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Preface

Over the past four years, I learned a lot about geography and geology, about history and hydrology, but 
most importantly about myself. This was the first time I actually had to ask for support, both professionally 
and in my personal life, which wasn’t easy. Here, I thank all the people who helped me during my research, 
providing data and insights that contributed to this thesis. Moreover, I thank my family and friends, 
without whom I would have definitely drowned in my flood research and possibly in life – I am glad that 
you kept me afloat. 

First, I thank my supervisors Kim Cohen and Hans Middelkoop for creating the PhD opportunity 
and always trusting me to bring it to completion. During the first three and a half years of my 
research, you gave me all the freedom in the world, which allowed me to thoroughly follow my 
interests across disciplines. Near the end of my project, I received more supervision, and without 
your advice and guidance during this period, I would not have been able to finish. Kim – despite 
your sometimes chaotic working and supervising styles, you imparted a great deal of knowledge and 
research skills on me. Hans – your specific feedback on my manuscripts was always useful. I thank 
both of you for the memorable times we shared at conferences and in the field, in the Netherlands 
and abroad. During these trips, we got to know each other on a more personal level, and I fondly 
look back on those moments.

Second, I thank all members and advisors of the Floods of the Past, Design for the Future project 
– Anke Becker, Anouk Bomers, Ysbrand Graafsma, Frans Hoefsloot, Suzanne Hulscher, Menne 
Kosian, Rita Lammersen, Hans Renes, Ralph Schielen, Willem Toonen, Walter van Doornik, and 
Ellen Vreenegoor. Willem – during my bachelor, I conducted a variety of laboratory and software 
analyses in your PhD project. This was a great experience and I have always appreciated the 
connection with my own research. Anouk – we collaborated well, despite our different backgrounds 
in geology and engineering. We regularly met in Utrecht or Enschede, and all meetings ended on 
a positive note. I am proud of the two excellent papers that we produced together, both focused on 
the combination of landscape reconstruction and flood modelling. Everyone – thank you for the 
input and involvement during our half-yearly user meetings. The sincere interest you showed in my 
work and the discussions after (or during) my presentations often motivated me.

During my PhD research, I collaborated with many other scientists besides the Floods of the Past, 
Design for the Future project team. Although most are thanked in the acknowledgement sections 
of the individual chapters, I want to mention a few people in particular. Marco van Egmond – 
thank you for introducing me to the world of historical cartography. In addition to helping me 
find crucial data, you supported me to attend a course on the subject and to present at a specialized 
conference, both of which were very enlightening. Willem Overmars (†) – we met several times 
early on in my project, sharing common interests in fluvial morphology and historic river maps. I 
learned a lot from you during those meetings. Martijn Defilet, Leo Tebbens, Marieke van Dinter, 
and others – whenever I wanted to dive into archaeological research, you were willing to help me 
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out. Gerben Zielman – thank you especially for giving me the opportunity to collaborate with you 
on the Jansbeek report. Jürgen Herget – thank you for guiding me through the upstream part of 
my study area. The trip around Bonn and Cologne was a wonderful experience and on top of that 
greatly increased my familiarity with the region. Livio Ronchi – I visited you in Padova multiple 
times after supervising the student fieldwork, which made the yearly trip to Italy even more fun. 
Jasper Candel, Hessel Woolderink, and many others – thank you for the good times at the various 
conferences where we ran into each other. Thinking back brings up many nice memories of dinners, 
drinks, and, of course, insightful discussions. 

Besides doing research, I spent a lot of time on teaching, including numerous courses, excursions, 
and fieldworks. In particular, I enjoyed supervising students and cooperating with them during their 
research projects, whether BSc honours project, BSc thesis, MSc guided research, MSc thesis, or 
bright minds assistantship. Tessa Deggeller, Roy Dierx, Yorick Fredrix, Liam Hall, Silke Meijdam, 
Jelle Olthuis,  Jari Wouters, and Jip Zinsmeister – thank you for your efforts, your enthusiasm, and 
the in-depth discussions on your respective subjects. Each of you worked on an innovative topic and 
produced interesting results, some of which found their way into my thesis. Jip – I wish you the best 
of luck with your PhD in Leuven on floodplain evolution.

Without naming everyone, I want to acknowledge all my (former) colleagues at the department 
of Physical Geography. Maarten Zeylmans – I am grateful for the extensive help with GIS and 
for the opportunity to provide guest lectures in your MSc course. Harm Jan Pierik – the landscape 
reconstruction aspects of my research benefited from your input. Furthermore, I enjoyed sharing an 
apartment with you during the INQUA congress in Dublin. Maarten Kleinhans, Menno Straatsma, 
Esther Stouthamer, Wim Hoek, and several others – thank you for checking in with me at times 
despite not being directly involved in the project. It is nice to experience some support during 
the often individualistic PhD trajectory. Most of all, I acknowledge my fellow PhD candidates, 
who provided distraction and focus, and sometimes both at the same time. Thank you for being 
there – Anne Baar, Muriel Brückner, Jana Cox, Job de Vries, Willem-Jan Dirkx, Fabian Ercan, 
Ed Jones, Bas Knaake, Lonneke Roelofs, Teun van Woerkom, Steye Verhoeve, Steven Weisscher, 
Tim Winkels, Danghan Xie, and all others. Tim – thanks for taking me on many small field trips 
and showing me the ins and outs of coring. Fabian – thanks for being a great roommate in the 
‘aioquarium’ and in the Zonneveldvleugel. For those of you still working on your projects – best of 
luck and please don’t hesitate to contact me if I can be of any help!

Last but not least, I thank my family and friends for their love and support. To start, I thank my parents 
Marjan and Aarnout, my twin brother Joris, my younger sister Paulien, and my younger brother Kees. 
Mama and papa – you instilled the fascination for the natural environment in me, bestowed me with a 
critical mind, and learned me to ‘read the landscape’ during family holidays. In short, you unwittingly 
provided me already in childhood with the motivation and skills necessary to obtain a PhD in physical 
geography. Joris – we share the same DNA, which creates a dynamic that most people can impossibly 
comprehend. This has led to many conflicts, but also to some wonderful moments of connection – thank 
you for those. Paulien and Stephan – thank you for the regular mountainbike rides. Your company, going 
out in nature, and getting some exercise all meant a lot to me during the final stages of my PhD. And, of 
course, my baby niece Julia – thank you for simply existing! Kees – thank you for always being my ‘little’ 
brother and for being an overall top bloke. I sincerely hope you have as good a time as I had studying Earth 
Sciences. Many thanks also to my grandmothers and late grandfathers – love you.
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A big hug to all my friends – including everyone that I do not mention here. I look forward to seeing each 
of you more often now that my mind is liberated from constantly thinking about my thesis. Niels – the 
fieldworks that we conducted together and our road trips in the USA are amongst my best memories. We 
have many shared interests, which is absolutely fantastic. Roel, Luc, Carlijn – our friendships deepened 
over the years, for which I am very grateful. Thank you for the pleasant dinners and walks. Cindy, Levi, 
Karin, Simon, David, Jesse, Stefan, Robin, and many others – thank you for all the fun (online) board 
game nights and weekends. Michiel, Jetze – I always enjoy our light-hearted banter and I am glad that 
we still keep in touch. Floris – thank you for the weekly running sessions that often turn into more talking 
than walking. There has always been a great deal of natural trust between us, which is incredibly valuable. 
Lisanne – you are the nicest person and on top of that one of the best scientists I know. Thank you for being 
my everything for so long.

Utrecht, summer 2021
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Chapter 1

Introduction
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Measure what can be measured, and make measurable what cannot be measured.

 Galileo Galilei
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1.1	 Relevance

Major river floods are amongst the most destructive natural hazards worldwide. In northwest 
Europe, flood risk and impact have increased and will continue to do so, due to climate change 
and economic growth (Benito et al., 2015; Winsemius et al., 2016; Blöschl et al., 2017; 2019). In 
the Lower Rhine valley and delta (Fig. 1.1), many large and disastrous floods occurred throughout 
historic times (Weikinn, 1958–1963; Gottschalk, 1971–1977; van de Ven et al., 1995; Buisman, 
1995–2019; Glaser and Stangl, 2003). At present, an extreme flood may do considerably more 
damage than in the past, because the low-lying floodplain areas have become densely populated. To 
determine which preventive measures are necessary, it is essential to constrain magnitude–frequency 
relations of extreme river discharge. Such calculations generally rely on instrumental measurement 
records and improve by incorporating older flood magnitudes, especially for the largest events (e.g. 
Benito and Thorndycraft, 2005; Toonen et al., 2016; Reinders and Muñoz, 2021). Therefore, it is 
important to study past extreme floods, which is the subject of this thesis.

1.2	 Project

My research is part of the project Floods of the Past, Design for the Future, led by Utrecht University 
and the University of Twente, supported by several partners in government and consultancy. The 
aim of this project is to constrain past flood magnitudes in the transboundary Lower Rhine region 
(Fig. 1.1) and use that information to improve assessments of future extreme discharges (Cohen et 
al., 2016a). Earlier and overlapping PhD research in the project focused on hydraulic and statistical 
modelling (Bomers, 2020), whereas my PhD research focused mainly on flood level and landscape 
reconstructions over the past centuries to millennia. I approached all aspects of my research in a 
multidisciplinary way, applying geological, geomorphological, archaeological, and historical 
geographical techniques whenever relevant (Section 1.5). In addition, my research encompassed 
numerical simulations of past floods thanks to collaboration within the project.

1.3	 Research context

Determining absolute discharge magnitudes of past river floods requires reconstruction of water 
levels combined with hydraulic calculations (see overviews of palaeoflood studies in Baker, 2008; 
Benito and Díez-Herrero, 2015; Benito et al., 2020). The large majority of these studies have been 
carried out in settings with stable morphology, such as bedrock-incised river canyons. Settings with 
dynamic morphology require reconstruction of channel and floodplain geometry as an additional 
step prior to hydraulic calculations (e.g. Sudhaus et al., 2008; Toonen et al., 2013; Machado et al., 
2017). Without accounting for the landscape context, reconstructed water levels cannot provide 
conclusive insights into the discharge magnitudes of past floods in dynamic alluvial settings. The 
Lower Rhine valley and delta are geomorphologically dynamic, similar to most other lowland 
regions, and on top of that heavily influenced by anthropogenic activities (e.g. Kalweit et al., 1993; 
Hudson et al., 2008; van der Meulen et al., 2020). Therefore, any palaeoflood calculations in this 
study area demand a proper reconstruction of the terrain. 

Most palaeoflood studies rely on cross-sections and are thus one-dimensional (Webb and Jarrett, 
2002). This is usually stated explicitly when it comes to the hydraulic calculations, but essentially 
also applies to the reconstructions of flood levels and morphology. Upscaling the methodology to 
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more than one dimension (spatially continuous reconstructions combined with a two-dimensional 
modelling approach) is considered beneficial, but highly uncommon due to data requirements and 
time and budget constraints (see discussions in England et al., 2010; Herget et al., 2014). Although 
the ‘traditional’ one-dimensional approach is appropriate for most fluvial reaches, any laterally 
extensive valley and delta setting, such as the study area of this thesis (Fig. 1.1), necessitates research 
in two dimensions.
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Fig. 1.1. Study area covering the Lower Rhine valley and delta in Germany and the Netherlands. 
The boxes indicate the approximate spatial extents of the different chapters in this thesis.
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Reliable flood risk assessments are very important for the densely populated Lower Rhine region. 
Therefore, several studies already focused on past floods of this river. These include two cross-
sectional analyses, one for the Middle Holocene period (Toonen et al., 2013) and one for the late 
medieval period (Herget and Meurs, 2010), both applying a single flood level reconstruction and a 
simple landscape reconstruction. Furthermore, grain-size variations in fluvio-lacustrine sediments 
have been applied to determine recurrence times and associated relative magnitudes of past floods 
of the Lower Rhine (Toonen et al., 2015; Cohen et al., 2016; Minderhoud et al., 2016). In addition, 
historical written records have been used to determine relative flood magnitudes based on intensity 
indicators such as damage descriptions (Glaser and Stangl, 2003; Toonen, 2015). This thesis builds 
upon these existing studies by determining the water levels reached during past floods across 
the Lower Rhine region and by calculating absolute flood magnitudes using a two-dimensional 
hydraulic modelling approach in the reconstructed landscape context. As such, it also contributes 
to quantitative palaeoflood research in general by unravelling the necessary conditions for upscaling 
the methodology from stable confined to dynamic unconfined fluvial settings.

1.4	 Objectives

The overarching goal of my research is to determine absolute magnitudes of the largest historic 
floods in the Lower Rhine valley and delta in two dimensions. This requires three major steps, 
namely (1) determining past flood levels, (2) reconstructing river and floodplain landscape contexts, 
and (3) conducting hydraulic calculations. I aim to implement every aspect at unprecedented levels 
of detail and completeness. Separated by step, the objectives of my research are to:

1. 	 Determine the water levels reached during the largest floods in pre-instrumental times.
2. 	 Reconstruct the river and floodplain morphology at different times in the past by accounting for both 	
	 natural and anthropogenic changes.
3. 	 Define palaeoflood patterns and magnitudes by hydraulic simulations in the past landscape context.

All three of these steps have never been conducted for the full study area. Consequently, my 
research aims to contribute a large amount of new data products. Furthermore, it aims to explore 
and push the limits of different palaeoflood hydrological research methods, which have rarely been 
applied to low-gradient alluvial settings (Section 1.3). Overall, my research aims to advance current 
insights into past flooding patterns of the Lower Rhine river, which is of both scientific and societal 
relevance (Sections 1.1 and 1.2). 

1.5	 Outline

Deriving from the objectives, my research approach comprises flood level reconstruction, river and 
floodplain landscape reconstruction, and extreme discharge reconstruction. Chapters 2 and 3 deal 
with flood levels, Chapters 4 and 5 deal with river and floodplain morphology, and Chapter 6 deals 
with discharge magnitudes. The main focus areas of the different chapters are summarized in Fig. 
1.2. Their positions in the flooded fluvial system are illustrated in Fig. 1.3. 

