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Upstream-downstream
asymmetries of drought impacts
INn major river basins of the
European Alps

Heindriken Dahlmann*', Ruth Stephan and Kerstin Stahl

Faculty of Environment and Natural Resources, University of Freiburg, Freiburg, Germany

The European Alps, despite being Europe’s water towers, are increasingly
affected by droughts. In recent decades, when climate warming has
intensified, drought impacts have illustrated the regions’ vulnerability.
Improved knowledge on the spatial distribution of drought impacts from
high elevation headwater regions down to plateau and foothill areas is of
tremendous importance to understand socio-economic drought dimensions.
The region has an exceptional data availability including archived drought
impact information. It is therefore a good test bed for the often-assumed
general hypothesis that drought impacts occur more often downstream. The
aim of this study was to investigate whether upstream-downstream differences
in the distribution of drought impacts exist in the four major river basins of the
European Alps - Rhine, Rhone, Po and Danube. Two different classifications
were developed to divide these basins in up- and downstream areas. We
based the first classification on the distances to the main sink, and the second
classification on human influence. The EDIIa ps database provided qualitative
data to analyze the distribution patterns of reported drought impacts from
2000 to 2020. The results suggest a strong regional variability regarding the
temporal and spatial distribution of drought impacts within the individual
basins. But they support the general hypothesis: for both classifications the
number of drought impacts per area is higher in downstream regions. For
the classification based on distances differences are statistically significant for
the Rhine and Danube basin. Further, the analysis of the drought indices SPI-
6 and SPEI-6 revealed that the drought event does not have a large impact
on the upstream-downstream differences. The study provides support for the
existence of upstream-downstream asymmetries, but most importantly, the
spatial distributions of drought impacts found in the four major river basins
of the European Alps highlight the need for a network based analysis with
more consistent impact data within river basins. Climate change and enhanced
cascading effects likely increase these asymmetries and consequently future
drought management strategies should take them into account.

drought impacts, upstream-downstream classification, impact asymmetry, European
Alps, river basins, drought indices
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Introduction

Droughts are natural hazards and among the most damaging
events in terms of affected people (Wilhite, 2000; Wilhite et al.,
2007). In contrast to floods or storms, droughts develop slower,
last longer and have a wider range of impacts. While regional
analyses often focus on meteorological or hydrological drought,
information about impacts can elucidate the socio-economic
drought. The analysis and quantification of drought damages has
received more attention with the creation of impact datasets, but
however mostly focusing on country scale and often with limited
regional comparisons (Bachmair et al., 2015; Erfurt et al., 2020;
Torell6-Sentelles and Franzke, 2022).

Mountain regions are often wetter climatic regions
compared to their surrounding lowlands and less populated.
Therefore, regarding drought the European Alps for example
have received less attention in the past compared to other
regions in Europe. However, this mountain region with its
water tower function has increasingly been affected by drought
with substantial consequences for the environment and society
(Gobiet et al,, 2014; Haslinger et al, 2015). Alpine water
resources feed four of the largest river basins in Europe — Rhine,
Rhone, Po and Danube - and thus provide vital ecosystem
services and play an essential role in water storage and supply
for the European continent (Viviroli and Weingartner, 2004;
European Environment Agency, 2009). For the residents of
the highly populated region, Alpine water resources present
a crucial pillar for local economies, ranging from agriculture
over tourism to hydropower production (Gobiet et al., 2014;
Cammalleri et al., 2020). The drought events of 2003, 2010,
2015, and 2018 highlighted the vulnerability of the Alpine
region to droughts and affected more than 17% of the European
population (Mastrotheodoros et al., 2020). Hereby, the drought
in 2003 is considered to be the deadliest natural disaster in
Europe in the last 50 years with a death toll exceeding 30,000
(UNEP, 2004).

The complex nature of drought impacts poses many
challenges for drought research and management. Droughts are
accompanied by a set of diffuse, often indirect and cascading
impacts (Logar and van den Bergh, 2013) ranging from crop
failures over shipping interruptions to shortages in drinking
water supply systems (Cammalleri et al, 2020). Drought
impacts are characterized by their slow accumulation and their
persistence even when the drought event is over (Wilhite, 2000).
Furthermore, they can spread over large geographic areas and
occur delayed to the drought event as well as in cascading
patterns (Wilhite and Vanyarkho, 2000).

