and the 75th are
plotted as the vertical lines of the bounding boxes.

To assess the impacts of climatic drought on groundwater, we correlated the piezometric
levels across the study domain with SPEI. As illustrated in Figure 35-a, the most anomalous
drought events, which were recorded in 2005, 2012 and 2017, corresponded to a notable
decline of piezometric levels. Figure 35-b reveals a strong seasonality in the response of
groundwater to the climatic drought variability. Specifically, the highest correlations were
found for April, May and October, while a weak response was noted during wintertime.
Similarly, winter snow depth in the study domain showed a strong interannual variability
(Figure 36), which can partly be linked to drought occurrence and severity. Results
demonstrate that snow depth between January and April is highly correlated with SPEI at 4-6-
month timescales (Figure 37).
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Figure 35: Left: Evolution of both SPEI at 9-month timescale and the standardized piezometric
levels. Right: Monthly Pearson’s r coefficients calculated between the mean standardized
piezometric levels and SPEI at 1- to 48-month timescales.
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Figure 36: Evolution of the standardized December-April snowpack in the Aragén basin from
1961 to 2017
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Figure 37: Monthly Pearson’s r coefficients calculated between snow depth over the period
December-April and SPEI at 1- to 24-month timescales.
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3.11. Drought impacts on vegetation activity

Figure 38 depicts correlations between the EVI2, as a proxy of vegetation cover, and SPEI at 1-
to 48-month timescales. Results suggest that the correlation is seasonally dependent, with
remarkable differences among seasons and land cover types. Notably, vegetation activity in
the upper Aragdn basin is mostly impacted by climatic drought during summertime, especially
at both 2- to 8-month and 20- to 24-month timescales. This dependency was less evident for
other periods of the year.

The differences between land cover types were also important (Figure 38). In particular,
coniferous forests showed weaker response to drought variability, compared to shrubs and
crops that were highly sensitive to SPEIl at 2- to 5-month timescales during June and July.
Interestingly, results reveal that spring pastures, mainly located in the bottom valleys, were
more sensitive to climatic drought than mountainous summer pastures (> 1600 m.a.s.l.). A
similar pattern was also found for different forest species. A representative example is P.
sylvestris, which showed higher sensitivity to climatic drought than P. uncinata (mainly located
above 1600 m a.s.l.). In the same context, apart from long SPEI timescales during summer, F.
sylvatica (located in humid sites and N-NW-facing slopes) exhibited low sensitivity to climatic
droughts. Figure 38 also indicates that the mixed forest (mostly forests of Q. faginea and P.
sylvestris) showed mixed responses. Figure 40 shows that —regardless of the dominant land
cover type- there is a significant association between EVI2 and SPEI over large areas of the
basin during summertime. However, a more detailed assessment of this dependency using an
improved grid resolution of Sentinel-2 images (from 500 to 10 m) suggests considerable spatial
differences over the basin. In particular, it seems that this spatial variability is driven largely by
terrain exposure and topographical gradient. This has been evident for the three years
investigated using Sentinel-2 images, although drier conditions were found in 2019, compared
to 2017 and 2018 (Figure 40).

3.12. Drought impact on forest growth

An assessment of the tree-ring growth variability in the study domain reveals considerable
differences among the dominant tree species (Figure 41). This is reflected in the varying
responses of these species to climatic drought variability. These differential responses among
the forest species are highly coherent with those observed using EVI2 data, albeit with lower
correlations. Results demonstrate that tree-ring growth in the forests of the Upper Aragdn
basin show better association with climatic drought at 3- to 5-month timescales in August, as
well as 15-20 month timescales during summer months (Figure 42). Interestingly, the forest
types located at low elevations and drier areas (e.g. P. nigra and Q. faginea) showed stronger
dependency on climatic drought than forest species situated in the most humid areas and at
high elevation sites (e.g. A. alba, F. sylvatica and P. uncinata). Rather, P. sylvestris indicates an
intermediate response between these two groups of species. Overall, regardless of the tree
species, it is clearly evident that forest growth is more impacted by climatic drought during
summer. Figure 43 summarizes forest growth anomalies in response to drought events of
different severities. It is evident that a clear gradient in the negative anomalies of forest
growth in response to drought severity exists, with forest growth reducing largely during most
severe drought events (i.e. 1 event in 20 years). A comparison between the different tree
species reveals that P. uncinata is mostly insensitive to drought variability. In contrast, species
of more humid habitats (e.g. A. alba and F. sylvatica) showed less dependency on climatic
drought variability. However, even the growth of those species is impacted notably by climatic
drought during extreme drought episodes.
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Figure 38: Monthly Pearson’s r coefficients between the values of EVI and those of SPEI 1- to
48-month timescales for the dominant land cover types of the upper Aragdn basin.

