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Abstract

Background This study explores morphologic changes in the Ahr River, Germany, caused by the high-energy flood
in mid-July 2021. This study aims to assess the flood’s significance as a morphological driver using the Lateral Mobil-
ity Index (LMI), as well as the impact of infrastructure on morphodynamics in terms of the formation of mud deposits
and stagnant water pools, considering three focus areas of about 1 to 5 km river length. The three focus areas cover
differences in the valley morphology as well as near natural and anthropogenically affected sections.

Results The LMl is derived from orthophotos from 1998 to 2022, and based on the surface area of the old

and the new channel. It describes the sum of new and abandoned channel area in relation to the previous channel
area. For the 2021 high-energy event, an increased LMI suggests an increasing change in river course and morphol-
ogy. Post-flood, the LMl in focus areas 1 (furthest upstream, LMI of 1.5) and 3 (at the Rhine confluence, LMl of 3.2)
surpasses the historic LMI by a factor of about 3. Focus area 3 exhibits the highest activity, while focus area 2 (LMI
between 0.25 and 0.70) the lowest. The area of mud deposits and stagnant water pools increased immediately

after the flood, especially in focus area 3. Over the following months, initial post-flood mud deposits not only washed
away but also rebuilt to some degree later on.

Conclusions The LMl enabled to quantitatively identify a rare and significant morphological disruption in the Ahr
River's lateral development in three focus areas, and thus, serves as additional proof that the flood of mid-July
2021 was a high-energy event impacting the local river geomorphology. Infrastructure impacted the formation

of mud deposits and stagnant water zones during and after the flood, with additional influence from factors such
as driftwood and valley width. The data suggested a phase of resuspension of sediments after the flood, likely due
to cleanup and ad hoc river management, highlighting the need for continued river monitoring.
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Background

High-energy flood events are short-term events and part
of the natural evolution of a river. Differences between
long-term, slow morphological changes, and rapid large-
scale changes in river systems from high-energy events
are first explained by Wolman and Miller [1]. They stated
that annual to bi-annual flood events shape the general
morphology of especially alluvial rivers [1]. However,
during high-energy events, even less erodible sediments
are mobilized [1], leading to shoal formation and lateral
channel shifts [2-6]. The challenge is to determine if
fluvial morphologic changes accelerate significant geo-
morphodynamics on a temporal and spatial scale that
may represent a possible issue for anthropogenically
developed water bodies [1, 7]. This means, for example,
a lasting change in the future development of the riv-
erbed. Examples of problematic developments when
suddenly and unexpectedly changed can be lasting col-
mation, riverbed degradation, floodplain decoupling, or
re-activation.

In mid-July 2021, a high-energy flood event occurred
in the low mountains of western Germany [8—12]. In the
Eifel mountains, rainfall summed up to 150 mm in 72 h
[13-15], exceeding the long-time average total of July by
a factor of up to 2 [13]. It is estimated that the rainfall
event has a return period of one in 400 years [16]. In Ger-
many, the Ahr Valley in Rhineland-Palatinate (RLP) was
most severely affected [10, 17].

Large sediment displacements occurred along the
Ahr River [18-22]. Urban areas experienced extensive
destruction and mud pollution, with effects still visible
two years later [20, 23-27]. Erosion and sediment accu-
mulation were observed near infrastructure elements,
such as retaining walls, roads, and bridges [18]. Site vis-
its showed bridges to be one of the most affected infra-
structure systems [20, 23, 27]. Particularly upstream of
bridges, significant erosion occurred [18, 28]. However,
local embankment stabilization also impacted sediment
dynamics due to local control of the discharge direction,
mostly leading to enhanced erosion [18]. Large volumes
of driftwood and debris flow interacted with local infra-
structure elements and caused severe flow alterations
[22, 23, 25, 26, 29]. Overall, sediment relocation pro-
cesses were so severe that they laterally shifted the river
course in some locations [18, 25].

High-energy flood events have led to bank erosion and
lateral shifts of river courses [7, 30, 31] as well as sedi-
ment deposition in rivers [7, 32]. Infrastructure systems,
such as bridges and fixed embankments, affect morpho-
logic development during flood events [33]. However,
direct causal relationships of certain infrastructure ele-
ments with specific processes of erosion and sedimenta-
tion have remained questionable [33], as they could not
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be observed, with the exception of upstream erosion at
bridges [18].

Heavy rainfall events and resulting riverine flooding are
expected to occur more often with climate change [16,
34]. These events also tend to bring excess mud deposits
to the riverbed [32, 34], potentially containing pollutants
[35-37] and leading to riverbed clogging [38]. Further-
more, excess mud deposition and erosion hotspots can
lead to stagnant water pools on floodplains which poten-
tially require the attention of watercourse maintenance.
Colmation due to excess mud deposition can endanger
spawning habitats and habitats in the soil sediments.
Stagnant water pools are problematic for anthropogenic
usage of floodplain properties.