More specifically, Chapter 2 presents an overview of late medieval extreme flood levels extracted 
from geological-archaeological and historical data, with the city of Arnhem as main case (Fig. 1.1). 
This chapter already stresses the importance of accounting for morphological changes in palaeoflood 
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research, and the importance of incorporating more than one dimension in a delta setting. The next 
two chapters report on historical geographical data collection campaigns and subsequent analyses. 
These cover the upper and central delta (Fig. 1.1). Chapter 3 provides an overview of flood levels 
obtained from epigraphic marks. This is the first time these marks are systematically collected 
and measured in the Rhine delta. Chapter 4 is about landscape reconstruction using historic maps 
and measurement data, with a focus on fluvial morphology. The results of this chapter have been 
successfully applied in historic flood simulations. 

Chapters 5 and 6 together illustrate the combination of landscape reconstruction and palaeoflood 
simulation envisioned in the project (Section 1.2), for the entire Lower Rhine river valley and 
upper delta region (Fig. 1.1). Chapter 5 explores the construction of a high-resolution palaeo-DEM 
(Digital Elevation Model of a past situation) and pushes the limits of terrain reconstruction far 
beyond current standards. Chapter 6 uses this palaeo-DEM, together with new reconstructions of 
roughness values and palaeoflood levels, to estimate the Late Holocene millennial flood magnitude 
by 1D–2D coupled hydraulic modelling. The thesis ends with a synthesis (Chapter 7) that provides 
the main findings and overarching insights, recommends future research opportunities (‘next steps’), 
and discusses further scientific and societal implications.

Flood levels Fluvial morphology Flood discharges
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Holocene Medieval Modern
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Model (hydrological)
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Netherlands
Arnhem

Netherlands
Germany and Netherlands
Germany and Netherlands

Time period (CE)

after 1595
1342 and 1374

circa 1450 to 1850
before and after 800
before circa 1150

Fig. 1.2. Thematic, spatial, and temporal focus areas of the different chapters in this thesis.
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Ch4

Ch2

Ch3

Ch5

Ch6

Fig. 1.3. Elements of the river and floodplain system addressed by the different chapters in this 
thesis, covering flood levels in the geological-archaeological record (Chapter 2), flood marks 
on buildings (Chapter 3), river bathymetry (Chapter 4), floodplain topography (Chapter 5), and 
flood wave propagation (Chapter 6).
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Chapter 2

Medieval extreme flood levels

this chapter is based on

van der Meulen, B., Defilet, M.P., Tebbens, L.A., Cohen, K.M., 2021 (submitted). Palaeoflood level 
reconstructions in a lowland setting from urban archaeological stratigraphy, Rhine river delta, the 
Netherlands. Catena, under review.
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– Ons land is natuurlijk klein, maar de bodem is bijzonder gevarieerd.
– Dat verbeeldt men zich bij u, omdat er op iedere vierkante meter een geoloog staat met een microscoop.

Willem Frederik Hermans – Nooit meer slapen (1966)
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Abstract

Reconstructing water levels reached during past floods contributes to fluvial system understanding 
and flood risk assessments. For methodological restrictions, this type of research is usually 
conducted in confined valley settings. In this study, we expand upon that geomorphological context 
by reconstructing extreme flood levels in a lowland delta setting. We used the archaeological 
stratigraphy of medieval river cities in the Rhine delta to determine water levels for the largest 
historic flood in the year 1374. We obtained minimum estimates by identifying thin fluvial deposits 
interbedded with anthropogenic layers, and further constrained peak flood levels using fourteenth-
century raised ground layers directly overlying these deposits. First, we tested the proposed method 
for extracting flood levels from urban archaeological stratigraphy in the city of Arnhem. Then, 
we complemented those results with archaeological and historical data in other cities to arrive at 
a complete overview for the Rhine delta. This overview shows that the 1374 flood levels exceed 
the highest levels in the instrumental record along the northern distributary (IJssel river), but not 
along the western distributaries in the central delta (Nederrijn and Waal rivers). This pattern is 
explained by changes in the discharge division over the different river branches and by the rise 
of embankments since late medieval times, which considerably decreased the flooded area. Thus, 
this study demonstrates not only the potential of palaeoflood reconstructions in lowland floodplain 
settings, but also the pitfalls, resulting from spatially complex flooding patterns and anthropogenic 
terrain modifications.

2.1	 Introduction

Determining magnitudes of pre-instrumental extreme floods improves risk assessments and 
geomorphological understanding of fluvial systems (Baker, 2008; Benito and Díez-Herrero, 2015; 
Wilhelm et al., 2019; St. George et al., 2020). The most important parameter in quantifying past 
floods is the maximum water level reached during the event (Herget et al., 2014), which can be 
obtained from various sources. For floods in recent centuries, instrumental measurement records 
and epigraphic marks provide direct indications of maximum water levels (Pinter et al., 2006; 
Macdonald, 2007; Balasch et al., 2019). In the absence of these types of data, the reconstruction 
of older flood levels relies on historical or geological data (Benito et al., 2004). Combining 
documentary and sedimentary records reduces the uncertainties associated with each approach 
(Sheffer et al., 2003; Thorndycraft et al., 2006; Schulte et al., 2019; Herget, 2020).

Written sources such as administrative data (e.g. city financial accounts) and descriptive data (e.g. 
chronicles) often provide information on floods, for example regarding their dates, durations, and 
intensities (Witte et al., 1995; Glaser and Stangl, 2003; Kjeldsen et al., 2014; Barriendos et al., 
2019; Li et al., 2020). However, written records rarely provide direct indications of flood level. The 
extraction of quantitative levels requires sources that describe the exceedance or non-exceedance 
of a datum such as a bridge or city gate by the flood waters (Benito et al., 2004; 2015; Kadetova 
and Radziminovich, 2020). Through geographical and historical surveys, such records can then be 
appended with absolute height values (Wetter, 2011; Elleder et al., 2013; Wetter et al., 2017).

Geological methods for reconstructing flood levels predominantly rely on the identification of 
fine-grained slack-water deposits at high positions along a river (Kochel and Baker, 1982; Zhang 
et al., 2014; Lam et al., 2017; Machado et al., 2017). The elevation of such a flood bed provides 
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a minimum estimate of the local water level during flooding, as water depth and flow velocity 
were sufficient to transport suspended sediment load. The actual maximum water level exceeds 
the elevation of the deposit, but the difference between the two is difficult to quantify and varies 
with hydraulic setting (Guo et al., 2017). Reported differences range from a few decimetres up to 
two metres (Benito et al., 2004). In fact, the relation between flood beds and actual water-surface 
elevations is one of the principal sources of error in palaeoflood research and requires further 
research ( Jarrett and England, 2002; Benito and Díez-Herrero, 2015; Benito et al., 2020).

Traditionally, palaeoflood deposits are collected in geomorphologically stable fluvial settings such as 
bedrock-incised river reaches, where a relatively small increase in discharge results in a significant 
rise of water levels and the stable morphology enables calculating past discharges from water levels 
without accounting for changes in channel bathymetry and floodplain topography. In dynamic 
lowland settings, the rise of water level with discharge is modest and reconstruction of past 
morphology is complex (van der Meulen et al., 2020). Hence, alternative methods for palaeoflood 
reconstruction have been developed for alluvial reaches that focus on relative magnitudes and 
circumvent the requirement of knowing past flood levels (Toonen et al., 2015; Munoz et al., 2018; 
Peng et al., 2019; Toonen et al., 2020). Still, in light of recent advances in palaeoflood modelling 
(van der Meulen et al., 2021), it is particularly relevant to reconstruct flood levels for alluvial 
settings, as these are generally characterized by dense population and high flood risk.

This study focuses on the extreme flood of the year 1374 in the Rhine delta (Fig. 2.1). It also 
discusses the flood of the year 1342, which for several rivers in central Germany (including some 
Rhine tributaries) was the largest event in historic times (Herget et al., 2015). However, along 
the Lower Rhine river and in the Rhine delta, the winter flood of 1374 was even larger than the 
summer flood of 1342, and resulted in the highest water levels not affected by ice jams over the 
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past millennium in Cologne (Weber, 1977; Herget and Meurs, 2010; Krahe and Larina, 2010). The 
1374 flood event triggered the meander cut-off near Zons, placing the Roman and medieval site 
Haus Bürgel on the right-hand side of the Lower Rhine (Zimmermann et al., 1930; Hansmann et 
al., 1973; Strasser, 1992). Allegedly, people sailed in a straight line from the city of Utrecht in the 
central delta to the city of The Hague at the coast (Fig. 2.2; van der Monde, 1835). This account is 
likely based on contemporary historical sources (Gottschalk, 1971; Buisman, 1996). Moreover, the 
extreme flood of 1374 possibly was the largest in the entire Holocene, according to sedimentary 
records in the delta apex region providing relative flood magnitudes based on grain sizes (Toonen, 
2013; Cohen et al., 2016). Despite the numerous historical mentions and sedimentological 
evidence, a detailed study addressing medieval flood levels in the Rhine delta is lacking.

The overall aim of this study is to reconstruct historic extreme flood levels in the Rhine delta at 
multiple locations. To do this, we present a method for identifying flood signatures in medieval 
urban archaeological contexts, which largely derives from traditional palaeoflood hydrological 
approaches. We collect a series of fourteenth-century flood signatures in otherwise anthropogenic 
stratigraphy, which provide minimum water level estimates. Moreover, we propose the hypothesis 
that artificially raised ground layers were placed as a reaction to the extreme flood event, and thus 
provide maximum water level estimates. We test this hypothesis by compiling existing and new 
data in the city of Arnhem, and complement the flood level results obtained there with similar 
observations in nearby cities and with historical mentions that we convert into absolute flood 
heights. In addition to thoroughly constraining water levels for the 1374 flood in the Rhine delta, 
this study advances the methodological aspects and spatial applicability of palaeoflood hydrological 
research to lowland alluvial settings.

2.2	 Materials and methods

To determine the water levels reached during the 1374 flood in the Rhine delta, we targeted 
medieval cities located at the edges of the delta plain (Fig. 2.1; Fig. 2.3). The manuscript focuses 
on new data obtained in the city of Arnhem, where extensive archaeological research has been 
carried out in recent years (e.g. reports by: van der Mark, 2016; van Engeldorp Gastelaars, 2019; 
Baetsen and Zielman, 2020). We used these data in combination with our own field surveys to test 
the applicability of archaeological stratigraphy in reconstructing maximum flood levels. Then, we 
complemented the Arnhem results with archaeological and historical data in other cities.

Fig. 2.2. Example of a note 
on the 1374 flood event by a 
nineteenth-century gazetteer 
(van der Monde, 1835). The text 
states that Holland was largely 
submerged (“geheel Holland 
onder water”) so that people 
sailed across in a straight 
line (“regt over het land”), as 
everything was flooded (“alles 
was onder geloopen”).
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We acquired available archaeological results from digital archives (easy.dans.knaw.nl) and through 
contacts with municipal archaeologists working in the targeted areas. For relevant historical 
information, we consulted established chronological overview studies on flood events and weather 
history in the Netherlands (Gottschalk, 1971; Buisman, 1996). We extracted flood levels from these 
sources through geological interpretation of the archaeological documentation and geographical 
analysis of historical references on relative flood heights.

2.2.1	 Site selection

From a geomorphological perspective, potential sites are restricted to the Pleistocene grounds 
bordering the Holocene floodplain and isolated patches of high grounds within the floodplain. 
Given their elevations, and under a first assumption that medieval extreme floods reached levels 
similar to the highest values in instrumental data series (e.g. Toonen, 2015: events of 1809 and 
1926), these areas flooded only very incidentally. Thus, these sites may have recorded maximum 
water levels of the very largest events.

From a historical perspective, sites of interest are restricted to cities founded before the fourteenth 
century. Unlike uninhabited sites and small towns, medieval cities have the available research 
context necessary to start a targeted search for past flood information. Within the selected cities, 
the areas with natural substrate elevations close to maximum observed flood heights usually 
coincide with the medieval urban centre (vicinity of main church, market square, city administrative 
buildings).

The geomorphological and historical preconditions largely overlap, as localities just outside 
the flooding regime have long been the preferred sites for human settlement. In the study area, 
medieval cities are mostly located on high grounds bordering the river, either on push-ridge relief 
inherited from the penultimate glacial period (e.g. Arnhem, Nijmegen, Fig. 2.1; also in Germany: 
Kleve, Xanten), on inland dune ridges inherited from the last glacial (e.g. Doesburg, Zutphen, 
Fig. 2.1; also in Germany: Emmerich, Wesel), or on Late Holocene levee complexes at former 
bifurcation points of Rhine river branches (e.g. Lobith, Tiel, Fig. 2.1).

2.2.2	 Data inventory – Arnhem 

From the available archaeological information, we determined the general stratigraphy beneath the 
medieval city centre. Reports of excavations provide stratigraphic features in horizontal planes and 
vertical profiles, which administer the archaeological finds such as pottery shards and coins. The 
connection between finds and stratigraphic features provides the primary dating control for strata 
and buried surfaces in the urban archaeological setting, sometimes complemented with geological 
dating (14C, OSL), dendrochronology, or historical dating (e.g. documented building phases). We 
used the general stratigraphy to identify the areas with medieval surface elevations close to the 
highest measured water levels.

Detailed stratigraphic data for these areas do not directly reveal potential extreme flood deposits 
such as thin clay beds. In general, archaeological profiles differentiate natural and anthropogenic 
layers at cm to dm-scale, but thin (mm to cm-scale) layers are rarely registered (Fig. 2.4). Therefore, 
in our explorative analysis of the available information, we first looked for artificially raised ground 
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layers dated to the fourteenth century. Raised grounds are usually well-dated based on artefacts in 
these layers and in the surrounding strata and structures. Then, we searched for flood signatures 
below the raised ground both in field surveys (vicinity of Eusebius church, Fig. 2.3) and in archived 
data of earlier excavations (Musiskwartier, Fig. 2.3).

