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Abstract

The extreme flood event of July 14/15, 2021 caused massive geomorphological changes along the Ahr river in west-
ern Germany. The processes include mass movement and bank erosion, channel displacement and widening as well
as deposition of material at the floodplains, all of which contributed to extreme damage. However, a comprehensive
understanding of the actual control factors and drivers of these processes is lacking. Here, we analyse spatial patterns
of erosional processes in three dimensional space and on a regional scale. We quantify bulk volumetric loss in 100 m
long and 120 m wide segments along the Ahr river, using a differential terrain model build from pre-event and post-
event airborne laser scanning data. We use a multiple linear regression model of net volumetric loss per segment

as a proxy of flood power to explore relationships with peak discharge, valley floor width and river curvature. Both
volumetric loss itself and the residuals of the regression model are used to examine effects of bridge failure and sub-
sequent outburst waves. The analysis shows that the greatest volumetric loss values are explained by high peak
discharges and narrow valley floors. River segments containing destroyed arch bridges show higher volumetric loss
than segments with destroyed slab bridges, intact bridges or no bridge at all. These findings suggest that traditional

arch bridges may be less effective in preventing the local
augmentation of flood power by outburst waves resulting
from bridge clogging and failure.
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Introduction

On July 13 and 14, 2021, enormous rainfall amounts of
100 to 150 mm fell over western Germany and in parts
of Belgium and Luxembourg. Most of the precipitation
fell within 15 to 18 h [20], which led to extreme peak
runoff conditions along the Ahr river and its tributaries,
exceeding mean discharge by factor 150 [28, 29]. Severe
geomorphological changes such as mass movement and
bank erosion, channel displacement and widening, and
the deposition of material on the floodplains were among
the consequences [14, 23, 31] (Fig. 1).

Anthropogenic cleaning measures took place rapidly
after the event leading to a limitation of the perspec-
tive on geomorphological changes as a whole. However,
investigating spatial patterns of erosion, quantified as
volumetric loss, along the river can help to unravel the
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Fig. 1 Channel widening and bedrock erosion at Armuthsbach
tributary 300 m upstream of its outlet, located 30 km downstream
of the Ahr source. Photography shows post-flood conditions 3
months after the July 2021 event (16 Oct 2021). Post-flood channel
width 214 m, pre-flood channel width ~4-5 m. Vertical difference
between water level and floodplain ~1.7 m

spatial variability of flood power, particularly related to
river infrastructures. Spatial and statistical analysis can
also be used to draw conclusions about general driving
mechanisms of extreme flood dynamics.

The causes of severe erosion and deposition dur-
ing an extreme flooding event involve multiple factors
and have been the focus of studies throughout the last
decades [2, 3, 15]. However, the destructive nature of
flood events, their inaccessibility to classic in-stream
survey systems and their often erratic emergence with
limited preparation time make it extremely challeng-
ing to infer flow parameters such as discharge, veloc-
ity, shear stress, or stream power as the events happen.
The resulting impact on the shape of the landscape [25]
is, therefore, usually assessed from post flood map-
ping efforts and the construction of scaling relation-
ships between flood magnitude and, for example, the
amount of mobilised material. Although such studies
on frequency—magnitude relationships have shown a
strong connection between moderate floods and sedi-
ment transport [35], there is less agreement on the rela-
tionship between more extreme floods and geomorphic
characteristics. This lack of consensus is partly due to
the fact that large floods can sometimes have devas-
tating impacts [2], while other times they only cause
minor changes to the landscape [12, 21].

The effectiveness of geomorphic events in molding
the landscape is strongly tied to channel boundary shear
stress and stream power, which are controlled by flood
magnitude, channel morphology, and stream gradient
[4]. Peak unit stream power is defined by
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where p,g is the specific weight of water in N/m?, Q is
the discharge in #%/s, S is the slope in m/m, and w cor-
responds to the water surface width at the cross section.

Based on discharge reconstructions and flood extent
mapping [24, 28], surface water width at the cross sec-
tion is highly determined by valley floor width due to full
inundation of riverine floodplains at peak runoff condi-
tions. Following the definition of unit stream power, river
sections with high peak discharge and small valley floor
widths are expected to show high volumetric loss. This
correlation has already been observed and described in
a case study by [23]. Conveniently, [31] quantified higher
areal percentage of deposition due to reduced flow veloc-
ities in areas characterized by low elevation and greater
valley width.

Lateral erosion was also apparent in several reaches of
the meandering Ahr river, predominantly on the outer
side of a bend, the cut bank [7]. With increased discharge,
shear stress increases so that more material is eroded
from the cut bank and transported downstream. River
sections with high channel curvature, serving as proxy
for strong relative shear stress are presumed to show high
volumetric loss values.

