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Abstract. Flood marks are rarely utilized in hazard assess-
ment, mainly because of a lack of data availability and ac-
cessibility and mistrust in their reliability. Challenging these
common assumptions, we present an approach for evaluation
and practical utilization of flood marks by the example of the
Kinzig River, a Rhine tributary from the Black Forest with a
history of severe floods. We combined written documents de-
scribing flood marks with field mapping at three study sites
and collected information relating to 89 marks — about 50 %
of them still preserved — which refer to > 15 large floods be-
tween 1824 and 1991. The inclusion of a detailed historical-
mark survey enabled an assessment of changes through time
for each flood mark: they extend from small (15 cm) impre-
cisions in mark heights to considerable uncertainties in posi-
tion, height, and displayed date for some modified marks.
Plausibility checks with further data nevertheless demon-
strated good overall consistency. We then juxtaposed these
marks with the current, modeled flood hazard maps. A wide
agreement is apparent, in that the large majority of marks are
situated at probable heights and within the modeled flooding
area associated with extreme floods. For the few exceptions,
we see plausible and historically sound reasons in changed
local hydraulic conditions by flood protection walls, excep-
tional processes during a massive ice jam, and possibly also
a local underestimation of hazard along Kinzig River tribu-
taries. Overall, this study highlights (1) the broad availabil-
ity of flood mark data, both on a larger spatial scale and
with regard to already vanished marks, and (2) the signifi-
cance of the marks, verified by further data, and also demon-
strates (3) the possibility of a straightforward inclusion in
hazard assessment. We thus encourage the systematic collec-

tion, maintenance, and integration of flood marks as respon-
sible risk management, not least regarding their value in the
wider context of risk awareness and memory.

1 Introduction

Floods represent an enormously destructive, costly, and fa-
tal natural hazard in Europe on a local to supra-regional
scale (European Environment Agency, 2010), which the ex-
ample of the most recent extreme event in western Europe
in July 2021 clearly demonstrated. Generally, adverse con-
sequences of flooding with regard to areas and persons af-
fected have increased during the past 150 years (Paprotny et
al., 2018). Although observed streamflow records show high
interdecadal variability affecting trend detection both with
respect to magnitude and direction (Hannaford et al., 2013),
Kundzewicz et al. (2018) found a rising trend in the number
of severe floods with a large magnitude. In parts of Europe,
the threat of floods is even likely to continue to grow in the
near future: current climate change appears to have already
altered flood frequencies over the past decades, leading to
a precipitation-driven increase in floods in northwestern Eu-
rope in contrast to decreasing floods in southern and eastern
Europe (Bloschl et al., 2019). Despite the detected spatiotem-
poral heterogeneity, these trends largely comply with results
from climate change projections and hydrological modeling
(Thober et al., 2018).

Good flood risk management is thus essential to minimize
adverse effects of flood events, not solely but also regarding a
changing climate. Preventive and protective measures as well
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as adequate coping strategies, such as coordinated early alert,
strengthen preparedness towards floods (Merz et al., 2011).
Thereby, measures aim both at the vulnerability aspect in
flood risk, which designates the exposition of a place and
the sensitivity of its assets, and at the hazard aspect in risk.
The latter designates the probability and magnitude of floods,
usually defined by statistical return periods and associated
peak discharges. Policy instruments in flood risk manage-
ment, for instance, the flood risk maps required by the Euro-
pean Floods Directive (2007/60/EC) or flood protection mea-
sures, are often rigorously oriented towards “design floods”,
such as the 100-year flood (Parkes and Demeritt, 2016).

Therefore, the assessment of flood hazard plays a key role
in flood risk management, as it is vital to estimate future risk
as precisely as possible. However, extreme floods are rare
events, and systematic discharge records, which form the ba-
sis for a statistical flood frequency analysis, often do not con-
tain large floods. The extrapolation from short systematic
measurements can hence induce considerable uncertainty
to flood hazard estimates (e.g., Di Baldassarre and Monta-
nari, 2009). Continuous refinement of quantitative methods
in flood frequency analysis (e.g., Leese, 1973; Stedinger and
Cohn, 1986) allowed for compensating the scarcity of sys-
tematic measurements to a certain extent by a temporal, spa-
tial, and causal information extension (Merz and Bloschl,
2008). Temporal information extension, i.e., adding quanti-
tative estimates of single historical extreme floods, can sig-
nificantly decrease uncertainties in the flood hazard assess-
ment, as many studies demonstrated (e.g., Hosking and Wal-
lis, 1986; Payrastre et al., 2011; Viglione et al., 2013). Al-
though its inclusion is meanwhile a standardized procedure
regarding the methodology, historical flood information still
has unrealized potential (Kjeldsen et al., 2014). Note that we
use the term “historical information” for data derived from
human observation, e.g., written documentary sources and
early-instrumental records, excluding, however, official sys-
tematic measurements, as discussed for instance by Brazdil
et al. (2005).

Documentary evidence represents a necessary basis for the
reconstruction of the historical flood record and quantita-
tive estimates, which may serve as additional input data for
hazard analysis. Methods for the systematic collection, crit-
ical assessment, classification, and quantification of histori-
cal floods have been developed within the area of historical
climatology and hydrology (e.g., Glaser et al., 2010). Com-
prehensive reviews with a focus on Europe are presented by
Brézdil et al. (2006) and Benito et al. (2015). They refer to a
large number of studies that utilized historical documentary
evidence and could thereby provide insight into the variabil-
ity, seasonality, causes, and impacts of floods preceding the
systematic measurements. Only this knowledge allows for
putting recent flood trends into context, as, e.g., Bloschl et
al. (2020) demonstrated by identifying the recent decades as
one of several flood-rich periods of the last centuries yet with
specific hydroclimatic conditions. Also under non-stationary
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hydrological conditions, historical information can be in-
cluded in frequency analysis (Machado et al., 2015). Even
if insufficient for a local flood frequency analysis, historical
information, such as landmarks reached by the flood, can be
of use: for instance, the most severe historically documented
floods may serve as a benchmark for modeled extreme events
or safety risk analysis (Benito et al., 2015). Hence, the his-
torical perspective adds value to flood research and risk man-
agement despite various sources of uncertainty in documen-
tary data or climate-change-induced non-stationarities affect-
ing flood generation.

Flood marks are an important historical source besides the
pictorial documentation of floods and diverse printed or writ-
ten historical sources, such as economic records, newspa-
pers, annals, and chronicles (Brazdil et al., 2006). Carved
into bridge abutments, gates, or house walls, the markings
remind one of disastrous floods that occurred centuries ago.
They illustrate the maximum flood water level at a specific
location in varied appearance, mostly by a horizontal line
accompanied by the year of the flood. Located at a river
cross-section with a known water level-discharge relation-
ship and a sufficient comparability to the historical situation,
flood marks can be utilized to estimate the flood peak dis-
charge (Macdonald, 2007; Herget et al., 2014). In this sense,
they can provide valuable information for the flood hazard
estimation. At the same time, the small monuments are so-
cietal relicts of the past, form part of the cultural heritage,
and should be protected as such. By increasing public aware-
ness of severe floods, flood marks can contribute essentially
to the continuity of a collective risk memory and a risk cul-
ture affirm Metzger et al. (2018) and Martin et al. (2018).
Thereby, the marks help to build more flood-resilient com-
munities (McEwen et al., 2017). In France, the significance
assigned to flood marks for the development of a lasting risk
culture even led to the adoption of a law in 2003 to install,
protect, and maintain both new and historical flood marks
(Article L563-3, Code de I’environnement).