2.2.3	 Field surveys – Arnhem

During a series of site visits in 2017–2019, we described temporary sections with attention to 
suspected palaeoflood signatures. The visits took place during excavations related to large inner 
city restoration projects, including the reintroduction of a duct for the Jansbeek stream (Fig. 
2.3; Baetsen and Zielman, 2020). These excavations, executed by commercial archaeological 
subcontracting companies under municipal authority (Netherlands implementation of Valetta 1992 
EU treaty), removed post-war building foundations and WWII-damage top strata, allowing us to 
collect geological-geomorphological data at the desired but normally hard to investigate locations 
in the paved and overbuilt city centre of Arnhem. Besides conducting our field activities, we 
frequently contacted the archaeological investigators to exchange preliminary data before, during, 
and after visits. 

The field research steps consisted of inspecting exposed sections, prospective hand coring (Edelman 
auger and gauge), and local trenching to obtain detailed profiles. This strategy aimed to identify 
Rhine flood deposits (fine-grained, calcareous, homogenous, artefact-free, laterally traceable) 
interbedded with anthropogenic strata. We constrained the ages of flood layers using archaeological 
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Fig. 2.3. Left: Interpolated ground level DEM of Arnhem with hill-shade overlay. The dashed 
yellow line is the approximate boundary between Pleistocene and Holocene deposits, as in Fig. 
2.1. The blue line is the medieval canalized course of the Jansbeek and the red outlines are the 
former city walls obtained from sixteenth-century historic maps (Kosian et al., 2016). The black 
polygons are the locations of archaeological excavation campaigns of which results are shown 
in Fig. 2.4. Right: Historic map of Arnhem (L. Guiccardini, circa 1565). E = Eusebius church.
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dating information obtained locally from underlying and overlying strata and from the already 
studied reports, verifying whether the highest identified deposits indeed date to the fourteenth 
century and thus relate to the 1374 millennial flood event. Further, we examined the raised ground 
directly above the flood bed to determine whether it was placed shortly after the event (relatively 

Fig. 2.4. Description on next page.



29

uniform appearance, not containing artefacts younger than the late fourteenth century). In this way, 
we tested our hypothesis that the ground surface in critical areas was raised as a reaction to the 
event, most likely to the level of the flood water, thus providing a better indication of the maximum 
flood level than the actual deposits.

Elevations and layer thicknesses were recorded with total stations and differential GPS at all 
locations, allowing us to identify the highest occurrences of flood deposits. We combined the 
results for the visited sites in the Eusebius church area with unpublished field sketches from the 
Musiskwartier. In this part of the city, the topography is defined by the valley of the Jansbeek (Fig. 
2.3). This small stream, seepage-fed from the Pleistocene push-ridge complex and predominantly 
transporting sand and organics, may have acted as a back-flooded tributary during medieval 
extreme floods of the Rhine (Supplementary Information).

2.2.4	 Regional upscaling

For the selected other medieval cities and river towns in the Rhine delta, we analysed existing 
archaeological descriptions at sites with estimated substrate elevations close to highest water levels 
in measurement records. In cities located on large topographic elements well above the floodplain 
such as Nijmegen (Fig. 2.1), the areas within target elevations are smaller than in Arnhem, limiting 
the local applicability of our research strategy. More suitable were cities positioned on inland dune 
outcrops, notably Doesburg and Zutphen (Fig. 2.1), where archaeological studies indicate thick 
raised ground layers dating to the fourteenth century. For medieval river towns located in the 
floodplain, where archaeological stratigraphy overlies natural levee deposits such as in Lobith (Fig. 
2.1), the top of the fluvial succession only provides a very minimum estimate of flood level. Still, 
raised ground with adequate dating control may suggest a correlation to a medieval extreme flood 
event and thus provide an estimate for its maximum water level.

Besides the geoarchaeological examinations, we reviewed historical information to complement 
the 1374 flood level reconstructions where possible. Historic flood marks inscribed on stones in 
buildings or landmarks (epigraphic records; Macdonald, 2007) do not date back to before the 
sixteenth century in the Netherlands. Therefore, we relied on documentary sources, targeting 
references that specifically mention relative water height. Contemporary data for the medieval 

Fig. 2.4. Selected examples of archaeological profiles in the medieval city of Arnhem. A: Profile 
at Bartok archaeological site (van Engeldorp Gastelaars, 2019), showing sand and clay deposits 
in respectively yellow and dark grey, peat and peaty clay layers in dark brown, medieval raised 
ground layers in green, and recent disturbed grounds in light grey; 14C dates for the peaty layers 
yield calibrated ages in the tenth to thirteenth centuries. B: Profiles at Kerkplein archaeological 
site (van der Mark, 2016), showing Pleistocene sand deposits (natural subsurface) in yellow, 
and artificially raised ground layers in light brown; layers dated to the fourteenth century are 
highlighted by purple rectangles. C: Profile (field sketch) at Musiskwartier archaeological site 
(Supplementary Information; van der Mark et al., 2006), showing a ‘washed-out layer’ (layer 2, 
‘uitspoelingslaagje’) in between two sandy raised ground layers (layers 1 and 3, ‘aangebracht 
zand’); pottery shards collected from layer 6 date to 1250–1525; building remnants above layer 
1 date to 1400–1425. Excavation locations indicated in Fig. 2.3.
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study period are limited to administrative sources and chronicles. We traced relevant original 
sources starting from historical scientific overview studies (Gottschalk, 1971; Buisman, 1996). 
Other studies mentioning the fourteenth-century flood events, such as gazetteers (Fig. 2.2) and 
books on local history, rarely provide original sources and are considered less reliable (Brázdil et al., 
2006). For the medieval cities of Deventer and Tiel, we found reliable historic references to water 
level in relation to buildings and other landmarks. We visited and measured (GPS, LiDAR) the 
locations described, and consulted available historical information to establish past dimensions of 
mentioned features such as streets and city walls, thereby deriving absolute flood heights for 1374. 

2.3	 Results

Here, we describe the results for each site that provided quantitative information on the 1374 flood. 
We first present all results for the city of Arnhem, where we obtained abundant palaeoflood data 
within the urban archaeological context. Then, we give the results for the other sites, extracted from 
both archaeological and historical sources, and compare our estimates of maximum flood levels in 
1374 to the levels of the largest twentieth-century flood in 1926.

2.3.1	 Flood levels in Arnhem

The city of Arnhem is located on the right-hand side of the Nederrijn river (Fig. 2.1). This area 
was already inhabited before the Bronze Age. Arnhem was first mentioned in the year 893 and was 
granted city rights in 1233. The medieval urban centre is for the most part located on an outwash 
fan of a Middle Pleistocene ice-pushed ridge, which consists almost completely of coarse sand with 
some gravel. To the south, this geomorphological unit borders Rhine fluvial deposits, consisting 
mostly of clay. The margin of the Holocene floodplain is locally recognisable in the topography, but 
largely obscured by anthropogenic modifications to the terrain (Fig. 2.3). In the north-eastern part 
of the medieval centre, a small valley is present created by the Jansbeek stream originating from the 
ice-pushed ridge. The highest flood levels at Arnhem observed in the instrumental period are about 
13 m NAP (Normaal Amsterdams Peil, the national vertical datum; 0 m NAP is approximately 
mean sea level). Presuming that past extreme floods reached a roughly similar level, the parts of the 
city best suitable for collecting potential flood levels are where the top of the Pleistocene substrate 
is below and the present surface above 13 m NAP.

In the southernmost part of the medieval city centre (present surface elevation ~12.5 m NAP, 
Pleistocene surface elevation <8.5 m NAP), relatively thick fluvial deposits occur that are slightly 
inclined and thicken in southward direction (Fig. 2.4A). The top of these floodplain clay deposits 
is at 10.4 m NAP. The high organic content in some layers may suggest agricultural use of the 
floodplain in early medieval times (van Engeldorp Gastelaars, 2019). The upper fluvial strata are 
overlain by anthropogenic raised ground layers up to 11 m NAP, above which the ground is recently 
disturbed (Fig. 2.4A). This area was flooded regularly in medieval times and thus only provides 
a very minimum estimate of the water level reached during the largest floods. In the central part 
of medieval Arnhem (present surface elevation >16 m NAP; Pleistocene surface elevation >13 m 
NAP), anthropogenic layers directly overlie Pleistocene glacial sand and lack any suggestion of 
Rhine flooding (Defilet and van den Berghe, 2011). Therefore, we focused on the area in between 
these locations. This is the area near the city its main church, located very close to the floodplain 
edge (Fig. 2.3).
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The available archaeological results in the targeted area show thick (up to 1 m) raised ground 
layers at elevations around 12 m NAP dating to the late fourteenth century (Fig. 2.4B; van der 
Mark, 2016; Spitzers and van der Venne, 2020). We found this same thick raised layer in our cores, 
conducted from a late medieval ground level uncovered during excavation and dated to before the 
fifteenth century by abundant pottery shards (Fig. 2.5). Directly below the raised ground layer, 
which is more homogenous than other anthropogenic layers, we found a fine-grained (silty clay) 
deposit of up to 5 cm in thickness (Fig. 2.5; Fig. 2.6). Opposed to the overlying and underlying 
sandy and sometimes peaty layers, this silty clay layer contains a calcareous fraction (reaction 
with 5% HCl), indicating a relatively young fluvial origin (no pedogenic decalcification). These 
characteristics warrant lithogenetic interpretation as a flood sediment unit. The unit has an irregular 
base (Fig. 2.6), possibly indicating an erosive contact, caused by the energy of the flood water, or 
wet sand deformation. The homogeneity of the raised ground layer, consisting mostly of locally 
available sand, and its position directly above the flood bed, strongly suggest that the ground was 
raised as a reaction to the flood, either directly after the event or not long after, when new buildings 
were built in this part of the city. Therefore, the top of the raised layer likely gives a good indication 
of the water level reached during the event.

In a complex stratigraphy preserved directly underneath the southern nave aisle of the Eusebius 
church, a temporary exposure showed a distinct layer at 11.5 m NAP that we identify as a flood 
deposit (Fig. 2.7). Similar to the flood beds observed west of the church (Fig. 2.5; Fig. 2.6), this 
layer had a fine-grained and homogenous texture, contained no artefacts or charcoal, and reacted 

fining-upwards 
fluvial deposits 

15th–century surface
11.8 m

clayey peat 
with pottery5-

cm
-t

hi
ck

 c
la

y

raised
ground

raised
ground

11.0 m

10.8 m

Fig. 2.5. Photograph of a 
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with HCl, in sharp contrast to all surrounding layers. This confirms the identification of the layer 
as a flood deposit. The profile shows many anthropogenic disturbances predating and postdating 
deposition of the flood bed, as expected in the centre of a medieval city. This complicates lateral 
tracing of the flood bed and finding the highest position where it occurred. The upper part of 
the profile is disturbed and no raised layer is preserved above the flood bed (Fig. 2.7). Still, the 
considerable thickness (up to 10 cm) of the deposit implies that the actual water level was 
significantly higher and that 11.5 m NAP is a minimum estimate of 1374 flood level in Arnhem.

An archaeological profile from the Musiskwartier reports on two clay drapes (‘kleibandjes’) that 
are not documented as individual strata (Fig. A1a). Based on the lithology, the minor thickness 
and the position in the lower brook valley, we interpret these drapes as slack-water deposits. The 
fact that these were only mentioned as annotations and not drawn and labelled in the field sketch 
profile (Fig. A1a), signifies the complexity of extracting palaeoflood levels from archaeological 
results without additional surveys. The age constraints for these flood beds are scarce, as no artefacts 
were recovered below the clay drapes, nor in the raised ground layers directly overlying the beds. A 
younger feature in the profile dates to circa 1500, based on recovered glass artefacts (Fig. A1b). It 
is thus likely that the beds correspond to the 1342 and 1374 floods events, providing elevations of 
10.8 m NAP (clay drape) to 10.9 m NAP (top of raised ground) for the first and 10.9 m NAP (clay 
drape) to >11.1 m NAP (truncated top of raised ground) for the second event (Fig. A1a).

Another profile in the Musiskwartier documents a ‘washed-out layer’ at an elevation at 11.6 m 
NAP (Fig. A2a), for which archaeological-historical dating evidence points towards the fourteenth 
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Fig. 2.6. Detailed photographs of a trenched profile (Broerenstraat site, west of Eusebius church) 
showing the same sequence as the coring in Fig. 2.5. Archaeological age constraints for layers 
I to V are early medieval to early fourteenth century. Layer VII is largely devoid of artefacts but 
predates the fifteenth century based on pottery above this layer (Fig. 2.5). The flood clay deposit 
(layer VI) is outlined in blue in the right-hand photograph.
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century (Fig. A2b). This description in itself does not justify an interpretation as a flooded horizon. 
However, taking into account the focus of the original research (large-scale excavation to describe 
overall development and human history, research conducted without expectation of potential fluvial 
signatures), such an interpretation may be appropriate in this stratigraphic context. Attribution 
to the 1374 flood satisfies considerations regarding the irregularity of the layer and its position 
directly below a raised ground layer (Fig. A2a). Further, a nearby infill dated to 1280–1400 contains 
a distinct light-coloured grey-brown layer (texture not specified) that may be a flood deposit 
(compare field sketch Fig. A3a to photograph Fig. 2.7). Given that a late fourteenth-century age for 
the layer is well possible, although this is based on a single find (Fig. A3b), we interpret this deposit 
as a flood signature for the 1374 event, yielding a local minimum water level of 11.7 m NAP.

Two Musiskwartier profiles document strata with a clay component (Supplementary Information). 
Available age constraints for the layer at 11.8 m NAP in Fig. A4a show that it is located directly 
below a late sixteenth-century floor level (Fig. A4b). Likely, the clay has a fluvial origin, but at these 
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Eusebius church

Fig. 2.7. Complex anthropogenic stratigraphy in a pocket of ground between foundation 
structures of the Eusebius church southern nave face. No layers in this profile react with 
hydrochloric acid, except for the light-coloured yellowish deposit indicated as a flood bed. 
The hatched layers fill the pits dug to construct the brick columns and arch during the church 
expansion and rebuilding phase between circa 1450 and 1550 (den Hartog and Glaudemans, 
2013), supporting a late fourteenth-century age for the flood bed. The present street level at this 
location is approximately 13 m NAP.
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sites it is not encountered in situ. Instead, it was displaced and used together with other locally 
available material to raise the ground, which explains the mixed nature and thickness (up to 30 cm) 
of the layer. The layer at 11.7 m NAP in Fig. A5a may be a flood deposit based on its appearance 
(thickness up to a few cm, thinning out with increasing elevation). However, as it is described as a 
mixture of clay and sand, it probably also resulted from sediment mixing owing to human activities. 
The archaeological age constraints for this layer are very broad (Fig. A5b).