Post-flood water resources management typically
requires information on the lateral river development to
assess the severity of the flood. However, various condi-
tions, including geomorphological, hydrological, biologi-
cal, and biogeochemical factors, influence water body
development [2, 39-42]. Thus, different river sections
need to be assessed to account for different environmen-
tal conditions. Additional research on the formation and
evolution of mud deposits and stagnant water pools is
needed to support water resources management in the
future.

The aim of this study is to assess if the extreme flood
of mid-July 2021 in the Ahr Valley was a significant mor-
phological driver, and if so, in which way. This is evalu-
ated based on the following two research questions:

I. Does the LMI reveal relevant information about
lateral development of river sections on the order
of 1 to 5 river kilometers (rkm) in length?

II. How do infrastructure systems impact the forma-
tion of mud deposits and stagnant water pools
within river sections (with section lengths of 1 to
5 rkm) after a high-energy flood and which other
parameters play into account?

Methods

Study area

The Ahr River is an 85-km-long river in the Eifel low
mountains in western Germany. Its catchment area has
a size of 898 km? (Fig. 1). The Ahr riverbed is predomi-
nantly composed of siliceous fine to coarse sediments
[43]. The upper reaches in particular are character-
ized by river gravel. In the middle course, there is shale
in the riverbed. Downstream, fine material accumulates
between the river gravel. The Ahr River’s eight main
tributaries are the Ahbach, Trierbach, and Armuthsbach
in the upper catchment, and the Adenauer Bach, Liers-
bach, Kesselinger Bach, Sahrbach, and Vischelbach in the
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Fig. 1 a Location of the Ahr River's catchment area in Germany. b Overview of the Ahr River’s catchment and location of the three focus areas. 1:

a relatively straight river section in the town of Briick including a historic bridge. 2: mountainous region near the town Altenahr and the “Langfigtal”
natural preservation area. 3: confluence to the Rhine River. Data sources: country borders: [45], county border: [46], towns: [47], rivers: [48], flooded
area: [49], catchment: [50], buildings: [51], Digital Elevation Model with a resolution of 1 m (DEM1) (NRW): [52], DEM1 (RLP): [53]. Coordinates

in ETRS89 / UTM zone 32N

central catchment. Only smaller tributaries contribute to
the lower catchment area. Forests represent 56% of the
catchment area, followed by agricultural land use and
pastures (36%) [44]. Urban development makes up 6.5%
of the catchment area, mostly located in floodplain areas
[44].

Morphologic changes in the context of the July 2021
flood are evaluated in three focus areas with different
natural and anthropogenic constraints (Fig. 1). Focus
areas were selected due to observed morphologic differ-
ences during field trips in the middle of August 2021, the
end of March 2022, and the end of October 2022. Differ-
ent valley morphologies and anthropogenic impacts are
covered, as described in the following.

Focus area 1 is situated the furthest upstream, is a
relatively straight section, and represents the shortest

section (Table 1). The valley width ranges between 100
and 250 m. The corresponding river width is 10 m to
12 m. Focus area 1 is characterized by a historic bridge in
the middle of the sections (50° 29" 11.7” N, 6° 58" 17.6”
E). Two river bed glides are located in the middle of the
focus area. Floodplains are scarcely but continuously
populated. The riverbed gradient (4.57 %o) is steeper than
in the other two focus areas, whereas the riverbed gradi-
ents in focus area 3 and focus area 2 are similar (3.21 %o
and 3.34 %o) (Table 1).

Focus area 2 includes the natural reserve “Langfigtal”
(50° 30" 37.5” N, 6° 59" 50.0” E), which is a meander-
ing section confined by steep hillslopes. The mean areal
slope is 9.8° being the highest of all three focus areas (cf.
Table 1). Focus area 2 includes the town of Altenahr, a
relatively densely populated urban area with a population
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Table 1 Site characteristics of the three focus areas based on the digital orthophoto (DOP) of 2019 [54] and the DEM1 of 2018/19 [53]

Focus area Mean hillslope in 2021 2019 River section 2019 River section 2019 Riverbed River width by
flooded area [°] length [km] area [m?] gradient [%o] valley width
[m/m]
1 57 0.727 7717 4.57 0.05-0.11
2 9.8 5.094 72,318 3.34 0.05-0.38
3 28 2692 31,853 3.21 <0015

The mean daily discharge when the DOP 2019 was taken (cf. Table 2) corresponds to an average low discharge [55, 56]

of 101 residents per km? (1492 in total). Altenahr’s main
road is routed through a mountain tunnel, which short-
cuts the meander bend in the Langfigtal. During the
flood in mid-July 2021, a large part of the peak flood
waters discharged through this tunnel leading to severe
upstream erosion at the tunnel entrance and deep ero-
sion at the downstream exit [18]. The valley width ranges
from 270 m in the populated area to 50 m in sections
confined by steep valley side slopes resulting from steeply
dipping rocks. The river width ranges between 15 and
20 m in this area. In focus area 2, twelve bridges offered
river crossings in 2019. In addition, there were 10 grade
controls, e.g., shallow weirs.