Often, flood marks are the only measurable indication of
the dimension of a historical flood; thus they are part of
many studies that ultimately aim at a flood frequency analysis
(e.g., Benito et al., 2003; Naulet et al., 2005; Payrastre et al.,
2005; Parkes and Demeritt, 2016; Macdonald and Sangster,
2017). While flood marks are often considered valid sources,
several caveats have to be taken into account (Wetter, 2017).
Not only do they provide relatively rudimentary informa-
tion compared with the spatiotemporal complexity of a flood
event (Metzger et al., 2018), but they can also be affected
by various error sources, e.g., with regard to the time of the
installation of a mark, the accuracy of its height, or a relo-
cation or alteration at a later date (e.g., Macdonald, 2013).
Moreover, changes over time, e.g., altered hydraulic condi-
tions caused by new buildings or protection measures, might
distort assumptions. Therefore, a critical assessment of dif-
ferent pieces of information — a basic procedure in historical
hydrology (Brazdil et al., 2006) — is also pivotal when uti-
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lizing flood marks. While cross-checking with other sources
is a general requirement (e.g., Glaser et al., 2010), and al-
terations of mark inscriptions as well as relocation of marks
have been described (Deutsch, 1997; Metzger et al., 2018),
a systematic multi-temporal investigation of the credibility
and usefulness of flood marks has not been published yet. To
our knowledge, actually only a few studies exist that drew
on a large number of spatially distributed flood marks to as-
sess flood hazard (Deutsch, 1997; Pekarova et al., 2013; Luu
et al., 2018). However, a systematic comparison of several
marks at different points in time in addition to other sources
may reveal consistencies and discrepancies, show changes
over time, and finally increase our knowledge of uncertain-
ties in historical flood data.

In southwestern Germany, numerous flood marks have
been installed over 2 centuries. Exceptionally rich informa-
tion is available regarding both the flood history (e.g., Him-
melsbach et al., 2015) and the marks, of which many have al-
ready vanished. Based on these data, we aim to shed light on
questions of uncertainty and imprecision in flood mark infor-
mation. For this study, we collected flood marks at selected
communities within the Kinzig catchment, where flood haz-
ard is still an important issue despite a long-time endeavor in
flood protection. We evaluated the preservation and plausibil-
ity of historical flood marks and examined mark relocations,
if observed, regarding indications and the extent of change.

At our study sites, neither recent nor century-old flood
marks were utilized in the creation of the current flood hazard
maps (FHMs), even though knowledge of historical floods
can add value as additional evidence on flood hazard despite
uncertainties (Merz et al., 2011). Specifically, observations of
large floods of the past can help to estimate the potential ex-
tent of extreme flood scenarios. The recent disastrous flood of
the Ahr River, western Germany, in July 2021 may serve as
example: this event was locally comparable to the magnitude
of the largest historical events, but it far exceeded the sys-
tematic records (Roggenkamp and Herget, 2014; Thieken et
al., 2021). Yet, the historical floods apparently had not been
taken into account for the FHMs (Merz et al., 2021; Thieken
et al., 2021). Even though the 2021 flood far exceeded the
HQ100 (a 100-year flood), it might have been better antic-
ipated if the historical floods had been considered. In our
study, we therefore also assessed the compliance between the
collected marks and the FHMs along the Kinzig River. On
this basis, we finally discuss the general significance of flood
mark information considering both uncertainties and limita-
tions, and we point out potential feasible strategies to benefit
more from this source of information.
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Figure 1. The Kinzig catchment with its main tributaries and rel-
evant locations. Data are channel network and catchment shape
from the Amtliches Digitales Wasserwirtschaftliches Gewisser-
netz (AWGN) provided by the LUBW and SRTM (Shuttle Radar
Topography Mission; Jarvis et al., 2008).

2 Study area
2.1 Catchment characteristics

The Kinzig catchment is located in the west of Baden-
Wiirttemberg, southwestern Germany (Fig. 1). It extends
from the central Black Forest mountain range with an alti-
tude of about 1080 m down to the southern Upper Rhine val-
ley at 134 m. With a size of 1406 km?2, it is the largest trib-
utary to the Upper Rhine River from the western side of the
Black Forest. The catchment is to a large extent covered by
a hilly to mountainous landscape and has a compact shape
and a large headwater area with a number of narrow sub-
catchments with a steep gradient. This contributes to rapid
flood generation and high flood discharges, e.g., 1050 m3 s~
for the 100-year flood in comparison to the annual mean flow
of 23.5m3s™! at the main gauge Schwaibach. Data were
made available by the Landesanstalt fiir Umwelt Baden-
Wiirttemberg (LUBW, Baden-Wiirttemberg State Institute
for the Environment; LUBW, 2015).

The climatic conditions of the region are characterized
by a mid-latitude temperate climate with superimposed oro-
graphic effects specifically regarding the catchments’ posi-
tion on the windward side of the Black Forest. Data provided
by the Deutscher Wetterdienst (DWD, Germany’s national
meteorological service) show a wide range of long-term
mean annual precipitation between the lowlands (890 mm at
Offenburg), the middle catchment (1100 mm at Haslach), and
the mountainous region (1890 mm at Bad Rippoldsau and
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1370 mm at Triberg-Nussbach). The lower stations display
a rather uniformly distributed, year-round precipitation. By
contrast, the Black Forest region, which is decisive regarding
the discharge generation, tends to a winter maximum.

Consequently, the Kinzig River has a pluvio-nival dis-
charge regime with a maximum in November to March
and a minimum in August, with reference to measurements
at the main gauge at Schwaibach between 1914 and 2015
(data: LUBW). Accordingly, floods occur often during the
winter half-year. The most destructive events tend to occur
between late October and March. These floods were caused
by extensive, often long-lasting and heavy, rainfall and were
frequently intensified by snowmelt or rain on snow. Occa-
sionally, highly destructive though rather local floods were
caused by an ice jam (winter) or torrential rainfall (summer).

The knowledge about historical floods in the region is
particularly good with respect to the last 250 years. This
can be explained by the repeatedly high impact of recur-
ring large flood events, which encouraged their tradition.
Besides that, a river rectification program was initiated by
Johann Gottfried Tulla in the early 19th century, mainly mo-
tivated by expanding the arable land (Himmelsbach, 2014).
These river training measures came along with a closer ob-
servation of the river, such as the installation of a gauge at
Schwaibach as early as in the 1830s, providing an unusually
long record. Moreover, the general availability of documen-
tary sources has increased over the past centuries.

Flood hazard is still an important current issue in the en-
tire Kinzig valley. This is not only demonstrated by recurring
reports in the local and regional press, for instance, regarding
recent flood damages, affected locations, adopted measures,
and the status of protection measures in the planning process
(e.g., Heppner, 2020). The continuous enhancement of flood
protection strategies, achieved with considerable investment,
also reflects the strong commitment of municipalities and the
state. Nevertheless, the current flood situation is still critical
in some places. In Wolfach, for example, many buildings are
located within the area flooded during a 100-year flood ac-
cording to the official FHMs.