In short, the Arnhem reference case shows that medieval urban archaeological stratigraphy can 
record extreme floods and serve to constrain the water level reached during the event. The results 
support our hypothesis that thick raised ground layers directly above flood sediment beds were 
placed as a reaction to the extreme flood event and can be used as an estimate for the maximum 
water level, in addition to the minimum value that flood deposits provide. Finding multiple 
indicators with adequate dating in different parts of the city shows that our observations are robust 
signals. The highest and often only recorded flood bed was deposited in 1374, which corroborates 
the unusual magnitude of this flood event indicated by historical data in Cologne (Krahe and 
Larina, 2010) and geological records in the delta apex region (Toonen, 2013). The water levels of 
the 1374 flood in Arnhem exceeded 11.5 m NAP (actual flood signatures; Fig. 2.4C; Fig. 2.7; Fig. 
A1a) and most likely reached about 12 to 12.5 m NAP (top of raised ground layers above flood 
deposits; Fig. 2.4B; Fig. 2.5; Fig. 2.6; Fig. A2a). This is lower than the maximum flood level in the 
twentieth-century instrumental record (Table 2.1).

2.3.2	 Flood levels in additional sites

Deventer
Deventer is amongst the oldest medieval cities in the Netherlands, founded in early medieval times 
and formally receiving city rights in 1123. Deventer is located on the right-hand side of the IJssel 
river on an inland dune complex, similar to Doesburg and Zutphen (Fig. 2.1). According to old 
ecclesiastical accounts (Kapittel van Deventer), the water levels during the unprecedented flood in 
January 1374 reached a height of 3 feet (about 1 m) inside the Lebuinus church (Buisman, 1996). 
According to Gottschalk (1971), these accounts correspond well to the expenses and notes listed 
in the contemporaneous financial records of the city. The current floor level of the church is over 8 
m NAP, but building history and archaeology show that the late medieval floor level of the church 
was about 7.4 m NAP (van der Wal, 2015), thus providing an estimate of 8.4 m NAP for the local 
maximum water level in 1374. This value considerably exceeds the highest twentieth-century water 
level in 1926 (Table 2.1).

Doesburg
Doesburg received city rights in 1237, relatively shortly after it was founded. The original layout 
of the city changed in 1343, when it was granted permission to extent in a different direction, in 
a duke’s charter mentioning damage by the river in the year before as the reason (Haans, 2008). 
An archaeological exposure in the medieval city centre (Doesburg Gemeentehuis; unpublished data 
archived in 1995; partially published in Haans, 2008; Harenberg, 2008; van Wees, 2020) shows a 
fourteenth-century sandy raised ground sequence with a thin clay layer at its base and a washed-out 
contact about halfway (Fig. 2.8). The thin clay layer at 11.2 m NAP is interpreted as an extreme 
flood deposit (Harenberg, pers. comm.; Cohen et al., 2016). It overlies the thirteenth-century oldest 
town surface layer and underlies two phases of raised ground. The first phase raised the ground 
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to a new town surface level at 11.5 m NAP and the second phase to a late fourteenth-century 
surface at 11.9 m NAP (van Wees, 2020). An archaeological excavation conducted 50 m to the 
north duplicated these findings (Fermin and Groothedde, 2008). Based on the age constraints, 
the clay bed at the base of the lower raised ground layer may be attributed to the flood of 1342 
and the upper raised ground layer as a response to the flood of 1374 (Cohen et al., 2016). Similar 
to the argumentations adopted for the Arnhem results, we consider 11.5 m NAP a minimum 
exceedance limit for the 1374 flood in Doesburg and the top of the raised ground at 11.9 m NAP 
a best estimate for the maximum flood level (Table 2.1). The flood bed at 11.2 m NAP and the 
intermediate raised ground top at 11.5 m NAP represent minimum and maximum estimates for 
the preceding event in 1342.

Lobith
The late medieval toll station and town of Lobith is located on the right-hand side of the Lower 
Rhine river close to the Dutch-German border (Fig. 2.1). It was established next to the delta 
apex bifurcation of the thirteenth and fourteenth centuries (Noordzij, 2008; Kleinhans et al., 
2011; Overmars, 2020), on an artificial mound with present surface at 16.5 m NAP (‘Dorpsdijk’). 
This site was occupied from late medieval times onwards (Schabbink et al., 2006), but the scarce 
documentation of the mound its archaeological stratigraphy does not allow for the conclusive 
identification of a representative level corresponding to the medieval raised surface. The top of the 
natural fluvial succession is at 12.7 m NAP (Schabbink, 2006) and nearby at 13.2 m NAP (Flokstra 
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14th–century raised ground

Late Medieval city layers

modern disturbed and raised ground

14th–century raised ground

Iron Age, Late Roman, Early Medieval dark soil complex

street level / top of excavation

Fig. 2.8. Archaeological profile in Doesburg (Ph. Gastelaarstraat, ‘vindplaats C’). The lower brown 
layer represents a fluvial clay drape and the upper brown layer an intermediate raised ground 
level with a small-scale undulating surface, buried by further raised ground in the fourteenth 
century. We interpret these as exceeded levels for the 1342 and 1374 floods. The drawing is 
based on an annotated photograph of the 1995 exposure in Haans (2008), Cohen et al. (2016), 
and van Wees (2020).
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and Schuurman, 2008; van Renswoude and van Kampen, 2019). Therefore, 13.2 m NAP is a 
conservative minimum estimate for the 1374 flood water level. We use 16.5 m NAP as a tentative 
upper bound (Table 2.1). The highest instrumentally recorded water level at Lobith, which is the 
primary gauge for modern river management in the Netherlands, is 16.9 m NAP in 1926.

Nijmegen
Nijmegen has been an urban centre since Roman times (first century CE). The river front is located 
at the foot of a steep hill slope to the 10–15 m higher Pleistocene push ridge hosting the actual 
city (e.g. de Roode and Kuppens, 2012; de Roode, 2018). City walls and bastion towers lined the 
narrow river front in the thirteenth to fourteenth centuries. Along a main tower at the upstream 
river front, a fourteenth-century second row of bricks against the original thirteenth-century brick 
walls reaches up to 11.3 m NAP and likely indicates reinforcement to repair flooding damage 
(‘Bastei’ site, de Roode, pers. comm.). Behind the city walls, a lowest fourteenth/fifteenth-century 
brick house floor is observed at 13.4 m NAP on top of colluvial and Roman archaeological strata. 
Contemporary city accounts report that the downstream river-facing corner tower (‘Rode Toren’) 
and adjacent walls and gates were reinforced in 1382 (Gorissen, 1956). In the direct vicinity, 
underground-preserved late medieval wall structures reach up to 12.8 m NAP (de Roode, 2018). 
Thus, based on construction evidence for the medieval city walls, and supported by less precise 
urban stratigraphic and historic documentary information, the fourteenth-century highest water 
levels at Nijmegen exceeded 11.3 m NAP, but likely did not exceed 13.4 m NAP (Table 2.1). We 
use 13 m NAP as a tentative best estimate for the 1374 flood level at Nijmegen.

Tiel
Tiel is located in the central delta at the former bifurcation of the Waal and Linge rivers. It was an 
important early medieval trade town, flourishing around 850–1100, and was granted formal city 
rights in the thirteenth century (the precise date is unknown). The Chronicon Tielense, written and 
compiled from older sources in the fifteenth and sixteenth centuries, mentions the flood events of 
1342 and 1374 (van Leeuwen, 1789; Kuys et al., 1983). For 1342, it reports that only three locations 
in the Betuwe area (central delta between Waal and Nederrijn rivers) were not flooded, namely 
the city of Tiel, the village of Drumpt next to Tiel, and part of the nearby village of Wadenoijen. 
Considering the current elevations of these settlements, the water level reached about 6.0 m NAP 

Fig. 2.9. Note on the 1374 flood 
event in the medieval chronicle 
Chronicon Tielense, reprinted 
by van Leeuwen (1789). The text 
reports on a flood caused by 
extreme and prolonged snow and 
rainfall (“magna nive successive et 
tandem propter magnam pluviam 
liquefactam”) that greatly damaged 
ramparts, destroyed many houses, 
and overtopped (“submersa”) a 
gate named Dampoort with parts 
of the city walls.
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near Tiel. This level is archaeologically corroborated by the top of a fourteenth-century dike just 
northwest of Tiel (van den Brink and van Renswoude, 2017). For 1374, the reported flooding was 
considerably more severe (Fig. 2.9). Continuous precipitation and large amounts of melt water 
coming from upstream flooded many cities, including Tiel. The water overtopped the Dampoort 
(‘Dam gate’) and some of the city walls (Fig. 2.9). We conservatively estimate a level of 9.5 m NAP 
for the walls at the river-facing side of the city in the fourteenth century (about 2 m below the 
present wall elevations at this location). If the walls were indeed overtopped, as suggested by the 
documentary evidence, this is a minimum estimate for the flood level. However, given the large 
difference with the estimated level for 1342, the 1374 flood level is likely an overestimate (Table 
2.1). This may be explained by an historically exaggerated description of the impact of the event, or 
by our interpretation of “submersa” as fully overtopped (Fig. 2.9).

Zutphen
Zutphen is located on an inland dune directly along the IJssel river (Fig. 2.1). It has an even older 
start of continuous site occupation than Deventer, with Merovingian-Carolingian rulership roots 
(Groothedde, 2013). Zutphen long featured a ring wall, and was granted city rights in 1190. 
Archaeological profiles in the northern part of the medieval city centre reveal a late medieval cobble 
street at 8.9 m NAP, just 60 cm below the present surface, overlying a thick raised ground layer 
(Fermin et al., 2006). The artefacts recovered from this layer date to the fourteenth century. Below 
the raised ground is an organic-rich anthropogenic layer with a truncated top at 7.9 m NAP (Fig. 
2.10). Based on the erosive nature of that contact, and the thickness and age of the overlying raised 
layer, we interpret the level at 7.9 m NAP as a minimum flood level indicator for 1374. The organic 
layer overlies a washed-in sand bed at 7.7 m NAP, which may be related to an earlier flood, similar 
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brown soil complex

gray sand, washed-in layer
dark organic sand

‘mottled’ sand (yellow, orange, gray)

cobblestone pavement

post-medieval raised ground

surface
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raised ground

erosive contact
flood deposit?

m NAP

Fig. 2.10. Archaeological 
profile in Zutphen 
(Nieuwstad, Oude Wand 
20/22). We interpret the 
washed-in sand layer 
and the erosive contact 
(‘afgetopt’, truncated) as 
exceeded levels for the 1342 
and 1374 floods. Based on a 
profile description in Fermin 
et al. (2006). 
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to the reasoning at Doesburg. Wood fragments in the organic layer date to the thirteenth century, 
which favours attribution of the sand bed to an older event, but cannot exclude a correlation to the 
1342 flood. The soil complex below the washed-in layer is considerably older, containing pottery 
from the fifth or sixth century (Fermin et al., 2006), which again suggests a correlation to an older 
flood, possibly in early medieval times (e.g. in the year 602; Jansma, 2020). Based on the results 
for Zutphen, the best estimate for the maximum water level in 1374 is 8.9 m NAP (top of raised 
ground above flooded horizon including the cobblestone street; Fig. 2.10). This is comparable to the 
maximum water level in 1926 (Table 2.1).

2.4	 Discussion

Up till now, only qualitative historical studies documented the extreme flood of 1374 in the Rhine 
delta. This study considerably expands upon those by adding quantitative information in the form 
of reconstructed flood levels. We obtained these from archaeological stratigraphy in medieval 
city centres along the margins of the Holocene floodplain, and added levels reconstructed from 
historical mentions of relative flood heights. In contrast to stratigraphy, historical information 
is susceptible to inheriting exaggeration of the event (see Tiel in Section 2.3.2). Therefore, we 
recommend to reconstruct past flood levels not only based on written sources, but to complement 
these with geological-geomorphological indicators from the same region. The medieval urban 
archaeological stratigraphy provides an excellent starting point to find such indicators.

Table 2.1. Reconstructed flood levels for the extreme events in 1374 (largest in historical and 
geological record) and 1342, compared to measured flood levels in 1926 (largest in instrumental 
record). All values are in m NAP.
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2.4.1	 Flood signatures in archaeological profiles 

In general, geological indicators provide minimum estimates of past flood levels rather than actual 
maximum water levels reached during peak discharge (Kochel and Baker, 1982; Springer and 
Kite, 1997; Benito et al., 2004). This is a suboptimal result, as the application of such minimum 
elevations in palaeoflood model calculations results in underestimating past discharges by up to 
20% (Lam et al., 2017). Determining actual flood heights is arguably of even more importance in 
lowland settings, where the wider floodplain reduces the sensitivity of flood height to discharge, 
i.e. significant increases in discharge lead to only small increases in water levels (van der Meulen 
et al., 2021). Moreover, the actual water column height above a flood deposit may be higher in 
low-gradient settings such as the Rhine delta than in steep upstream sections, as lower overall flow 
velocities decrease the sediment transport capacity.

Various methods have been established to determine the water column height above a flood deposit 
based on its properties (Baker, 1987; Benito et al., 2003; Guo et al., 2017), but these methods 
are limited to specific hydraulic settings and sediment types, and certainly not suited to the delta 
setting we focus on. The relatively thin layers of fine-grained alluvium and subtle erosive features 
that we identified high along the rim of the delta plain provide minimum water levels reached 
during flooding, but hardly inform on the height of the water column. The flood beds in Arnhem 
are up to 10 cm thick (Fig. 2.6; Fig. 2.7; Supplementary Information) and likely resulted from 
backwash gathered in local ponds and ditches, given the low-angle sloping relief of the site away 
from the river (Fig. 2.3), whereas the flood bed in Doesburg is only about 0.5 cm thick, but appears 
more extensive (Fig. 2.8) and likely resulted from settling in standing flood waters inundating most 
of this medieval city, given its location on the top of an inland dune.