The closest gauging station to focus areas 1 and 2 is
situated in Altenahr (Fig. 1), which was constructed in
1991, and renewed after the flood [55]. Pre-flood values
for average discharges are 10.2 m?®/s (winter), 3.5 m3/s
(summer), and 6.9 m%/s (total) [55].

Focus area 3 extends from a railway and a highway
bridge at the beginning of the town of Sinzig (50° 33’

08.2” N, 7° 15" 14.8” E) to a pedestrian bridge close to
the Rhine confluence of the Ahr River (50° 33" 32.4” N,
7° 16’ 35.1” E). Bridges appear in all evaluated maps
and digital orthophotos (DOPs) ensuring comparability
of the river section over time (cf. Table 2). Focus area 3
features mostly low natural riverbanks, besides next to
the wastewater treatment plant. River-crossing struc-
tures are limited to the bridges mentioned earlier. As
it is the confluence area, the valley width of this focus
area is large with~1.5 km at its narrowest location
before it transitions into lowlands. The corresponding
width of the Ahr River is about 20 m. The hillslope is on
average 2.8°, being lower than in focus areas 1 and 2 (cf.
Table 1).

The closest gauging station to focus area 3 is located
near Sinzig, constructed in 1964, and average discharges
are 9.0 m%/s (winter), 3.3 m®/s (summer), and 6.2 m3/s
(total) [56]. Values are lower than at the gauging station
Altenahr, and those discrepancies are known by authori-
ties, but can only be explained by inaccuracies.

Table 2 Overview of the map database and available river gauges in the focus areas

Date Resolution Discharge data (mean daily value) Map source
Historic hand-sketched maps

1803-1820, Kartenaufnahme der Rheinlande durch Tranchot  1.28 m No information [71]
und von Miiffling

1843-1878, Preulsische Kartenaufnahme, Uraufnahme 227 m No information [72]
Digital orthophotos

13.05.1998 04m River gauges Altenahr (2 m*/s) and Sinzig (2 m%/s) [54]
13.05.2001 04m River gauges Altenahr (4 3/s) and Sinzig (4 m3/s) [54]
06.09.2004 04m River gauges Altenahr (2 m3/s) and Sinzig (3 m%/s) [54]
28.04.2007 04m River gauges Altenahr (1 m3/s) and Sinzig (1 m*/s) [54]
24.08.2009 04m River gauges Altenahr (1 m3/s) and Sinzig (1 m?/s) [54]
25.05.2011 04m River gauges Altenahr (1 m3/s) and Sinzig (1 m%/s) [54]
09.07.2013 04m River gauges Altenahr (2 3/s) and Sinzig (4 m3/s) [54]
07.06.2015 04m River gauges Altenahr (2 m3/s) and Sinzig (7 m%/s) [54]
27.05.2017 04m River gauges Altenahr (1 3/s) and Sinzig (1 m3/s) [54]
27.06.2019 04m River gauges Altenahr (1 m3/s) and Sinzig (1 m?/s) [54]
24.07.2021 0.1m River gauges Altenahr (8 m*/s) and Sinzig (10 m?/s) [63]
03.09.2021 04m No information [67]
14.06.2022 0.1m No information [63]
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Digitalization of river sections and resolution

Table 2 lists the data sources used in this study. Digital
orthophotos (DOP) with a resolution of 0.4 m and 0.1 m
were evaluated for recent times (1998-2022). Historic
hand-sketched maps provided a comparison to the nine-
teenth century when the area of interest was about ten
times less densely populated than today [44].

Within the three focus areas, the objects listed in
Table 3 were digitalized based on digital orthophotos
and historic maps using QGIS. To determine the Lat-
eral Mobility Index (LMI) [57], the riverbanks within the
focus areas were digitalized as a polygon from the two
historic maps and the 13 DOPs. Riverbanks from 1803
to 1820 were obtained from “Kartenaufnahme der Rhein-
lande durch Tranchot und von Miiffling” and from 1843
to 1878 obtained from “PreufSische Kartenaufnahme,
Uraufnahme’. The “Kartenaufnahme der Rheinlande
durch Tranchot und von Miiffling” was made by the
orders of Napoleon for military purposes in scales
between 1:10,000 and 1:20,000 [58]. The “PreufSische
Kartenaufnahme, Uraufnahme” in a scale of 1:25,000
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Lateral Mobility Index

The lateral mobility of riverbanks was quantified by Rich-
ard et al. [57] introducing the Lateral Mobility Index
(LMI). The LMI is usually plotted over the timespan
of two evaluated time slices, but it is unable to provide
information on the development in between those snap-
shots. Although it was developed to determine river
course changes after damming [57, 61], the LMI has
proven to be a promising indicator for river course devel-
opment in general [61, 62]. The Lateral Mobility Index
(LMI), after Richard et al. [57], assesses the lateral mobil-
ity of the river channel between two-time slices and is
expressed as shown in EQ-1. Based on the surface area
of the old and the new channel, the abandoned and new
river area is determined (Fig. 2). Figure 2A shows the old
and the new channel areas. In the shown example, the
new channel area is larger than the old one. Only small
areas of the old channel are not covered by the new chan-
nel area. Thus, the abandoned channel area (Fig. 2C) is
smaller than the new channel area (Fig. 2B):