Since drought frequencies and their accompanying impacts
are expected to further increase in the European Alps until the
end of the 21%¢ century (Haslinger et al., 2015), research on
the spatial distribution of drought impacts is of tremendous
importance. A growing number of studies investigated drought
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impacts in the Alpine region, whereby studies often focus
on one specific impact, drought event or basin (Musolino
et al,, 2018; Gregoric et al., 2019; Cammalleri et al., 2020). A
very comprehensive overview of the distribution of drought
impacts in the Alpine region is given by Stephan et al. (2021a).
The authors analyzed the distribution of drought impacts in
the Alpine region on a spatial, temporal and seasonal scale
and revealed a wide range of impacted sectors as well as
tempo-spatial differences across domains and countries: Most
importantly, a “high altitude” region defined by Stephan et al.
(2021a) showed a larger percentage of impact types that is related
to hydrological drought (e.g., on public water supply) than in the
pre-Alpine region, which reported a majority of impacts that is
related to soil moisture drought (e.g., agriculture). Also, in the
past, the impacts in the high-elevation region have occurred later
in the summer/fall than those in the pre-Alpine region. Further,
a recent study by Mastrotheodoros et al. (2020) investigated
the potential impacts of water cycle changes on the availability
of green water in the Alpine region. The authors found that
evapotranspiration may increase in high elevations in large parts
of the Alps, thus amplifying a runoff deficit.

Whereas these studies suggest that upstream-downstream
patterns are highly relevant, particularly where rivers are
transboundary, most drought impact information is collected,
geocoded, and therefore analyzed at the political-administrative
level, for example at the country or regional level. Databases
such as the European Drought Impact Report Inventory (EDII)
provide the option of linking an impact report to a water source
such as a river or lake, but this information is often not available
and the geographical link therefore rarely used (Stahl et al.,
2016). Any analysis targeting different spatial scales or units such
as river basins have to rely on spatial intersection of hydrological
and political spatial units. This may be one of the reasons that
in drought impact research, upstream-downstream relations and
differences have not been extensively investigated and discussed
although several studies highlighted the importance of the
connection between up- and downstream regions, stating that
upstream areas have a significant and supportive role for the
water availability of adjacent downstream regions by providing
disproportionally high runoff (Beniston, 2012). Hereby two
levels of spatial connection might be considered: (i) Impacts
related to physically linked water sources such as the river flow
in the drainage network; an analysis of these would require
certainty that an impact is linked to the water supply from
that river network or (ii) impacts related to the generally
different water-richness situation in upstream and downstream
reaches; an analysis here might assume that some of the
impacts relate to the “same water;” but differences might also be
due to general water tower-lowland water balance differences.
Only (ii) is feasible to analyze with the currently available
data. Therefore, this study aims to launch this novel research
aspect of upstream-downstream drought impacts by testing the
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FIGURE 1

regions of the river basins within the extent of the Alpine Space.

(A) The Rhine, Rhone, Po and Danube basins in Europe and the Alpine Space extent of the basins (marked with a green line), (B) the NUTS 3
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common hypothesis that drought impacts are different and more
frequent in downstream areas of major continental river basins.
Approaching the outlined research gaps, more specifically this
study addresses the following research questions:

1. How do drought impacts differ in the four river basins?

2. What spatial differences result from different approaches
to classify up- and downstream areas?

3. How do drought impacts differ in the up- and downstream
regions of the four basins?

4. Does the severity of the physical drought event influence
differences in up- and downstream areas’ drought impacts?

Materials and methods

Study area

This study focuses on the European Alps with the main
Alpine crest and their foothills in order to include parts of the
downstream areas. Specifically, we used the so-called “Alpine
Space” region (see Figure 1), defined within the framework of the
EU-“Interreg - Alpine Space Programme” (Interreg Alpine Space
Programme., 2021). The Alpine Space includes area shares of
the countries Germany, France, Switzerland, Italy, Liechtenstein,
Austria and Slovenia. The study area is characterized by a large
topographic variability, including vast lowlands, valleys and
peaks up to 4,800 m high (Gobiet et al., 2014). This relief also
comes with high spatio-temporal variability of climate. Climate
variables, especially temperature and precipitation, experience
rapid and systematic changes over short distances in the region
(Vanham, 2012). However, the European Alps are a very water-
rich region in general with precipitation totals from 400 to even
beyond 3,000 mm/year (Isotta et al., 2014).
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In many regions of the world, mountains play an essential
role as water reservoirs (Viviroli et al., 2007, 2020; Immerzeel
et al., 2019). More than 50% of the mountain areas worldwide
have a supportive or essential function for their adjacent
downstream regions (Viviroli et al., 2007). Therefore, mountain
regions are commonly referred to as water towers. The
European Alps perform this water tower function for Europe
by accumulating and providing water for more than 170
million people living in the four major river basins (European
Environment Agency, 2009). Water resources are of crucial
importance for the health of the Alpine ecosystems and societies
(Gobiet et al, 2014). In addition, they are a mainstay of
many local economies ranging from tourism to hydropower
production (Schneider and Homewood, 2013; Cammalleri et al.,
2020). Agriculture is among the most important sectors across
the study region with beef and dairy production in the higher
elevation areas and large areas for crop production in the
foothills and foreland areas (Jager et al., 2020).