The archaeological stratigraphy that we used to find flood deposits provides a unique indication of 
local water column height. A raised ground layer directly overlying such a deposit may have been 
placed as a reaction to incidental extreme flooding. Additional constraints on the raised ground that 
warrant such an interpretation are a relatively homogeneous composition (Fig. 2.5; Fig. 2.6) and a 
reasonable archaeological age control that matches the historic mentions (Fig. 2.4; Supplementary 
Information). Of course, ground raising as a reaction to an extreme flood only happened at locations 
where this was feasible given the available resources (man power, organisation, excessive sand) and 
a felt need for diminishing flood risk (built-up parts of inner cities). In this light, it should be noted 
that the cities of Arnhem, Doesburg, and Zutphen were approaching the top of their wealth in the 
fourteenth to fifteenth centuries. 

From these findings arises the recommendation to archaeologists working on sites at floodplain 
edges to specifically scout for thin fine-grained deposits either on top of the substrate (in the 
case of the Rhine delta: Holocene soil developed in Pleistocene sand) or interbedded between 
anthropogenic layers. This can be incorporated in the planning and processing of prospective coring 
and monitored excavation campaigns. Many medieval cities and towns have the potential to record 
past extreme flood levels in their archaeological stratigraphy, because relatively elevated grounds 
close to the river have been preferred settlement locations in lowland areas throughout history (e.g. 
Arnaud-Fassetta et al., 2010; Bini et al., 2015; Pennington et al., 2016; van Dinter et al., 2017; 
Pierik and van Lanen, 2019; Syrovatko et al., 2019). Requirements for reliable identification of 
a fine-grained layer as a flood deposit besides its lithology are its appearance (colour, thickness) 
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and chemical composition, lateral continuity (although likely interrupted by anthropogenic 
disturbances), and homogeneity (no artefacts, not mixed with sand; e.g. Fig. A4a). The combination 
of these characteristics can be established with more confidence from direct observations (Fig. 2.5; 
Fig. 2.6; Fig. 2.7) than from reported data (Fig. 2.8; Fig. 2.10; Supplementary Information).

Besides their palaeohydrological significance, flood signatures in archaeological profiles can provide 
precise dating constraints and allow for correlations between different sites (event stratigraphy). 
Sedimentary palaeoflood records are generally affected by decadal to century-scale uncertainties 
(Wilhelm et al., 2019; Benito et al., 2020). The age constraints on a flood bed can improve by the 
use of archaeological materials collected from surrounding strata (Benito et al., 2003; Thorndycraft 
et al., 2006; Huang et al., 2011). A correlation to a historically-known event can further constrain 
the dating accuracy to the year or even to a specific period within a year (Medialdea et al., 2014; 
Toonen et al., 2015). This specific age can then be used to improve dating of the surrounding 
layers in the profile, which is useful for further archaeological and historical interpretations. 
Furthermore, the flood signatures and their surrounding stratigraphy improve the knowledge on the 
ways in which people responded to natural disasters in past times (ground raising, potentially site 
abandonment or relocation; e.g. Kiss and Laszlovszky, 2013; Fontana et al., 2020). 

As the central parts of medieval river cities were only flooded by very rare events, the method of 
extracting flood levels from archaeological profiles is limited to the most extreme floods, similar 
to palaeohydrological reconstruction methods for natural settings (Baker, 1987; 2008; Benito et 
al., 2020). The largest events are precisely those that require quantification most, as these are of 
primary importance for flood frequency analyses (e.g. St. George and Mudelsee, 2019) and for 
public awareness of flood risks (e.g. Baker et al., 2002). In valley settings, flood beds are expected 
at locations where flow decelerates, for example in caves along bedrock channels (Springer and 
Kite, 1997; Sheffer et al., 2003; 2008; Dezileau et al., 2014). The urban setting similarly provides 
areas of flow obstruction and local widening, explaining the occurrence of flood sediments in the 
archaeological stratigraphy. In the case of Arnhem Musiskwartier (Supplementary Information), 
back-flooding in the Jansbeek tributary valley likely contributed to flow deceleration. Another 
common issue in palaeoflood studies is the preservation potential and thereby the chances of 
identifying a flood bed (e.g. House et al., 2002). Here, the urban archaeological setting introduces 
both an advantage and a caveat, as the artificial cover on top of the flood deposit may enhance its 
preservation, but anthropogenic disturbances in later centuries may erase most of the bed and the 
overlying raised ground layer (Fig. 2.4B; Fig. 2.7). 

2.4.2	 Palaeoflood reconstruction in a delta setting

Our study has specified flood levels for the Lower Rhine millennial event of 1374 at seven sites 
in the inland part of the Rhine delta (Fig. 2.11). These results allow us to cross-check between 
historical and geoarchaeological reconstructions, and to contrast the medieval flood of record to the 
largest flood in the instrumental period. Since historical records may be inaccurate, it is important 
to use sources that are original (based on contemporary accounts; Brázdil et al., 2006; Herget, 
2020) and written without a potential incentive to exaggerate (preferably no documents asking for 
financial support; van de Ven et al., 1995; Herget, 2020). Even though the historical data that we 
used fulfil these criteria, the reconstructed level for 1374 in Tiel is likely an overestimate, given the 
major difference with the level specified for 1342 at the same location (Table 2.1). The 1374 flood 
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level in Deventer of 8.4 m NAP considerably exceeds the highest measured level of 7.3 m NAP 
(Table 2.1), and thus may seem an exaggeration as well. Still, it is a plausible value considering that 
a similar height difference was observed upstream along the same river in Doesburg (Fig. 2.11), 
reconstructed from sedimentological and archaeological evidence. This signifies the importance of 
including multiple and different types of sources in past flood reconstructions whenever possible. 
Although the 1374 flood levels in Doesburg and Deventer are considerably higher than the 1926 
flood levels, the levels for the two events in Zutphen are comparable (Table 2.1). Possibly, our 
reconstruction for Zutphen is an underestimate, as the data were extracted from a single profile, 
and both the flood level indicator and the top of the fourteenth-century raised ground may be 
higher in other parts of the city. Furthermore, the indicators in Zutphen consist of sand and an 
erosive contact (Fig. 2.10), implying higher-energy depositional conditions than for the clay layers 
in Arnhem (Fig. 2.6) and Doesburg (Fig. 2.8), and thus higher water columns above the levels of 
flood layer formation.

In the delta apex and in the central delta, reconstructed maximum water levels for 1374 are on 
average 0.7 m lower than the maxima observed in the instrumental period (Fig. 2.11). Although 
the water level reconstructions in Lobith and Nijmegen are somewhat tentative (Section 2.3.2), the 
values in Arnhem are well constrained (Section 2.3.1). Furthermore, as mentioned, the 1374 flood 
level in Tiel is likely an overestimate, yet it is still below the 1926 flood level (Fig. 2.11). At first 
sight, these lower levels for 1374 than for 1926 are remarkable, since the water level in Cologne was 
about 2.5 m higher in 1374 than in 1926 (Krahe and Larina, 2010). However, Cologne is located in 
in the terraced upstream stretch of the Lower Rhine valley, with an active floodplain width of just 
a few km. Between Cologne and the Rhine delta, the floodplain widens considerably (e.g. Erkens 
et al., 2011; van der Meulen et al., 2020). Thus, although the amount of water received in the delta 
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Meuse. All values are in m NAP. 
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may have been comparable to the discharge passing at Cologne, the much wider area carrying flood 
water considerably lowered the corresponding water levels. This effect was significantly greater 
in medieval times, when flow was hardly constricted by embankments. The embankments that 
were already present in the fourteenth century were still rather low (1–2 m compared to >5 m at 
present; van den Brink and van Renswoude, 2017; Rondags, 2019; Willemse, 2019) and thus easily 
overtopped during the most extreme floods. We can safely assume, supported by documentary 
evidence (Section 2.1), that all currently embanked low-lying areas were flooded in 1374 (left 
panel of Fig. 2.11). However, in the twentieth century, the stronger and higher embankments 
prevented flooding in the central delta, resulting in a greatly diminished area for overbank flow and 
consequently higher flood levels (right panel of Fig. 2.11). Thus, the findings for Arnhem, Lobith, 
Nijmegen, and Tiel (1374 flood levels below 1926 flood levels) do not imply that the discharge of 
the 1374 ‘millennial’ event was lower than that of the 1926 ‘centennial’ event.

Along the upper reaches of the IJssel river, large parts of the floodplain were inundated in 1926 
(Departement van Waterstaat, 1926; Fig. 2.11). Consequently, the approximately 1 m higher flood 
levels in 1374 compared to 1926 in Deventer and Doesburg may be indicative for the natural 
difference between a ‘millennial’ and a ‘centennial’ flood in the upper delta. This is still 1.5 m less 
than the difference in Cologne, about 200 km upstream. The discrepancy between the central 
delta and IJssel floodplain is further complicated by the pathways that routed and diverted the 
river waters from the Lower Rhine valley into the Rhine delta. During large floods before major 
human interventions, Lower Rhine flood waters flowed freely in northward direction to the IJssel 
river around Doesburg (Fig. 2.11), whereas in the present embanked situation the IJssel river only 
receives water at the Nederrijn bifurcation point (Fig. 2.1). In 1926, some water flowed through 
the alternative pathway (Departement van Waterstaat, 1926; Fig. 2.11), following dike failure near 
the German-Dutch border, but the contribution to downstream water levels was likely modest. 
Potentially further complicating the interpretation of flood levels, the IJssel river channel was 
larger and received more water under bankfull conditions in the fourteenth century than at present 
(Hesselink, 2002; Cohen et al., 2016).

From these results, it is evident that interpreting palaeoflood levels in a delta setting requires careful 
consideration of flood dynamics and flow division. Therefore, the conversion of reconstructed water 
levels into a past flood discharge requires the application of spatially continuous model software 
(e.g. Apel et al., 2009; Cook and Merwade, 2009; Shen et al., 2015) rather than one-dimensional 
models that are usually applied in palaeoflood research (e.g. Webb and Jarrett, 2002; Herget et 
al., 2014; Benito et al., 2020). In addition, any comparisons to recent floods need to account for 
potentially major changes in floodplain capacity related to river embankment, which significantly 
affects maximum water levels at a regional to national scale (Fig. 2.11). The integration of multiple 
sites and sources, as done in this study, is especially important in lowland settings as relatively 
small (dm-scale) accuracies in palaeoflood levels may significantly affect the outcomes of extreme 
discharge calculations (van der Meulen et al., 2021). Since discharge is the preferred variable for 
use in statistical analyses of flood frequency and associated risk (e.g. Benito et al., 2004; Kjeldsen 
et al., 2014; Toonen, 2015), future research on the 1374 flood should include numerical modelling 
to convert the reconstructed flood levels into a discharge and further constrain the estimated 
magnitude of the event (Herget and Meurs, 2010; Toonen, 2013). This requires both an accurate 
reconstruction of the terrain (e.g. Schmidt et al., 2018; van der Meulen et al., 2020) and a series of 
historic flood simulations (e.g. Bomers et al., 2019; van der Meulen et al., 2021).
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2.5	 Conclusion

Determining maximum water levels of past extreme floods is essential for improving flood 
risk assessments and public awareness of such risks. Of particular importance are events with 
magnitudes exceeding those observed in the instrumental period. Past flood levels are usually 
obtained from sedimentary data such as flood deposits or from historical data such as documentary 
evidence. In this study, we demonstrate the potential of urban archaeological stratigraphy to extract 
past extreme flood levels. Geomorphological and hydrological data support the detection of a flood 
bed, and the archaeological context provides age constraints that correlate an identified bed to a 
historic event. Raised ground directly overlying a flood bed likely represents a reaction to witnessing 
the event and its top therefore approximates the actual water level that was reached, whereas flood 
bed elevations only provide a minimum indications of palaeoflood level. The opportunity to derive a 
maximum flood level indicator is an important benefit of the urban archaeological context. 

The presence of fourteenth-century raised ground layers with a clear flood bed at their base in 
multiple river-bordering cities in the Rhine delta strongly suggests that these sites were raised in 
response to the extreme floods the Lower Rhine in 1342 and 1374. We reconstructed flood levels 
for these events in the Netherlands by integrating archaeological and historical sources. The results 
provide a consistent overview of water levels in the Rhine delta and confirm that the flood of 1374 
was the largest in medieval times. We then compared the reconstructed levels of this ‘millennial’ 
flood to the measured levels of a twentieth-century ‘centennial’ flood. This geographical comparison 
demonstrates that differences between medieval and recent flood levels cannot be directly 
converted into differences in discharge magnitudes, mainly because floodplain width reduction by 
embankments has greatly affected flooding patterns in the lowland upper delta setting. 
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Chapter 3

Flood marks on buildings

part of this chapter is based on

van der Meulen, B., 2021. Historic flood level inventory from epigraphic marks in the Rhine river 
delta. DANS dataset. DOI:10.17026/dans-2zz-kpka
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We have GPS and yet, we’re still lost.

The Lonely Island – Incredible Thoughts (2016)
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Note

This chapter presents an inventory of historic flood levels marked on buildings and other structures 
in the Rhine delta. These flood marks provide maximum water levels across the area from the late 
sixteenth to twentieth centuries, complementing instrumental measurement records in both space 
and time. The main goals of the chapter are to explain how I created this inventory and to unlock 
the resulting flood level dataset for future hydrological analyses.

3.1	 Introduction

Historic data, such as descriptions and images, have been widely used to inform on past flood events 
(overviews of studies: Brázdil et al., 2006; 2012; Benito et al., 2015a). A special category of historic 
data are epigraphic marks: inscriptions in stone or other materials. When such engravings depict 
a water level reached during a flood event, they are referred to as flood marks. In many European 
countries, epigraphic records of flood levels have been collected and analysed for historical 
geographical or hydrological purposes (e.g. Czech Republic: Munzar et al., 2006; Elleder et al., 2013; 
France: Naulet et al., 2005; Piotte et al., 2016; Germany: Deutsch et al., 2006; Roggenkamp and 
Herget, 2014; Great Britain: Macdonald et al., 2006; Lewin, 2013; Macdonald, 2013; Norway: 
Engeland et al., 2018; Poland: Cyberski et al., 2006; Spain: Barriendos et al., 2014; Machado et al., 
2015; Slovakia: Pekárová et al., 2013; Switzerland: Wetter, 2011; Wetter et al., 2017). For the Rhine 
river branches in the Netherlands, however, no such study exists. 

