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Abstract: Climate and regional land-use and landcover change (LUCC) impact the ecosystem of the
Upper Rhine Area (URA) and transform large parts of the landscape into strongly irrigated agricultural
cropland. The increase of long-term drought periods and the trend towards low summer precipitation
totals trigger an increase in groundwater scarcity and amplify the negative effects of extensive
irrigation purposes and freshwater consumption in a hydrologically sensitive region in Central
Europe. This article presents qualitative transnational open source remote sensing temporal series of
vegetation indices (NDVI) and groundwater level development to tracing near real-time vegetation
change and socio-ecological feedbacks during periods of climate extremes in the Upper Rhine Area
(2018–2020). Increased freshwater consumption caused a dramatic drop in groundwater availability,
which eventually led to a strong degradation of the vegetation canopy and caused governmental
regulations in July 2020. Assessing vegetation growth behavior and linking groundwater reactions in
the URA through open source satellite data contributes to a rapidly accessible understanding of the
ecosystem’s feedbacks on the local to the transnational scale and further enables risk management
and eco-political regulations in current and future decision-making processes.
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1. Introduction

Land-use and Land Cover change (LUCC) impact the earth’s surface in manifold social, spatial,
and temporal perspectives [1–4]. There are various factors, constraints, and interrelations of a degrading
environment related to LUCC activities like rising urbanization, forest degradation, loss of wetlands,
agricultural intensification, desertification, irrigation, and climatic change, often summarized as
global change. The UN sustainable development Goal 15 addresses this explicitly (https://sdgs.un.org/

goals/goal15, last accessed 3 August 2020). The European SOER Report (https://www.eea.europa.eu/

publications/soer-2020 (2015), last accessed 3 August 2020) further states that LUCC and intensification
threaten soil and water ecosystem services and drive biodiversity losses. In this context, the European
Water Framework Directive (2000) and the Groundwater Directive (2006) introduced a holistic approach
towards international regulations (https://ec.europa.eu/environment/water/water-framework/index_en.
html, last accessed 8 August 2020). Concepts like Land Degradation Neutrality are strongly related to this
(https://www.unccd.int/actions/achieving-land-degradation-neutrality, last accessed 3 August 2020).
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Within the spatial and temporal dimensions of LUCC, the driving factors impact on a broad variety
of scales between the global, supranational, and national scale. The latter can be distinguished
between region, landscape, and the unit of production [5]. Landscapes are regarded as a spatial
meso-scale feature, triggered by specific social and environmental drivers like irrigation, erosion,
and sedimentation processes [6,7].

However, the different social and biophysical factors not only affect the visibly perceived parts of the
landscape but also the ecosystem susceptibility to long-term droughts or rapid flooding events, which are
particularly controlled by the local and regional aquifer conditions, supraregional precipitation patterns,
the hydrogeological system, and the water management—in particular local groundwater outtake for
crop irrigation and fresh water consumption [8–10]. Local and regional ecosystem overstraining through
intensified agricultural land-use and particularly growing surface demand for modern livestock-based
food production and biofuel extraction [11], account for large-scale ecological feedbacks, stressors,
and collapse in the environmental response cycle. In this context, vegetation growth behavior
and climate are closely connected to each other through climate-controlled horizontal and vertical
zonal vegetation boundaries and surface reflection characteristics of vegetation-covered and bare
areas [12]. This system is furthermore influenced by various components controlling the functional
ecosystem connectivity, such as groundwater level, faunal and floral composition, habitat permeability,
accessibility, availability, and individual configuration of the landscape by the prevalent organism’s
movement patterns [13–15].

Assessing the impact of anthropogenic fresh-water consumption on the various scales of ecosystem
connectivity is among the most crucial tasks in current ecological research. For this reason, a broad
number of supraregional landcover monitoring and observation techniques have been developed
during the past decades that allow for surface change monitoring on large spatio-temporal scales [16,17].
Among others, vegetation indices and reflection characteristics analyses have proven to be useful
and cost-effective methods to evaluate large areas through open source remote sensing techniques,
digital modelling, and spatial statistics [18–20]. Rapid access to open-source data and satellite imagery
furthermore enhances the applicability of near real-time surface observations and thus represents an
additional contribution to sociocultural and demographic research and the understanding of ecosystem
response behavior.

A particular emphasis is put on the application of open source data such as satellite imagery and
groundwater fluctuations, which can be downloaded free of charge and further manipulated with free
remote sensing or statistic software. The approach presented in this article enables the almost real-time
tracking of extreme events in comparison to medium- or short-term temporal series and further allows
assessing surface change and ecological transformation with medium resolution scientific data and
under consideration of socio-ecological assessments [21–25]. The reflectance, which can be extracted
from Sentinel-2 data and the qualitatively accessed vegetation indices confirm the severity of the
human impact in hydrologically sensitive areas in Central Europe and represents an additional research
potential to the monitoring of large areas over significant temporal sequences [26–31].

This paper presents the linkages between LUCC, irrigation strategies, and monoculture crop
cultivation and their interrelations with hydrological sensitivity under climate extremes in the
transnational context of the Upper Rhine river system (Figure 1) using digital surface data, Landsat
and Sentinel-2 imagery, and environmental attributes such as regional groundwater fluctuations,
precipitation measures, land-use, and agricultural datasets. To demonstrate the strong interrelations of
local anthropogenic overprints and regional impact on the short-term scale, a case study is presented
that highlights the strong hydrological system change on both sides of the river Rhine and furthermore
reveals significant transnational differences in irrigation activity during the recent exceptional drought
periods and phases of extreme temperature in 2018–2020 [32,33].
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Figure 1. Study area (URG, black polygon) and location of the trans-national case study (black
rectangle) with Corine Landcover data (CLC 2018). Red polygons show the larger settlements and
urban areas in the Upper Rhine Area (URA). The fluvial system is controlled by the south-north
running river Rhine and the tributaries in the French (blue) and German (grey) part of the region.

2. Material and Methods

Environmental analyses and diachronic system models in the Upper Rhine Area (URA) have
experienced increased scientific attention within the past years, mostly because of the high climate
and surface change vulnerability of the region [34–44] . Manifold research has been carried out,
which focuses on hydrologic or groundwater discharge and flow connectivity [45] , plant species
vulnerability [10], landcover change and land-use development [34,39,40,46,47], soil erosion [48],
climate variability [33,49,50], and chain effects of different climatic stressors [8,51–53]. In a coupled
ecological system, however, a broad variety of spatio-temporal components form the functional
ecosystem connectivity, which includes not only historical and current landscape development but
also different environmental and human response cycles, decision-making, perception, and
affordances [13,14,54–57].

2.1. Environmental Settings and Landscape History

The study area allows for a rapidly accessible and qualitative transnational analysis to evaluate
the interconnection between increased groundwater outtake for irrigation purposes and severely
intensified agricultural utilization, which have altered the ecological configuration during the past
decades. Considering global and regional climate change and the massive increase of severe
summer droughts and heat waves in the past years, the strong ecological pressure has led to a
dramatic drop in the groundwater table during summer 2020, which eventually has caused the
intervention of the regional governmental administration in the Grand Est (Alsace, eastern France).