Bridges represent a direct restriction of the runoff cross
section due to bridge piers, abutments and superstruc-
ture. Accordingly, bridge structures have been shown to
exert a strong control on flood discharge patterns dur-
ing the 2021 flood event [30]. Floating debris that got
trapped caused further narrowing of discharge cross
sections at bridges by clogging. This constriction caused
the water levels upstream of the bridge structures to rise,
in some cases leading to significant ponding effects [8].
According to initial estimates, the water level of the flood
wave was increased by up to three meters due to the
clogging at bridge structures [30]. The sudden failure of
individual bridges led to additional flood waves that car-
ried higher volumes of water and floating debris [8]. Due
to the resulting outburst flood waves, volumetric mate-
rial loss is expected to be higher in areas downstream of
destroyed bridges, even though significant erosion pro-
cesses were also observed upstream of some bridges [7,
23].

[36] reviewed that a surprising amount of bridges were
destroyed by hydraulic mechanisms, mainly includ-
ing flood and scour but the vulnerability of bridges to
floods has received little attention compared to other
hazards such as earthquakes [32]. Flooding can lead
to the collapse a bridge in various ways, such as scour,
sand missing, softened bedrock, erosion, insufficient
embedment depth, river convergence, debris impact or
abrasion on bridge foundations, etc. [36]. As a result,
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robust and validated methodologies for the flood fragil-
ity and vulnerability assessment of bridges are scarce,
although some attempts to develop such methodologies
were recently made, with the aid of expert judgement or
numerical modelling. Hydraulic loads on bridges due to
flotsam accumulation and backwater rise were not con-
sidered or their importance underestimated in previous
design approaches [9, 32].

[22] put forward a formal elicitation process to iden-
tify bridge vulnerability factors, summarizing the current
knowledge of the problem of scour from various experts
in the field. Not surprisingly, the foundation depth, type,
and level of uncertainty in the estimation of these quanti-
ties emerged as the most important factors that should
be considered when assessing bridge flood vulnerability
and risk. However, the bridge type was ranked only 16th
as a vulnerability factor, which is quite interesting given
the very different behaviour and capacity to withstand
scour of a masonry arch bridge compared to a bridge
with a multi-span simply supported deck.

[9] analyzed the correlation between bridge design and
the overtopping and clogging of bridges during the 2021
flood event. Overtopping of bridges (whether induced by
clogging or not) resulted in major bridge damages but
also damages to the surrounding area. Differences within
statistical analysis of three investigated rivers (Ahr, Inde
and Vicht) indicate that, in general, many factors deter-
mine the damage pattern and the destruction of a bridge
structure. Data suggests that the extent of damage
decreased with an increasing number of bridge piers. For
the shape of the opening no statistical correlation could
be observed along the three rivers, since bridges with a
rectangular opening were more dominant along the riv-
ers Inde and Vicht and, therefore, no representative
distribution was derived. Similar to [22] and [32] they
concluded, that the bridge type was not a decisive factor
in the damage to a bridge during a flood.

This work attempts to draw conclusions about addi-
tional hydraulic forces by quantifying volumetric changes
in proximity to bridges. Due to the resulting outburst
flood waves, volumetric loss is expected to be higher in
areas downstream of destroyed bridges, even though sig-
nificant erosion processes were also observed upstream
of some bridges [7, 23]. Corresponding to the well-
known positive correlation between unit stream power
and sediment transport, it is expected that this effect can
be observed more frequently at high peak discharge and
narrow valley width. In this regard, [34] have also recently
shown that the evolution of mud deposits and stagnant
water pools was in relation to driftwood and infrastruc-
ture systems, such as bridges and concrete bank struc-
tures, particularly in areas with narrower valley floors.
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Using a multiple linear regression model, peak dis-
charge, valley floor width and river curvature are con-
trolled as explanatory variables for volumetric loss
allowing an adjusted assessment of river segments adja-
cent to bridges. The aim of this study is to identify spatial
patterns of volumetric loss and derive a relation between
this variable and bridge construction types, damage
grades, and discharge conditions during the mid-July
2021 flooding event in the Ahr Valley. We consider volu-
metric loss as a proxy for flood power. This is evaluated
based on the following three research questions:

(1) Are peak discharge, valley floor width and/or river
curvature significant linear explanatory variables
for riverine volumetric loss in the Ahr valley in the
2021 event?

(2) Is volumetric loss augmented in river segments in
proximity to bridges?

(3) Does this correlation depend on damage grades or
bridge construction types?

Methods and data
Study area

The Ahr river has a length of 85 km and is located
in the Eifel low mountains in western Germany. The
catchment has an area of close to 900 km? and contrib-
utes left-sided to the Rhine river discharge. The valley
slopes are predominantly forested, while the valley floor
is mostly grassland and, after entering the Rhine valley,
arable land [16]. [23] classify the Ahr and its catchment
into four subsections due to their heterogeneous geo-
morphological characteristics. The upper reaches show
a hilly landscape with little relief and a smoothly mean-
dering river course. The bed material is characterized
by siliceous fluvial gravel [34]. The middle course of the
Ahr begins in Miisch, 20 km downstream of the source.
Here the river has cut 200—-300 m deep into the bedrock
and shows characteristic incised meanders. From Kreuz-
berg near Altenahr (km 50), there is an increase in the
slope gradient and a marked reduction in the valley floor
width. Shale is present in the river bed [34]. From Wal-
porzheim (km 68), the valley widens in a funnel shape to
a wide alluvial plain that merges into the lower terrace
of the Rhine at Sinzig. Within the channel, fine material
accounts for a larger proportion of fluvial sediments [34].