Drought impact data

The data basis of this study is provided by the Alpine
Drought Impact Report Inventory (EDIIarps), an updated
version of the European Drought Impact Report Inventory
(EDII) tailored to the Alpine region and introduced by Stephan
et al. (2021b). The EDII is a text-based database with the
purpose of compiling qualitative and cross-sectoral drought
impact data of historical and recent drought events in Europe
(Stahl et al., 2012). Hereby, drought impacts are understood as
“reports on negative environmental, economic or social effects
experienced as a consequence of drought” (Stahl et al., 2016, p.
803). The sources of the reported drought impacts are diverse,
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ranging from newspaper articles to governmental reports to
scientific articles. The impact reports are classified into 13
impact categories (with 96 subtypes): Agriculture and livestock
farming (1), Forestry (2), Freshwater aquaculture and fisheries
(3), Energy and industry (4), Waterborne transportation (5),
Tourism and recreation (6), Public water supply (7), Water
quality (8), Freshwater ecosystems (9), Terrestrial ecosystems
(10), Air quality (13), Human health and public safety (14),
and Conflicts (15). In the EDIIzrpg version used for this
study, the EDII categories Soil system (11) and Forest fires
(12) were excluded because other databases are often more
comprehensive, e.g., for forest fires, and also because the
relationship between drought, impacts and management is often
inconclusive in these categories (Stephan et al., 2021b).

For this study we used impact data of the EDII 51 ps (Stephan
et al., 2022) localized at least to the level of NUTS 3 regions
covering the period from 01-2000 until 02-2021. We chose this
time range, as it focuses on the most recent drought events
and additionally presents a higher data coverage. Using data
of the last two decades also assured more homogeneous data
collection conditions than existed prior to the availability of
online publications. We also used the entries of “reported
impacts.” It is important to note that a certain drought report
may have been used more than once for impact entries in
the database if it describes several impact subcategories, e.g., a
report on “Agriculture and livestock farming” could result in an
impact of “Reduced availability of irrigation water” (subcategory
1.5) and as well one of “Reduced productivity of annual crop
cultivation” (subcategory 1.1) if the original text description
reflected these. Finally, we used the year of occurrence as a
temporal reference. Often no information on the end date of
an impact is available. Therefore, it was assumed that an impact
occurred solely in the year it started and not beyond.

Combination of study area and drought
impact data

We first delineated the Rhine, Rhone, Po and Danube basins
(see Figure 1A). For this purpose, we used the HydroBASINS
dataset providing basins and sub basins as hydrographic layers
on a global scale (Linke et al., 2019). In a second step, we tailored
the basins and their sub basins to the extent of the study area
by cutting off sections beyond the scope of the Alpine Space.
The boundaries of the Alpine Space correspond to the borders
of administrative regions based on the Nomenclature of Units
for Territorial Statistics (NUTS) system. Third, we determined
the associated NUTS 3 regions for each basin assuming that a
NUTS 3 region is part of a basin if at least 50% of its area lies
within it (see Figure 1B).

This way, we were able to localize the EDII 51 pg impact data
geocoded to NUTS 3 level to the individual basins. Thus, we
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derived yearly EDII A1 pg entries for each NUTS 3 region and the
individual river basins.

Upstream-downstream classification
approaches

In the literature, there is no consensus on how to divide
upstream and downstream areas. Therefore, two classifications
were developed within the frame of this study. To ensure
uniformity, definitions that could be applied consistently
across all four basins were required. Several classifications
were tested, based on geographical distances, upstream area
percentages, human influences and population numbers.
Finally, we chose two upstream-downstream classifications
that resulted in two different spatial patterns that correspond
to two different hypotheses of upstream-downstream impact
asymmetries for comparison.

The first approach, hereafter referred to as “distance
approach,” identifies sub basins (upstream headwater regions)
and regions further down that receive the water (downstream
regions) and therefore follows the idea of the water tower
hydrology of disproportionate topography and water supply to
also influence drought impacts. To implement this approach,
we calculated the distance between each sub basin polygon
outlet and the most downstream sink, i.e., the outlet of the
main river basin along the river network (Lehner and Grill,
2013). The most downstream sink is that of the larger basin,
e.g., for the Rhine basin the outlet is at the North Sea. For
this approach, we used the geographic information on distances
available in the HydroBASINS dataset. A major advantage of
the dataset is the inclusion of information on flow direction
and relative distinction of up- and downstream cells within
the basin. The 3rd quantile of the distance between each sub
basin polygon outlet and most downstream sink was used as
threshold value to divide between up- and downstream areas.
Finally, we assigned the NUTS 3 regions to the respective up-
and downstream areas assuming a NUTS 3 region would be part
of a (upstream/downstream) region if at least 50% of its area was
within the region’s area.