2.2 Study sites

This study focused on three towns in the middle and upper
Kinzig catchment: Wolfach and Haslach, both medium-level
centers of the southern Upper Rhine region, and the rural-
area community of Schiltach (Fig. 1). Wolfach marks the
boundary between the middle and upper catchment and ex-
tends across the Kinzig valley at a narrower valley section.
Its medieval suburb is directly located at the confluence be-
tween the Kinzig and its tributary river, Wolf, which together
with the general catchment characteristics make the town a
true “bottleneck” of the Kinzig valley. Thereto related is the
comparably high density of flood marks bearing evidence of
a long history of devastating floods, which made Wolfach
the starting point of this study. Haslach, about 12 km down-
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stream of Wolfach, is the westernmost location. It is situ-
ated directly south of the Kinzig River. Schiltach, the small-
est town, lies 10 km upstream of Wolfach. Similarly to Wol-
fach, it extends across the entire narrow valley and is also
located at the confluence of the Kinzig with a tributary river,
the Schiltach. The sites of Schiltach and Haslach were se-
lected additionally to Wolfach due to their proximity and the
existence of a number of flood marks enabling a longitudinal
comparison of several events.

3 Material and methods

3.1 Flood information from documentary data and
measurements

The publications by the Centralbureau fiir Meteorologie und
Hydrographie im Grossherzogthum Baden (CMH, Central
Office for Meteorology and Hydrology of the Grand Duchy
of Baden; later written as Zentralbureau fiir Meteorologie
und Hydrographie im GroBherzogtum Baden) fundamentally
contributed to the reconstruction of the Kinzig flood history
in addition to various continuous or individual sources on
historical floods (Himmelsbach, 2014). Founded in 1883, the
CMH published yearly reports as well as special issues on
hydrometeorological observations for the area of the former
Grand Duchy of Baden between 1884 and 1915.

The primary documentary source utilized in this study is a
large-scale historical survey of flood marks undertaken by or-
der of the CMH during the years 1902—-1904. The results of
this survey were published in the 13th volume of Beitrdige
zur Hydrographie des Grossherzogtums Baden (Contribu-
tions to the hydrography of the Grand Duchy of Baden;
CMH, 1908, 1911). The collection includes about 2560 flood
marks within the former Grand Duchy, more than 300 of
them located in the Kinzig area. Drawings of the individ-
ual marks and their relative position on buildings or walls
and, at a smaller scale, within map sections can be found
in CMH (1908). CMH (1911) lists the assigned flood mark
identification numbers, the associated river and the locations
in river kilometers, a description of the flood mark, and the
heights above the ground in meters above sea level (m a.s.l.).
Rarely, series of 19th-century peak water levels at historic
gauges are also documented, allowing for comparing differ-
ent floods with each other.

Furthermore, discharge measurements and documentary
sources provided background information. It was utilized to
identify the events represented by the collected marks, set
them in relation to each other, and put them in the long-term
context of flooding. Specifically, early gauge measurements
including notable 19th-century floods were available, pub-
lished by the CMH in a special report (CMH, 1884) and on
a yearly basis until 1915. Continuous daily (1914-1967) to
hourly (1968-2016) discharge measurements for the gauge at
Schwaibach were provided by the LUBW. In addition, a long,
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index-based record of historical Kinzig floods dating back to
the 16th century was contributed by Himmelsbach (2014).
It is based on written documentary data, such as the chroni-
cle of Adolph Christoph Trautwein (1818-1898) of Schiltach
(Christoph Trautwein, unpublished data) or the chronicle of
the town of Wolfach (Disch, 1920). The latter represents one
of the most valuable and continuous written sources. The in-
dividual quotes utilized by Himmelsbach (2014) are for the
most part available in the collaborative research environment
of https://tambora.org/ (last access: 15 April 2019) (Rie-
mann et al., 2016). The historical flood record was also up-
dated and combined with discharge reconstructions based on
early-instrumental measurements of water level maxima dur-
ing floods (1845-1882) and monthly maxima (1882-1914)
at the gauge at Schwaibach by Bosmeier (2020). The up-
dated Kinzig flood record comprises 308 flood events be-
tween 1500 and 2016. Discharge data could be assigned to
35 % of these events.

3.2 Flood mark collection

The collection of flood mark information at the study sites in-
cluded both archival research and the mapping of flood marks
in the field. In advance of the fieldwork, the documentation
of the historical survey by the CMH (CMH, 1908, 1911) was
consulted. Currently existing flood marks in the study sites
were then mapped in 2018 and 2021. Mapping was under-
taken utilizing a handheld GNSS (global navigation satel-
lite system) receiver (a Trimble GeoExplorer® 6000 Series);
a folding pocket rule for measuring the heights above the
ground; and photo documentation to record flood mark lo-
cations, heights, and appearance.

For mapping, the following procedure was used: the his-
torically documented flood mark locations were checked ini-
tially. The search was then extended to the further vicin-
ity so that the main parts of the town centers close to the
river were covered. In Wolfach, the marks within a radius of
750 m around the confluence between Kinzig and Wolf were
recorded. In the smaller town of Schiltach, the confluence
between Kinzig and Schiltach as well as the area extending
approximately 500 m upstream along both rivers was exam-
ined. In Haslach, the historical town center is not directly
located along the Kinzig. Thus, the area north of the center
including the industrial canal and the adjacent 500 m Kinzig
River section were examined. Mapping generally was under-
taken without any claim of completeness.

Since satellite reception was limited in some narrow
streets, the recorded coordinates were subsequently verified
by reviewing their positions in Google Earth Pro (2020).
In order to georeference the historical map sections in
CMH (1908), the mapped marks were then compared with
the historical maps which include the flood mark positions
but do not display any coordinates. This allowed for restor-
ing the coordinates of “lost” historical marks which had been
destroyed, removed by construction works, or just had disap-
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peared over time due to weathering of the rock. The mapped
and photo-documented marks were finally collated with the
detailed descriptions and illustrations in CMH (1908).

3.3 Assessment of flood mark plausibility and
preservation

The gathered multi-temporal data set contains the results of
the recent field survey on flood marks, the historical sur-
vey, and further qualitative and quantitative information on
floods. These data present not only a unique basis to investi-
gate which marks were preserved or vanished over the years
but also a framework that can be used to rate the plausibility
of a flood mark. Moreover, the data enabled for checks to be
made to determine whether marks had been altered or moved
since the beginning of the 20th century and, if so, reveal to
what extent these changes affected the marks regarding their
location, height, or inscriptions. Such information is neces-
sary for assessing the value of a mark as a substantial indica-
tion of the dimensions of historical floods and the potential
extent of uncertainties.

As first step, all collected flood marks including both
preserved and historically documented marks were cross-
checked with measurements and additional written descrip-
tions. Therefore, the marks initially were grouped by asso-
ciated flood events with the flood year as reference. It was
checked (1) whether the events documented by the flood
marks are plausible with regard to the flood discharge record
and (2) whether they are backed with written descriptions,
such as reports or chronicle entries. (3) Finally, a qualitative
comparison between the written evidence and the marks re-
garding the mark locations, heights, or inscriptions followed.
Noticeable compliance as well as clear discrepancies with
the written evidence were noted. All marks were tagged as
questionable in regard to the further analysis if they could
not be matched with a measured or described flood or if they
showed discrepancies with written documents.