Figure 1. Study area (URG, black polygon) and location of the trans-national case study (black rectangle)
with Corine Landcover data (CLC 2018). Red polygons show the larger settlements and urban areas in
the Upper Rhine Area (URA). The fluvial system is controlled by the south-north running river Rhine
and the tributaries in the French (blue) and German (grey) part of the region.

2. Material and Methods

Environmental analyses and diachronic system models in the Upper Rhine Area (URA) have
experienced increased scientific attention within the past years, mostly because of the high climate
and surface change vulnerability of the region [34–44]. Manifold research has been carried out,
which focuses on hydrologic or groundwater discharge and flow connectivity [45], plant species
vulnerability [10], landcover change and land-use development [34,39,40,46,47], soil erosion [48], climate
variability [33,49,50], and chain effects of different climatic stressors [8,51–53]. In a coupled ecological
system, however, a broad variety of spatio-temporal components form the functional ecosystem
connectivity, which includes not only historical and current landscape development but also different
environmental and human response cycles, decision-making, perception, and affordances [13,14,54–57].

2.1. Environmental Settings and Landscape History

The study area allows for a rapidly accessible and qualitative transnational analysis to evaluate
the interconnection between increased groundwater outtake for irrigation purposes and severely
intensified agricultural utilization, which have altered the ecological configuration during the past
decades. Considering global and regional climate change and the massive increase of severe summer
droughts and heat waves in the past years, the strong ecological pressure has led to a dramatic drop
in the groundwater table during summer 2020, which eventually has caused the intervention of the
regional governmental administration in the Grand Est (Alsace, eastern France). The regulations
of water withdrawal from the regional Rhenish aquifer in July 2020 thus marked an important step
towards the public understanding of political, ecological, and socio-economic need to transformation
in a future eco-political decision-making process [58–60].
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The research area covers a cross-border section of the URA in south-western Germany (parts
of the state Baden-Württemberg (afterwards referred to as BaWue) and eastern France (parts of the
Region Grand Est, formerly Region Alsace, Départment Haut-Rhin (68) and Départment Bas-Rhin
(67)), stretching from north of Mulhouse to the north of Colmar and the west of Freiburg (Figure 1).
The URA is characterized by mild winters, long phenological phases, and the particular topographic
location of the Upper Rhine Graben fault between the Vosges mountain range and the Black Forest,
which supports decreased precipitation patterns and a high drought and flooding vulnerability in
the lowlands of the river Rhine floodplain, which is mostly built of porous aquifer [24,34,61–65].
The alluvial lowlands are formed by Pleistocene and Holocene fluvial terraces that emerged from
large-scale avulsion events of the primarily anastomosing channel system [66–68]. During glacial
stadial, the area became broadly loess-covered, which locally triggered soil development and eventually
led to the mid- to late Holocene loess soil composition on elevated Mesozoic plateaus and outcrops
with widespread Cambisols and Luvisols that enable nowadays intensified agricultural utilization,
while Gleysols are common in the wetter areas and Alluvisols in the large alluvial floodplains. Large
parts of the lowlands and the floodplain, however, are characterized by Quaternary fluvial sediments
with high porosity and consequently a low water storage capacity [69–71]. A combination of a high
aquifer, periodically increased meltwater discharge, local groundwater level anomalies and heavy
precipitation events can lead to rapid waterlogging of the poorly drained soils, which causes extensive
and persistent flooding [24,41–43,47,72]. In contrast to the lowlands, the mountainous areas of the
Vosges Mountains and the Black Forest are characterized by periglacial top layers, mostly covered
with Cambisols and Podzols.

Agricultural exploitation and livestock breeding in the URA can be traced back to the Early
Neolithic period of the area; however, there has been considerable landscape development and
human-environmental interaction since prehistoric periods [39,73–77]. Prehistoric and historical
land-use is an important component towards understanding the sediment flux in the URA. Pre-Iron
Age land-use and deforestation processes caused significant surface erosion. However, most of the
sediment load was locally trapped in colluvial deposits along the upstream hillslopes. Since the Iron
Age, increased alluvial and colluvial deposits have been recognized (probably also due to climatic
oscillation and general more humid conditions) and from the Roman period onward, a strong increase
in suspended material deposition occurred [78–81]. Massive deforestation to gain charcoal for iron
smelting caused a sharp decrease in fagus and quercus densities at least since the High Middle Ages,
thus transforming forest composition, soil organic matter, and nutrient content [43,82–84]. Decreased
vegetation density, soil composition modifications, and the greater availability of transportable material
triggered erosion processes, sediment transport, and a dramatic increase of fine-grained material in
fluvial flow regimes [48]. Wash load and sedimentation budget strongly affected the soil development.
The fine-grained silty and clayey deposition along the river L’Ill and the several tributaries of the
river Rhine floodplain are prone to waterlogged conditions in locales with high groundwater levels.
In Addition, in the 19th century, the floodplain forests almost completely disappeared during the
canalization of the river Rhine, which caused considerable groundwater lowering and increased
erosion downstream of Basel [10,85]. Since the end of the 18th century, however, there has been a trend
towards strong local reforestation processes as an expression of socio-ecological transformation.

Climate change and drought risk is not only limited to the lowlands of the URA but also affects
large parts of the forest-covered Graben flanks and the higher mid-altitude mountain ranges. In this
context, severe long-term drought periods as experienced during the 19th century AD [86] and in
2018 and 2019 will enhance the hydrological pressure on the ecosystem—not only in summer but also
during the early spring growing period. Extensive irrigation in the Alsatian part of the URA will
further amplify the water shortages in summer and fall and contribute severely to a dramatic drop in
ground-water availability downstream in the lower Rhine basin (Figure 2).
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Figure 2. Extensive summer irrigation (31 July 2020) on maize in the Upper Rhine Area at noon
during a sunny day (A) and low-altitude degradation of forest stands (spruce) in the western part of
the Vosges Mountains at Contz-les-Bains (12 July 2020) (B). Intensive summer irrigation on maize
and special crops (background) on 31 July 2020 (Tmax 38 °C) south-west of Freiburg (BaWue) (C)
and frost damage in a beech forest stand at the Belchen (southern Black Forest) from 31 May 2020
(D). All images by the authors.

2.2. Regional Governance and Irrigation Control 2020

After its introduction in the 15th and during the 16th century AD, maize variations spread
rapidly across Europe and intensified again during the past decades due to the development of
hybrid varieties, which are adapted to the climatic conditions in combination with strong increase
in grain and silage yields for biofuel [87–90]. Locally, over 50% of the agricultural crop production
in the URA is based on non-food maize cultivation, which consumes over most of the freshwater
that is withdrawn for irrigation [91–93] . This development has not only triggered ecological
consequences but eventually led to administrative regulations—at least in the Alsace where the
impact of massive groundwater withdrawal finally entered the political stage. On 23 July 2020, the
French administrative council of the region Grand Est announced a decree regarding groundwater
scarcity in the URA
http://www.bas-rhin.gouv.fr/Actualites/Environnement/Secheresse-le-Bas-Rhin-passe-en-etat-d-aler
te, last accessed 25 July 2020). The governmental directives required to regulate water consumption
in public, industrial, and agricultural domains, and to avoid all non-essential water consumption
such as washing vehicles, buildings, and equipment not in contact with foodstuffs. Concerning
water extraction from rivers and streams, the number of simultaneously operating pumps and the
instantaneous flow rates of the pumps per section must be reduced. It further states a 30%
reduction of groundwater extraction along the major river course of the river L’Ill-Rhine water
basin (Agreste—Direction régionale de l’alimentation, de l’agriculture, 2019). These regulations
became operative because the groundwater table showed dramatically dropping during summer
2020—despite frequent precipitation events during early July. This is strongly connected to spring

Figure 2. Extensive summer irrigation (31 July 2020) on maize in the Upper Rhine Area at noon during
a sunny day (A) and low-altitude degradation of forest stands (spruce) in the western part of the Vosges
Mountains at Contz-les-Bains (12 July 2020) (B). Intensive summer irrigation on maize and special
crops (background) on 31 July 2020 (Tmax 38 ◦C) south-west of Freiburg (BaWue) (C) and frost damage
in a beech forest stand at the Belchen (southern Black Forest) from 31 May 2020 (D). All images by
the authors.