The second approach, termed “human footprint approach,”
follows the idea that downstream areas are often characterized
by a strong human influence and therefore follows the idea of a
more explicit indication of a higher water demand and therefore
a higher vulnerability toward drought impacts downstream.
For this purpose, we applied human footprint data of the
BasinATLAS dataset (Linke et al., 2019). Here, the human
footprint presents the relative human influence on the land
surface for the year 2009 measured by eight variables (Venter
et al., 2016): (1) built environments, (2) population density,
(3) electric infrastructure, (4) crop lands, (5) pasture lands,
(6) roads, (7) railways, and (8) navigable waterways. Since the
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BasinATLAS dataset is connected to the HydroBASINS dataset,
we directly extracted human footprint data for the defined sub
basins. We define sub basins with a large human footprint index
(>200), which corresponds to a relative human influence of at
least 20% in the sub basin, as downstream. Also, sub basins
downstream of these sub basins are classified as downstream.
Accordingly, we classified all other sub basins as upstream.
The threshold of 200 was chosen, because this value covers the
main areas of heavy human impact (mainly cities) in all basins.
For consistency and comparability, we opted for one common
threshold rather than choosing individual values for each basin.
Furthermore, our approach ensured that the direction of river
flow is respected meaning that any basin classified as upstream
flows into one classified as downstream. In a final step, we
assigned NUTS 3 regions to the respective up- and downstream
areas. Therefore, we classified a NUTS 3 region with at least 60%
of its area covered by upstream sub basins as upstream. This
procedure avoided small areas characterized by a large human
footprint (e.g., cities) being absorbed into upstream NUTS 3
regions when merging the sub basins.

Finally, we linked the yearly EDIIzrpg entries for each
NUTS 3 region with the up- and downstream NUTS 3
regions of the basins in order to investigate upstream-
downstream differences.

Test for upstream-downstream impact
asymmetries

To test our main hypothesis that drought impacts occur
more often downstream, we considered different aspects of the
impact data. First of all, we compared the temporal occurrence
and the distribution of drought impacts of the four basins
over the individual impact categories. Furthermore, we tested
upstream-downstream differences regarding the number of
reported impacts in the EDII51ps with the Mann-Whitney-
U-Test. This test ranks the data and then evaluates whether
the central tendencies of two independent samples are different
(Mann and Whitney, 1947; Kotz and Johnson, 1992). A p-value
< 0.05 was used to indicate significant differences. Also, the
number of impacts were area-weighted and are expressed per
km? in order to take into account the different spatial extents
of upstream and downstream areas.

To analyze whether the detected differences in impacts are
due to the hazard or due to the vulnerability and exposure we
also compared the Standardized Precipitation Index (SPI) and
the Standardized Precipitation and Evapotranspiration Index
(SPEI). These meteorological indices are widely used for drought
hazard monitoring and comparison across different regions
(McKee et al., 1993; Vicente-Serrano et al., 2010). They are
monitored by the Alpine Drought Observatory (ADO) for which
downscaled ERA-5 data was used and standardized with the
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reference period from 1981 to 2020 (EURAC, 2022). For the
comparison we decided to choose the SPI-6 of October each
year since the majority of impacts in the Alpine Space occur
in the summer and early autumn (Stephan et al., 2021a). We
aggregated the ADO’s gridded values by averaging all grid
cells within each NUTS 3 region hence matching the spatial
resolution of the analyzed EDII drought impacts.

Results

Temporal and categorical differences of
reported drought impacts in the basins

The analysis of the EDII 51 pg data revealed a strong regional
variability regarding the distribution of drought impacts over
time within the basins (Figure 2). Within the study period from
2000 to 2020, a total of 1,742 drought report entries were
available. The largest number of reported drought impacts were
available in the Danube basin (627 entries), followed by the
Rhine basin (582) and the Rhone basin (494). For the Po basin
a smaller number of 119 reported drought impacts is available
in the EDII5ps database. The number of reported drought
impacts increases over time with specific drought years, in which
many impacts have been reported. In the Rhine basin, the year
2003 shows a peak of reported drought impacts, followed by
several years without a remarkably high number of entries until
they increase again in 2015. In particular, 2003, 2015, and 2018
are important drought years in this catchment. In the Danube
basin, 2003, 2015, 2017, and 2018 emerge as drought years. In
the Rhone catchment, the number of drought impacts increases
mainly from 2011 onwards, with peak years in 2018 and 2019.
The Po catchment shows 6 years with impact records. Here,
the years 2003 and 2017 stand out, however with <50 and <25
entries, respectively.

The distribution of these reported impacts over the drought
impact categories is similar in the Rhine and Danube basins.
Agricultural impacts dominated in the Danube basin within
the last two decades. The diversity of affected sectors increases
in the Rhine and Danube basin over time, whereby especially
the basin-specific drought years show a large variety of sectors
affected. In contrast, the Rhone and Po basins show less
variety in the affected impact categories. In the Rhone basin
the drought of 2003 is dominated by six different impact
categories, while from 2012 onwards only three categories, i.e.
“Agriculture and livestock farming,” “Public water supply,” and
“Waterborne transportation” were reported. In the Po basin, the
first 2 years are characterized by high fractions in “Public water
supply” impacts whereas the following 4 years were dominated
by agricultural impacts. In general, the results highlight that
“Agriculture and livestock farming” is the main sector affected
in the Alpine Space during the 20 years studied.
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FIGURE 2
Temporal distribution of reported impacts and the affected impact categories.

with small upstream areas in all four river basins presenting

Upstream-downstream classification and
differences of drought impacts the most upstream headwaters of each basin. Depending
on the topography and drainage network this approach