From 12 to 15 July 2021, the Ahr river catchment
received partially rainfall up to 150 mm (Fig. 2). The oro-
graphic conditions, the lack of retention areas, sealed
urban areas and dense population, in conjunction with
the high moisture content of the soil and the enormous
amounts of precipitation, were the main factors causing
the flooding [5].
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Fig. 2 Ahrvalley catchments and 72 h precipitation sum

from 2021-07-12 05:50 to 2021-07-15 5:50 UTC derived

from RADOLAN data product SF [33]. Terrain data source: [19]. Bridge
mapping: [8]

The interaction of the fast moving flood water with
landscape elements and the debris, sediment, and wood
it carried were also responsible for the flood’s devastat-
ing impact, which, therefore, was challenging to predict
[14]. Coarse material and woody debris were introduced
into the channels, causing a series of consequences.
The channel thalweg was displaced laterally or even the
entire main stem was relocated within the floodplain in
many cases, altering the local gradient. Furthermore, the
trunk stream was blocked, at least temporarily, in some
instances [14]. Large woody debris played a critical role
in altering the flood non-linear [13] and hamper the pre-
diction, from small headwater channels down to the main
streams. The transport of large woody debris through
the river channels had various consequences. When the
debris got stuck in obstacles, such as bridges, the water
flow was obstructed, leading to temporary ponding and
backwater effects in the main streams. Consequently, the
water levels upstream increased, causing the inundated
areas to expand until the obstacle was either bypassed,
overtopped, or destroyed. In the latter case, a pulse of
water could travel downstream, resembling an outburst
flood [14].

The Ahr river’s eight main tributaries are the Ahbach,
Trierbach, and Armuthsbach in the upper catchment,
and the Adenauer Bach, Liersbach, Kes-selinger Bach,
Sahrbach, and Vischelbach in the central catchment.
Only smaller tributaries contribute to the lower catch-
ment area. Particularly for the Armuthsbach, a major
impact on the discharge in the Ahr main channel is
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indicated by a peak discharge reconstruction by [28],
intense areal precipitation [33] and the occurrence of
massive changes in channel morphology near its outlet in
Schuld (Fig. 1, 2).

In this study, the subdivision of the Ahr valley used by
[23] is supplemented by a boundary in the village Schuld
as an attempt to consider different magnitudes of peak
discharge.

A detailed assessment of bridges in the Ahr main val-
ley including damage grades and construction types has
been carried out by [8]. At the 2021 event, there were a
total of 114 bridges along the Ahr. Bridges with round or
oval passages were classified as arch bridges, bridges with
almost rectangular openings were mostly represented as
slab bridges. Bridges with further classifications refer-
ring to bridge superstructures as well as bridges with
unspecified type or damage grade are not considered in
this study. Three bridges in Blankenheim (Ahr source vil-
lage) and the autobahn bridge in Sinzig mark the borders
of the area of interest (AOI) and are excluded due to no
expected effect on runoff and erosion processes. The twin
viaduct in Altenahr and two adjacent unspecified bridges
are also disregarded, since a road tunnel breakthrough of
a meander bend has caused complex runoff conditions
leading to vertical erosion at the downstream tunnel exit
in a range of 2m to 8 m [23]. This leads to an analysis
of 74 bridges, grouped into 39 arch bridges and 35 slab
bridges based on labels by [8]. In the upper and lower
reaches, there were mostly slab bridges, while in the mid-
dle reaches the number of arch bridges was predominant
(Fig. 3). From km 30 onwards, the majority of bridges got
damaged or destroyed during the July 2021 event. The
amount of bridges labelled as completely destroyed is
equal in terms of construction type.

Data acquisition Geomorphological changes are quan-
tified using a differential terrain model based on pre-
event and post-event digital terrain models (DTMs).
For pre-event morphology, data was acquired in routine
airborne laserscanning campaigns of the surveying ser-
vices of the federal states of Rhineland—Palatinate and
Northrhine—Westfalia.