In a second step, for assessing flood mark preservation, a
special focus was put on the historical flood mark survey at
the beginning of the 20th century. Flood marks that had been
recorded during that survey documented by the CMH (1908,
1911) were compared with the marks that were found to be
still preserved at the sites. This allowed for (1) evaluating
the overall mark preservation over the course of a century
and drawing conclusions about potential reasons for the dis-
appearance of marks. (2) A consistency check between the
historical survey and the preserved marks followed regard-
ing the mark location, height, inscription, and appearance.
This allowed for marks to be identified that very likely had
been reinstalled or moved and for assessing in how far the
reinstallation had affected the mark.
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https://tambora.org/

2968

3.4 Comparison with flood hazard maps

According to the European directive “on the assessment and
management of flood risks” (2007/60/EC), member states
had to undertake a preliminary risk assessment, produce
maps for flood hazard and risk, and develop flood risk man-
agement plans by 2015. For the area of Baden-Wiirttemberg,
FHMs were created using regionalized hydrological data,
catchment models, rainfall-runoff models, and hydrological
studies (Reich et al., 2012). They display the extent of flood-
ing which is likely to occur in the case of HQ10, HQ50, and
HQ100, which designate floods with the return periods of 10,
50, and 100 years, respectively. The maps also show an area
which may be flooded during a very rare, extreme scenario
(HQextreme) which takes failure of protective measures and
log jams at bridges or narrow passages into account (Min-
isterium fiir Umwelt, Klima und Energiewirtschaft Baden-
Wiirttemberg, 2016).

For this study, the current FHMs along the Kinzig between
Schiltach and Haslach were provided by the LUBW (LUBW,
2018). In order to juxtapose the collected flood marks and the
FHMs, a geospatial analysis was conducted. First, it was as-
sessed whether the mark sites were located within or outside
of the flooding areas in the FHMs. This enabled a local val-
idation of the extent of flooded area in the FHMs. Then, the
flooding depths of the FHMs at the flood mark sites were ex-
tracted. This allowed for a quantitative analysis of the flood
mark heights with respect to the current flood hazard esti-
mates. On the one hand, an event-specific relative compar-
ison between mark heights and flooding depths was under-
taken to test for consistency. On the other hand, exceptionally
high marks were selected and individually examined with re-
gard to their potential use in the flood hazard assessment. The
analysis was carried out utilizing R (R Core Team, 2015) and
the specific packages “raster” (Hijmans, 2020) and “rgdal”
(Bivand et al., 2019).

4 Results
4.1 Flood mark preservation and credibility
4.1.1 Collected marks

In this study, overall 89 flood marks were collected from
historical documentary sources and/or were mapped in the
communities of Haslach (15 marks), Wolfach (44 marks),
and Schiltach (30 marks). These marks document at least
15 flood events between 1824 and 1991. About 70 % of them
(62 marks) refer to 19th-century floods, and all of them but
two marks are listed in CMH (1908). About 30 % of the
marks (26 marks) date back to the 20th century and were in
a very good condition at the time of mapping between 2018
and 2021. Only one mark in Wolfach could not be assigned
to a specific flood, as strong weathering had obscured the in-
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Figure 2. Locations of collected marks, both preserved and lost
but documented, at the three study sites (a—c). The flood protec-
tion walls and the areas most likely to be flooded during HQ10 to
HQextreme (HQext) flood events were extracted from the FHMs
(LUBW, 2018). The labels, which refer to the mark location by the
site initials and to the utilized sequential numbering, e.g., H1, are
displayed for particular marks. Basemap distributed under the Open
Data Commons Open Database License (ODbL) v1.0.

scription. In total, 46 of 89 marks are still preserved at the
sites (status as of 2018-2021).

The majority of the flood marks were attached to houses
along the river and to the river embankment, and some can
be found at bridges or bridge abutments. Hence, they exist
or existed in close proximity to the river. Yet, a few flood
marks are also located at a distance of more than 100 m to
the river (Fig. 2). While many single marks can be found,
more than one mark has been installed at most locations. A
gateway in Haslach once even displayed a series of eight dif-
ferent marks referring to some of the largest flood events of
the past centuries (Fig. 3a). A large majority of the currently
preserved marks are well visible from public places. Only a
small number are strongly weathered or somewhat hidden so
that a close look at the right location is necessary to discover
the mark.

With regard to type and appearance, the mapped mark-
ings are mostly made of notches engraved in bricks or house
walls, indicating the maximum flood level. A number of
marks are located on particular stone slabs and a few on metal
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Figure 3. Historical documentation of flood marks (modified from
CMH, 1908) in Haslach (a) and Schiltach (b). The remaining pre-
served marks at these sites in July 2018 are displayed in (c) and (d).
The labels refer to Fig. 2.

slabs. Most of the collected flood marks are not only en-
graved but also painted. Some older marks appear repainted,
obviously in order to preserve the signs (Fig. 3d); however
due to weathering, it is not always clear whether or not they
initially also had been engraved. Typically, the year of the
flood event is inscribed next to the notch, frequently in com-
bination with the labels “H.W.” or Hochwasser, which is Ger-
man for “flood”. Some marks even show the exact date of the
flood, occasionally with the prefix “d.d.”, which is an abbre-
viation for the Latin de dato (“from the date”; see Fig. 3b
and d).

4.1.2 Plausibility of the flood marks

A large consistency was found between flood marks in
Haslach, Wolfach, and Schiltach and discharge measure-
ments as well as written documents. To begin with, the flood
record in combination with documentary evidence confirmed
that the majority of events represented by flood marks were
severe on a local to regional scale. A long flood record
at the main gauge in Schwaibach was combined by Bos-
meier (2020) from early-instrumental and systematic mea-
surements (Fig. 4b). The gauge is located in the lower catch-
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ment; thus the return periods of measured events cannot be
contrasted directly with single flood marks. The gauge mea-
surements are nevertheless an approximate reference. In a
synopsis with the flood mark record, they underline the credi-
bility of flood marks as evidence on historical floods (Fig. 4).
First, the events with the highest number of marks are 1882,
1896, and 1919, the three floods with the highest flood dis-
charges in the past 150 years. Second, 10 out of 15 years
represented by the flood marks correspond to the 10 high-
est reconstructed or measured discharges. The years 1824,
1830, 1849, and 1862 precede the beginning of available wa-
ter level observations, but documentary sources verify ex-
treme floods in these years. Only a single flood mark in
Haslach (H8), referring to the year 1891, cannot be matched
with a major flood. With a 5-year recurrence interval, the
1891 event may represent the smallest flood labeled with a
flood mark at the study sites.

A further systematic plausibility check demonstrated
that the large majority of the marks are well supported
by written sources, such as the chronicles of Schiltach
(Christoph Trautwein, unpublished data) or Wolfach (Disch,
1920). These sources describe — in parts very detailed — the
temporal evolution, extent, or severity of the floods. First,
all flood marks, except one, could be associated with flood
events that were documented by written information. Reports
were only missing for the 1891 mark in Haslach, which as
a consequence was classified as questionable. Second, the
qualitative comparison between the marks and the content of
the associated written documents did not reveal explicit and
considerable discrepancies. By contrast, some statements lit-
erally verify particularly high marks by describing the extent
or maximum water level in reference to specific landmarks,
buildings, or bridges. One example represents the extreme
flood in 1896, when the Kinzig tributary Wolf tore parts of
the graveyard in Wolfach away (Disch 1920). Another ex-
ample is the disastrous ice jam in 1830: according to the
chronicle of Wolfach, the flood followed a very cold winter.
Since a large amount of ice, unrooted trees, and other ma-
terial blocked the riverbed in Wolfach, the Kinzig forged its
way through the suburb (Disch, 1920). The consequence was
an outstandingly high flood water level which even reached
the first floor, as reports stated. This is documented by an
extraordinary high mark in Wolfach (W28, Fig. 5c¢).