The two different approaches divide the study area into created a South-North (Rhine), North-East-to-South-West

up- and downstream regions of different spatial patterns (see
Figure 3). The distance approach generated a classification
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(Rhone), North-South (Po) and West-East (Danube) upstream-
downstream pattern. In contrast, the human footprint approach
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generated a classification with a more balanced ratio of the area
shares of the up- and downstream regions in the Rhine, Rhone
and Po basin. However, the Danube basin is characterized by
a large upstream area, while the downstream area is small and
limited to urbanized areas along the main river. The human
footprint classification presents most agglomeration areas with a
high human impact factor as downstream region, although some
small areas with a disproportionately large human footprint
(e.g., like Innsbruck) were classified as upstream region due to
the conversion to NUTS 3 regions. The difference between the
two resulting classifications is more pronounced for the Danube
and the Rhone, as they flow along the Alps rather than away from
the Alps, thus shifting the geographical pattern from a West-East
division to a South-North division (Danube) and from a North-
East-to-South-West to a more East-West division (Rhone).

The analysis of the upstream-downstream differences of
drought impacts within the individual impact categories reveals
that the majority of impacts occur downstream regardless of
the applied classification approach (Figure 4). In the Rhine and
Po basins, both classifications show similar impact patterns. In
the Rhone basin, the three main affected sectors (“Public water

» «

supply,

transportation”) show more impacts in upstream areas in

Agriculture and livestock farming,” and “Waterborne

the human footprint classification compared to the distance
classification. In the Danube basin, differences between both
classifications are largest with several categories differently
distributed. For example, the categories “Agriculture and

»

livestock farming,” “Public water supply;” and “Human health
and public safety” are more frequent in the upstream regions in
the human footprint classification.

The test

downstream differences for the distance approach in the

statistical confirms significant upstream-
Rhine and Danube basin (Figure 4). For this classification
method, small but not significant (p-value = 0.084) differences
exist in the Po basin with substantially more counted impacts
downstream for the majority of affected sectors. Similar
differences are found in the Rhone basin. The statistical test did
not reveal significant differences between up- and downstream
impact counts for the human footprint approach in any of the

considered river basins.

Influence of the drought hazard on up-
and downstream differences

The area-weighted approach shows a larger number of
weighted impacts for the overall time period (2000-2020) in
downstream regions of the four basins regardless of the applied
classification approach. The area-weighted numbers of drought
impacts for the basin-specific drought years support the higher
impact numbers downstream (Table 1). Exceptions for some
years are the slightly higher impact numbers in upstream areas
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during 2018 (distance classification) and 2019 (human footprint
classification) in the Rhone basin, and during 2003 and 2018 in
the Danube basin (both distance classification).

The results of the hazard analysis of SPI-6 and SPEI-6
reveal small differences between up- and downstream regions
between 2000 and 2020 (Figure 5). These differences are more
pronounced for the distance classification. In general, SPI-6
and SPEI-6 show very similar patterns. Individually, the Rhine
basin does not show large differences in either classification.
The Rhone basin shows some differences in the distance
classification with a more severe character of droughts in
downstream areas. For the Po basin, both classifications lead
to mostly negative differences, i.e., more severe droughts in
upstream areas. We found the largest differences for the distance
classification in the Danube basin where the droughts were more
severe in upstream areas within the overall time period. The
human footprint approach reveals smaller differences, however,
here the drought conditions seem to be slightly stronger in
downstream regions. The SPI-6 values of the basin-specific
drought years confirm the results for the entire time period
(Table 1). Just two exceptions can be found in the Rhone and
Po basin: Both basin-specific drought years of the Rhone basin,
2018 and 2019, show more severe drought in the upstream
parts applying the distance approach. In the Po basin the year
2003 is presented with higher drought severity downstream
contrasting the general pattern of the basin with higher drought
severity upstream.

Discussion

Temporal development of drought
impacts across the river basins

The results revealed a strong regional variability regarding
the temporal distribution of drought impacts within the
basins. This has to be put in context with the sources and
representativeness of the drought impact data. We presented an
increasing trend of impact reports across the river basins. Since
based on the same data, Stephan et al. (2021a) found similar
results for the entire Alpine Space stating that the number of
collected drought impacts increased, especially after 2000 and
2010. This increase is attributable to the fact that the general
data availability has improved due to digitization trends and the
online publishing of reports and documents (Stahl et al., 2016).
Access to drought reports has become easier and awareness of
climate change and associated drought impacts has increased
over the last decades. Accordingly, a higher number of reports
does not automatically indicate more severe drought conditions
or, on the contrary, the absence of reports does not automatically
mean that no drought occurred.

The comparison of the temporal distribution of drought
impacts reveals great agreement with other studies which
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FIGURE 3

approach.