Abandoned channel area + New channel area

LMIRivercourse,new»old =

Old channel area (1)

was made after the political reorganization of Europe by
the Congress of Vienna (1814 to 1815) to create the first
uniform map series for the territory of the Kingdom of
Prussia [59]. The historic maps were locally corrected by
aligning locations of historic bridges and the location of
a castle. Since the rivers were digitalized as polygons, the
river surface area can be computed in GIS.

Infrastructure elements (e.g., bridges, bridge piers,
and riverbank retaining walls), driftwood, as well as mud
deposits and stagnant water pools were mapped with
respect to the flood event using the DPOs from 2019,
July 2021, September 2021, and June 2022. 2019 imagery
served as pre-event baseline. Debris jams on infrastruc-
ture elements at the Ahr River, mostly consisting of drift-
wood [18, 26, 60], were also mapped. Additionally, sand
and gravel shoals were digitalized to assess narrowing
of the riverbed by those features after the flood event.
We summed up the areas of sand and gravel shoals per
focus area and divided the sum by the river surface area
to obtain the specific area. Lastly, artificial deposits, such
as rip-rap (artificial cobble deposits to stabilize the river-
bed) in the riverbed were digitalized as polygons based on
the DOPs from 2019, July 2021, September 2021, and June
2022 (Table 3). The surface area of the visible artificial
deposits and rip-rap in the riverbed were summed up for
each year and focus region.

The smallest possible LMI is 0, indicating no changes.
Channel narrowing or moderate channel widening leads
to values between>0 and 1. A significant dislocation is
indicated by values > 1.

Overlap analysis

The aim of the overlap analysis is to see how many areas
of mud deposits and areas of stagnant water pools are
possibly resulting from the presence of bridges and
bridge piers, other man-made structures, or driftwood
deposits. We define a radius around the object as its
impact zone, since, for example, a mud deposit caused
by flow alterations by a bridge pier does not necessarily
touch the pier. If mud deposits or areas of stagnant water
pools are located within an impact zone, a relationship
between structure and mud deposit or ponding water
is assumed and discussed (Fig. 3). Impact zones were
defined at bridges and bridge piers, other man-made
structures, like riverbank retaining walls, and trees as
a radius of 5 m, which is % of the minimum river width
within all three focus areas. This way impact zones of
objects on one riverside do not overlap with others
located on the other river side. Then, areas of mud depos-
its and areas of stagnant water pools that spatially overlap
with the impact zones were mapped. If a mud deposits
or stagnant water pools falls within the impact zones of a
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Table 3 Overview of object digitalization of the map data basis
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Analysis Object

Criterion

Applied to...(cf. Table 2)

Riverbanks/ surface area
of river section as polygons

Lateral Mobility Index (LMI)
(cf. Fig. 4)

Impacts

Bridges and bridge piers

Other man-made structures

Trees

Mud deposits

Stagnant water pools

61 O T 6811

37084

Shoals

SIHA635

Artificial deposits and rip-rap

Visible embankment, vegetated and dry,

or confining rock or artificial structure. If
embankment is not visible due to tree cano-
pies, the riverbank position was estimated

Outlines of bridges crossing the river or out-
lines of piers at the location of former bridges
within the riverbed or on the embankment

Outlines of buildings, streets, concrete struc-
tures, walls, paved areas within flooded area
of July 2021

Outlines of uprooted roots and branches.
Overlapping trees are digitalized as cluster

Discoloration in the riverbed showing mud
accumulation. Distinguished from shoals
by their color

Water-filled pits with a clear separation

from the main channel by a small stripe

of land or debris accumulation. Water-filled
pits on the floodplain within the flooded area
of July 2021

Accumulations of sand and gravel. Areas are
distinguished from islands and riverbanks
by the lack of vegetation

Rock deposits for riverbank stabilization,
or floodplain extension by deposits in the riv-
erbed

Historic hand-sketched maps
and all DOP

DOPs 2019, Jul 2021, Sept 2021,
and Jun 2022

DOPs 2019, Jul 2021, Sept 2021,
and Jun 2022

DOPs 2019, Jul 2021, Sept 2021,
and Jun 2022

DOPs 2019, Jul 2021, Sept 2021
and Jun 2022

DOPs 2019, Jul 2021, Sept 2021,
and Jun 2022

DOPs 2019, Jul 2021, Sept 2021,
and Jun 2022

DOPs 2019, Jul 2021, Sept 2021,
and Jun 2022

Objects were digitalized according to the described criteria. DEM: [53], DOP: [63]
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Fig. 3 Example of the overlap analysis located in focus area 2. The
mapped mud deposit from July 2021 overlaps with a bridge impact
zone and the tree impact zone. Both impact zones are assigned

to the mud deposit. DOP: [63]
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bridge and of driftwood, both impact zones are assigned
to it (Fig. 3). Finally, these sub-selected data are summed
up according to its overlap with different impact zones.
It is estimated which fraction of the total area of mud
deposits and stagnant water pools overlaps with the dif-
ferent impact zones.