4.1.3 Flood mark preservation

The preservation and alteration of flood marks over the
course of a century was assessed by comparing the histori-
cal flood mark survey at the beginning of the 20th century
(CMH, 1908, 1911) with their status as of 2021 (Fig. 4a).
Flood mark preservation turned out to be rather limited and
appeared to be location dependent. Overall nearly a third of
the 19th-century markings were still preserved, among them
only 2 marks in Haslach (13 %), 6 marks in Wolfach (23 %),
and 9 in Schiltach (50 % of the 18 marks documented for the
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Figure 4. Number of collected flood marks in Haslach, Wolfach, and Schiltach with red and orange bars showing deviations from the
historical flood mark survey (a) and associated peak discharges at the gauge at Schwaibach (b). The record of annual discharge maxima
combines data reconstructed from peak water levels (1845-1914) with systematic measurements since 1915 (Bosmeier, 2020).

19th century). In addition, one mark (W3) at a private site
could not be accessed (hence, it was not added to the pre-
served marks), and two marks (W16, S11) from the 19th cen-
tury were not mentioned in CMH (1908) (hence, possibly in-
stalled post hoc).

It appeared that flood marks were less likely to be lost
when installed at houses in the town (Schiltach and Wol-
fach) than positioned directly along the river (Haslach; com-
pare Fig. 2). Generally, flood marks that had been attached
to bridges before the 20th century were not found anymore,
as the bridges across the Kinzig and its tributaries were fre-
quently destroyed and rebuilt. Similarly, flood mark stones
or pillars positioned along the river embankment or on roads
close to the river were mostly not preserved. Likely reasons
may be construction activities along the river such as the re-
newal or extension of dams, walls, roads, or the river em-
bankment. The higher degree of mark preservation within the
settlement is a fortunate coincidence. It might be connected
with a special mindset towards flood hazard, related to the
long history of recurring floods and the dependence on the
river with regards to the century-old tradition of timber raft-
ing, which is a particularity of the Kinzig area. By contrast,
examples of intentional removal of flood marks from private
places are also known in the region and beyond, even though
flood marks are in many places protected by law. But even at
the three study sites along the Kinzig, marks on house walls
often did not outlast the 20th century due to rebuilding or
new construction of houses as well as weathering. Neverthe-
less, the positions of lost marks on buildings could be recon-
structed fairly accurate utilizing the documented historical
map sections and reference points such as other buildings in
the street. Lacking such close points of reference, the posi-
tions of vanished flood mark stones along the river in Haslach
could only be approximated. This also reduced their value for
the comparison with FHMs.
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The consistency check between the preserved marks which
had been documented during the survey undertaken by the
CMH in the early 20th century also allowed for an exami-
nation of alterations over time. Several issues appeared and
were regarded as an indication for relocation or reinstalla-
tion during the past 115 years: (1) a significantly modified
mark height or position relative to building characteristics;
(2) modified mark components such as the inscription, its po-
sition relative to the notch, a correction of outdated orthogra-
phy, or other specifics; and (3) obvious signs of the renewal
of a mark inscription, such as new paint or a new panel.

With regard to (1), note that building activity over the years
often results in a change in ground elevation. Since it was not
possible to quantify urban surface change at the three study
sites within this work, its effects on the absolute flood mark
height relative to the ground level are unknown. Thus, it was
decided to define a range of tolerance: a mark height differ-
ence in comparison to the early 20th-century survey was des-
ignated as significant when exceeding 15 cm. This range was
derived from the (maximum positive or negative) height devi-
ations between historically recorded and still preserved flood
marks, excluding preserved marks that had been noticeably
relocated or significantly modified compared to their original
status (compare Figs. 3a, ¢, and 5d). Moreover, height differ-
ences in this magnitude appeared plausible with respect to
ground elevation changes due to construction or removal of
footpaths during the 20th century and a common curb height
between 5 and 15 cm in Germany.

Besides local base changes, an imprecision in the range
of a few centimeters may easily have resulted from the his-
torical source because the mark heights above the ground
or their relative distance were digitized from sketches in
CMH (1908). In that source, some mark heights occasionally
were not explicitly specified; thus they needed to be mea-
sured directly from the relatively small sketches which im-
plied inaccuracies.
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Figure 5. Flood marks and the local flooding depths of the flood
hazard maps (LUBW, 2018). All marks in Wolfach and Schiltach
are displayed which refer to the flood on 15 February 1990 (a) or the
flood in December 1919 (b) or which exceeded the HQextreme (c).
All other pairs of documented and preserved marks with an indica-
tion of likely reinstalled marks are displayed in (d).

The results of this consistency check showed that 10 out
of 17 preserved flood marks likely had been moved and re-
installed (Fig. 4a, in orange). Yet, a considerable (> 15cm)
height difference between the historical and the current po-
sition was only found for seven marks, as shown in Fig. 5d.
One potential reason may be the integration of cornerstones
with engraved flood marks into new buildings, regardless of
their original position, inducing significant alterations. This
might have caused the 0.5 m height difference between the
documented and preserved marks H1 and H3 in Haslach
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(Figs. 3a, ¢, and 5d). Then, 10 marks showed an insignif-
icant height difference to their historical position, among
them seven marks without and three with clear indications
of reinstallation (Fig. 5d). Hence, some flood marks have
been maintained and reinstalled close to the original after a
new building construction. Nevertheless, even some marks
in a very good condition — apparently maintained and re-
painted — were found to be significantly (about 30 cm) be-
low their documented historical position (Fig. 5d, S24-27).
Thus, clear signs of flood mark conservation are no proof for
their trustworthiness. As a consequence, the historical infor-
mation in CMH (1908) was generally assigned higher credi-
bility if preserved marks showed considerable alterations. A
precondition for this, however, was a successful plausibility
check between the historical flood mark description and fur-
ther written sources, as described above.

Nevertheless, the comparison between preserved marks
and their historical documentation occasionally pointed to-
wards some inaccuracies in the historical documents of the
CMH. Again, the preserved marks in Haslach (Fig. 3a and c)
serve as an example: even though the marks are weathered,
the deviation between the documented inscription (“1882”)
for H3 and the label recorded during fieldwork (“27 Dez 82”)
is well visible. The preserved marks are most likely the re-
mains of the historically recorded marks, and there was no
apparent reasons for a later addition of the date. Hence, it
appears as if the date was simply omitted during the survey
of the CMH. This might be an isolated case. However, the
repeated omission of a precise dating on flood marks would
mean a significant loss of information, particularly for years
with more than one severe flood, such as 1882.

4.2 Comparison of flood marks and flood hazard maps

The results of a geospatial analysis combining the flood
mark positions and heights with the FHMs at the study sites
demonstrated a wide agreement. They also reflected a range
of uncertainty in the mark heights, particularly regarding the
older marks. In addition, the analysis revealed a few inconsis-
tencies, which required a closer examination and appeared to
be of potential use in the flood hazard assessment. Note that
the historical-mark heights could not be reconstructed for all
marks that were documented but since then have vanished:
in 7 (out of 60) cases, the documentation in CMH (1908)
was imprecise or missing a reference to the ground level.

To begin with, the collected flood marks could not indi-
cate clear gaps in the FHMs: the current FHMs at Haslach,
Wolfach, and Schiltach show considerable flooding depths at
all but 1 of 89 collected mark locations (Fig. 2). Thereby, the
majority of the mark locations in Haslach and Wolfach match
with flooding areas assigned to a 50- or 100-year flood. In
Schiltach, many marks exist(ed) in places that have been pro-
tected by flood defenses up to a 100-year return period. How-
ever, these locations are still likely to be flooded during more
severe events. The only exception, where a flood mark coin-
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cided with no flooding depths in the FHMs, is the mark W3
in Wolfach. This exception is however plausible because the
mark was located close to a former side channel leading to
a saw mill (CMH, 1887). The area of the former side chan-
nel has been protected, and local hydraulic conditions have
changed since then.