Figure 39: Spatial distribution of the Pearson’s r correlations between the SPEI 6-month
timescale and the EVI in July.
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Figure 40: Top: Monthly values of the EVI in July 2017, 2018 and 2019 based on the Sentinel-2
satellite. Bottom: Differences between the EVI values in the years 2019 and 2017, as compared
to the differences between 2019 and 2018.
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Figure 41: Evolution of the tree-ring series of the different forest species. Gray: the different

forest chronologies; and black: the average of the series.
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Figure 42: Monthly Pearson’s r coefficients between the values of the annual tree-ring growth
and those of SPEI 1- to 48-month timescales for the dominant land forest species of the upper
Aragon basin.
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Figure 43: Boxplots showing the standardized values of forest growth, as a function of the
different drought severity thresholds (return periods). Herein, results are presented only for
monthly SPEI timescales that showed the highest correlation with forest growth, as illustrated
in Figure 9. All: 3-month in July; P. uncinata: 2-month in July; A. alba: 4-month in August; P.
sylvestris: 4-month in August; P. nigra: 3-month in August; F. sylvatica: 1-month in June; and Q.
faginea: 14-month in June. The central solid line indicates the median. The whiskers represent
the 10th and the 90th, while the 25th and the 75th are plotted as the vertical lines of the
bounding boxes.

3.13. Drought impacts on plant phenology

The effect of drought on plant phenology is clearly visible although less seasonally distinct in as
compared to those found for vegetation activity or forest growth. Correlations were found to
be significant considering the onset of the growing season, which tends to advance in response
to dry events. Notably, the highest correlations were found for the integral of the whole
growing season (Figure 44). Nonetheless, this dependency varies considerably over space
(Figure 45) and as a function of the different land cover types (Figures 46-50). The integral of
the growing season is more sensitive to climatic drought in shrubs and Q. faginea forests,
which are usually located in low elevated areas. Rather, the onset of the growing season and
the total length of the active period seem to be more impacted by drought in areas where
summer pastures dominate.
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Figure 44: Monthly Pearson’s r coefficients between different metrics of plant phenology and
SPEI 1- to 48-month timescales averaged for the whole upper Aragdn basin.
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Figure 45: Spatial distribution of the correlation coefficients between the annual values of
different metrics of plant phenology and SPEI at selected months and timescales

53



Crops

; ; Spring pastures Summer pastures
6 6
<5 25
< s
§4 §4 !
3 34
2 2
1 - - 1+ .
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Time scale Time scale Time scale
Shrubs P. uncinata P. sylvestris
7 7 ! ' T
i
6 6 6
5 5 5
= < S4
g s g
3 34 3
2 24 2
1 11 1 ;
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Time scale Time scale Time scale
F. sylvatica Q. faginea Mixed forests
7 7 - _
7
6 6
£° 28
3 23 1
2 2
1 1 i \
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45

Time scale Time scale Time scale

Figure 46: Pearson’s r correlations between the monthly series of the SPEI and the date of start
of the vegetative season in the main land cover types in the Aragdn basin.
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Figure 47: Pearson’s r correlations between the monthly series of the SPEI and the date of end
of the vegetative season in the main land cover types in the Aragdn basin
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Figure 48: Pearson’s r correlations between the monthly series of the SPEI and the length of

the vegetative season in the main land cover types in the Aragdn basin.
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Figure 49: Pearson’s r correlations between the monthly series of the SPEI and the amplitude

of the vegetative season in the main land cover types in the Aragdén basin.
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Figure 50: Pearson’s r correlations between the monthly series of the SPEI and the integral of
the vegetative season in the main land cover types in the Aragdn basin.
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4. Conclusions

In Germany, the 2018-2019 drought which partly extended into 2020 was the most severe in
Central Europe for centuries — probably for more than 2110 years (Blntgen et al. 2021). Hari et
al. (2020) ranked the 1949-1950 drought second in a screening of two-year events over the
last 250 years, and it seems one has to go back to the first half of the 16th century to find heat
and drought of comparable magnitudes in this region (Brazdil et al. 2020, Blintgen et al. 2021,
Orth et al. 2016, Wetter et al. 2014). The impacts on natural ecosystems were locally
substantial (depletion of water resources, fish kill, withered vegetation, wildfires, outbreak of
bark beetles). However, the sector-wise assessment of economic impacts showed significant
effects only for the agricultural and forest sectors, the former principally essential as basis for
food production, the latter inter alia important for biodiversity and climate protection — but
even a combination of both with a one-percent contribution to the total gross value added of
all economic activities in the GEB practically irrelevant for general welfare.