It was tested whether the list of extracted areas of
mud deposits and areas of stagnant water pools (sub-
selection) is statistically independent from the statistical
population, namely, all areas of mud deposits and areas
of stagnant water pools. If the sub-selection and the sta-
tistical population are similarly distributed, then the
impact zones are unlikely to have affected the distribu-
tion of mud deposits and areas of stagnant water pools in
the three focus areas. We use the Wilcoxon Signed Rank
Test, as datasets are not independent [64], to test if they
are statistically independent distributed.

In every focus area, we further added up the areas of
mud deposits and areas of stagnant water pools for every
evaluated DOP. The sums were divided by the river
length in the corresponding focus area (Table 1) to stand-
ardize them (specific area). This enables comparison of
mud deposits and areas of stagnant water pools within
and between the three focus areas despite different river
section lengths.

Results

Fig. 4 shows the LMI based on DOPs from May 1998
to June 2022. The lateral mobility was evaluated within
timesteps of three years between 1999 and 2007 and two
years from 2007 to the flood of mid-July 2021. As the
hand-sketched historic maps were created over several
decades, the historic LMI covers at least 23 but not more
than 75 years (Table 2). Overall, the lateral mobility is
the highest in focus area 3, and the lowest in focus area
2 (Fig. 4). For all focus areas, the LMI between 1999 and
2019 was lower (LMI < 0.5) than the historic LMI (0.65 in
focus area 1, 1.17 in focus area 2, 1.22 in focus area 3). In
focus areas 1 and 3, the LMI between June 27, 2019 and
July 24, 2021 exceeded the historic LMI by about a fac-
tor of 3. In focus area 2, the LMI only increased slightly
during that time. However, in all three focus areas, the
discharge peaked during (Fig. 4 blue triangles), and the
surface area of the channel after the flood event. After
the flood, LMIs in all three focus areas dropped below 0.5
again.

Fig. 5 displays the fraction of the riverbed occupied by
shoals based on DOPs from May 2019, July 2021, Sep-
tember 2021, and June 2022. In focus area 1, 6% of the
channel was occupied by shoals in 2019 and July 2021.
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daily averages [65]

After no shoals were apparent in September 2021, 16% of
the channel surface was occupied by shoals in June 2022.
Focus area 2 was almost free of shoals before the flood. A
week after the flood in mid-July 2021, 44% of the channel
area was occupied by shoals (Fig. 5). In September 2021,
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Fig. 5 Evolution and distribution of shoals in focus areas 1 to 3.
Visible river shoals were mapped, their surface area computed
and summed up per focus area before being divided by the area
of the river in the focus area

2022-Jun

total area of visible river shoals divided by the river surface

Table 4 Estimated area of artificial deposits and rip-rap on
embankments [m?] based on DOPs

Estimated area of artificial deposits and rip-rap on embankments
[m?]

2019  July2021  September 2021  June 2022
Focus area 1 0 0 2260 192
Focus area 2 0 0 1119 2260
Focus area 3 0 0 1163 1184

shoal areas decreased to 19% and increased to 29% again
in June 2022. In focus area 3, before the flood event of
mid-July 2019, 21% of the river outline was occupied by
shoals. About a week after the flood, the share of shoals
decreased to 15%, but it increased to 61% in June 2022.

Artificial deposits and rip-rap appear first in Septem-
ber 2021 in our imagery (Table 4). In focus area 1, the
area of artificial deposits and rip-rap was the largest
with 2260 m2. However, only around 200 m? were iden-
tified as artificial deposits or rip-rap in focus area 1 in
June 2022. In September 2021 and June 2022, the areas
of artificial deposits and rip-rap in focus area 3 were
both around 1200 m? The areas of artificial deposits
and rip-rap in focus area 2 increased from around 1120
to 2260 m>.

The Wilcoxon signed rank test [64] was applied to test
if the sub-selections of areas of stagnant water pools and
mud deposits with an overlap with the different impact
zones were dependent on the parent population. The
datasets were found independent with p-values of 0.0002
to 0.0004. This means that the sub-selections behaved
differently from the distribution of mud deposits and
stagnant water pools over the three focus areas.