These DTMs are provided with a ground sampling dis-
tance of 1 m [17, 18] with horizontal accuracies of +0.3 m
and vertical accuracies of +0.15 m. They display condi-
tions of the year 2019 (km 20—km 50), 2018 (downstream
of km 50) and 2016 (km 0-km 20). Post-event data was
gathered from mid-September to end of October 2021 by
an airborne laserscanning campaign, commissioned by
[6]. To create a differential raster, this post-event DTM
with a GSD of 0.5m and a horizontal and vertical accu-
racy of £0.15 m is resampled by local averaging to 1 m
GSD to match the pre-event data set.
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Fig. 3 Distribution of bridge types in Ahr river sections. Sections based on morphological characteristics [23] and conceivably different magnitudes

of unit stream power variables peak discharge and valley floor width. Sectionwise distribution of investigated bridge types and damage grades
is plotted using a data set first discussed in [8]. Bridges showing no damage or only decorative or weathering-like damage have been assigned
as 'Intact’ Bridges that were completely destroyed and wrenched off by the flood event are classified as 'Destroyed’ Thus, the class '‘Damaged’

covers a broad range of flood imprints from limited usability due to loss of railings to extreme risk of stability after subsidence or displacement

of the piers. Topographic block models by [23]

Positive values in the differential raster are assumed to
indicate a net gain of material, negative values represent
net erosion. However, changes in the channel are may be
biased by water level differences, since the laser pulse is
primarily reflected at the water surface. To some extent,
the time lag between the two data sets and the event
limits the confidence in attributing the observed change
solely to the event. However, since no other larger flood
occurred in this period and due to the extreme magni-
tude of the flood event most of the major changes in the
selected buffer zones of the river (see below) are most
likely caused by the 2021 event. Clean-up measures
implemented promptly resulted in large artificial accu-
mulations of various types of transported material. Thus,
with regard to the direct flood impact we assume net ero-
sion in the data sets to be more reliable than net gain of
material. To account for these limitations, we limit our
analyses to areas with negative DTM differences, which
we refer to as volumetric loss.

Data editing To perform multivariate statistical anal-
ysis, differential raster data is vectorized by using a two
sided buffer around the river centerline, subdivided every
100 m. This divides the river longitudinally into 844

equally sized segments with a length of 100 m and a fixed
segment width. For each segment, the sum of negative
terrain differences represents the total amount of volu-
metric loss. With increasing segment width, the increase
in volumetric loss diminishes at distances > 60 m to
the river, and artefacts of human activity may have an
increasing influence on volume estimates. We, therefore,
choose a fixed segment width of 120 m in this study, i.e.,
60 m distance each side (Fig. 4).

The grid allows an investigation of morphological
changes in the longitudinal course of the river using the
distance from source as the unique spatial coordinate of
any segment. Information about status and construction
type of contained bridges per segment is obtained from
[8] point data. This enables, for example, the calcula-
tion of the mean volumetric loss of all segments located
200 m downstream of a segment containing a destroyed
slab bridge.

Explanatory Variables Peak discharge, valley floor
width and river curvature are considered as predictor
variables in modeling volumetric loss. Using the residu-
als of a multiple linear regression model for subsequent
analysis, the impact of these predictors is aimed to be
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Fig.4 Sampling grid with 100 m long and 120 m wide segments.
Within each grid segment, the volumetric loss is defined as the zonal
sum of negative elevation differences. Hillshade and differential
terrain model based on [17, 18] (pre-event) and [6] (post-event)

eliminated to focus on possible effects of bridges. Ide-
ally, the residuals of a good model with high explanatory
power for volumetric loss could point out data anomalies
resulting from effects (e.g., bridge failure) that are not
reflected by the model’s predictors.

For the 2021 event, peak discharge at the Ahr main
channel had been reconstructed at seven survey sites
by [28] using an indirect estimation method. Runoff Q
is computed on the basis of an empirical uniform-flow
equation (1) involving channel characteristics, water-sur-
face profiles, and a roughness coefficient

1 21
Q= —AR3S. (1)

Here, R is the hydraulic radius in m, which is the ratio of
the cross-sectional area A and the wetted perimeter U. S
is the energy-line slope in m/m, and # the dimensionless
hydraulic roughness coefficient according to Manning.
The approach is applied to an actual cross-sectional
geometry obtained from a local geodetic survey. The
position of peak flow marks limits the drained area. Field
work took place in the summer of 2021. Four major work
steps were performed at all sites: The identification and
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survey of peak flow marks, the survey of the cross pro-
file, the determination of roughness coefficients (based
on [1, 10]), and the assessment of channel slope. To guar-
antee an error-minimal reconstruction of the peak dis-
charges, [28] made several demands on the study sites.
House walls in the entire catchment area showed signs
of flooding, but the actual maximum water level may
have been overestimated due to factors, such as capil-
lary rise and wave run-up. Obstacles like bridge piers
caused impoundments, further exaggerating water levels.
To mitigate these potential inaccuracies, study sites were
selected outside of settlements and with ample distance
from bridges. Since peak discharge reconstructions are
only available for a limited number of study sites, point
data from [28] is inter- and extrapolated along the dis-
tance from source using simple linear regression. The
model is based on seven survey profiles achieves a high
accuracy (R? = 0.97).