Compared to the Middle Rhine river reach with abundant flood marks (e.g. Witte et al., 1995; 
Herget, 2012; own observations), the Rhine delta holds relatively few marks. Thanks to extensive 
river management (‘normalisation’ – see Chapter 4), large discharges did not induce serious disasters 
over the past ~150 years, lowering the need to mark water levels. The last flood of the Rhine that 
inundated a significant part of the Netherlands dates back to 1861 (e.g. van de Ven et al., 1995; 
Tol and Langen, 2000; van Heezik, 2007). The largest flood in the instrumental record, in 1926, 
inundated a relatively small area as Rhine river dikes in the central delta did not breach. The last 
major flood in 1995 did not result in any dike breaches in the Netherlands. Moreover, many old 
flood marks in the Netherlands may have been removed due to widespread urban growth and city 
renewal. Still, the remaining flood marks provide a valuable collection of maximum water levels 
that complement instrumental measurement records both in space (flood marks occur not only 
along rivers, but also in floodplain areas) and in time (flood marks on buildings often predate 
measurement records). Furthermore, the maximum water levels provided by flood marks are 
valuable in light of recent advances in river landscape reconstruction (van der Meulen et al., 2018; 
2020) and flood hydraulic modelling (Bomers et al., 2019; van der Meulen et al., 2021) that have 
enabled the simulation of historic flood events in the Rhine delta. 

3.2	 Materials

In order to create an inventory of flood marks in the Rhine delta (Fig. 3.1), I based myself on a 
combination of (1) nineteenth-century technical reports, documenting early levelling campaigns, 
(2) twentieth-century books and journals, dealing with regional history, geography, and water 
management, and (3) twenty-first-century websites. In addition, I undertook many reconnaissance 
visits throughout the area, where I checked old buildings, churches, and city walls and gates for 
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flood marks. After this collection phase, I measured the vertical positions of the marks using the 
appropriate equipment (Section 3.3), thereby creating a dataset of water levels with respect to NAP 
(Normaal Amsterdams Peil = Dutch ordnance datum, in which 0 m is approximately twentieth-
century mean sea level). 

The flood marks in the Netherlands come in many shapes. In the simplest form, they are stones or 
commemorative plaques with the year of flooding inscribed and a horizontal indicator of the water 
level reached during the event. Often, the base of the stone is this indicator. Many flood marks have 
additional text, for example regarding the location and date of a dike breach (only in the case of 
marks located inland of dikes; e.g. Fig. 3.2, Fig. 3.3) or simply to liven up the mark (e.g. Fig. 3.4). 
Some flood marks are more exceptional in shape, but still meet the basic specification of providing 
both a year and a water level (e.g. Fig. 3.5). An important subdivision for hydrological purposes is 
the distinction between individual flood marks (a single event level marked at a location) and series 
of flood marks (multiple event levels marked at a location, e.g. Fig. 3.6, Fig. 3.7). The latter are often 
located in cities directly adjacent to the river, whereas individual marks occur much more scattered 
throughout the delta (Fig. 3.1).
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Fig. 3.1. Overview of flood marks in the Rhine delta, indicated by the year of the recorded event 
or the range of years in the case of multiple marks in one town. Indications between brackets 
represent disappeared flood marks.
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Fig. 3.2. Example of a flood 
mark in Culemborg. The 
stone informs on the water 
level (base of stone as 
indicated by the index finger 
of the depicted hand), and 
on the location and date of 
dike breaching (Ochten, 3 
March 1827). 

Fig. 3.3. Example of a flood mark in Leusden. A) Position of mark on church, indicated on a 
photograph from 1962. Source: Rijksdienst voor het Cultureel Erfgoed. B) Close-up of mark. 
The stone informs on the water level (horizontal line), and the location and date of breaching 
(Grebbedijk, 14 March 1855). 

Fig. 3.4. Examples of flood marks in Molenaarsgraaf. The inscriptions are small verses.
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B

A

Fig. 3.5. Memorial column 
in Veenendaal that serves 
as a flood mark. A) Reveal 
of the monument following 
its construction in 1955, 
precisely 100 years after 
the flood. Source: Nationaal 
Archief, obtained from
www.veenendaalsekrant.nl. 
B) The top of the column 
represents the local water 
level reached in 1855.
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3.2.1	 Not all marks are flood marks

Particular for the Netherlands is the presence of reference stones that are sometimes thought to 
be flood marks (Fig. 3.8). These reference stones (‘peilmerkstenen’) indicate a level with respect to 
NAP (or AP, the precursor of NAP) and were placed during levelling campaigns in the nineteenth 
and early twentieth centuries (e.g. Waalewijn, 1979; 1987). They occur throughout the country and 
do not relate to flooding. The reference stones are actually rather easy to tell apart from other types 
of marks, because of their standardized size (width 36 cm, height 24 cm) and lay-out (Fig. 3.8). 

In rare cases, older stones that appear to be flood marks may not directly refer to actual water levels. 
Instead, they mark the heights of dikes or nearby spillways (e.g. Fig. 3.9). The indicated levels may 
indirectly relate to floods that actually occurred, but this cannot be concluded with certainty. Such 
marks were therefore not included in the results, nor used in further analyses.

Fig. 3.6. Example of a series 
of flood marks in Deventer. 
Note that the mark of 1595, 
the oldest recorded year, 
is precisely in the middle 
of the main stone. Thus, 
the stone was very likely 
placed in that year, with the 
intention to record future 
extreme flood levels in the 
space above and below. 
Further note that for some 
years, the month and day 
of flooding are indicated in 
between the century and 
decade numbers. This way 
of denoting the date of 
flooding has been observed 
for a number of marks 
across the delta.
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A B

Fig. 3.7. Example of a series of flood marks in Kinderdijk. A) Position of marks on former water 
board building. B) Close-up of marks on a photograph from 1984. Source: Rijksdienst voor het 
Cultureel Erfgoed. Note that the record covers two stones. As 1709 is the earliest recorded year, 
the lower stone was likely placed in that year, with space above to record future events. There 
was just enough space to record the level in 1726. The upper stone was most likely placed in 
1740, when the flood level considerably exceeded the height of the then present stone.
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3.2.2	 Disappeared flood marks

The inventory contains a few flood marks that have disappeared. These marks are reported in 
old (mid-nineteenth century) technical reports, but cannot be found in the field. For a few cases 
(disappeared flood marks in Vreeswijk, Zaltbommel, and Zwolle), the old reports document the 
levels of the marks with respect to AP, which I included in the dataset. For one particular location, 
in Arnhem next to the Nederrijn, old photographs show a series of flood marks (Fig. 3.10). The 
building that held these marks was destroyed in the second world war and the entire area has since 
been overbuilt by a large road junction (Roermondsplein). Nevertheless, it was possible to assign 
absolute elevations to the marks, because the photographs also depict a measurement gauge relating 
to the Dutch ordnance datum (Fig. 3.11).

Fig. 3.8. Examples of standardized vertical reference stones (‘peilmerkstenen’) that are found 
throughout the Netherlands and do not represent water levels. A) Waterpoort, Woudrichem. B) 
Koepoort, Woudrichem.

Fig. 3.9. Stone in the city wall of Leerdam 
that resembles a flood mark, as it depicts 
both a year and a horizontal level. 
However, it likely does not indicate an 
actual water level, as no flood occurred 
in 1660. Instead, the stone refers to an 
agreed-upon water level for piercing a 
dike during flooding in order to protect 
one polder area at the cost of another 
(this agreement was still in use circa 150 
years later; Ewijk, 1809). Note that major 
floods occurred in 1651 and 1658, and the 
mark may relate to a water level reached 
in those years, although it is positioned 
remarkably high (above the water level 
reached during the major flood of 1809).
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A

B
1925

1926

1945

1940

C

D

Fig. 3.10. Disappeared flood marks in Arnhem. A) Aerial photograph taken from the southwest, 
depicting the former Brugwachtershuis at the head of the former pontoon bridge. Source: KLM 
Aerocarto NV, collection B. Mohr, obtained from Oud-Arnhem (PB). B) Photograph of the former 
Brugwachtershuis during flooding in January 1926, depicting the epigraphic marks on the 
southeast face of the building. Source: collection B. Mohr, obtained from Oud-Arnhem (PB). C) 
Photograph of the epigraphic marks during flooding in February 1940. Source: F.W. Holleman, 
obtained from Gelders Archief. D) Photograph of Arnhem river front in June 1945, depicting the 
largely destroyed Brugwachtershuis. Source: Nico Kramer, obtained from Gelders Archief.
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3.3	 Geographical survey

Obtaining the levels of the flood marks was done using a three-step process (Fig. 3.12). First, I 
measured the street level at a location away from buildings where RTK-DGPS reception was good 
(vertical error <3 cm), using a Trimble system on a 2.000 m pole (Fig. 3.13A). Then, I positioned 
the levelling instrument at a spot from which both the GPS and the flood mark were visible, and 
measured its height above the street level at the GPS location (Fig. 3.12). The last step consisted 
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Fig. 3.11. Procedure for obtaining flood levels from historical photographs in Arnhem. Source of 
photographs: F.W. Holleman, obtained from Gelders Archief.
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Fig. 3.12. Measurement 
steps of the geographical 
survey. First, the ground 
level above NAP is measured 
at a site with good DGPS 
reception (a). Second, the 
levelling instrument, placed 
at a location from which 
both the GPS equipment 
and the flood mark are well 
visible, is used to measure 
its height above the ground 
level (b). Third, after rotating 
the levelling instrument, 
the height difference 
with the flood mark is 
measured (c). Combining 
the measurements provides 
the absolute elevation of the 
flood mark. 
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of rotating the levelling instrument to the wall holding the flood mark and measuring the height 
difference between the instrument and the mark (Fig. 3.13B). The flood mark elevation then 
derived from simply adding the GPS ground level measurement, the height of the levelling plane 
above this level, and the height difference with the mark (which may be a negative value). The 
uncertainty induced by the single levelling step is negligible (<1 mm), so the total uncertainty of 
the reported levels is <0.03 m. For many flood marks I conducted multiple measurements, which 
reproduced and confirmed this good accuracy.

Besides the elevations of the flood marks, I measured their exact locations, which I later verified 
using different maps in ArcGIS to arrive at a spatial accuracy <1 m. Further, I documented the 
types and estimated ages of the constructions holding the marks, which is important for assessing 
whether the flood marks are in their original positions. This affects the reliability of the water levels 
obtained from the marks. I verified the ages of the constructions using the ‘Basisregistratie Adressen 
en Gebouwen’ and other governmental information websites (such as www.rijksmonumenten.nl). 
During the surveys, I also transcribed the inscriptions of the marks, which was sometimes difficult 
due to weathering (e.g. Fig. 3.14). The location, construction information, year, level in cm above 
NAP, and inscription for each flood mark are presented in Table 3.1.

3.4	 Reliability of epigraphic levels

The largest potential problem associated with historic flood levels obtained from epigraphic marks 
is displacement of commemorative stones. When structures holding flood marks are demolished or 
rigorously renovated and the stones are re-used, these may not be placed at their original elevations 
(e.g. Herget, 2012; 2020). During the survey I accounted for this problem by checking the types 
and ages of all buildings holding flood marks, which led to the exclusion of some marks in the 
measurement steps (no NAP value given in Table 3.1). Other potential errors, such as vertical 
inaccuracies during the original placement, are likely small. Presumably, most flood marks were 
placed soon after the event (e.g. Macdonald, 2007), although some were placed many years later 
(e.g. Fig. 3.5). Marks were presumably placed at the observed maximum water level, which is well 
visible after flooding as a horizontal line on built structures. This level may not precisely represent 
the flood water surface due to wave and capillary action (e.g. Neal et al., 2009; Wetter et al., 2011), 
but such inaccuracies are considered minor (cm-scale) and negligible compared to the potential 
errors induced by renovation of the building holding the mark. 

Series of flood marks occasionally reveal information regarding the history of placement. For 
example, in Deventer, the earliest recorded year is positioned precisely in the vertical middle of 
the main stone (Fig. 3.6). Thus, the stone was very likely placed following the flood event in that 
year, with space below and above to record potential future floods (which indeed occurred). To 
avoid overlapping engravings, new stones were placed to the right of the main stone in 1784, 1883 
(difficult to read), and 1926. The flood mark series in Kinderdijk provides another example. Here, 
the earliest recorded year is positioned near the base of the lower of two stones, about 20 cm above 
ground level (Fig. 3.7). Later flood events were recorded in the space above, and an additional stone 
was placed circa 30 years later to record an event exceeding the height of the original stone. A 
similar template, with space above to record future flood levels, is visible for the nearly 300-year 
younger stone in Wijk bij Duurstede with event levels of 1993 and 1995 (Fig. 3.15). A peculiar 
problem with this stone is that the inscribed NAP values are somewhat lower than the actual 
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elevations of the marks (Table 3.1). Moreover, the inscribed values differ by 20 cm while the marks 
are only 7 to 8 cm apart (Fig. 3.15). This example shows that even very recent flood marks are not 
devoid of inaccuracies, with potential errors amounting to between 10 and 20 cm.

3.5	 Results

In total, the inventory contains 131 flood marks from 46 locations spread across 32 towns (Table 
3.1). It includes 2 marks from the sixteenth century, 8 marks from the seventeenth century, 34 
marks from the eighteenth century, 56 marks from the nineteenth century, and 31 marks from the 
twentieth century (Fig. 3.16). The increasing number of flood marks over the centuries is in line 
with the expected preservation bias and likely also resembles increased efforts to mark water levels, 
as flood disasters in the late eighteenth to early nineteenth centuries were particularly severe (e.g. 
Driessen, 1994; note that many of these events were caused by ice jams related to the colder climate 
conditions at the end of the Little Ice Age). The smaller number of marks in the twentieth century 
compared to the previous two centuries is in line with the absence of destructive flood disasters in 
recent times (e.g. Tol and Langen, 2000).