Overall, this report stresses that drought impacts in the Aragon basin vary considerably among
the different hydrological and environmental and agricultural subsystems. These differences
can also be further enhanced by the strong diversity of hydrological regimes, forest types and
tree species, and land cover types. This complexity makes it difficult to characterize, monitor,
and mitigate the adverse impacts of drought in the study domain. This concurs with earlier
studies that indicated that the components of the hydrological cycle (e.g. soil moisture,
streamflow, groundwater) can respond differently to precipitation deficits (Changnon et al.,
2007; McKee et al., 1993). These natural differences in the hydrological response can be one of
the main reasons to explain the strong diversity of the multi-sectorial drought impacts in our
study domain since we have identified different responses to drought time scales between
streamflow and reservoir storages. This strong dependency was confirmed in some earlier
studies covering the study basin (e.g. Vicente-Serrano and Lopez-Moreno, 2005).

In the Aragon basin in Spain our results indicate that hydrological drought, represented by SSI
using different hydrological variables, is highly correlated with climatic drought using SPEI. This
implies that the occurrence of extreme drought events has an important role in explaining
water deficits in the basin. As expected, snow cover, streamflow, and groundwater showed a
clear response to climatic drought variability in the basin. However, groundwater responded to
drought at longer timescales than did streamflow and snow depth. This behavior can simply be
seen in the context that groundwater droughts are characterized generally by their slow
dynamics and delayed response to climatic drought. This agrees with the findings of Bloomfield
et al. (2015), Lorenzo-Lacruz et al. (2017), and Marchant and Bloomfield (2018).

It should be stressed that although water resources are strongly impacted by climatic drought
variability in the upper Aragén basin, human management and practices are dominant factors
controlling hydrological drought severity downstream. Different studies concluded that human
management and water demands strongly alter the response of hydrological droughts to
climate variability (e.g. Lopez-Moreno et al., 2009; Tijdeman et al., 2018; Vicente-Serrano et
al,, 2017; Xu et al.,, 2019). In the upper Aragdn basin, the Yesa reservoir determines
considerably the response of hydrological droughts downstream. This is mainly because the
Yesa reservoir has an accumulation capacity of almost 446 Hm?, which reduces the sensitivity
of the reservoir storage to high variability of climatic drought severity. Thus, it is expected that
the Yesa reservoir will only respond to climatic drought at longer time scales. A different
behavior is found for streamflow and snow depth, which respond to climatic drought at
shorter timescales, with a seasonally dependent response. The stronger response of reservoir
storage anomalies to climatic droughts in the basin during summer months stresses the need
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for reliable water management practices to secure water transfers to the irrigated lands of
Bardenas, although water releases to the Aragdn river downstream Yesa are strongly reduced
(Lopez-Moreno et al., 2004).

Reservoir management reduces the sensitivity of the Aragdn flows downstream the Yesa
reservoir to climatic drought variability. A similar role can also be observed in the flow
anomalies recorded in the Bardenas channel. This indicates that the management practices of
the Yesa reservoir contribute significantly to the degree of hydrological drought severity
downstream since they priorise the water releases to the Bardeas channel. For example, there
were minimal effects of the severe drought recorded in 2013 on the flows of the Bardenas
channel. However, the Yesa reservoir is important from seasonal perspective. In particular, the
reservoir releases to the Aragdn River basin responds to climatic drought variability only during
winter, given that water demands in the Bardenas area are low and managers release all
inflow downstream except the needed amount to progressively fill the reservoir storage
capacity. In summer, the response of hydrological droughts downstream to climate variability
is minimized because managers of the dam must satisfy the environmental flow assigned to
the Aragon river by the Ebro basin authorities (Lopez-Moreno et al., 2004). These alterations in
the severity and frequency of hydrological droughts in the downstream reaches have already
been identified in other catchments, especially with reservoir management for hydropower
(Lopez-Moreno et al., 2009; Moran-Tejeda et al., 2012; Nakayama and Shankman, 2013) and
irrigation management (Vicente-Serrano et al., 2017; Zhang et al., 2009). Nevertheless, this
study shows that although efforts should be oriented towards reducing the negative anomalies
of water transfers to the Bardenas area, the reservoir storages historically witnessed drastic
reductions (e.g. 1990, 2003 and 2005), as a consequence of extreme drought events. This
situation induced a decline in the necessary channel flows into the basin downstream, with
important socioeconomic impacts. This indicates that although hydrological management of
the basin can alter the response to climatic droughts, these practices cannot completely
mitigate these effects. This is particularly likely during the most extreme dry events, which
have consequences in the Aragon river downstream Yesa reservoir and also reduce the water
transfers by the Bardenas channel.