2.2. Regional Governance and Irrigation Control 2020

After its introduction in the 15th and during the 16th century AD, maize variations spread
rapidly across Europe and intensified again during the past decades due to the development of hybrid
varieties, which are adapted to the climatic conditions in combination with strong increase in grain
and silage yields for biofuel [87–90]. Locally, over 50% of the agricultural crop production in the
URA is based on non-food maize cultivation, which consumes over most of the freshwater that is
withdrawn for irrigation [91–93]. This development has not only triggered ecological consequences
but eventually led to administrative regulations—at least in the Alsace where the impact of massive
groundwater withdrawal finally entered the political stage. On 23 July 2020, the French administrative
council of the region Grand Est announced a decree regarding groundwater scarcity in the URA http:
//www.bas-rhin.gouv.fr/Actualites/Environnement/Secheresse-le-Bas-Rhin-passe-en-etat-d-alerte, last
accessed 25 July 2020). The governmental directives required to regulate water consumption in public,
industrial, and agricultural domains, and to avoid all non-essential water consumption such as washing
vehicles, buildings, and equipment not in contact with foodstuffs. Concerning water extraction from
rivers and streams, the number of simultaneously operating pumps and the instantaneous flow rates
of the pumps per section must be reduced. It further states a 30% reduction of groundwater extraction
along the major river course of the river L’Ill-Rhine water basin (Agreste—Direction régionale de
l’alimentation, de l’agriculture, 2019). These regulations became operative because the groundwater
table showed dramatically dropping during summer 2020—despite frequent precipitation events
during early July. This is strongly connected to spring temperature and precipitation anomalies in the
URA [94]. The years 2018 and 2019 demonstrated strong temperature anomalies and severe long-term
hot drought periods in summer [32]. The average precipitation in July 2018 in the Alsace hardly reached
35 mm and locally only 10–11 mm precipitation per month could have been detected. The long-term
30-year average for July (1970–2000) in the URA shows 149 mm (data processed from worldclim.org;
last accessed 26 July 2020; data resolution 1 km, clipped to the study area URA), which proves the
precipitation anomaly in 2018. In 2019, however, the average July rainfall in the URG locally reaches

http://www.bas-rhin.gouv.fr/Actualites/Environnement/Secheresse-le-Bas-Rhin-passe-en-etat-d-alerte
http://www.bas-rhin.gouv.fr/Actualites/Environnement/Secheresse-le-Bas-Rhin-passe-en-etat-d-alerte
worldclim.org
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150 mm in the region around Obernai and Strasbourg, partly caused by increased maximum daily
precipitation events up to 60 mm a day, which also led to a delayed harvest by a month in the Alsatian
part of the study area (Agreste—Direction régionale de l’alimentation, de l’agriculture, 2019). However,
around the case study area, which is centered 50 km south of Obernai, the climate data does not
confirm the high average precipitation numbers for July 2019. Furthermore, the average values for
June 2019 show significantly lower values, which would have impacted plant growth behavior during
the first third of July. The cloud-free Sentinel-2 image, which was chosen for optical analysis can thus
show a delayed reaction to early summer rainfall anomalies and hence artificial irrigation activity
during June and early July 2019.

To test the results of the decree and to evaluate the differences in crop physical condition
in 2020, NDVI values from 19 July 2018, 09 July 2019, and 23 July 2020 were compared
and analyzed for their spatial differentiation. The Sentinel-2 satellite imagery includes the
following cloud-free scenes, which were acquired from the Copernicus Open Access Hub:
S2B_MSIL2A_20180719T103019_ N0208_R108_T32ULU//S2A_MSIL2A_20190709T103031_N0213_R108
_T32ULU//S2A_MSIL2A_20200723T103031_N0214_R108_T32ULU. To evaluate the short-term time
series of three consequent years (2018–2020), a comparison time series was created, which is based on
Landsat-7 and Landsat-OLI-8 imagery with a spectral resolution of 30 m in the visible and the infrared
range (see Table 1). Landsat-7 imagery has been downloaded from the USGS (United States Geological
Survey) for the period 2000–2013. Due to an irreversible mechanical failure of the SLC (Scan Line
Corrector) in May 2003, the Landsat-7 imagery shows data gaps and striping effects from 2003 onwards.
For the period 2013–2020, Landsat-8 data was downloaded from the USGS server. The comparison
dataset was extracted from images spanning July and—in case of extreme cloud coverage—the first
two weeks of August 2000–2020. Eventually, a random point distribution was created that covers forest
stands, cropland in the Alsace, and cropland in BaWue (Figure 3). From the calculated NDVI raster,
the NDVI values of each consequent year were added to the point datasets to enable the comparison of
the long-term NDVI variation in relation to the period of extreme high summer temperature and low
precipitation totals in July 2018–2020 despite the SLC failure of the Landsat-7 mission.

Table 1. Landsat-7, Landsat-8, and Sentinel-2 images, which were used to calculate the NDVI time
series 2000–2020 and for monitoring the drought period monitoring during 2018–2020.

Landsat-7 scene-id WRS Path WRS Row Date
LE71950272000225EDC00 195 27 12/Aug/2000
LE71950272001227NSG00 195 27 15/Aug/2001
LE71960272002189NSG00 196 27 08/July/2002
LE71950272003217EDC02 195 27 05/Aug/2003
LE71950272004204ASN01 195 27 22/July/2004
LE71950272005222EDC00 195 27 10/Aug/2005
LE71960262006200ASN00 196 26 19/July/2006
LE71950272007196ASN00 195 27 15/July/2007
LE71960272008206ASN00 196 27 24/July/2008
LE71960262009208ASN00 196 26 27/July/2009
LE71960272010195ASN00 196 27 14/July/2010
LE71960272011214ASN00 196 27 02/Aug/2011
LE71960272012217ASN00 196 27 04/Aug/2012
Landsat-8 scene-id WRS Path WRS Row Date
LC08_L1TP_196027_20130714_20170503_01_T1 196 27 14/July/2013
LC08_L1TP_196027_20140717_20170421_01_T1 196 27 17/July/2014
LC08_L1TP_196027_20150704_20170407_01_T1 196 27 04/July/2015
LC08_L1TP_196027_20160706_20170323_01_T1 196 27 06/July/2016
LC08_L1TP_195027_20170718_20170727_01_T1 195 27 18/July/2017
LC08_L1TP_196027_20180712_20180717_01_T1 196 27 12/July/2018
LC08_L1TP_195027_20190724_20190801_01_T1 195 27 24/July/2019
LC08_L1TP_196027_20200701_20200708_01_T1 196 27 01/July/2020
Sentinel-2 tile-id Date

S2B_OPER_MSI_L2A_TL_SGS__20180719T145501_A007141_T32ULU_N02.08 19/July/2018
S2A_OPER_MSI_L2A_TL_MPS__20190709T140909_A021126_T32ULU_N02.13 09/July/2019
S2A_OPER_MSI_L2A_TL_MPS__20200723T142801_A026560_T32ULU_N02.14 23/July/2020
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Figure 3. Location of the comparison dataset, which is composed of forest stands, Alsatian cropland,
and cropland in BaWue.