NUTS 3 regions within the four basins classified into up- and downstream parts applying (A) the distance approach and (B) the human footprint
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underpins the significance of the EDII5ypg data despite the
reporting biases. The basin-specific drought years identified
through the impact analysis correlate well with drought years
determined by other studies analyzing the four basins. For
example, the years 2003 and 2018 were identified as relevant
drought years for the Rhine basin (Benedict et al., 2021) and
2003, 2007, 2011, and 2017 for the Po basin (Musolino et al.,
2018; Baronetti et al., 2020). These temporal patterns are also
visible in the results of this study.

Regarding the sectoral distribution of impacts, the category
“Agriculture and Livestock farming” emerged as the main
affected sector with especially high impact numbers in the
Danube basin. According to Stephan et al. (2021a) across
the entire “Alpine Space,” most reported impacts fell into
the category “Agriculture and livestock farming.” Compared
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with the whole of Europe, the authors highlighted that the
agricultural sector is especially affected in the Alpine region.
These results are coherent, as the Alpine region is known for
its large crop production areas at lower elevations and livestock
farming at higher elevations.

Analyzing the distribution of impacts in the impact
categories, it became apparent that the categories are strongly
connected to the EDIIo1 pg data availability and the associated
information sources. The analysis showed that very different
initial situations in terms of information sources exist for
the basins (see Supplementary material). The insight into the
archive’s data biases led to the conclusion that the basins
are not easily comparable with each other as countries and
regions maintain different reporting cultures and provide
different types of information that could be used to make
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FIGURE 4
Distribution of drought impacts by impact category in upstream (darker color) and downstream (lighter color) regions.
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TABLE 1 Number of impacts - 10~3/km? and drought indices in the basin-specific drought years; + | : more impacts D, stronger drought hazard D, +
1 : more impacts D, stronger drought hazard U, — | : more impacts U, stronger drought hazard D, — 1 : more impacts U, stronger drought hazard U.

Distance classification Human footprint classification

Area-weighted impacts SPI-6 Asymmetry  Area-weighted impacts SPI-6 Asymmetry
U D U D U D U D
Rhine (2000-2020) 35 16.6 6.7 14.7
2003 0.9 24 —-339 322 +1 0.9 24 -324 327 +1
2015 14 5.5 —052  —053 +1 2.8 4.6 —-0.53  —0.52 +1
2018 0.7 44 —242  -253 +1 14 4.0 —239  -2.56 +1
Rhone (2000-2020) 3.7 6.3 4.9 5.9
2018 13 0.7 252 —0.85 -1 0.6 L1 -134  -176 +1
2019 0 11 114 —0.90 +1 08 0.7 ~1.00  —1.00 -1t
Po (2000-2020) 1.0 1.7 12 L6
2003 0.4 0.9 -280 —3.43 +1 0.7 0.7 -3.03 -3.42 +-
2017 03 0.4 —-1.06 001 +1 0.3 0.4 —073  0.02 +1
Danube (2000-2020) 4.2 5.0 4.1 7.1
2003 1.2 L1 ~3.66  —235 -1 L1 1.4 277 —3.04 +1
2015 0.8 0.8 —-124  -1.05 +1-1 0.7 1.0 —-101  —133 +1
2017 0 0.9 —0.02 003 +1 0.5 1.2 021 —036 +1
2018 1.2 0.5 —~1.89  —0.54 -1 0.5 1.4 —0.89  —138 +1

Bold values indicate that here the number of impacts (impacts - 10~3/km?) is higher.

impact data entries into the EDII5jps. For the Po basin for
example, mainly newspaper articles were collected whereas
governmental reports from the French operational “Propluvia”
platform (Stephan et al., 2021a) dominate in the French part
of the Rhone basin. The Propluvia reports also explain the
distribution pattern of the impact categories in the Rhone basin
which are dominated by “Agriculture and livestock farming,”
“Public water supply;,” and “Waterborne transportation” from
2012 onwards since these are the sectors Propluvia focuses
on. This explicit focus on certain categories also explains why
the basin-specific drought years in the Rhone basin (2018
and 2019) show very similar distributions. The two basin-
specific drought years of the Po basin (2003 and 2017) on
the other hand show very different affected sectors. It could
be argued that the differences arise because a larger time
period lies between 2003 and 2017 so that the vulnerabilities
of different sectors might have changed over time. However,
when looking at the information sources of the Po basin, it
becomes visible that while in 2003 the reports were collected
from governmental reports, newspaper articles and books, only
newspaper articles were analyzed in 2017. This fact could explain
the different impact category distribution patterns between
the years. The high number of agricultural impacts in the
Danube basin is supported by specific awareness and data
collection by regional projects such as DriDanube (DriDanube
Programme, 2022) and transboundary efforts to collect and
assess impact information such as those of the Drought
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Management Center of South Eastern Europe (DMSCEE.,
2022). In summary, while we consider the within-basin and
particularly the within-country differences to be robust, when
comparing different basins and different countries the detailed
bias of information sources of the impact entries needs to be
considered. Analyzing an entirely non-biased impact data subset
based on text reports for transboundary river basins is not
possible with the currently available archive. Creating one by
searching for specific information sources in specific regions
for specific years to fill gaps might be a useful aim for a future
research project.