We have found a variety of drought impacts on the activity and growth of natural vegetation in
the basin. This may be related to the presence of different vegetation types, with various
cycles and resistance to water deficits, combined with differences in the average climatic
conditions. Different studies discussed the mechanisms and strategies the vegetation adopts
to cope with water deficits (e.g. Allen et al., 2010; Chaves et al., 2003; Sperry and Love, 2015;
Vose et al., 2016). Thus, local site conditions (topography, soil depth, forest composition and
structure, management) and species physiological traits seem to be key factors that determine
the resistance and resilience of natural vegetation to drought (Anderegg et al., 2019, 2016;
Peguero-Pina et al., 2011). In general, our study found strong impacts of climatic drought on
vegetation activity, as revealed by EVI2, and to a lesser extent by tree-ring growth. This finding
contradicts previous works in Spain, which suggested greater sensitivity to drought in terms of
radial growth than the photosynthetic activity quantified by the Normalized Difference
Vegetation Index (NDVI) (e.g. Gazol et al.,, 2018; Marina Pefa-Gallardo et al., 2018).
Nevertheless, we must stress that this study employed a different vegetation index i.e., the
EVI2. As compared to NDVI, EVI2 is less affected by the possible saturation of the signal under
very dense vegetation coverages (Giner et al., 2012; Huete et al., 2002), which could suggest a
higher response to drought variability. Moreover, the length of the EVI2 series used in this
study is still short and limits comparability with long-term data of tree-ring data (20 vs. 60
years, respectively). Nevertheless, although there are important differences in the response of
vegetation types to climatic drought, we found two peaks of response to SPEI from the EVI and
the tree-ring growth data: at short time scales but also longer timescales, characteristics of a
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two year period in summer. This suggests that drought conditions over the previous year could
affect vegetation growth and activity during the following year given the role of nonstructural
carbohydrate reserves (Babst et al., 2014a, 2014b; Richardson et al., 2013; Skomarkova et al.,
2006).

The forest types located in the drier and warmer locations (e.g. P. nigra and Q. faginea)
showed a stronger response to climatic drought than forests of colder and more humid
climates (e.g. P. uncinata, F. sylvatica, and A. alba). Humid forests are located in areas with
water surplus (precipitation-evapotranspiration), which frequently generate runoff. This makes
soil moisture almost sufficient for vegetation growth and activity, irrespective of precipitation
deficit. In contrast, low elevation forests (e.g. P. nigra and Q. faginea) tend to receive lower
amounts of precipitation, with enhanced atmospheric evaporative demand (Tomas-Burguera
et al., 2019). This would explain the higher sensitivity of forest species at low elevations to
climatic drought variability. Interestingly, in the upper Aragdn basin, humid forest species
showed a significant response to severe droughts. Different studies have suggested that
resistance and resilience of vegetation types to drought varies strongly as a function of the
regional and local climate conditions (e.g. Anderegg et al., 2016; Gazol et al.,, 2018, 2017;
Pasho et al., 2011). Thus, species from wet sites tend to show low correlations with drought
variability and accordingly respond to drought at short timescales (Vicente-Serrano et al.,
2014, 2013). This behavior was also identified in the upper Aragdén basin. Nevertheless,
although the forests of A. alba and Q. faginea are less impacted by climatic drought variability,
they show stronger growth reductions than species from more xeric sites (e.g. P. nigra Q.
faginea) under severe drought events. This can be seen in the context that species from mesic
sites are characterized by their low acclimatisation to water deficits and accordingly they will
quickly respond to severe water deficits. This mechanism would explain the higher correlations
obtained considering SPEI at short timescales. Numerous studies have stressed a severe forest
dieback and mortality in the A. alba forests over the western Spanish Pyrenees in response to
recent drought events (e.g. Camarero et al.,, 2015, 2011; Peguero-Pina et al., 2007).
Conversely, the higher acclimatisation to water deficits would reduce the impact of drought
severity on dry forests. Indeed, the drought threshold could play a major role (Slette et al.,
2020) and, accordingly, vegetation from xeric sites could also be highly impacted in the
presence of severe drought events.