All scenes were equally processed using R software and QGIS. The time series of three
consequent years allows to rapidly access landcover change and anthropogenic landscape
modifications on the regional scale, which were triggered by spatially extensive irrigation
activity—particularly in the Alsace.

2.3. Groundwater Height and River Rhine Water Level

Groundwater heights were plotted for the period 1 January 1995–31 July 2020 based on daily
measurements from two piezometer stations in the Alsace at Holtzwihr (Lat 48.116138; Lon
7.419136; soil surface 182.70 m a.s.l.; average groundwater value 181.44 m a.s.l. (1955–2020);
groundwater minimum value 180.72 m a.s.l. (13 July 1976)) and Hettenschlag (Lat 48.005469; Lon
7.456955; soil surface 197.51 m a.s.l.; average groundwater value 192.28 m a.s.l. (1955–2020);
groundwater minimum value 190.74 (13 July 1976) m a.s.l.; data processed from Aprona;
www.aprona.net; last accessed 2 August 2020). Only these two stations offered continuous data
during summer 2020 at the time of performing the analyses. For the German part of the study area,
six stations offered continuous data until 31 July 2020. The datasets were made available by Karin
Burk and Michel Wingering from the LUBW (Landesanstalt für Umwelt Baden-Württemberg, Ref.
42, Karlsruhe). The station at Bad Krozingen (Lat 47.926868, Lon 7.670603; 0130/070-4, GWM1455
Bad Krozingen—Schlatt 2; soil surface 209 m a.s.l., average groundwater level 200.61 m a.s.l.
(1987–2020)) served as long-term reference measurement station to evaluate recent groundwater
changes and the trends of the periods 1995–2020 and 1 January 2018–31 July 2020. Parts of the data

Figure 3. Location of the comparison dataset, which is composed of forest stands, Alsatian cropland,
and cropland in BaWue.

All scenes were equally processed using R software and QGIS. The time series of three consequent
years allows to rapidly access landcover change and anthropogenic landscape modifications on
the regional scale, which were triggered by spatially extensive irrigation activity—particularly in
the Alsace.

2.3. Groundwater Height and River Rhine Water Level

Groundwater heights were plotted for the period 1 January 1995–31 July 2020 based on daily
measurements from two piezometer stations in the Alsace at Holtzwihr (Lat 48.116138; Lon 7.419136;
soil surface 182.70 m a.s.l.; average groundwater value 181.44 m a.s.l. (1955–2020); groundwater
minimum value 180.72 m a.s.l. (13 July 1976)) and Hettenschlag (Lat 48.005469; Lon 7.456955; soil
surface 197.51 m a.s.l.; average groundwater value 192.28 m a.s.l. (1955–2020); groundwater minimum
value 190.74 (13 July 1976) m a.s.l.; data processed from Aprona; www.aprona.net; last accessed
2 August 2020). Only these two stations offered continuous data during summer 2020 at the time
of performing the analyses. For the German part of the study area, six stations offered continuous
data until 31 July 2020. The datasets were made available by Karin Burk and Michel Wingering
from the LUBW (Landesanstalt für Umwelt Baden-Württemberg, Ref. 42, Karlsruhe). The station
at Bad Krozingen (Lat 47.926868, Lon 7.670603; 0130/070-4, GWM1455 Bad Krozingen—Schlatt 2;
soil surface 209 m a.s.l., average groundwater level 200.61 m a.s.l. (1987–2020)) served as long-term
reference measurement station to evaluate recent groundwater changes and the trends of the periods
1995–2020 and 1 January 2018–31 July 2020. Parts of the data can be accessed via the LUBW

www.aprona.net
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(Landesamt für Umwelt Baden Württemberg (https://guq.lubw.baden-wuerttemberg.de/GuQWeb.
dll/p79579.html?BerichtsMonat=202007&Mst=01300704#01300704, last accessed 7 August 2020)).
The exceptional drought period from 2018–31 July 2020 was tracked in the groundwater levels
of the stations at Bremgarten (GWM138020), Bremgarten (GWM3543), Merdingen (GWM1241),
Oberrimsingen (GWM3225) and Breisach (GWM3544). The values were plotted with a locally
estimated scatterplot smoother (LOESS) using R software [95]. Smoothing parameters were set to 0.15,
0.3, and 1 to demonstrate trends in annual and decadal groundwater oscillations. Precipitation patterns
in the study area were evaluated using data from the DWD (Deutscher Wetterdienst, https://opendata.
dwd.de/, last accessed 3 August 2020), Des Clics Nomades (https://www.historique-meteo.net/,
last accessed 3 August 2020), and worldclim.org (last accessed 3 August 2020) [96]. In particular,
the dramatic drop of groundwater height is the result of long-term intensive and continuous water
withdrawal, which constantly lowered the aquifer and depleted the water storage capacities and the
hydrologic system-internal buffers. Consequently, the resilience of the system collapsed rapidly during
summer 2020.

2.4. Spatial Modelling Techniques and Quantitative Statistics

A broad variety of spectral vegetation indices have been developed over the years that
demonstrated their applicability in regional landcover observations and vegetation canopy
monitoring [21,26,97–100]. Particularly open source Sentinel-2 hyperspectral imagery have proven
to be useful tools to enable large-scale crop monitoring over long time periods and in near
real-time [97,101–103]. In combination with open-source remote sensing software (SNAP, ESA
toolbox; multispec, Purdue Research Foundation), Geographic Information Systems (QGIS, GRASS GIS),
and a statistical computing environment (R software; R is a language and environment for statistical
computing and graphics; https://www.r-project.org/about.html), a large number of digital image
processing and spatial modelling can be integrated into environmental analyses. A common method
to evaluate surface development and vegetation canopy is the calculation of vegetation indices such as
the Normalized Difference Vegetation Index (NDVI), which is a combination of the surface reflectance
band values of red and near infrared radiation (NDVI = NIR-Red/NIR+Red) [104]. High NDVI values
indicate photosynthetically active vegetation [105]. However, as pointed out by Huete (1988), there is a
potential bias by soil brightness variations and incomplete vegetation coverage [100].