Continuous valley floor width data is obtained from
the 2021 post-flood DTM [6] using the algorithm of [11].
To identify floodplain and terrace regions, the method
calculates two metrics for each pixel in the raster: First,
the elevation of the pixel in relation to the closest chan-
nel and second, the local slope. For a pixel to be catego-
rized as floodplain or terrace, both the elevation and
slope metrics must fall below a predefined threshold. Set-
ting this threshold values manually is recommended by
[11] for lower-relief landscapes. Taking suggested values
from [11] and visual interpretation of different results
into account, a slope threshold of 0.1 m/m and a relief
threshold of 35m is selected for deriving widths of the
Ahr main channel valley floor in a few meters sampling
distance. To address an overestimation of valley width
due to meandering rivers, [11] suggest using a valley cen-
terline extraction method instead of relying solely on the
steepest-descent trace. This approach is adopted for the
Ahr river due to various meandering sections. By visual
interpretation of the hillshade DTM and the flood water
impact line [24], further areas with overestimated val-
ley floor widths were identified and manually corrected.
This applies in particular to the areas at tributary mouths
where, in addition to the main valley, areas of tributary
valleys are mistakenly included by the algorithm.

Cut bank structures are modelled using short-range
river curvature as a basic proxy variable. It is expected
that in sections with higher curvature, cut bank struc-
tures are present and thus, higher volumetric loss values
occur.

The applied metric for river curvature of a specific seg-
ment is the difference in the cardinal directions of flow
routes from previous to following segment. Smoother
metrics using larger survey distances from tested seg-
ments (see dashed arrows in Fig. 5 for a two-segment
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Fig. 5 Example showing the calculation of river curvature.
Considering flow direction change from previous
and following segment as explanatory variable for volumetric loss
(top center) leads to a similar goodness-of-fit of the regression model
(R? = 0.016) as a larger distance between the segments (as shown
in the bottom right)

distance) were rejected after reviewing model accuracy of
simple regression models of volumetric loss.
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Results

Observational Data A positive trend in volumet-
ric loss magnitude as a function of segment distance
from source is clearly visible in an exploratory analy-
sis (Fig. 6). Peak values are reached between Altenahr
(50 km) and Walporzheim (70 km), partially associ-
ated with destroyed or damaged bridges. z-scores of
volumetric loss exceed one from 30 km onwards and
between Altenahr and Walporzheim several times even
three, indicating highly anomalous losses. The absolute
maximum at 56.5 km reflects the massive vertical ero-
sion at the Altenahr tunnel exit with a volumetric loss
of over 20000 m? in a single 100 m segment. This seg-
ment is excluded from the sampling range for subse-
quent assessment of bridge-loss interaction.

The valley floor widens from nearly 250 m in the
headwaters up to nearly 500 m between Schuld and
Altenahr. Widths decrease to less than 20 m in the
Langfigtal conservation area between Altenahr and
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A Else Bridge
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® Damaged
- ® Destroyed O -E
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Fig. 6 Volumetric loss per 100-m river segment. Segments containing a bridge are labelled by construction type and damage grade. Continuous
valley floor width data shown as grey line (10-segment rolling mean). Locations of survey section borders are indicated
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Walporzheim (52 km from source), in incised mean-
ders. The water gap in Walporzheim is indicated by a
sharp minimum followed by a rise of the width up to
> 1 km. It is noticeable that two destroyed arch bridges
show considerably high volumetric loss values. In the
lower reaches, in contrast, volumetric losses fall below
5000 m? except for a section in Heimersheim around
km 77, where topography is characterized by a narrow-
ing of the floodplain.

Predictors

Pearson’s correlation coefficient » = 0.38 of inter-
polated peak discharge and volumetric loss is weak to
moderate, but significant (nominal p value < 0.001). Val-
ley floor width shows peak values in the lowest ranges,
but in the whole data set there is no significant correla-
tion (nominal p value 0.85). River curvature, quantified
by direction change, correlates weakly, but significantly
(nominal p value < 0.001) with volumetric loss. All p val-
ues may be affected by violated assumptions due to serial
autocorrelation and heteroscedasticity.

Considering the predictors peak discharge, valley width
and river curvature and their pairwise interaction in a
multiple linear regression model, 23% of the variance of
volumetric loss can be explained (Tab. 1). Only peak dis-
charge has a significant effect on volumetric loss, modi-
fied by river curvature and valley width. A lower valley
width is associated with a significant (nominal p value
0.044) increase in the positive effect of peak discharge on
volumetric loss. River curvature has a significant (nomi-
nal p value 0.012) amplifying effect on the influence of
peak discharge as an interaction variable (Fig. 8).

Model residuals are used for further analysis to remove
the effects of these predictors and focus on additional
factors. Heteroscedasticity and non-normal distribution
are still present for the residuals (Fig. 7, Tab. 1).

25000 -
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Residuals Model residuals still show heteroscedasticity
with a maximum variance in the Altenahr—Walporzheim
section (Fig. 9).

Bridge segments in the Schuld to Altenahr section
with low loss values (lower quartile) are frequently
located in the widest floodplains (upper quartile)
and contain damaged arch bridges. In the confined
Altenahr—Walporzheim section, three destroyed arch
bridges are located in outlier sections in terms of resid-
ual loss and below the median valley floor width. In the
lower reaches, destroyed bridges are frequently present
in the upper half of residual loss values.