The specific areas of mud deposits and stagnant water
pools in the three focus areas were assessed from the
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Fig. 6 Specific area of mud deposits and stagnant water pools in the three focus areas and their overlap analysis with bridges, bridge piers, other
artificial structures, and driftwood. Graphs show the specific area of mud deposits and stagnant water pools in m? per rkm (river length in the focus
area) based on evaluated DOPs (2019, Jul. 2021, Sept. 2021, Jun. 2022). Pie charts show the overlap of mud deposits and stagnant water pools

with the impact zone of bridges and bridge piers, other artificial structures, such as riverbank retaining walls, and trees

DOPs of May 2019, July 2021, September 2021, and
June 2022, and are shown in Fig. 6. Most mud deposits
and stagnant water pools were observed in focus area
3 in the DOP of July 24, 2021, being about a week after
the high-energy flood. The specific area of mud depos-
its over time followed a similar pattern in all three
focus areas. In 2019, mud deposits were only visible
in focus area 3 and partly fell within the bridge impact
zones. After the peak in July 2021, visible mud depos-
its decreased in September 2021 and slightly increased
again in June 2022. In July 2021, the largest overlap of
mud deposits with the impact zones of uprooted trees
and driftwood was observed (70% in focus area 3, 96%
in focus area 2, 67% in focus area 1). In focus areas 1

and 2, more than a third of mud deposits additionally
fell within the impact zones of man-made structures,
namely, artificial embankments to protect streets and
settlements. In September 2021, the overlap of mud
deposits with impact zones was the smallest. In focus
area 2, 11% of the mud deposits overlapped with the
impact zone of trees and 14% with artificial structures
other than bridges (e.g., riverbank retaining walls). In
focus area 2, the impact zones of bridges and other arti-
ficial structures overlapped with 12% of the areas of
mud deposits. In June 2022, the overlap of mud depos-
its with impact zones ranged between 30 and 73%. This
time, the overlap was with bridges and other artificial
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structures in focus area 2, other artificial structures in
focus area 1, and with trees in focus area 3.

In focus area 3, large areas of stagnant water pools
(SWP) occurred after the flood and mostly overlapped
with the impact zone of uprooted trees (Fig. 6). SWP
overlapped only 1%-2% with other artificial structures
in combination with trees. In focus areas 2 and 3, SWP
areas gradually decreased the year after the flood. In
focus area 3, the overlap with the impact zones decreased
as well, especially for driftwood only. This led to a 21%
overlap with the impact zones of bridges in September
2021, and in June 2022, to an 18% overlap with the com-
bined impact zone of bridges, trees, and other artificial
structures. In focus area 2, about a week after the flood
event, less than 2/3 of the stagnant water pools over-
lapped with impact zones. The impact zone of driftwood
occupied the largest share with 21% followed by artificial
structures other than bridges with 15%. In September
2021, stagnant water pools were predominantly located
near bridges and artificial structures. In focus area 1,
only one small stagnant water pool with a specific area
of 13 m*/rkm was observed. It was not located within an
impact zone.

The development of large stagnant water pools in
focus area 3 is predominantly due to a former meander-
ing channel section close to the River Rhine confluence
(Fig. 7b, Jul 2021), which is still visible in the DEM (Digi-
tal Elevation Model). The area of stagnant water pools
gradually declined with siltation in these areas, also lead-
ing to shoal formation (Fig. 5). In focus area 2, multiple
stagnant water pools formed on the narrow floodplains
after the flood event (Fig. 6). The specific area of stagnant
water pools in September 2021 was dominated by the
cut-off of an island, which formed in the meander bend
after the flood event. In June 2022, a large erosional event
at the bridge pier resulted in a cut-off (Fig. 7a), leading
to a large stagnant water pool with an overlap with the
impact zone of the bridges. Sediment samples by Gard-
ner et al. revealed a high fine content and high liquidity
in the pictured shoal [66]. Additionally, the DOPs in Sep-
tember 2021 show a high turbidity in the Ahr River com-
pared to July 2021 and June 2022.

Discussion

Overall, the flood event of mid-July 2021 led predomi-
nantly to channel widening. Focus area 3 was the most
active in terms of deposition and erosion (cf. Fig. 6) and
lateral mobility (cf. Fig. 4). Focus area 2 was second most
active in the formation of geomorphologic features, but
least laterally active in response to natural and anthropo-
genic constraints. In focus area 1, the LMI is larger than
in focus area 2. However, fewer stagnant water pools and
mud deposits were observed in comparison.

Page 10 of 15

Jul 2021 Jun 2022

Sept 2021

370000

360000
a— [iVer

D focus area s~ flow dir. D catchment area

Fig. 7 Visualization of two different processes in stagnant water
pool development. a Focus area 2; formation of a stagnant water
pool in the area of upstream erosion at a bridge due to the formation
of a shoal upstream of a bridge pier. b Focus area 3; formation

of a large stagnant water pool with overlap with former water
courses still visible in the floodplain in July 2021 and siltation of area
afterward. Sources of DOPs: [63, 67]

Lateral geomorphologic shifts of the Ahr River

It is tested if the LMI reveals information about the lat-
eral geomorphologic shifts of the Ahr River within three
focus regions in length on the order of 1 to 5 rkm. His-
toric hand-sketched maps have larger uncertainties as
their distance to the Rhine River increases. Uncertain-
ties are determined to be 20 m at most [68]. Due to a
lack of data for validation in the historic hand-sketched
maps, accuracy could not be determined, as no on-site
measurements from the time are available for compari-
son. However, it can be assumed that the historic LMI
was rather overestimated as waterways were important
strategic pathways for the military during that time [69]
and rivers were likely sketched pronounced. The historic
map resolution of 1.3 and 2.3 m only led to uncertainties
of <3% (possible difference in mapped area due to map
resolution), but, nevertheless, the historic LMI should
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only be considered a reference value. It should also be
considered that the historic LMI represents significantly
larger time spans over which more geomorphological
change would be expected, offering another explanation
for the higher value. However, we lack information on the
channel-forming discharges in the nineteenth century.