For the case study, Sentinel-2 hyperspectral satellite imagery were downloaded from the
Copernicus hub (https://scihub.copernicus.eu/dhus/#/home; last accessed 02 August 2020) and
processed in a GIS (spatial and cartographic processing was performed in the stable versions of
QGIS 2.1.8/3.4.15 and GRASS 7.4.0/7.8.2), R software, and in a multispectral software (Multispec©,
Purdue Research Foundation) to change the image file format to single channel grayscale images
(.tiff). Further spectral modifications, statistical evaluation, and plotting have been performed using
R software. The images have been clipped to the spatial extent of the desired case study area. Both
parts have undergone equal calculations and statistical procedures including NDVI value extraction,
thresholding, and maximum value calculation and plotting (see Figures 4–7). The composite was then
clipped with the 2018 CLC dataset to distinguish non irrigated arable land surfaces, which extract
forest-covered areas and parts of the artificial built-up from the data (Figure 5). The maximum values
of the NDVI spatial distribution were distinguished from an unsupervised classification of the data
spectra using 25 classes from −0.25 to 1 (see Figure 4, Figure 6, and Figure 7). Peak NDVI values were
determined as 0.85–0.95 and plotted against the total agriculturally utilized areas of both parts of the
study area to compare the differences in the ratio. The NDVI time series evaluation was performed
from the NDVI value ranges spanning -1 to 1 to visualize the increase in extremely low values.

https://guq.lubw.baden-wuerttemberg.de/GuQWeb.dll/p79579.html?BerichtsMonat=202007&Mst=01300704#01300704
https://guq.lubw.baden-wuerttemberg.de/GuQWeb.dll/p79579.html?BerichtsMonat=202007&Mst=01300704#01300704
https://opendata.dwd.de/
https://opendata.dwd.de/
https://www.historique-meteo.net/
worldclim.org
https://www.r-project.org/about.html
https://scihub.copernicus.eu/dhus/#/home
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Figure 4. Vegetation-cover monitoring workflow for a Sentinel-2 hyperspectral satellite image
(sensing date 18 August 2019), 10 m spatial resolution in R (ch4), G (ch3), B (ch2), NIR (ch8). RGB
and FCC (false color composite) subsets were plotted from the original data. Reflection
characteristics of the red (ch4) and the near infrared (NIR, ch8) bands were used to generate the
Normalized Difference Vegetation Index (NDVI). NDVI values were plotted against an
unsupervised 10-class classification with 500 random iterations. Both plots visualize the strong
differences in land-use strategies, condition of the physical vegetation, and irrigation activity in the
western (France) and eastern (Germany) part of the Upper Rhine Area.

Figure 4. Vegetation-cover monitoring workflow for a Sentinel-2 hyperspectral satellite image (sensing
date 18 August 2019), 10 m spatial resolution in R (ch4), G (ch3), B (ch2), NIR (ch8). RGB and FCC
(false color composite) subsets were plotted from the original data. Reflection characteristics of the
red (ch4) and the near infrared (NIR, ch8) bands were used to generate the Normalized Difference
Vegetation Index (NDVI). NDVI values were plotted against an unsupervised 10-class classification
with 500 random iterations. Both plots visualize the strong differences in land-use strategies, condition
of the physical vegetation, and irrigation activity in the western (France) and eastern (Germany) part of
the Upper Rhine Area.
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Figure 5. Comparison dataset for July and early August 2000–2020 based on Landsat-7 and
Landsat-8 satellite imagery. Forest stands show rather homogeneous reflectance characteristics with
increasing fuzziness during the period 2018–2020. BaWue cropland behaves significantly fuzzy
compared to the Alsace, which highlights the continuous and static crop cultivation strategy in the
French part of the Upper Rhine Area. Landsat-7 and Landsat-8 show a general difference in NDVI
value characteristics.

Figure 5. Comparison dataset for July and early August 2000–2020 based on Landsat-7 and Landsat-8
satellite imagery. Forest stands show rather homogeneous reflectance characteristics with increasing
fuzziness during the period 2018–2020. BaWue cropland behaves significantly fuzzy compared to the
Alsace, which highlights the continuous and static crop cultivation strategy in the French part of the
Upper Rhine Area. Landsat-7 and Landsat-8 show a general difference in NDVI value characteristics.
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Figure 6. NDVI thresholding and peak value model of CLC non irrigated arable land surfaces, 18
August 2019. The Alsace and the German part of the URA show significant differences in NDVI
value distribution and frequency. The thresholding model of the maximum peak values (0.85–0.95)
shows the extensive abundance of physically high vegetation performance in the Alsace. The
German part shows small-scale land-use systems, less productive crop cultivation, and failure (total
size of cropland, Alsace = 351.5 km², BaWue = 188.0 km²).

Figure 6. NDVI thresholding and peak value model of CLC non irrigated arable land surfaces,
18 August 2019. The Alsace and the German part of the URA show significant differences in NDVI
value distribution and frequency. The thresholding model of the maximum peak values (0.85–0.95)
shows the extensive abundance of physically high vegetation performance in the Alsace. The German
part shows small-scale land-use systems, less productive crop cultivation, and failure (total size of
cropland, Alsace = 351.5 km2, BaWue = 188.0 km2).
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Figure 7. Distribution of NDVI values in the study area plotted from the Sentinel-2 test data (18
August 2019). The total cropland area in the Alsace (3,515,079 km²) and in Baden-Württemberg
(1,880,467 km²) is split into 25 NDVI classes ranging from −0.25–1. Both parts of the URA behave
equally in spatial differentiation until NDVI class 20/21 where the Alsace begins to show increased
spatial distribution of high NDVI values. The ratio (percent of total cropland) also increases, which
excludes a mere spatial component of the value differences between the Alsace and BaWue.

In a second step, all artificial built-up (residential and industrial areas), roads, railway tracks,
and watercourses and water surfaces were merged in a single layer and buffered with the fixed
distance buffer function in QGIS (r = 14.14). The buffer has been chosen to overcome the differences
in spatial resolution between the vector data and the 10 m resolution of the Sentinel-2 images and
represents the maximum distance from a line touching a 10 × 10 m pixel at one corner. That
minimizes NDVI value falsification by roads, paths, and rivers, which show very low value ranges
due to non-vegetation reflectance characteristics. Finally, the artificial surfaces were removed from
the NDVI data.

3. Results and Discussion

Spatio-temporal variability in crop production in the URA was monitored through time series
evaluation of different Sentinel-2 hyperspectral imagery and NDVI calculations of
photosynthetically active vegetation canopy. The calculation and the statistics allowed to
distinguish massively irrigated crop cultivation from less irrigated and non-irrigated agriculture
plant compositions in a transnational section of the URA using a 20-year comparison dataset of
Landsat-7 and Landsat-8 images and CLC data. The impact of modern global and regional climate
change and the dramatic increase in persistent summer drought periods have strongly altered the
ecological balances of the study area. Severe groundwater withdrawal for irrigation purposes of
monoculture maize plantations led to a dramatic drop of groundwater level and eventually to
governmental restrictions of water consumption in the private, agricultural, and industrial sector
during summer 2020 (Agreste—Direction régionale de l’alimentation, de l’agriculture, 2019). The
following results contribute to the discussion about ecological and political management of one of
the most intensely utilized hydrologic systems in Europe.