An event-specific relative comparison between marks and
FHMs demonstrated overall good agreement, which can be
considered a mutual verification between marks and mod-
eled hazard maps. In February 1990, for instance, the Kinzig
catchment was struck by a severe flood with a recurrence in-
terval between 20 and 50 years at Schwaibach in the lower
catchment, with several flood marks recording local flood
levels (Fig. 5a). Since long gauge records were not avail-
able directly at the study sites, it was not possible to re-
construct and assign local return periods to the marks us-
ing conventional flood frequency analysis approaches (Bos-
meier, 2020). Therefore, the absolute FHM flooding depths
could not be verified directly and precisely utilizing the flood
marks. However, a relative comparison was possible: all four
marks in Wolfach are placed at heights approximately corre-
sponding to HQ50, adding confidence to the HQ50 estima-
tion and mapping. In Schiltach, one mark (S22) also points
to a flood between HQ20 and HQ50. However, three other
marks are situated within an area protected against floods up
to HQ100 by walls at the waterside of the Kinzig and its
tributary, the river Schiltach. Hence, local hydraulic condi-
tions cannot be compared with the situation during the flood
of 1990. This may also explain why the recurrence intervals
in Fig. 5a do not match with the other marks. Similar re-
sults, yet with larger deviations, were found for the extreme
flood in December 1919, which was an event between HQ50
and HQ100 according to the measurements at Schwaibach
(Fig. 5b).

Finally, a number of marks with extreme heights in com-
parison to the FHMs were found. Seven marks exceeded the
modeled flooding depths of an HQextreme event, most of
them quite considerably (Fig. 5¢). Searching for factors that
could explain these discrepancies, the individual cases were
examined. Two of the seven marks are located along the
Kinzig: W3, which appeared plausible as aforementioned,
and W28. The latter is a reminder of the massive ice jam in
Wolfach in February 1830, and its plausibility could be veri-
fied (Sect. 4.1.2). Strikingly, five of the seven marks above
the HQextreme level were situated along tributary rivers.
In Wolfach, W11 and W14 existed along the Wolf roughly
500m upstream of the confluence between the Wolf and
Kinzig. In Schiltach, S11, S15, and S16 were or still are
situated along the Schiltach River. There, protective walls
have been installed (Fig. 2), which considerably improved
the flood situation and changed hydraulic conditions. Never-
theless, the height of the marks is exceptional — note, how-
ever, that S11 might have been installed post hoc (compare
Sect. 4.1.3) and may be questionable despite available re-
ports about the flood in 1880. In any case, as opposed to
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the Schiltach, protective walls do not exist along the Wolf
near W1l and W14. Assuming that the historical circum-
stances are approximately comparable with the current sit-
uation, the marks W11 and W14 are evidence of the partic-
ular severity of the floods in 1882 and 1896 along the Wolf
River. At least for the 1896 event, documentary data con-
firmed an exceptional destructive power of the Wolf, as de-
scribed above. These results might indicate a local underesti-
mation of the flood hazard along tributary rivers by the FHMs
and encourage a review.

5 Discussion
5.1 Reliability of flood mark information

This study of flood marks along the Kinzig River demon-
strates that the marks are for the most part consistent with
the measured and reconstructed flood record and written doc-
umentations of flood events. On the whole, available flood
marks apparently have been installed consciously. In con-
trast to the Tarn valley, southern France, where Metzger et
al. (2018) found indications of intentional elevation of flood
marks likely in the hope of receiving compensation, evidence
for deliberate mark modifications were not apparent at our
study sites along the Kinzig. At the same time, we under-
line the importance of cross-referencing between marks and
further sources. Specifically, the historical documentation of
flood marks from the early 20th century made it possible to
sort out single questionable marks.

Comparison between preserved marks and their historical
documentation revealed multiple uncertainties in the flood
mark information. Uncertainties appeared as imprecisions in
current absolute flood mark heights with reference to the
heights documented about 115 years ago. These impreci-
sions are at best smaller than +15cm but may be larger if
the mark has been moved carelessly. They may be a result
of measurement uncertainty, transmitted through the small-
scale historical documentation, derived from changes in the
ground level or also from imprecise reinstallation of histori-
cal marks. Moreover, it is not clear, to what extent the results
of this study can be extrapolated into the earlier past. Ground
level changes, for instance, likely have occurred repeatedly
so that their effects accumulate over time and can result in
higher imprecision for older marks. However, this study can-
not quantify this imprecision, as it only captures changes dur-
ing the past 115 years. It also became apparent in this context
that rankings of several flood events over time could be un-
certain, even if derived from a single site. In addition, we
found that the absolute mark heights can sometimes be veri-
fied by written documentation, but even then, imprecision in
the range of several centimeters has to be considered.

Our findings are certainly location and time dependent,
yet they may serve as an example of potential changes over
time. As a conclusion, we strongly recommend considering
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uncertainty ranges when utilizing flood mark information in
a hazard analysis, as demonstrated by, e.g., Parkes and De-
meritt (2016), to avoid false accuracy in the estimates.

Flood marks not only are an imprecise source, but they
also can be uncertain in terms of substantial flaws in the
height, position, and year or date displayed by the mark
(e.g., Wetter, 2017). Not only is this form of uncertainty
hardly quantifiable, but it is also difficult to be detected at
all. In this study, only the comparison between preserved and
historically documented marks could identify a few cases of
significant alterations of flood marks, e.g., by construction
works. Hence, historical documentation provides informa-
tion on lost marks (Macdonald and Black, 2010), and it is
also extremely helpful as a reliability check. Admittedly, the
documents published by the Central Office for Meteorology
and Hydrology of the Grand Duchy of Baden represent an ex-
ceptional data source. The approach of temporal comparison
cannot be transferred to regions without such an information
base. Then, it might be much more difficult to decide which
marks to discard.

Nevertheless, even in light of the available comprehen-
sive database and assiduous research, some unresolved is-
sues still remained. For instance, occasional random flaws
or imprecisions could be observed in the utilized historical
documents (compare Sect. 4.1.3). It is difficult to estimate
the effect of such flaws, though. They can be compensated
by a large amount of correct information. Finally, there is
the intricacy of clustered historical floods: during some years
of the 19th century, such as 1882, not one but several large
floods occurred along the Kinzig (e.g., Disch, 1920). How-
ever, merely 20 % of the collected marks display the exact
date of the flood. Particularly older marks mostly display the
flood year only, which leaves room for speculations. Regard-
ing the flood year 1882, it could not be fully clarified whether
the 32 different flood marks refer to one flood event only.