When considering all type-status combinations,
destroyed arched-bridge segments (# = 10) solely show
a significant negative correlation between valley floor
width and residual loss (r = —0.6, p value 0.039), indi-
cating that the effect of a bridge on erosion decreases
for wider floodplains. The majority of destroyed bridges
of both types is located in the wide valley section
downstream of Walporzheim. In the upstream section,
there are generally more arch bridges, but they were
predominantly not destroyed. Since the distribution of
peak discharge and valley width data indicate a reduc-
tion of unit stream power in Walporzheim, we suggest
that bridge failure may be in causal relation to higher
volumetric loss.

Bridge neigbourhood analysis For each combina-
tion of the bridge variables 'Type’ and ’Status) the seg-
ments are grouped by their distance to the respective
bridge segment. Mean values of residual loss for each
group show that in arch-bridge segments the residual
loss rises in comparison with upstream segments. For
destroyed bridges of this type, the true mean is with
95% confidence within an interval > 0 (see errorbar in
Fig. 10).

25000 -
- Al 25000 -
r=0.13, p=0.00033 Observation
© Residual
20000 - Q 20000 -
o
15000 - o 15000 -

10000 - 10000 -

0 50 100 0 20 40 60 80
Direction Change [°]

Distance from source [km]

Fig. 7 Predictor variables of the multiple linear regression model for volumetric loss with Pearson’s correlation coefficient r. Nominal p values
of correlation tests must be handled with care due to violation of assumptions. Right: Regression residuals plotted against distance from source
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Fig. 8 Interaction effects of valley width and direction change on the predictor peak discharge for z-standardized volumetric loss (both p values
< 0.05). Lower valley floor width the effect of peak discharge on volumetric loss. The opposite applies for direction change, a proxy for cut bank

structures

Table 1 Multiple linear regression model summary for
volumetric loss using z-standardized predictors peak discharge,
valley floor width and river curvature (R? = 0.24, adjusted

R? = 0.23,F(7,809) = 35.72, p < 0.007). Asterisk (*) indicates
interaction term

Variable Estimate Std.Error p value
(Intercept) 0.0634 0.0506 0.2101
Peak discharge 0.5080 0.0493 < 0.001
Valley width —0.1404  0.0965 0.1462
Direction change —0.0105 0.0569 0.8541
Peak discharge*Valley width —0.1526  0.0756 0.0438
Peak discharge*Direction change 0.1302 0.0517 0.0119
Valley width*Direction change —-0.1367 0.1025 0.1828
Peak discharge*Valley width*Direction  0.0200 0.0841 0.8125

change

This peak weakens until from 200 m downstream
a more or less stationary level of 500 m3 volumetric
loss is reached. Even in the —100 m group the value is
increased compared to upstream segments. For dam-
aged arch bridges the rise from —100 to 0 is not as
prominent as for intact arch bridges. For slab bridges,
only the destroyed ones show a remarkable, but not
significant rise in the bridge-containing segments. All
other group means are not significant.

A sectionwise look at all bridges in detail (Fig. 11)
reveals that in the Altenahr—Walporzheim section
large and isolated amplitudes in bridge segments are
observed for three destroyed and one damaged arch
bridge (partly torn Nepomukbriicke in Rech). Two of

the destroyed bridges are located near Walporzheim.
In one of these two segments, the differential DTM
indicates cut-bank erosion without high river curva-
ture. The third one is located in a curved segment at
the Altenahr tunnel entrance. Between Schuld and
Altenahr, almost every arch bridge indicates a spike
in residual volumetric loss in the central segment fol-
lowed by a decrease to +1 and intermittent pattern
downstream. However, only one of three destroyed slab
bridge shows a remarkable increase, reaching its top in
the +1 downstream segment. This segment marks the
outlet of the Adenauer Bach (creek) in Dumpelfeld.
In the lower reaches, the arch bridges show generally
lower residual values and two of five bridges with a
peak in residual loss in the central segment.

Slab bridges are frequently present in the headwaters
and in the lower reaches. Three destroyed slab bridges in
the lower reaches show a (smoothed) spike in the central
segment with a magnitude similar to arch bridges in this
river section. Here, all four non-destroyed slab bridges
show small positive (damaged) or even negative (intact)
residuals. In the confined Altenahr—Walporzheim sec-
tion, three railway bridges are aligned downstream of
Marienthal. The third one, a slab bridge at the Kleinod
restaurant, was destroyed by the flood and is associated
with the only sharp increase of residual loss among all
slab bridges in this section.