3.1. Crop Monitoring and Land-Use Differentiation

Vegetation-cover in the study site was monitored using a 2019 Sentinel-2 hyperspectral
satellite image (Figure 4, Sentinel Subset RGB). The image was taken on 18 August 2019 and served
as test data to determine maximum NDVI value distribution and peak threshold classifications. The
image shows significant differences in the visible spectrum, ranging from large and coherent
vegetation-covered areas in the French part of the URA to mosaic-like patterns in BaWue. The
false-color image (FCC) allows a first evaluation of vegetation differentiation into forests stands

Figure 7. Distribution of NDVI values in the study area plotted from the Sentinel-2 test data
(18 August 2019). The total cropland area in the Alsace (3,515,079 km2) and in Baden-Württemberg
(1,880,467 km2) is split into 25 NDVI classes ranging from−0.25–1. Both parts of the URA behave equally
in spatial differentiation until NDVI class 20/21 where the Alsace begins to show increased spatial
distribution of high NDVI values. The ratio (percent of total cropland) also increases, which excludes a
mere spatial component of the value differences between the Alsace and BaWue.

In a second step, all artificial built-up (residential and industrial areas), roads, railway tracks,
and watercourses and water surfaces were merged in a single layer and buffered with the fixed distance
buffer function in QGIS (r = 14.14). The buffer has been chosen to overcome the differences in spatial
resolution between the vector data and the 10 m resolution of the Sentinel-2 images and represents the
maximum distance from a line touching a 10 × 10 m pixel at one corner. That minimizes NDVI value
falsification by roads, paths, and rivers, which show very low value ranges due to non-vegetation
reflectance characteristics. Finally, the artificial surfaces were removed from the NDVI data.

3. Results and Discussion

Spatio-temporal variability in crop production in the URA was monitored through time series
evaluation of different Sentinel-2 hyperspectral imagery and NDVI calculations of photosynthetically
active vegetation canopy. The calculation and the statistics allowed to distinguish massively irrigated
crop cultivation from less irrigated and non-irrigated agriculture plant compositions in a transnational
section of the URA using a 20-year comparison dataset of Landsat-7 and Landsat-8 images and CLC
data. The impact of modern global and regional climate change and the dramatic increase in persistent
summer drought periods have strongly altered the ecological balances of the study area. Severe
groundwater withdrawal for irrigation purposes of monoculture maize plantations led to a dramatic
drop of groundwater level and eventually to governmental restrictions of water consumption in
the private, agricultural, and industrial sector during summer 2020 (Agreste—Direction régionale
de l’alimentation, de l’agriculture, 2019). The following results contribute to the discussion about
ecological and political management of one of the most intensely utilized hydrologic systems in Europe.

3.1. Crop Monitoring and Land-Use Differentiation

Vegetation-cover in the study site was monitored using a 2019 Sentinel-2 hyperspectral satellite
image (Figure 4, Sentinel Subset RGB). The image was taken on 18 August 2019 and served as test data
to determine maximum NDVI value distribution and peak threshold classifications. The image shows
significant differences in the visible spectrum, ranging from large and coherent vegetation-covered
areas in the French part of the URA to mosaic-like patterns in BaWue. The false-color image (FCC)
allows a first evaluation of vegetation differentiation into forests stands (dark red) and agriculturally
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utilized areas (light red). From the spectral channel modifications of the near infrared and the
red channel, the NDVI was calculated and the values of the study area were plotted. From the
plots, an unsupervised classification of the NDVI values allows distinguishing classes from −1 to
+1. The classification (Figure 4, unsupervised classification) demonstrates the difference in land-use
strategies in both parts of the URA. It becomes visible that the Alsatian part holds large coherent
vegetation zones, and the German part is rather characterized by fragmented cropland patches.
The forested areas in the Alsace, which appear bright green in the image, are influenced by waterlogged
soil conditions and frequent flooding events in the so-called Ried, an extensive wetland that is mostly
fed by upwelling groundwater and a locally high aquifer [24]. These areas, however, are not affected
by irrigated crop production and were deselected from the data sample. The data was merged and
clipped with the CLC raster layer, which indicated non irrigated arable land (CLC 2018) (Figure 6,
NDVI values Alsace and BaWue). From the clipped and classified data, the distribution of the NDVI
values for both parts of the study area were plotted for the maximum threshold value of 0.85–0.95
(Figure 6, middle). The maximum peak NDVI value shows strong differences in land-use strategies in
both parts of the study area. The French part shows extensive distribution of the maximum values,
which indicates large and coherent irrigated cropland patches at high spatial resolution. The plot
further reveals that there is a high frequency of maximum NDVI values in comparison to a nearly
imperceptible number of low NDVI values. The German part is more heterogeneous with a peak at the
maximum NDVI value of 0.85–0.95 and a smaller secondary peak at −0.1–0. The spatial distribution,
however, is much smoother than in the French counterpart.

The spatially plotted NDVI maximum value thresholds (Figure 6, bottom) visualize the differences
in irrigated and non-irrigated cropland patches in the URA. To test the spatial dependence of the
crop-patch sizes and the NDVI distribution, the NDVI classification was split into 25 classes and
the respective areas of the NDVI values were measured and plotted against the values and the total
cropland ratio. Both parts of the URA behave equally in spatial differentiation until NDVI class 20/21,
at which the Alsace begins to show increased spatial distribution of high NDVI values. The ratio
(percent of total cropland) also increases, which excludes a mere spatial component of the value
differences between the Alsace and BaWue (Figure 7).

During August 2019, no signal of harvest activity or changing physical vegetation condition in
the French part of the study area could have been detected. The NDVI values remain at maximum
peaks with high frequency. The German part shows considerable differences with generally lower
frequency of maximum values (due to the lower ratio of arable land) but also more homogeneous
value distribution throughout July and August 2019. In late August, however, the values show
significant decrease of minimum value dispersal, probably due to more humid conditions and plant
physiological recovery. The constant maximum value distribution in the Alsace can most likely be
linked to continuous crop irrigation during July 2019 and consequently a high drought persistence
and resilience. The German part would thus suffer from increased air temperature during summer
2019 with lower potential drought resilience and constantly increasing vulnerability to groundwater
scarcity before precipitation onset during late July. The recovery trend at the end of August 2019
cannot be observed in the Alsatian plant communities, which would further strengthen the argument
of continuous irrigation. NDVI value comparison for 19 July 2019 and 29 July 2019 were not possible
due to extensive cloud coverage in the section of the case study.

3.2. Temporal NDVI Series

Both parts of the study area were evaluated for vegetation canopy changes during July 2018,
2019, and 2020. To evaluate the dataset in its temporal depth, a 20-year time series of Landsat-7 and
Landsat-8 NDVI values from July and early August serves as comparison dataset. The long-term
medium resolution series (30 m in the visible and infrared range) covers forest stands to cross-check the
natural feedbacks of the vegetation to the increased temperature and precipitation anomalies during
2018–2020. Particularly the Landsat-8 comparison data shows rather homogeneous value ranges
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during July and August with annual variation. However, after 2018, the values start to show increased
variation and fuzziness (Figure 5). The cropland comparison data for BaWue remains heterogeneous
over the entire period from 2000 to 2020, which points towards a large variation in crop production,
harvest activity, irrigation strategies, and response to climate variability. The Alsatian part shows
more homogeneous NDVI values ranges—despite a few outliers. A small trend towards increased
fuzziness after 2018 is also visible in the comparison dataset. There is a general difference in Landsat-7
and Landsat-8 reflectance and the NDVI values, which is rooted in the different wavelengths of the
channels on boards the two missions and the narrower bands of Landsat-8 [106,107]. The fragmented
Landsat-7 data is caused by data gaps after 2003 but does not affect the trend of the comparison data.