Large trees restricted visibility of riverbanks in the
DOPs before the flood event. This may have resulted in
an underestimate of the LMI from 1999 to 2019. If a bank
coverage of 25% of both sides is considered as possible,
representing about % of a treetop canopy (around 1.5 m),
an uncertainty of around 13% on average would be intro-
duced (difference in width by channel length).

The LMI revealed varying lateral mobility across
the three focus areas, with focus area 3 exhibiting the
highest activity and focus area 2 the lowest which can
be explained by differences in the valley morphology
(Fig. 4). Focus area 3 is characterized by wide flood-
plain valleys, whereas focus area 2 is confined by steep
hillslopes of 9.8° on average, and urban development in
the floodplains. The floodplains in focus area 1 are wider
than in focus area 2 but hardened due to urban develop-
ment which restricts the lateral development of the river
course (Fig. 1).

After the flood of mid-July 2021, the LMI quickly
showed smaller values again (July 2021 to September
2021 and September 2021 to June 2022). As significantly
smaller timespans are evaluated after the flood event than
in between the historical maps (<1 year vs.>20 years),
the historical comparison merely shows that the Ahr
River had a different LMI in the past. Unfortunately, as
the historic maps cover a large timespan, it is unknown
if the high-energy flood of 1804 [70] is represented. Fur-
ther, due to the long timespans in between historic maps,
direct morphologic impacts by historic floods cannot
be determined. From 1998 until 2021, where DOPs are
available every 3 to 2 years, no comparable flood event
happened [55]. Nevertheless, differences in the LMI in
focus area 3 around the time of the flood versus historic
and previous values are high, leaving no doubt that the
flood of mid-July 2021 led to significant lateral geomor-
phological riverbed changes beyond the range of the
last decade’s geomorphologic evolution (Fig. 4). In other
words, the flood event represented a significant disrup-
tor regarding lateral shifts in river course, and the LMI
served as a quantifiable measure. In focus area 2, the LMI
exceeded around the flood event the modern LMI values,
but it did not exceed the historic value, which we explain
by the hardened floodplains by anthropogenic use.

Morphologic features and overlap analysis
The accuracy of the mapping of driftwood, bridges,
bridge piers, other artificial structures, mud deposits,
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stagnant water pools, shoals, artificial deposits, and rip-
rap cannot be determined in this context, as it would
only be possible with a comparison to field measure-
ments. However, the underlying DOPs have a resolution
of 0.4 m and 0.1 m, enabling accurate identification of
these features and mapping to the image resolution. Also,
discharges in all DOPs, except for the DOP taken on July
24, 2021, were very low (1-4 m>/s) (Table 2), and there-
fore, at comparable states. On July 24, 2021, discharges
were between 8 and 10 m?/s, which is still around the
average discharge, thus below bankfull, but elevated in
comparison. As this DOP shows the most severe mor-
phologic changes, we consider the visual limitation due
to the slightly higher discharges small. Nevertheless, it
likely leads to an underestimation of mud deposits and
shoals. As the DOP on July 24, 2024 showed the most
mud deposits (Fig. 6), inaccuracies do not change the
trend and general statement. More shoals than on previ-
ous or later DOPs were observed in focus area 2 in the
DOP on July 24, 2024 (Fig. 5). Values stayed the same in
focus area 1 and slightly decreased in focus area 3. It is
possible, that, due to an underestimation, those trends
would be slightly different. As we do not have field meas-
urements for comparison, determining the magnitude of
the inaccuracies is not possible.

As the radius of 5 m for the impact zones is a meth-
odological choice, and a simplification, the statistical
relevance of causal relations (Fig. 6) needs to be tested.
The distribution of the sub-selections of overlaps of mud
deposits and stagnant water pools with impact zones
differed significantly from the main population, with
p-values of 0.002—0.004. As the sub-selected datasets
thus are independent from the parent population, it can
be assumed that overlaps hint toward a causal relation.
Due to the simplification, our evaluation does not replace
a description of individual morphological processes, as
shown in Fig. 7.