Assessment of the
upstream-downstream classification
approaches

Most upstream-downstream studies try to identify up- and
downstream regions based on the entire spatial extent of a basin
(Nepal et al., 2014; Munia et al., 2016; Li et al., 2021; Lu et al.,
2021). Their aim mostly is to understand upstream-downstream
linkages in hydrological (and/or socio-hydrological) processes
to advance water resource management at basin-scale. In this
study, we focused on the European Alpine region and its
foothills in order to understand drought impacts specifically
in the mountainous region of each basin. While the extent
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of the Alpine Space suits the analyses as it includes the main
Alpine crest and parts of lower elevation regions allowing the
integration of regions further downstream, limitations arose
from the conversion of different spatial data extents due to
diverse data sources. More explicitly the NUTS 3 classification
used to localize the impact data and the hydrological basins do
not correspond. By converging sub basins into NUTS 3 regions,
simplifications had to be accepted especially when applying
the human footprint approach. In this approach small-scale
areas can be characterized by a disproportionately large human
footprint, e.g., cities. When converging the sub basins into
NUTS 3 regions, some of these smaller structures were absorbed
by large NUTS 3 regions and classified as upstream despite
their large human footprint characteristic for downstream
areas. Consequently, this effect was minimized by adjusting the
merging threshold from sub basins to NUTS 3 regions (60%
instead of 50% for the human footprint approach). This decision
created a bias regarding the division in up- and downstream
areas but in this case, it allowed to give small and significant
downstream structures more weight.

Further, the human footprint approach to classify up-
and downstream regions is affected by the variables used to
calculate relative human influence on the land surface (Venter
et al., 2016): (1) built environments, (2) population density,
(3) electric infrastructure, (4) crop lands, (5) pasture lands,
(6) roads, (7) railways, and (8) navigable waterways. Some
of these variables are highly related to the analyzed impact
types. For example, the variables “crop land” and “pasture land”
capture conditions essential for impacts on agriculture, while
the variable navigable waterways captures conditions essential
for impacts on waterborne transportation. This may cause a
biased preference of specific impact types in downstream regions
that has to be taken into account when interpreting the results.
Nevertheless, we present two approaches showing contrasting
perspectives to define up- and downstream regions.

Since the field of upstream-downstream classifications is
highly understudied, the development of future approaches
entails manifold options. Even though the four basins of
this study vary greatly in their hydrological characteristics
and morphology, we tried to pursue a uniform approach
to allow comparison between the basins and objectively
analyze the distribution patterns of drought impacts. Future
approaches might benefit from individual thresholds for each
basin and therefore recognizing basin-specific (hydrological,
geomorphological or socio-economic) characteristics.

Upstream-downstream asymmetries

The upstream-downstream classification indeed influenced
the distribution patterns of the drought impacts especially when
focusing on the individual impact categories. Most clearly the
category “Agriculture and livestock farming” by applying the
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distance classification demonstrated the large difference between
impact numbers in up- and downstream regions. Hereby, more
drought impacts were reported for agricultural crop production
areas, which are mainly located in the foothill regions of the
Alps (and therefore predominantly classified as downstream by
this topographically oriented approach) than for the livestock
farming sector in the higher elevated areas. A closer look
on the affected impact subtypes reveals that especially for
the subcategories “1.1 Reduced productivity of annual crop
cultivation” and “1.3 Agricultural yield losses” drought impacts
were reported. Subcategories concerning livestock farming do
not show many impact entries. Therefore, it becomes clear that
the spatially different vulnerabilities regarding crop production
and livestock farming are also presented in the upstream-
downstream asymmetries of the drought impacts.

The human footprint classification also influenced the
upstream-downstream differences. Applying this classification
in the Danube basin revealed for example that agricultural
impacts mainly occurred in upstream areas, an entirely adverse
distribution compared to the distance approach where the
majority of impacts occurred downstream. Since “crop land” and
“pasture land” are included in the eight variables the human
footprint is composed of (Venter et al., 2016), this is an especially
unexpected result. A detailed data analysis revealed that the
human footprint index itself is biased as the eight variables
included are weighted differently. Venter et al. (2016) state that
even though intensive agriculture often results in a large-scale
ecosystem conversion, cropland was only given a weighting
score of 7 and pasture even just a score of 4. However, all
areas mapped as built environments received a score of 10.
This highlights a clear focus on built areas which might explain
the unexpected results. Hence, the human footprint approach
is dependent not only on the used variables, but also on the
weighting scheme to combine them. The distance approach
based on geographical distances and not including human
influence at all, seems to better represent agricultural structures
in the Danube basin. Hence, these examples show that a
closer look at the upstream-downstream classifications and their
division patterns is necessary to interpret the results since the
approaches highly influence the distribution of drought impacts.