Spatial prediction of destroyed bridges

The data can also be used to predict if a bridge is
destroyed. From this, we can, furthermore, get infor-
mation on which variables are associated with an
increased probability of destruction of a bridge. We
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used a logistic regression model for the prediction and
tested it with all possible combinations of explanatory
variables, choosing the model with minimal Akaike
information criterion (AIC). The best results where
obtained when choosing distance from the source and
valley floor width, leading to a prediction with balanced

4000 -
Type Status

o Siabbridge Intact
©  Arch bridge Damaged

- Destroyed

2000 -

Mean residual loss [ m3]

-300 -100 100 300
Segment distance [m ]

Fig. 10 Segment mean residual loss grouped by distance

from bridge. For every bridge, segments within a radius of 500 m
upstream and downstream are grouped and analyzed. The error
bar indicates a 95% confidence interval of adjacent segment group
means of destroyed arch bridges

accuracy of 0.75 and « = 0.47. However, when we
restrict the data to sections where the valley is espe-
cially narrow (valley floor width < 100 m; predictor
valley floor removed), we obtain even better results
(Fig. 12). This model achieves a balanced accuracy 0.91
and « > 0.818.

Discussion

Given data from [28, 29], it is appropriate to use distance
from source as a proxy for peak discharge. However, for
the multiple linear regression model, linearly interpo-
lated values of peak discharge are used. Since [28, 29]
reconstructed peak discharge for only seven profiles sites
along 90 km of stream length, the validity of the interpo-
lation must be handled with care.

Post-flood digital terrain data offer a limited view on
flood-induced geomorphological processes due to rapid
anthropogenic cleaning measures prior to data collection.
Nevertheless, the focus on volumetric loss as a proxy for
flood power provides a new perspective on the interac-
tions between transverse anthropogenic structures and
the river’s morphological responses to the flood.

Peak discharge has moderate explanatory power
for volumetric loss. It is capable of explaining a posi-
tive downstream trend, but extreme amplitudes of
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Fig. 12 Left: Spatial prediction of destroyed bridges (using the full data set). Right: Prediction of destroyed bridges in narrower sections
with a valley floor width < 100 m

volumetric loss cannot be explained only by consider-  doubling of volumetric loss values downstream from
ing peak discharge as a linear predictor. Besides other = Schuld, km 32 (Fig. 6) indicates that the Armuths-
investigated predictors, non-linearities of peak dis- bach catchment might have had a remarkable impact
charge conditions must be taken into account. The on discharge and geomorphological processes in the
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main valley. Field observation of large-scale erosion
processes at the Armuthsbach (Fig. 1) confirm the pat-
tern visible in volumetric loss data of the main valley.
These findings suggest that peak discharge at Armuth-
sbach could have surpassed the reconstructions of [28,
29], who calculated a peak discharge of 200 m3/s for
the tributary and 625 m?/s in the Ahr river in a village
(Fuchshofen) upstream of the tributary mouth. In con-
trast, the location of the Sahrbach outlet (km 50), for
which [28, 29] reported peak discharges of a similar
magnitude as for the Armuthsbach, does not mark an
increase in volumetric loss values in the main chan-
nel, at least until the narrowing of the Ahr valley from
km 53 onwards. This could be explained by a loss of
flood power by dense settlement in this area. However,
all previous reasoning is also dependent from unclear
variables such as the temporal relation of peak dis-
charges of the tributary and in the Ahr main channel.
Hydrologic modelling could help to resolve this issue.

Valley floor width has only low explanatory power for
volumetric loss. Valley width is low in the headwaters
and in the middle reaches. Low explanatory power might
result from unexplained variations in peak discharge.
Valley floor width acts as an interacting ‘'moderator’ vari-
able for peak discharge as a predictor of volumetric loss
(Fig. 8). The same applies for river curvature, quantified
as direction change. Higher curvature leads to a stronger
effect of peak discharge on volumetric loss. A lack of
accuracy of the linear model for curvature as a predic-
tor for volumetric loss might result from simplicity of the
curvature model. Morphological properties like elevation
differences of cut bank structures or lithology are not
taken into account.

It is noticeable that the majority of the segments con-
taining a bridge are located in the upper half of the resi-
due distribution of the respective sections. In line with
this, [31] identified increased erosion in the proximity
of one bridge at km 67.8 using a differential elevation
model.

The finding that segments with damaged and destroyed
bridges often display high residual values allows two dif-
ferent conclusions to be drawn. Either the bridges have
been damaged by the generally extreme discharge con-
ditions and damage/failure are a kind of side effect, or
the failure of the bridge itself caused additional forces,
proxied by high volumetric loss. [31] adress the amplified
erosive effects at km 67.8 to bridge blocking and failure
based on field observations.

In terms of mean values, destroyed bridges are asso-
ciated with an increased residual loss in the segment of
the bridge and a reduction in the following 200 m down-
stream (Fig. 10). [26] found a similar pattern in data from
reconstructed peak discharge after an extreme flood in
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a small tropical basin in September 2005. They reported
that the collapse of an about 4 m high jam during the Rio
Portalon flood event may have caused a small surge wave
followed by a sudden drop in estimated peak discharges
typical of small dam breaches in mountain rivers. How-
ever, the flow surge associated with their collapse is very
unlikely to have determined the flood itself, whose cata-
strophic consequences can be traced to the severity of
the precipitation event [26].