For stagnant water pools, the overlap analysis showed
by an increasing share of structures in September 2021
and June 2022 that driftwood was removed from the riv-
erbed. Similar observations were made for mud deposits
(Fig. 6). Areas of mud deposits decreased in September
2021 and increased in June 2022 again. Also, high turbid-
ity in the Ahr River was noted in all three focus areas in
September 2021 (Fig. 7). Turbidity, and thus, fine sedi-
ment dynamics may have been enhanced by ad hoc river
management, repair, and cleanup measures. The slightly
increasing narrowing of the river by shoals (Fig. 5) and
decreasing relative river surface area (Fig. 4) hint toward
sediment redeposition, too. The hypothesis of sediment
redeposition due to cleanup measures is supported by
artificial deposits and rip-rap appearing first in Septem-
ber 2021 in our imagery (Table 4). The change in overlap
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of mud deposits with impact zones of driftwood after the
flood to impact zones of bridges and other artificial struc-
tures can be explained by cleanup of driftwood, which
further supports our hypothesis. Example (a) (Fig. 7)
shows how upstream erosion at a bridge was first masked
by driftwood. After cleanup, during which one of the two
bridges is removed, the formation of a shoal starting from
a bridge can be observed. The high fines content and high
liquidity of the shoal [67] support its recent formation.

In focus area 1, only one small stagnant water pool
formed after the flood event and was quickly refilled
with sediment. It is assumed that the straight river sec-
tion enhanced erosion of a layer of softer bank material
and restricted deposition due to high flow velocities.
Further, we assume that the formation of stagnant water
pools was restricted by hardened floodplains. Conclud-
ing, focus area 1 is the most anthropogenically restricted,
although the valley width is larger than in focus area 2
(Table 1), which leads to the least formation of structures.
Our findings are in good agreement with Hajdukiewicz
et al. [6], who described similar restrictions for morpho-
logical development due to floodplain hardening, which
hints toward a transferability.

Conclusion

The Lateral Mobility Index (LMI) was tested regarding
the assessment of the significance of geomorphologic
changes of the Ahr River during the 2021 flood event
within three focus areas. Focus area 1 represents a 1-km-
long relatively straight section with floodplains restricted
by urban development. Focus area 2 is a 5-km-long sec-
tion confined by bedrock in a natural preserve home to a
small town and large bridges. Focus area 3 is a 3-km-long
mostly natural section including the Rhine-Ahr conflu-
ence. The analysis covered a time span from 1998 to 2022
using digital orthophotos, and evaluated historic maps
from 1803 to 1820 and 1843 to 1878 for comparison. The
flood event in July 2021 yielded LMI values exceeding
historic reference values by up to a factor of 3, confirming
indeed a rare morphological disruption. Additionally, the
evolution of mud deposits and stagnant water pools was
assessed in relation to driftwood and infrastructure sys-
tems such as bridges and concrete bank structures. Mud
deposits and stagnant water pools were clearly correlated
to the flood event, serving as a second indicator of sig-
nificant geomorphologic change. The evolution of mud
deposits and shoals hinted at sediment deposition post-
flood, likely resulting from river management, repair, and
cleanup activities. Focus area 3 featured the largest LML
Focus area 2 exhibited a limited lateral mobility and lit-
tle formation of stagnant water pools due to confining
narrow valleys. In focus area 1, the straight river section
and hardened floodplains led to lateral erosion in some

Page 12 of 15

locations but reduced mud deposition and the formation
of stagnant water pools. In summary, the following main
conclusions can be drawn:

I. The LMI offered a quantitative measure of lateral
geomorphologic movements of the Ahr River dur-
ing a severe flood event and succeeded to identify
the flood as a major geomorphologic disruptor
within the last 200 years.

II. Differences in LMI between the three focus areas
(each 1 to 5 rkm in length) were observed. Those
can be explained by valley width, floodplain hard-
ening, and urban development in a section. Hence,
the LMI appears applicable in river sections of
lengths on the order of 1 to 5 rkm.

III. The impact of infrastructure elements, such as
bridges and concrete structures on riverbanks, on
the formation of mud deposits and stagnant water
pools during and after the high-energy event of the
mid-July 2021 flood, was superimposed by drift-
wood. Thus, it could not be determined whether
driftwood accumulation or the presence of infra-
structure or both governed local river changes.
After cleanup, mud accumulation near infrastruc-
ture elements was observed, also leading to the for-
mation of new stagnant water pools by cutting of
bank erosions. Hardened floodplains, valley width,
and historic channel courses further influenced the
formation of stagnant water pools.

Overall, the flood event of mid-July 2021 was a signifi-
cant morphologic driver in the area. A synthesis of our
findings revealed mostly sediment deposition in the riv-
erbed post-flood. This phase may still be ongoing and
further river monitoring is recommended. We especially
recommend to monitor the colmation, also in connection
with biological parameters, as well as the ongoing lateral
movement of the channel. Hydro-numerical modeling of
sediment movements can predict future development to
some degree, but more importantly, existing models for
flood prediction need to be updated with new bathym-
etry data to display changes in flood-prone areas.

Abbreviations

DEM  Digital Elevation Model
DOP  Digital orthophoto

LMI Lateral Mobility Index
NRW  North Rhine-Westphalia
rkm River kilometer

RLP Rhineland-Palatinate
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