Another critical issue with respect to the reliability of
flood marks concerns the initial mark installation. Accord-
ing to Macdonald (2007), flood marks often have been in-
stalled shortly after a flood by direct witnesses. The au-
thor therefore assigns higher credibility to the marks than
to archive material, which potentially was created at a much
later stage. However, it is generally hard to determine the
time that passed between a flood and the subsequent place-
ment of marks as well as the associated uncertainty. More-
over, since many of the marks in this study show similar ap-
pearances regarding their inscriptions (compare Sect. 4.1.1),
they could have been installed according to administrative or-
der, which would give the marks a formal character suggest-
ing higher reliability. Yet, appearances and types of marks do
not show a clear pattern that could be regarded as a reliable
decisive criterion to show their formal or informal charac-
ter. Besides that, documentary data provided details neither
on the process of flood mark placement nor on the persons
responsible. Hence, it could as well be assumed that differ-
ent stakeholders took the initiative, such as local residents,
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representatives of the municipality or administration, or river
engineers, as reported for flood marks in France by Metzger
et al. (2018). Even when expecting extreme consciousness
in the procedure of mark placement from these stakehold-
ers, we certainly acknowledge considerable uncertainty in
the observation of the flood level. Depending on the timing
of the peak and on the observation method regarding direct
or indirect observation, distance, and daytime, both random
and methodological errors might have led to an over- or un-
derestimation of the flood peak. Thus, this study could not
fully answer the question of flood mark reliability concern-
ing (1) an initial correct placement of the marks and (2) the
extent of earlier or later mark modifications except the al-
teration detected via historical documentation. Contrasting
flood mark heights with current FHMs nevertheless demon-
strated an overall good relative agreement, particularly for
more recent floods (Fig. 5). This result can increase the trust
in the potential of flood marks as a further source of past
floods despite their uncertainty and imprecision.

5.2 Significance for present flood risk management

The EU Floods Directive (2007/60/EC) prescribes the inclu-
sion of severe flood events of the past in the preliminary flood
risk assessment and the creation of hazard and risk maps for
rare, extreme floods, inter alia. For hazard assessment, gauge
records represent an essential basis being an integral part of
statistical analyses, regionalization approaches, and hydro-
logical modeling. However, the records are usually compa-
rably short: in Europe, continuous measurements rarely date
back before the 1950s (Thieken et al., 2021). Therefore, his-
torical data such as flood marks could significantly contribute
to a more comprehensive knowledge of floods. The scientific
community largely agrees on the usefulness of historical in-
formation, in particular with respect to the understanding of
rare, extreme events. In most European countries, however,
historical evidence is not utilized in a systematic and routine
way, even though some national guidelines exist, as Kjeldsen
et al. (2014) report.

Likewise, flood marks and descriptions of historical floods
were not notably included in the process of FHM creation
for the Kinzig catchment (Bosmeier, 2020). Official state-
ments deny the availability of reliable descriptions of histor-
ical floods for Upper Rhine tributaries — despite recognizing
the value of flood marks and further historical evidence in a
responsible hazard assessment, e.g., regarding model calibra-
tion and the estimation of the HQextreme (Ministerium fiir
Umwelt, Klima und Energiewirtschaft Baden-Wiirttemberg,
2011, 2016). In this study, we demonstrate by the example of
three sites along the Kinzig that (1) a large number of flood
marks can be collected, (2) documentary evidence exists to
rate the plausibility and reliability of the marks to a certain
extent, and (3) this information can be juxtaposed with cur-
rent FHMS in a straightforward approach. Here, the collected
flood marks along the Kinzig showed a wide agreement with
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the FHMs. A few outstandingly high marks also turned out to
be plausible, even if some of them might point to a particular
hazard along Kinzig tributaries. A single flood mark may not
be a robust basis for decision-making. However, we believe
that the overall picture and striking patterns in the data, if ap-
parent, can add substantial value to an integrated flood risk
assessment.

The good match between current hazard assessment at
the Kinzig and historical evidence is linked to the excep-
tionally long (> 130 years) record of water level and dis-
charge observations, which also include some high discharge
events (compare Fig. 4). For rivers without long-term mea-
surements, it is even more important to consider historical
flood marks, if available. This is illustrated by the example
of the devastating flood in the Ahr valley, western Germany,
in July 2021: dating back to 1946 at the gauge at Altenahr,
the systematic measurements of the Ahr are much shorter
than those of the Kinzig. They are moreover not represen-
tative of the extent or the seasonality of historical extreme
floods (Thieken et al., 2021). Yet, reconstructions of histor-
ical floods (e.g., Roggenkamp and Herget, 2014) were not
sufficiently considered in the flood hazard analysis and the
creation of the FHMs. This may explain the locally large dis-
crepancy between estimations of extreme events and actual
flooded areas in 2021, as Thieken et al. (2021) explain. They
emphasize the importance of flood hazard and risk maps as
planning and decision-making tools, not least for disaster
management. After all, an underestimation of the worst-case
scenario could have severe consequences. As a lesson from
the 2021 flood catastrophe, Merz et al. (2021) suggest a wider
approach in flood hazard assessment. Efforts should not only
focus on the development of optimal hydrologic and hydro-
dynamic models, but critical scrutiny also has to be applied to
assumptions and potential limitations of models with regard
to processes beyond observations.

Then why is historical flood information not already
systematically included in risk assessment? Kjeldsen et
al. (2014) consider the main restraint in the difficulty of
applying scientific findings in practice. This means, for in-
stance, a limited access to historical data or the complex-
ity of assessing the reliability of qualitative data in contrast
to standardized official measurements. As delineated above,
the estimation of uncertainty in flood mark information is in-
deed time-consuming and complex. Even if a large amount
of information is available, it may not fully elucidate in-
volved uncertainties. However, significant uncertainty in sys-
tematic discharge measurements also should be taken into
consideration, as it can amount up to 30 % during extreme
events (Kuczera, 1996). In this context, it appears reasonable
to utilize flood mark information despite potential large un-
certainty. When there is no certainty that a mark is flawed,
why not used it as a benchmark for a worst-case scenario?
We therefore suggest generally including the information on
documented or preserved flood marks in two cases: first, if
marks lie outside of areas associated with the HQextreme in
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the FHMs and, second, if they are positioned considerably
above the modeled local flooding depth. Subsequent to this
initial screening, which may be more feasible than the ex-
tensive work performed in this study, the plausibility of the
discovered “extreme” marks can be tested in detail including
further information. Finally, a review of one or more aspects
in the process of hazard estimation may be appropriate de-
pending on the number and reliability of these marks and in
consideration of substantial changes, as described in the fol-
lowing.

A major reservation regarding flood marks and other his-
torical evidence originates from the question of a realistic
comparability between the historical and the current situa-
tion. In the Kinzig catchment, the assumption of stationary
hydrological and hydraulic conditions can hardly be retained
for the past 200 years in light of several alterations. The most
radical modification in the Kinzig catchment was the river
rectification during the 19th century. It affected large parts
of the lower and middle reaches, and though the effects are
hardly quantifiable, it is assumed to have aggravated histori-
cal floods locally (Bosmeier, 2020). Therefore, the study fo-
cused on the upper catchment. Due to its geographical set-
ting, the flood situation in Haslach may have been influenced
by the rectification works; Wolfach and Schiltach, however,
are located clearly above the cutoff meanders. In fact, a
few floods were represented by marks in Haslach (compare
Fig. 3) but were not documented by marks at the other two
sites. This may indicate a considerable difference in histor-
ical flood hazard between the middle and upper catchment.
Flood retention reservoirs situated in the lower and middle
catchment do not protect Wolfach or Schiltach. Continuous
improvement of dams, modifications of bridges or of the
riverbed, and local protection walls have continuously af-
fected flood hazard along the Kinzig. Flood protection struc-
tures along the river are displayed in the FHMs and can
help to understand discrepancies towards flood marks, e.g., in
Schiltach (Sect. 4.2). Furthermore, timber rafting, pursued
on the Kinzig until the 1890s, occasionally may have con-
tributed to an increase in the local flood level. By then, logs
stored close to the river provided a particularly large amount
of material for river obstructions, yet driftwood and other
material can also accumulate during a flood today. Whereas
these various issues on the whole rather imply a decrease in
flood hazard over the centuries, future flood hazard of the
studied area is likely to increase due to current global warm-
ing — even though massive ice jams, such as in 1830, are in-
creasingly unlikely. Projections of future climate conditions
point to a significant increase in winter precipitation and an
increase in days with heavy precipitation even in a moderate
scenario (RCP4.5, Representative Concentration Pathway)
for the area of the Kinzig (Riach et al., 2019). Altogether,
past changes along the Kinzig are complex and not easily
reproducible (Bosmeier, 2020); thus they could only be out-
lined but not quantified within this study. However, it appears
justified to assign a higher relevance to the marks collected
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in Wolfach and Schiltach than to those in Haslach, based on
our findings.