The results for the two upstream-downstream approaches
also need to consider the previously described biases in the
EDIIzrps data. Hereby, mainly the impact of population
numbers has to be discussed. The impact entries in the EDIT 51 pg
database stem from text reports and therefore only represent the
number of impacts that have been found. Generally, in highly
populated areas more impacts are reported, since the exposure
to drought will be higher. In both upstream-downstream
approaches, the majority of large cities lies in the downstream
parts and therefore, most inhabitants live in downstream parts
which definitely could influence the presented asymmetries. A
result of more reports from a risk perspective therefore likely
explains a higher vulnerability and exposure.
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Since our analysis has shown that downstream impacts
prevail, we posed the question, whether the upstream-
downstream differences are attributable to the drought hazard
being stronger in downstream areas. We analyzed the drought
hazard with the drought indices SPI-6 and SPEI-6 indicating
a six-month anomaly between May and October, when most
impacts occur (Stephan et al., 2021a). This anomaly did
not integrate precipitation during the winter months which
might play an essential role for water storage in some parts
of the basins. This aspect needs to be analyzed further in
future research. Even though both indices are recommended
(World
Organization, 2012), they capture only some aspects that may

to monitor drought conditions Meteorological
have caused the analyzed impacts. Both indices indicate a
relative deviation from the normal and therefore provide no
information about the absolute water shortage in an area. That
means, even a small change in the index value might be enough
to cause severe impacts as this anomaly may have led to user
conflicts etc. Further, we calculated mean values at the level
of NUTS 3 regions for both indices. This way we may have
averaged out small-scale areas affected by drought, especially
in the heterogeneous Alpine terrain, where conditions can
change over short distances. When interpreting the severity
of the basin-specific drought years, it is important to keep in
mind that the characteristics of each drought event vary widely
over the analyzed time period. Whereas the drought 2003 over
central Europe was characterized by very hot temperatures over
a short period of time, the drought event 2015 was accompanied
by warm temperatures and dry conditions over a long period
(Laaha et al., 2017).

Apart from these limitations, the applied drought indices
did not show substantial differences between the up- and
downstream areas in almost all cases, while the number of
impacts is substantially higher in downstream regions. One
example contrasting this pattern is the SPI-6 in the Rhone
basin in the year 2018 presenting extremely dry conditions
upstream compared to near normal conditions downstream
(distance approach). Accordingly, we identified substantially
more impacts upstream than downstream. This extreme severity
upstream may have crossed a threshold leading to more than
usual drought impacts. Also in the Danube basin, the years
2003 and 2018 show large differences between the SPI-6 values
in up- and downstream areas indicating more severe drought
conditions upstream, which once again could explain the
contradictory results of the area-weighted approach within these
years. Considering the general pattern of more downstream
impacts with some exceptions during very severe drought
conditions, our study supports the notion that there are more
drivers than the hazards severity driving the asymmetry of the
impact distribution.

One aspect hereby might be the hydrography of the river
networks. While the Rhone and the Danube are characterized
by a successive inflow of Alpine tributaries as they flow along
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the Alps, Rhine and Po flow away from the Alps. For this study,
we did not include the drainage patterns of the four rivers in
the analysis. Further research might explore how basin shapes,
drainage patterns and additional landscape properties influence
the distribution of impacts.

Another important aspect is the vulnerability. The higher
number of impacts in downstream areas may indicate a
higher vulnerability of downstream areas to drought conditions
compared to upstream areas. On the other hand, a lower number
of drought impacts could also indicate that some regions have
already well adapted to the drought hazard, for example due to
the existence of drought management strategies. To clarify this,
the investigation of the regions’ vulnerability would be required.
In addition to our presented results, this would further improve
the understanding of up- and downstream differences and
therefore help to develop region specific adaptation strategies.

Conclusion

This study investigated the distribution of drought impacts
from 2000 to 2020 in the Rhine, Rhone, Po and Danube
basin within the extent of the Alpine Space. The hypothesis
whether drought impacts occur more often in downstream
regions than in upstream regions was tested with two sub
basin classifications: the distance approach and the human
footprint approach. The results confirmed the hypothesis for
most cases of classification, basin and time span analyzed,
but also illustrated a strong regional and temporal variability
regarding the distribution of impacts. Asymmetries were
statistically significant in the Rhine and Danube basin when
applying the distance approach. We found that the physical
drought event does not seem to have a large influence on
the upstream-downstream differences of the drought impacts.
However, the drought characteristics might explain upstream-
downstream impact differences in individual basin-specific
drought years.

The study provides a first empirical support for the
existence of upstream-downstream asymmetries with more
impacts occurring in the downstream parts of the basins. It
also raises some questions on how best to compare and assess
such asymmetries in light of different awareness and hence
drought impact reporting in transboundary settings. The spatial
distributions of drought impacts found in the four major river
basins of the European Alps certainly highlight the need for
a more network based analysis with more consistent impact
data within river basins. This study provides a starting point
for further investigations that might address some of the
uncertainties by looking at specific sectoral impacts and relating
them to specific water sources and drought indices. Investigating
the role of climate change, cascading effects and the vulnerability
of the individual regions on these asymmetries provides large
potential for further research.
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