Here, significance of the increase in segments with
destroyed arch bridges must be treated with caution, as
only very little data is available. In addition, the mean
values are distorted by individual extreme values in the
Altenahr—Walporzheim section (Fig. 11). From this per-
spective, a causal relationship between peak discharge
and the destruction of a bridge cannot be identified with
certainty. However, the distance from the source as proxy
for the peak discharge gives us a remarkably good predic-
tion of bridge destruction on the whole data set and espe-
cially in the narrower parts. Even more, in those parts, all
other potential explanatory variables from our data set
become negligible.

As we have seen, valley morphology rapidly changes
in Walporzheim from confined topography to a wide
floodplain. When considering all type—status combina-
tions, only destroyed-arch-bridge segments (n = 10)
show significant correlation between valley floor width
and residual loss (» = —0.6, p value 0.039). The majority
of destroyed bridges of both type is located in the wide
valley section downstream of Walporzheim. In the (con-
fined) upstream section, there are generally more arch
bridges, but they were predominantly not destroyed.
Since the distribution of peak discharge and valley width
data indicate a reduction of unit stream power from
Walporzheim onwards, this metric does not seem to be
a major causal factor leading to bridges to collapse. It
seems more plausible to conclude that bridge failure had
a causal influence on morphological processes. However,
it must be taken into account that the wide valley floor
from Walporzheim onwards is a densely built area. Dis-
charge conditions in this section were heavily affected
by anthropogenic structures and artificial channel
morphology.

Data indicates descriptively that large-scale pro-
cesses rather occur where an arch bridge collapses, but
the sample size is rather small and to make this finding
more robust, other variables such as bridge height and
the number of bridge piers and passages must be taken
into account in further local studies. Recent work of [9]
showed in a study of the 2021 event that for the design
parameters bridge length, width, clear opening width
and number of spans no significant statistical correla-
tion could be found for the degree of damage at a bridge.
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They pointed out that bridge height could be determined
as a contributing factor influencing the extent of damage
more than the shape of the opening of the bridge (e.g.,
bridge type). However, [9] outline a lack of representa-
tively distributed data and emphasize that statistical anal-
ysis has been performed without considering structural
design, hydraulic conditions and geotechnical aspects.
This study fills parts of this research gap by considering
hydraulic conditions proxied by volumetric loss. [27]
point out that flood hazard mapping procedures carried
out without taking into account stochastic processes at
critical cross sections (e.g., bridges) can result in erro-
neous evaluations, especially in forested basins whose
channels naturally transport high wood loads. For further
approaches dealing with hydrological modeling data, a
nested approach entailing deterministic simulations as
well as stochastic evaluation is recommended to achieve
a more reliable determination of flood hazard areas and
the associated risk. All in all, a recommendation for a
flood-adapted bridge construction method cannot be
drawn from this work, as the data available is too limited.
A multidisciplinary approach taking into account diverse
engineering and geoscientific concepts and perspectives
is desirable for the resilient construction of river struc-
tures in the Ahr valley and other flood-prone regions.

Conclusion

The results of this work clearly indicate an extreme mag-
nitude of hydrological and geomorphological processes
of the July 2021 event in the Ahr valley. Doubling volu-
metric loss values from Schuld (km 32) downstream
show a prominent influence of the discharge of the
Armuthsbach catchment on the magnitude of processes
in the main valley. A closer examination of processes in
the Armuthsbach catchment may be advisable to further
flood protection measures in this catchment area. Fur-
ther work could also take a closer look at the relationship
between peak discharge and volumetric loss at the other
tributaries with high reported peak discharges, at least at
the Sahrbach.

In the main valley, peak discharge is a significant linear
predictor for volumetric loss, in contrast to valley floor
width and river curvature. Nevertheless, these two vari-
ables both act as moderators of the peak discharge—loss
relationship (Fig. 8). The volumetric loss data set provides
evidence that supports the hypothesis of an amplification
of geomorphic change due to the failure of obstacles and
resulting outburst waves. Data suggests that arch bridges
are spatially more strongly associated with higher mag-
nitudes of volumetric loss than slab bridges; however,
neither the causality of the relationships nor a general
statement about a more flood-favorable bridge construc-
tion method can be derived with certainty from our
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results. A subsequent local-scale analysis which incorpo-
rates other bridge properties such as height or observed
clogging and other local factors such as geology might be
interesting for subsequent work. Thanks to [8], detailed
information about the post-flood bridge conditions in
the Ahr valley exists. Approaches using concepts of time
series analysis could be used to deal with heteroscedacity
and autocorrelation of data, but first investigations incor-
porating AutoRegressive Integrated Moving Average
(ARIMA) and Generalized AutoRegressive Conditional
Heteroscedasticity (GARCH) components did not lead to
better modeling results.

The July 2021 flood was undoubtedly an event that
caused severe geomorphological changes in the Ahr val-
ley. As tragic as the 2021 event was, it will hopefully serve
a series of research projects to better understand the
dynamics of floods in densely populated regions.
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