A B

Fig. 3.13. Measurement steps 1 and 3 of the geographical survey. A) Identifying a location with 
good satellite reception in Culemborg. Photograph by Maarten Zeylmans. B) Difficult levelling 
measurement of a flood mark in Nijmegen.
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Many flood marks occur in the downstream part of the study area in between the Waal and 
Nederrijn-Lek (Fig. 3.1). This area has the potential for the highest water levels with respect to 
the terrain, as a dike failure upstream can lead to a sustained rise of water levels given the gently 
decreasing elevation of the delta towards the sea. In addition to this ‘sloping bath-tub effect’, the 

6.04 m
+NAP

6.07 m
+NAP

A

C

B

Fig. 3.14. Example of a heavily weathered flood mark in Kerkwijk. A) Position of mark on church. 
B) Close-up of mark. The nearly erased inscription reads ‘WATERVLOED – 1861’. C) Artificial 
refuge hill located opposite of the church, created as a reaction to the flood. GPS ground level 
measurements on top of the hill reveal that it was raised to almost exactly the local flood level 
as indicated by the mark.
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spread of flood marks is likely related to other vulnerability aspects. Towns in the upper delta 
located on Pleistocene relief are generally less susceptible to flooding than towns in the central 
and lower delta. Furthermore, some of the spatial patterns may simply be explained by the spread 
in population density (many large river cities hold series of flood marks) and possibly by copying 
behaviour (placement inspired by the presence of flood marks in a neighbouring town; e.g. similar 
flood marks for the same years in Molenaarsgraaf and Noordeloos).

Not only the total number of flood marks, but also the distribution along the three major 
distributaries of the Rhine (Waal, Nederrijn-Lek, IJssel) changes with time (Fig. 3.17). Overall, 
flood marks along the Waal become more prevalent over time relative to flood marks along the 
Nederrijn-Lek. Increased discharge diversion towards the Nederrijn following construction of an 
artificial bypass in the delta apex (Pannerdens Kanaal; e.g. van de Ven, 1976) may have contributed 
to high water levels along this branch in the eighteenth century. In addition, the temporal 
distribution may be influenced by societal factors, with more attention to commemorative stones 
nearby the relatively wealthy lower-delta provinces of Holland and Utrecht. The larger number of 
flood marks along the Waal in the twentieth century may be explained by the large size of this 
river with relatively narrow floodplains, resulting in an impressive water mass under high water 
conditions. Thus, in the absence of dike breaches, water levels are more likely to be marked along 
the Waal than along the other two river branches.

3.6	 Hydrological interpretations

Comparing the temporal distribution of flood marks to historical records of flood intensity reveals 
that in general the most extreme events led to the placement of the most marks (Fig. 3.16). Extreme 
discharge peaks before the instrumental period occurred in 1595, 1651, and 1658 (Gottschalk, 

1926

1995
1993

A B Fig. 3.15. Relatively recent 
flood marks in Wijk bij 
Duurstede. A) Two separate 
stones record the maximum 
water levels of 1926, 1993, 
and 1995. The left stone 
also depicts a former design 
flood level (‘maatgevend 
hoogwater’). B) Stone with 
flood marks of 1993 and 
1995, with space above to 
record future flood levels. 
The close-up shows that 
the difference between the 
inscribed values (20 cm) 
does not match with the 
vertical distance between 
the two marks (8 cm).
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1977; Toonen, 2015). Each of these years is characterized by a relatively large number of flood 
marks, taking into account that these marks must have been preserved over three centuries. Further 
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Table 3.1. Inventory of flood marks and their levels in the Rhine delta.
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extreme discharges occurred in 1809, 1920, 1926, and 1995. These years are similarly represented by 
many flood marks, with the notable exception of 1920 (Fig. 3.16). 
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Fig. 3.16. Temporal distribution of flood marks in the Rhine delta. The results are plotted 
together with historical records of flood intensity and ice jam occurrence (Gottschalk, 1977; 
Wijbenga et al., 1993; Buisman, 2000; 2006; van der Ham and van de Ven, 2004; Toonen, 2015; 
Olthuis, 2018).
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For the period up to 1900, there is a strong correlation between the number of flood marks and 
the number of flooded areas in the central delta reported in historical sources (van der Ham and 
van de Ven, 2004). Several contemporary maps corroborate the extents of flooding extracted 
from historical written records (e.g. Fig. 3.18; Fig. 3.19). The floods of 1809 and 1820 resulted in 
the largest amount of flooded areas, and are represented by the largest numbers of flood marks 
from that century (Fig. 3.16). Other events with multiple reported flooded areas are similarly 
documented by relatively large numbers of marks (1595, 1651, 1658, 1726, 1740, 1784, 1799, 
1827, 1855, 1861). The correlation between numbers of flood marks and flooded areas ceases in the 
twentieth century, because by then high water levels hardly resulted in flooding of embankment-
protected polder areas thanks to extensive river normalization and dike strengthening.

The relatively large numbers of flood marks in the eighteenth and nineteenth centuries may be 
linked to extreme winter conditions at the time. Especially in the early nineteenth century, ice 
jams formed on the Rhine river branches in many years (Wijbenga et al., 1993; Buisman, 2000; 
2006; Olthuis, 2018). In several cases, such ice jams were responsible for dike failure, resulting in 
particularly sudden and locally highly destructive floods (e.g. Driessen, 1994). Many of the years 
with a large number of flood marks were characterized by ice jams, such as 1784, 1799, 1809, 1820, 
1855, and 1861 (Fig. 3.16). This correlation signifies the potential impact of this type of flood. Ice 
jams are furthermore responsible for some years with flood marks but without flooded polder areas, 
as they can influence the discharge distribution over the different Rhine branches. For example, 
due to a large ice jam on the Waal near Hulhuizen in 1845, the Nederrijn-Lek had very high water 
levels, illustrated by flood marks in Jaarsveld and in Wijk bij Duurstede (Fig. 3.20).

3.6.1	 Differences between river branches

Similar to the explanation for the marks of 1845, detailed interpretations of flood mark distribution 
would require careful historical analysis of each event. For example, flood marks of 1814 occur only 
along the IJssel, not along the Waal or along the Nederrijn-Lek (Table 3.1). Literature research 
reveals that in this year the ‘Liemerse overlaat’, a former spillway in the delta apex region, operated 
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for the first time (van der Ham and van de Ven, 2004), which resulted in controlled local flooding 
north of the Lower Rhine and east of the IJssel. This clearly explains the anomalous distribution of 
flood marks for this year. 

The spatial distribution of flood marks for the more extreme events with relatively many marks 
informs on the flooding patterns in those years. For example, water levels of 1855 are marked along 
the Nederrijn-Lek and in the Gelderse Vallei north of this river (Fig. 3.21). In Arnhem, the level 
of 1855 is the highest mark on the stone, positioned even above the inscribed title (Fig. 3.11). In 
contrast, water levels of 1861 are marked mainly along the Waal and in the polder areas south of 
this river (Fig. 3.21). Extraordinary high water levels occurred in the Bommelerwaard polder area, 
which led to the construction of raised mounds serving as refuge hills (e.g. Berendsen, 1986). These 
reached to more than 3 m above their surroundings, up to the local water levels reached during 
the flood (Fig. 3.14). The flood events of 1855 and 1861 were both characterized by ice jams (e.g. 
Mijnssen-Dutilh, 2006), explaining the regionalized flooding patterns. 

Two events that were explicitly not affected by ice jams are those of 1740–1741 and 1926. The 
flood of 1926 is marked throughout the Rhine delta (Fig. 3.21). The large number of marks may be 
explained by the temporal bias (increased preservation and increased awareness), but also signifies 
the exceptional magnitude of the event (it is the largest in the discharge measurement record, 
which started in 1901). In the winter of 1740–1741, extraordinary high water overtopped the dikes 
before a period of freezing commenced. At that time, when dikes were still smaller than at present, 
dike overtopping without the presence of ice jams was already highly unusual (van Zellem, 2003). 

Fig. 3.18. Historic map showing Rhine flood extent in 1809. The blueish colour indicates that not 
only the lands along the Lower Rhine were flooded, but also all the polders in the central delta 
(Overbetuwe, Nederbetuwe, Tielerwaard, Bommelerwaard, Alblasserwaard) and the lands along 
the IJssel. Source: Gelders Archief.
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The flood mark distribution of this event reveals that the flood caused the largest problems in the 
Alblasserwaard polder area in the downstream part of the study area (Fig. 3.21). Here, 1740 and 
1741 are the highest recorded event levels at multiple locations (Fig. 3.4; Fig. 3.7), suggesting a 
magnitude that warrants interpretation as an extreme event, despite not being recognized as such 
based on historical indices of flood-related damages (Toonen, 2015). The historical record in 
Cologne corroborates the unusual magnitude of the 1740–1741 flood event, as it shows that the 
maximum water level of 1740 even slightly exceeded that of 1651 (Krahe and Larina, 2010).

3.6.2	 Flood level series

The water levels obtained from the epigraphic marks provide an overview of flood levels in the 
Rhine delta from the late sixteenth to late twentieth centuries (Table 3.1). Combining the levels 
of multiple years and locations provides new insights into the historic flood dynamics of the Rhine 
river branches. For example, the data along the Waal reveal that differences between event levels 
decrease in downstream direction. In Nijmegen, the early nineteenth-century levels exceed the late 
twentieth-century flood levels by about 1 m, whereas in Loevestein this difference is about 0.5 m 
(Fig. 3.22). However, it should be noted that such differences are considerably smaller than the 
potential rise in local water levels due to ice jams (e.g. Wijbenga et al., 1993; Lindenschmidt et al., 
2018; Olthuis, 2018)

Fig. 3.19. Historic map showing Rhine flood extent in 1855. The greenish colour indicates that 
a few polders in the central delta were flooded. It further indicates northward flooding at the 
entrance of the Gelderse Vallei, which is corroborated by flood marks north of the Nederrijn (Fig. 
3.1; Fig. 3.3; Fig. 3.5). Source: Gelders Archief.
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The historic flood levels along the Waal and Nederrijn-Lek show a remarkable overall increase over 
time up to the early nineteenth century, which is followed by an abrupt decrease around 1870 (Fig. 
3.23). This pattern very clearly follows the increasing frequency and intensity of flood disasters, 
which peaked in the beginning of the nineteenth century and greatly lessened after normalisation 
in the beginning of the second half of this century (e.g. van de Ven et al., 1995). My results show 
that not only the number of flood disasters, but also the associated water levels increased over 
the centuries leading up to normalisation. This increase is partly explained by sedimentation in 
between the embankments, leading to an overall rise in floodplain elevation and thus a decrease 
in conveyance capacity (e.g. Middelkoop, 1997; Hudson et al., 2008; Hobo, 2015). A similar 
trend is convincingly observed in a series of flood marks along the Po river in Italy, although that 
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Fig. 3.20. A flood mark in 
Wijk bij Duurstede. The 
inscription reads ‘WATER–
STAND A: APRIL 1845’. The 
horizontal line in between 
the words ‘WATER’ and 
‘STAND’ represents the 
maximum water level.
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observation is limited to a single location (Camuffo et al., 2020). The river normalisation works 
that started around 1850 considerably decreased the potential for ice jam formation, thanks to the 
removal of sand banks and the construction of regular arrays of groynes. This very likely contributed 
to the sudden reduction in maximum water levels after the period 1850–1870 (Fig. 3.23).

Interestingly, the notion of increasing flood mark elevations up to the mid-nineteenth century only 
applies to the Waal and Nederrijn-Lek. The flood levels marked along the IJssel show a different 
trend, exhibiting an overall decrease from the seventeenth century onwards (Fig. 3.23). Apparently, 
this distributary carried relatively large amounts of water during floods in the sixteenth and 

A

C

B

Waal river

Fig. 3.22. Flood marks in Loevestein. A) Detail of the marks. B) Position of marks in western gate 
of fortification wall. C) Location of gate, close to the Waal. Source: Google Street View.
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seventeenth centuries, contrasting with a loss of discharge under normal flow conditions (e.g. van 
de Ven, 1976; Overmars, 2020). The explanation for this dynamic is likely related to flood water 
routing near the German–Dutch border area. Presumably, dikes were still low in this area and more 
prone to failure than in later centuries. Any water that overtops the northern embankments in the 
apex region enters the floodplain areas that connect to the Oude IJssel valley and onwards to the 
IJssel river, contributing to water level raising along this branch. The flooding pattern that arises 
resembles the controlled flooding in 1814. Historical sources indeed explicitly report on severe dike 
breaches along the Lower Rhine near Wesel and Emmerich in 1595 and 1651 (Gottschalk, 1977), 
corroborating the above explanation for the disparate trend in flood levels along the IJssel compared 
to the other two river branches. Similar patterns of flooding during the most extreme discharges 
were identified for early medieval times based on model results (Chapter 6) and for late medieval 
times based on geoarchaeological data (Chapter 2). 

3.7	 Further implications

The water levels obtained from the flood marks predate the onset of water level measurement 
records in the Rhine delta by almost two centuries (Schoor et al., 1999; Glaser and Stangl, 2003; 
Toonen, 2015; Toonen et al., 2016). In addition to extending the instrumental record back in time, 
the epigraphic marks provide water levels at locations that do not have measurement stations. These 
data may be of particular societal importance, as they provide tangible evidence of historic flood 
events and thereby have the potential to raise awareness of flood risk (Baker et al., 2002; Deutsch et 
al., 2006; Munzar et al., 2006). In many central floodplain locations in the Rhine delta, water levels 
during nineteenth-century extreme floods exceeded the street level by more than 2 m (e.g. Fig. 3.3; 
Fig. 3.4; Fig. 3.14). Especially since these locations are not located close to a river, which may lead 
to a perceived feeling of safety from flooding, the effect of showing the extremity of historic events 
may provide both incentive and support for flood-protective measures. This is very important for a 
delta setting which for a large part consists of flood-prone yet densely inhabited lands.