All these processes and feedbacks stress that drought impacts on natural vegetation can be
complex even over a small basin like the study domain. The important vegetation changes
recorded in the basin over recent decades, as a consequence of the abandonment of
traditional agricultural and livestock activities (Garcia-Ruiz et al., 2015), can also be a source of
uncertainty when assessing drought impacts on vegetation. With the exception of mature
forests, which cover a small percentage of the total surface of the basin, the majority of the
areas of dominant natural vegetation have been affected by different types of vegetation
changes. The remaining shrubs have been colonized by conifers (e.g. P. sylvestris) (Vicente-
Serrano et al., 2006), but there are also advances of oaks in previously colonized P. sylvestris
forests. Finally, as a consequence of livestock abandonment in summer pastures located above
1600 m.a.s.l., they have been colonized by shrubs and P. uncinata (Garcia-Ruiz et al., 2015). All
these processes and the results forest encroachement would alter the sensitivity of vegetation
to drought and the response to the most extreme drought events.

The response to drought of start and end of season dates, as measured by EVI, was weaker
than for other vegetation variables. It should be stressed that it is very difficult to estimate
these parameters with high accuracy since the precision in the data is limited by clouds and
other disturbances, and phenological shifts are normally only in the order of fractions of a day
per year. It also reflects the fact that the Aragon basin is located in a humid and cold region
where temperature is the most important limiting factor to vegetation seasonality. In a recent
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study at northern European latitudes with predominantly cold climate, start of season showed
very low sensitivity to change in precipitation (Jin et al. 2019). On the other hand, the integral
of the growing season is an aggregated variable that is less noise sensitive and also more
directly related to total net primary production. Natural cycles of vegetation are mostly driven
by temperature behavior. For this reason, it is expected that variables like the onset, duration
and end of the season show weak relationship with drought variability in the basin. As
expected, the integral of the growing season is more linked to drought variability, as this
variable is highly dependent on the total net primary production (Carlson and Ripley, 1997)
and total vegetation biomass (Cihlar et al., 1991; Nicholson et al., 1990; Tucker and Sellers,
1986). Nevertheless, it is also important to note the important differences found between
vegetation types. In any case, longer periods with data availability would be necessary to
obtain more robust conclusions on this issue.

This report has also extended available precipitation records for the Boyne catchment to cover
the period 1850-2019, providing a detailed view of drought conditions over nearly 170 years in
the catchment. We have also employed hydrological models to evaluate the impacts of arterial
drainage on drought metrics in the catchment and to extend river flow records to a period
concurrent with precipitation observations. Our historical analysis indicates the frequent
occurrence of drought in the Boyne catchment and provides a catalogue of drought events
derived from the standardised precipitation index and the standardised runoff index. We find
limited evidence that arterial drainage impacted drought in the Boyne. We also find evidence
for trends in SPI series and drought events themselves, dominated by increasing trends in SPI
in winter and decreasing trends for SPI-3 in summer (ie. more drought in summer) over the
period of record. We also find an increasing trend in accumulated deficits of SPI-3 droughts,
indicating decreasing severity.

In summary, drought variability and severity can have serious hydrological, environmental, and
agricultural impacts on both natural and human environments. This multifaceted character of
drought can induce strong spatial and temporal complexity when assessing drought impacts.
This work identified — for the first time- the complex multisectorial impacts of climatic
droughts in different basins of Europe. The impacts of climatic droughts are found to be
complex, with different responses not only as a function of hydrological subsystems,
vegetation metrics and vegetation types, but also seasonally, over different drought time-
scales, and water resources management policies. All these interactive processes and
feedbacks make it a challenge to determine and monitor the diverse implications of climatic
droughts, especially with the lack of real-time impact data. For this reason, governmental
authorities should build their early-warning drought monitoring systems using a variety of
climate-based drought indices (Svoboda et al., 2002; Trnka et al., 2020, 2009). However, we
stress that the response to climatic droughts can also be strongly diverse, which makes it
necessary to comprehensively assess the utility of these drought metrics in terms of real
drought impacts before establishing the appropriate drought mitigation strategies. Otherwise,
we may misinterpret drought severity in particular systems.
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