In particular, the Alsatian part of the URA did not show any significant changes in the plant’s
physical behavior during summer 2018 and 2019, which suggests strong irrigation activity. The constant
freshwater withdrawal, however, led to a dramatic drop of groundwater level, which accumulated
during the past three exceptionally warm dry years [2,32,108,109]. Consequently, the French
administrative decree from July 2020 regulated the water outtake in the URA to prevent further
lowering of the aquifer and the small-scale rivulets from drying out. The NDVI time series from
2018–2020 reveals significant changes in cropland productivity and physical plant vigor (Figure 8).
In July 2018, both parts of the study area show almost only positive NDVI values, however their spatial
distribution differ significantly from each other with very high frequency of maximum peak values in
the Alsace and more continuous values ranges in BaWue. In 2019, the maximum peak distribution
of the previous year could not be reached in the Alsace, although the values remained constantly
very high compared to the ranges of the German part of the study area. In Baden-Württemberg,
the earliest data of silage maize harvest is dated to after 19 August 2019 [110]. Consequently, data bias
by maize harvest can be ruled out. Locally, the cropland showed severe impact from water scarcity
and persistent heat waves during summer 2019, which triggered a slight increase in negative NDVI
values. However, the persistently irrigated parts of the agriculturally utilized areas show no significant
changes in physical plant conditions. This changed totally in July 2020, when in particular the German
part of the URA showed dramatical effects of groundwater lowering amplified by drought periods that
occurred during spring 2020 and in summer 2018 and 2019 [109]. High maximum peak values dropped
significantly and the number of low and medium NDVI values increased accordingly. A noticeable
number of negative values occurred in the Alsace and the secondary peak of low value ranges in BaWue
shifted from +0.1 to −0.1 and finally −0.4 in 2020. In the Alsace, the frequency of maximum peak values
decreased over 50% and the number of degraded agricultural areas increased. This can be due to an
early onset of harvest on non-maize crop plantations or due to the massive groundwater outtake of the
URA aquifer during the previous years. On the 5 August 2020, however, maize harvest has not yet
started, which suggests that the increase in extremely low NDVI values most likely can be traced back
to cereal harvest activity or crop failure and fallow. The drop of extreme values, however, cannot be
explained by shifted crop species strategies and a decrease of maize cultivation in the Alsace but
rather by the extensive decrease of groundwater availability, heat stress, increased evapotranspiration,
and the very low precipitation values during July 2020 [94]. The governmental decree, which came into
effect on 23 July 2020, (theoretically) reduced the water outtake by 30%, which could have strengthened
the plant’s physical pressure.
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Figure 8. NDVI times series from 19 July 2018, 9 July 2019, and 23 July 2020 showing strong regional
differences in plant species physical conditions. In the image from the 19 July 2018, cloud coverage
deriving from emitted water vapor of the nuclear power plant at Fessenheim (Alsace) has been
removed. All artificial built-up, roads, railway tracks, water courses, and water surfaces were
buffered and removed from the data to minimize NDVI value falsification.

Figure 8. NDVI times series from 19 July 2018, 9 July 2019, and 23 July 2020 showing strong regional
differences in plant species physical conditions. In the image from the 19 July 2018, cloud coverage
deriving from emitted water vapor of the nuclear power plant at Fessenheim (Alsace) has been removed.
All artificial built-up, roads, railway tracks, water courses, and water surfaces were buffered and
removed from the data to minimize NDVI value falsification.

3.3. Time Series Groundwater Level

To cross-check the relationship between freshwater consumption, irrigation, and plant growth
behavior, the groundwater height was modelled based on daily groundwater table measurements in
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the Alsace (Figure 9). Over the period January 1995 to July 2020, the water table shows significant
differences in the annual cycle with sharp drops during summer and recovery during winter and spring
when the Alpine aquifer shows increased runoff triggered by early snowmelt and high precipitation
values [85,111,112]. On the short-term temporal scale, however, a significant recovery of the URA
aquifer in 2019 cannot be observed. Both stations clearly show persistent low groundwater levels in late
2018 and the first half of 2019 followed by a strong decline during summer 2019. The aquifer recovered
slightly from the end of July onwards until the end of the year when it drops again during January 2020.
The following backfill, however, did not reach the average maximum values. In addition, in spring 2020
(April and May 2020), persistent warm and extremely dry conditions prevailed [94], which dramatically
lowered the groundwater table. Consequently, the remaining buffers emptied rapidly in the course of
extensive irrigation over spring and early summer growing period and the current flowering phase
of maize (6 August 2020, personal comment from Anette Hartmann (STL, Baden-Württemberg)).
Despite rather abundant precipitation in June 2020, the massive water withdrawal and the strongly
decreased reservoir buffers led to a rapid and sharp decline of the URA aquifer at the end of July 2020
(Figures 9 and 10).
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Figure 9. Groundwater fluctuations in the Upper Rhine Area modeled for two piezometer stations
in the Alsace (Holtzwihr, Hettenschlag) over the measurement series 1 January 1995–31 July 2020.
The daily measurements (grey line) were smoothed using R software and a local regression

Figure 9. Groundwater fluctuations in the Upper Rhine Area modeled for two piezometer stations
in the Alsace (Holtzwihr, Hettenschlag) over the measurement series 1 January 1995–31 July 2020.
The daily measurements (grey line) were smoothed using R software and a local regression scatterplot
smoothing algorithm (LOESS) with the parameters 0.15 (blue line), 1 (dashed red line), and 0.3 (green
line). The period 1 January 2018–31 July 2020 is displayed in detail to visualize the current trend in
groundwater level decrease during the subsequent drought years 2018, 2019, and 2020 in the study
area. Mean values for both stations indicate the general trend in groundwater lowering in the URA
(red line is the mean value; the dashed red line is the long-term trend). The map shows the distribution
of the measurement stations in the case study area. Colmar has the lowest precipitation record in the
URA (550 mm/a).
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scatterplot smoothing algorithm (LOESS) with the parameters 0.15 (blue line), 1 (dashed red line),
and 0.3 (green line). The period 1 January 2018–31 July 2020 is displayed in detail to visualize the
current trend in groundwater level decrease during the subsequent drought years 2018, 2019, and
2020 in the study area. Mean values for both stations indicate the general trend in groundwater
lowering in the URA (red line is the mean value; the dashed red line is the long-term trend). The
map shows the distribution of the measurement stations in the case study area. Colmar has the
lowest precipitation record in the URA (550 mm/a).