To conclude, we argue against a generalized rejection of
historical evidence on the basis of untenable comparability
between the past and present. Certainly, the benefit from his-
torical information has to be weighed against the influence
of changes and the efforts needed for the analysis. However,
even if long-term changes and subsequent effects on flood
hazard are hard to quantify, it might be a good idea to exam-
ine the local situation and determine whether the extent of
historical floods might still be realistic as a worst-case sce-
nario. Utilizing plausible flood mark information as a bench-
mark for the HQextreme, marks can help to identify possi-
ble flood-prone areas and thereby represent additional crite-
ria helping decision-makers to decide, e.g., upon building a
development or flood-adapted construction in these areas.

Moreover, we believe that a large scale, comprehen-
sive collection and digitization of historical, lost, and still
preserved flood marks is a desirable goal, as it would
enable easy access to information. The national collab-
orative platform of France (https://www.reperesdecrues.
developpement-durable.gouv.fr, last access: 1 April 2022),
initiated in 2016, may serve as example. For southwestern
Germany, the historical documentation by the CMH, utilized
for this study, represents a formidable foundation. For this
area, information is particularly rich, but many flood marks
are also documented for other German states, e.g., Thuringia,
Saxony-Anhalt (Deutsch, 1997), and Bavaria (Brazdil et al.,
1999), and for other European countries, for instance the
Czech Republic (Brazdil et al., 1999; Elleder, 2015), France
(e.g., Martin et al., 2018), Poland (Goraczko, 2021), Slo-
vakia (Pekarova et al., 2013), Spain (e.g., Benito et al., 2021),
Switzerland (e.g., Pfister, 1985; Wetter, 2017), and the UK
(e.g., Macdonald, 2007). Even though abundance and de-
tailedness of flood marks may strongly vary, we are confident
that many sites provide the basis for collection and analy-
sis of flood mark information and for juxtaposition of flood
marks with current FHMs. The latter are available on a large
scale, as they had to be prepared by member states accord-
ing to the European Floods Directive (2007/60/EC). Such
follow-up studies might additionally reveal regional similar-
ities or differences, e.g., in the history of flood mark installa-
tion, maintenance, or involved uncertainties.

Finally, a systematic collection and documentation of
marks would also help to protect and maintain this important
cultural heritage, as Deutsch (1997) already incited. Along
the Kinzig, many marks are still preserved and highly visible
at some places. This may not be the case for a large num-
ber of other communities along rivers, where all marks ever
installed have been lost already. Then, it may even be ad-
visable to reinstall lost marks at selected locations, as has
recently been practiced in France. A higher number of flood
marks visible in public space may increase the awareness to-
wards flood risk among the general public and incite interest
in the topic. Thereby, flood marks might stimulate precau-
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tion and (personal) risk prevention. After all, flood marks are
materialized memories of floods, as illustrated by McEwen
et al. (2017) in their concept of sustainable flood memo-
ries: their visibility helps to build lay knowledge through
generations. Such community knowledge of flood risk adds
value to the expert knowledge and thereby supports a dis-
tributed flood risk management. In case of an emergency, this
lay knowledge may be a crucial factor for taking the right de-
cision, as Thieken et al. (2021) underline.

6 Conclusion

In light of relatively short systematic records, there is gen-
eral agreement on the usefulness of historical flood infor-
mation. Nevertheless, these data are not systematically and
routinely included in the hazard assessment across much of
Europe. This can be explained by a limited access to data,
a lack of confidence in historical information or an uncer-
tainty about the comparability between the historical and the
present flood situation. Flood marks in particular appear to
be an underrated source, even though they can provide more
precise information than most descriptive documents. How-
ever, systematic studies on uncertainties and temporal con-
tinuance based on a large number of flood marks are rare.

In our study at three flood-prone sites along the
Kinzig River, southwestern Germany, we therefore collected
89 flood marks, which refer to at least 15 floods of the
past 200 years. A qualitative plausibility check with histor-
ical documentation and early to recent gauge measurements
showed that the marks almost exclusively refer to severe
floods. Written documents support the flood marks — some-
times they even literally verify particularly high marks — and
thereby underline the credibility of the marks as evidence
on historical events. A historical survey of flood marks from
the beginning of the 20th century moreover helped not only
in retrieving many already vanished marks (43 out of 89).
Together with still preserved marks from the 19th century,
the survey also provided a base for assessing the extent of
changes of the flood marks over time. The findings show that
the effects range from small imprecisions in mark heights to
considerable uncertainties in position, height, and displayed
date due to mark relocation or alteration. Not least consid-
ering the unresolved question of an initially adequate instal-
lation, the collected flood marks thus must be classified as
uncertain pieces of information. However, in combination
with further information that accounts for their credibility
and supported by their number, they can be considered useful
additional information for hazard assessment. On this basis,
we compared the collected marks with the modeled FHMs at
the study sites, which had been created without the inclusion
of historical flood information. A high agreement is appar-
ent regarding the flood mark positions and heights and the
hazard maps, indicating a realistic local hazard assessment
that also covers the extent of large historical floods. For the
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few exceptions, plausible and historically sound reasons in-
dicate local changes in hydraulic conditions, for instance, by
flood protection walls and exceptional processes during the
massive ice jam of 1830. Additionally though, a few marks
may also indicate a local underestimation of the flood haz-
ard along Kinzig River tributaries. Since past changes in the
Kinzig catchment are considerable, they have to be taken into
account when comparing the historical with the current situa-
tion along the river. The effects of these complex changes are
hardly quantifiable. Therefore, the study deliberately focused
rather on the upper catchment, where historical river rectifi-
cation and the influence of flood retention reservoirs are not
decisive.

Based on these findings, it appears reasonable to examine
the local situation and determine whether historical floods
could still be realistic as a worst-case scenario nowadays,
instead of generally rejecting flood mark information. This
also applies to a larger scale and in a wider context of flood
risk management. In Europe, numerous flood marks are doc-
umented or still preserved. This provides the possibility of
a systematic collection of these marks, as practiced, for in-
stance, in France. After a plausibility check by documentary
sources and possibly gauge measurements to identify po-
tentially questionable and definitely flawed marks, the data
should be made easily accessible. Then, the information can
contribute to heritage protection, maintenance, and even re-
installation of marks, where appropriate, which can help to
build a risk culture and more flood-resilient communities.
Furthermore, the data can add substantial value to an in-
tegrated flood risk assessment in an effective and transpar-
ent way. Specifically, we recommend checking the current
hazard maps for systematic discrepancies towards plausible
flood marks and, if apparent, attempting to understand their
origin. Here, the rich historical information on flood marks
for southwestern Germany could be the basis of a follow-up
study specifically regarding headwater catchments without
flood protection reservoirs. Finally, flood marks should be
practically utilized in the flood hazard assessment at least as
a routine benchmark for worst-case scenarios. This can help
to prevent an underestimation of extreme floods and may also
strengthen adequate disaster management.
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