Figure 10. Groundwater level changes at six stations in Baden-Württemberg. Weekly groundwater
data was plotted from 1 January 1995–31 July 2020 and for the period 1 January 2018–31 July 2020.
The data was smoothed using a local regression smoothing operation with parameters 0.15, 0.3, and 1.
All groundwater stations in Baden-Württemberg show severely declining values during July 2020 (data
processed from LUBW 2020, last accessed 4 August 2020; additional data provided by Karin Burk and
Michel Wingering (LUBW, Ref. 42, Karlsruhe).
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The Alsatian signal is also confirmed by the measurement stations in Baden-Württemberg.
Groundwater levels and discharges volumes at the end of July 2020 were significantly below average.
The groundwater supply has declined due to below-average precipitation (30% of the long-term
average) and high evaporation during July [94]. Soil moisture content decreased accordingly. Due to
the current groundwater hydrological and meteorological boundary conditions, the groundwater
recharge process is likely to be suspended until autumn, even under wet conditions and continuous
precipitation [113]. According to the current status report of the LUBW, 90% of the measurement
stations show declining groundwater levels and severe values in the URA. Spring discharge values also
declined significantly compared to 2019, which underlined the tendency towards empty groundwater
reservoirs in the entire Baden-Württemberg and the URA. Groundwater regeneration during fall 2020
cannot be expected [113]. Figure 10 demonstrates the trend of groundwater development during
summer 2020. The stations at Bad Krozingen, Merdingen, Bremgarten, Oberrimsingen and Breisach
show continuously low values throughout the period July 2018 to 2020. The long-term mean has been
reached only locally for a short period since spring and early summer 2018. In particular, the station
at Bad Krozingen demonstrates the severe drop in groundwater level since July 2018. Compared
to the mean average, the groundwater level reached its minimum at the 31 July 2020 with over one
meter below average (Figures 9 and 10). However, not only the station at Bad Krozingen has declined
sharply, but all stations also show significant decline in groundwater height during late July 2020
(Figure 10). It is particularly noteworthy that despite the more humid conditions during June 2020 [94],
the groundwater levels were constantly declining, which resulted in empty reservoirs by early July.
Amplified by the very low precipitation amounts during July 2020 and the massive groundwater
withdrawal for irrigation purposes, the aquifer of the URA dropped dramatically to extremely low
levels at the beginning of August 2020.

The URA aquifer depends to a large part on the runoff dynamics of the alpine aquifer, the snow-melt
regime during spring and early summer, and the precipitation patterns in the alpine catchment
area [111,112]. According to Pfister et al. (2006), the fluvial regime at Basel can be divided into
an upstream part, which is controlled by the snow-melt rate and a downstream pluvial regime,
which is mostly dominated by winter maximum precipitation patterns and the discharge of the various
tributaries. In the course of climate change, however, these parameters are constantly shifted towards
an earlier onset of runoff maximum from the high alpine catchments due to depleting glaciers [114].
Compared to a significant shift in onset of the phenological phases [115], this can have dramatic impact
on the water balance of the river Rhine aquifer. A phenological shift in crop cultivation, as reported
from flowering phase, tillage, and time of harvest of maize in the German part of the URA [110],
would thus trigger an intensification of freshwater withdrawal during low runoff and discharge
periods, which would further amplify the disbenefits of low precipitation means, monoculture crop
cultivation, and extensive irrigation. In addition, the early onset of the flowering phases in April and
May increases the vulnerability to frost damage—particularly in the elevated forest-covered mountain
ranges, where temperature drops caused massive dying of beech trees in spring 2020 (see Figure 2D).

3.4. Open Source Data Potential and Limitations

Surface monitoring from open source data and particularly Sentinel-2 imagery allows for a
rapid near real-time and low-cost access to evaluate climate change response on the local to the
supraregional scale and on high temporal frequencies. In this context, the comparison of the Sentinel-2
data with data derived from the lower resolution Landsat-7 and Landsat-8 mission enables creating
long time series to evaluate vegetation change in response to climate extremes, natural ecological
variability, or anthropogenic overprints [99,106,116,117]. Particularly the Landsat-8 and Sentinel-2
spectral bands symmetry and radiometric resolution allows an integrative use of high to moderate
resolution imagery [118,119]. However, differences in the surface reflectance in the NIR band has an
influence on the comparison potential—especially in heterogeneous vegetation classes [119]. Because
vegetation canopy monitoring over small temporal periods needs to be compared to long-term time
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series (>10 years), the differences in the return periods of the satellites and the resolution of the images
can be considered a key limitation of multi-annual Landsat-8 and Sentinel-2 datasets [118]. The time
series of this research, which has been created from Landsat-7 and Landsat-8 imagery in the study area
has further demonstrated the discrepancies of the surface reflectance and the respective bands of the
two sensors. However, despite these differences and the additional inaccuracies of the post 2003 data
gaps caused by the Landsat-7 SLC failure, long-term time series of up to 20 years can be generated
using point-based data extraction of each year and over specific surface coverage and land-use. In this
context, the major limitation stems from the availability of cloud-free images from a particular month or
season over a significantly long time period [120]. Eventually, the direct feedbacks between vegetation
canopy changes, irrigation strategies, and climate extremes cannot be considered linear, which makes
it particularly difficult to correlate physical plant behavior with periods of recurring drought events
and declining groundwater tables—although recent results demonstrated that NDVI can serve as a
potential predictor in groundwater recharge models [121].

4. Conclusions

Vegetation index (NDVI) analyses of three consequent years in the URA demonstrate a significant
impact of irrigation activity on the hydrological system and in particular highlight the link between
massive groundwater withdrawal and groundwater level development under climate and LUCC.
Significant regional warming and a decrease of summer precipitation during the past years caused
severe dropping of the groundwater table in the study area in late July 2020. This trend is amplified
by a shift in the phenological phases, increased freshwater consumption and irrigation purposes,
and the spread of monoculture crop production like intensely irrigated maize cultivation. However,
the cross-border dataset also highlights clear differences in irrigation strategies in the French and the
German parts of the study area. NDVI threshold analysis of peak maximum values from July 2018,
2019, and 2020 illustrate not only strong discrepancies in field sizes, but also in irrigation intensity
during cloud-free conditions and increased summer maximum temperatures. The Alsace shows
broad coherent and strongly irrigated field systems, which testify constant maximum vegetation
vigor during July 2018 and 2019. The German part demonstrates more homogeneous distribution
of NDVI values and a mosaic-like small-scale patterned field system. However, maize cultivation
and persistent irrigation of special crops can also be observed in Baden-Württemberg. In July 2020,
when the governmental authority of the region Grand Est released a decree that aimed at regulating
groundwater withdrawal as a consequence of a dramatic drop of the water table, the NDVI maximum
values of both parts of the study area decreased up to over 50%. A combination of a general trend in
groundwater lowering, a shift in the onset of the phenological phases towards earlier flowering and
tillage, low precipitation means during summer in the course of climate change, and an increase in
freshwater consumption from the URA hydrologic system cause a massive degradation of the regional
ecosystem. Future LUCC and climate change in the river Rhine catchment area and the Upper Rhine
floodplain are capable to amplify the negative ecosystem response cycle and lead to a further decrease
of ecological resilience—with unpredictable consequences for the local and the regional hydrologic
functionalities and the ecosystem composition in the lower Rhine basin. Syndrome-like hot droughts
in the near future can eventually lead to ecological destruction. Future governmental regulations
and political and socio-ecological decision-making need to be encouraged to address alternatives in
land-use strategies and freshwater consumption to maintain the regional hydrologic connectivity.
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