Furthermore, the flood marks can act as a reliability check on peak levels provided by measurement 
records, especially for events in the nineteenth century (records obtained from waterinfo.rws.nl). 
For this period, it is difficult to assess the accuracy of measurements. The highest water level in 
the measurement record of Nijmegen is in 1820 and agrees very well with an observed flood mark 
elevation in the city centre (measurement record: 1446 cm; flood mark: 1450 cm). However, the 
maximum water level in the measurement record for the flood event of 1861 is over a meter lower 
than that of 1820 (Table 3.2), whereas the flood mark data indicate a difference of only about 10 
cm (Table 3.3). This level is constrained by no fewer than three different flood marks in Nijmegen 
city centre, thus it is safe to infer that the peak value given by the measurement record is inaccurate. 
The large height of the 1861 flood in Nijmegen is further corroborated by marks in other locations 
along the Waal (Fig. 3.20). In Loevestein, at the downstream end of the river, the level of 1861 is 
close to that of 1820 (Fig. 3.22). In Emmerich, just upstream of the Waal bifurcation, the 1861 
flood level is the highest in the record, although earlier events are not indicated (Table 3.1). 

The reason for the error in the water level measurement record is unclear. Possibly, the measurement 
was hampered due to the severe flooding. The water level may have exceeded the then present 
gauge equipment. Another likely contributing factor concerns the timing of measurements, which 
presumably happened at a set time in the morning of each day. Therefore, an extraordinarily rapid 
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rise and fall in water level, for example caused by ice jam formation and dike breaching, may be 
missed in a historical measurement record. It should be noted that the average errors of water level 
measurement records are likely very small; only peak levels during extreme events were not always 
recorded accurately. Still, precisely those extremes are the most important for further hydraulic 
calculations and flood risk assessments, thus necessitating confidence in their values. 

Through hydraulic calculations, historic water levels such as those presented in this study can be 
converted into discharges (e.g. Elleder et al., 2013; Herget et al., 2014; Wetter, 2017). These historic 
discharges can in turn be used in statistical analyses to constrain future extreme flood magnitudes 
(e.g. Macdonald, 2013; Pekárová et al., 2013; Engeland et al., 2018). For hydraulic models of 

Table 3.3. Elevations of flood marks on commemorative stones in Nijmegen city centre.

Table 3.2. Top ten years with the highest water levels in the measurement record of Nijmegen 
(since the onset of measurements in 1772). Source: waterinfo.rws.nl.
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historic flood events in the Rhine delta (e.g. Hesselink et al., 2003; Bomers et al., 2019), flood 
marks can serve as a check on the measured peak values (Table 3.2; Table 3.3). Furthermore, they 
provide model validation points at additional locations besides the measurement stations (Fig. 3.1). 
Last but not least, they allow for the quantitative study of floods that precede the instrumental  
measurement record, for example the events in 1651 and 1740–1741. 
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Chapter 4

Historic river morphology

part of this chapter is based on

Bomers, A., van der Meulen, B., Schielen, R.M.J., Hulscher, S.J.M.H., 2019. Historic flood 
reconstruction with the use of an Artificial Neural Network. Water Resources Research 55, 9673–
9688. DOI:10.1029/2019WR025656
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No man ever steps in the same river twice, for it is not the same river and he is not the same man.

Heraclitus
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Note

This chapter describes a reconstruction I made of the Rhine river branches and their surrounding 
floodplains based on historic maps and measurement data. The results have been used in numerical 
simulations of an early nineteenth-century extreme flood event [Bomers, A., van der Meulen, 
B., Schielen, R.M.J., Hulscher, S.J.M.H., 2019. Historic flood reconstruction with the use of an 
Artificial Neural Network. Water Resources Research 55, 9673–9688.]. The reconstruction covers 
all relevant river landscape elements in the delta, but the focus of this chapter is on the historical 
morphology of the river branches.

4.1	 Introduction

Historic maps and measurement data provide information on river geometry and fluvial processes at 
time scales of centuries, bridging shorter-term high-resolution approaches using modern data such 
as aerial photographs (e.g. van Denderen et al., 2018) and longer-term low-resolution approaches 
based on geological deposits (e.g. Berendsen and Stouthamer, 2000). Many studies apply historic 
maps to reconstruct the planform geometry of rivers, which serves various geomorphological and 
historical geographical purposes (e.g. Hesselink, 2002; Uribelarrea et al., 2003; Wolfert and Maas, 
2007; Zanoni et al., 2008; Hobo et al., 2014; Furlanetto and Bondesan, 2015; Quik and Wallinga, 
2018; Arnaud et al., 2020; Overmars, 2020). Three-dimensional reconstructions incorporating 
bathymetry are rare, due to available data limitations, but necessary for hydraulic calculations 
(Hesselink et al., 2006). Existing studies often cover only a small stretch of river, introducing 
potential problems for modelling purposes as results are affected by boundary conditions (Montes 
Arboleda et al., 2010; Le et al., 2020).

In the Netherlands, there is a wealth of maps depicting rivers from the fifteenth century onwards. 
These maps are broadly categorized based on their original purpose (Donkersloot–de Vrij, 1981; 
Koeman, 1983). River maps created for juridical purposes such as land ownership (Fig. 4.1, Fig. 4.2) 
were especially prevalent until the mid-seventeenth century (e.g. Overmars, 2020), whereas river 
maps created for engineering purposes such as artificial cut-offs (Fig. 4.3, Fig. 4.4) became more 
common between the seventeenth and nineteenth centuries (e.g. van de Ven, 1976; van den Brink, 
1998). Especially maps of the latter category are suitable to reconstruct channel morphology, as 
these can be considered accurate and sometimes contain depth measurement information (Fig. 4.4). 
This category is dominated by the first edition of the Algemene Rivierkaart (‘General River Map’), 
created in the nineteenth century to aid regulation and channel bed fixation (normalization) of the 
Rhine river branches (Boode, 1979; van der Ham and van de Ven, 2004; van Heezik, 2007). 

The nineteenth-century interventions in the river bed dramatically altered channel flow patterns 
(e.g. Lambeek and Mosselman, 1998; Hudson et al., 2008). Even though embankments were 
present long before normalization, as were (wooden) groynes in some river stretches (e.g. Fig. 4.2; 
Fig. 4.3), the Rhine river branches were still semi-natural and dynamic (Frings et al., 2009; Hobo 
et al., 2014). This rapidly changed with the construction of regular arrays of (stone) groynes in the 
late nineteenth century. Since the first edition of the Algemene Rivierkaart predates these major 
interventions that constricted and fixated the river channels, a reconstruction based on this map 
series is largely representative for the morphology of the Rhine in historic times up to ~1850. For 
that reason, such a reconstruction can connect local historical and geomorphological studies using 



76

Fig. 4.1. Example of a river map created for juridical purposes (T. Witteroos, 1575).

Fig. 4.2. Example of a river map created for juridical purposes (N. van Geelkercken, 1634).
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historic maps (e.g. Middelkoop, 1997; Hesselink, 2002; Overmars, 2020) to numerical modelling 
studies that cover the entire delta but are limited to twentieth-century or present landscape settings. 
This in turn can enable the simulation of large flood events that occurred in historic times before 
the onset of discharge measurements.

4.2	Materials

The Algemene Rivierkaart map series covers the large rivers in the Netherlands over their full 
lenghts at a scale of 1:10,000. The first edition map sheets of the Rhine river branches (Waal, 
Nederrijn-Lek, IJssel) were produced by B.H. Goudriaan and L.J.A. van der Kun in the 1830s and 
early 1840s (van den Brink, 2002), before the onset of river normalization around 1850 (Ploeger, 
1992; van Heezik, 2007). Thus, the maps depict a river morphology that considerably differs from 
the current engineered channels (Fig. 4.5, Fig. 4.6). The early nineteenth-century triangulation 
network by C.R.T. Krayenhoff formed the geometrical basis for the Algemene Rivierkaart (Koeman, 
1983). The maps were drawn in the Bonne projection with the meridian at 4°53’01.95’’ longitude 
(Westertoren, Amsterdam) and the perpendicular at 51°30’ latitude (Boode, 1979).

Fig. 4.3. Example of a river map created for engineering purposes (G. Passavant, 1696).
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Fig. 4.4. Example of a river map created for engineering purposes (F. Beijerinck, 1767).
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The maps show profile lines at regular intervals of 1 km along the rivers (Fig. 4.5, Fig. 4.6). At all 
of these locations, water depths were measured across the river. The measurement data accompanied 
the maps in separate registers, which were considered lost (Wierda and Zweerus, 1994), until 
recently (van der Meulen et al., 2018). The registers contain for each river km location a table with 
information (orientation of profile, date of measurement, description of floodplain characteristics 
and engineering works) and about 30 to 120 data rows with measurements (Fig. 4.7). These 
consist of depth values corrected to ‘Middelbare Rivierstand’ (MR) and distances between depth 
measurement points. The registers define MR as the average water surface in summer (between 
May 1 and October 31) over a period of 29 years in the early nineteenth century.

0 10.5 km2´
DEM

>11 m

< 6 m

Fig. 4.5. Comparison of Waal river morphology between circa 1835 and the present. Above: 
Algemene Rivierkaart map sheet Herveld showing a stretch of river in its semi-natural state 
before normalization. Note the presence of islands and major variations in channel width. The 
blue and red lines are the digitized river shores and profile locations. Below: LiDAR ground level 
DEM showing current morphology. The blue lines are the river shores obtained from the RWS 
Baseline dataset. 
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4.3	 Georeferencing and vectorising

Digital scans of the Algemene Rivierkaart map sheets were available at the library of Utrecht 
University. To project the individual maps onto their correct geographical positions, I tested two 
different methods. The first method used the original coordinate system, depicted on the map 
sheets themselves (Fig. 4.8). The second method used manually identified locations as ground 
control points, linking the historic maps to modern data products. The maps have a high degree of 
geometric accuracy, which made further conversion relatively straightforward. Thus, I applied affine 
(first order polynomial) transformations to all map sheets, which means that the scanned maps 
were not deformed, only shifted, scaled and rotated. 

0 10.5 km2 ´
DEM

> 8 m

< 3 m

Fig. 4.6. Comparison of Nederrijn river morphology between circa 1835 and the present. Above: 
Algemene Rivierkaart map sheet Maurik showing a stretch of river in its semi-natural state before 
normalization. Note the variations in river width and the sinuous character with relatively sharp 
meander bends. The blue and red lines are the digitized river shores and profile locations. 
Below: LiDAR ground level DEM showing current morphology. The blue lines are the river shores 
obtained from the RWS Baseline dataset.
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Fig. 4.7. Example of a profile description in the registers belonging to the Algemene Rivierkaart.
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Fig. 4.8. Method for georeferencing using the original coordinate system. After changing the 
projection settings in ArcGIS, I simply selected the map edges and typed in their coordinates.

Fig. 4.9. Algemene Rivierkaart map sheet Herveld georeferenced using the original projection. 
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For the georeferencing method using the depicted coordinate information, I changed the projection 
settings in ArcGIS to Bonne and subsequently displaced the central meridian to 4.883875 degrees 
(4°53’01.95’’ longitude) and the standard parallel to 51.5 degrees (51°30’ latitude). Then, I precisely 
selected the edges of the Algemene Rivierkaart map grids and simply entered their indicated values 
as x and y coordinates to place the maps at their desired locations (Fig. 4.8; Fig. 4.9).

For the more conventional georeferencing method using ground control points, I selected locations 
of semi-permanent elements on the historic maps and linked these to their locations selected in 
modern digital map products (Fig. 4.10). This requires elements of which the positions have not 
changed since the period of mapping, such as road intersections and church towers (Kreßner, 2009; 
Grabowski and Gurnell, 2016; Overmars, 2020). Distinct bends and inflections in the river dikes 
turned out to be the most suitable for this purpose, because these remained largely intact over the 
past centuries and are easily recognisable in the LiDAR ground level DEM (Fig. 4.5, Fig. 4.6). 
Moreover, the linear nature of the dikes allowed to easily check without additional information 
where their positions did or did not change, which is an important benefit compared to individual 
point features commonly used for georeferencing. Furthermore, given their relevance for river 
management purposes, the dikes on the Algemene Rivierkaart were likely mapped with great 
precision, which is a requirement for reliable ground control points.

To check the results of both methods, the georeferenced map sheets were overlain semi-transparent 
on the LiDAR ground level DEM to visually inspect and digitally measure deviations between 
features that should align (Fig. 4.9, Fig. 4.10). On average, such deviations were small (about 10 to 

Fig. 4.10. Algemene Rivierkaart map sheet Herveld georeferenced using ground control points. 
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20 m) in both methods, but for some map sheets the deviations amounted up to 150 m in the first 
method using the original coordinate system (Fig. 4.9). The second method using ground control 
points achieved significantly better results (Fig. 4.10), with maximum deviations below 50 m for all 
map sheets. The uncertainties can be attributed to inaccuracies in the original mapping and printing 
processes, and to folds in the maps that were not completely flattened during scanning.

Because of the improved accuracy, I used the second method for all map sheets, even though it was 
more time-consuming, requiring about 5 to 15 carefully identified selections per map compared to 
4 straightforward selections in the first method. After successful georeferencing, I created vector 
datasets of river shores and islands by manually tracing these in ArcGIS (‘on-screen digitizing’). In 
addition, I traced the profile lines depicted on the maps (Fig. 4.5, Fig. 4.6), as these were necessary 
to append the resulting planform geometry with depth information.

4.4	 Bathymetry reconstruction

After digitizing the measurement data provided by the registers, I assigned geographical locations 
to the depth values by linking them to their respective profile lines vectorised on the georeferenced 
maps (Fig. 4.5, Fig. 4.6). In this process, the distances between the measurements were converted 
into percentages to ensure that the total distance for each profile matched the length of the drawn 
line. This resulted in a detailed depth profile at every km along the rivers (Fig. 4.11). Subsequent 
interpolation between the profiles produced a fully three-dimensional reconstruction of the river 
branches (for details, see Bomers et al., 2019).

To convert the standardized depth values provided by the registers (below MR; Fig. 4.7) to the 
current vertical datum (above NAP, in which 0 m is approximately mean sea level), I traced the 
original calculation of MR, which I found in the results of the first national levelling campaign (see 
Appendix). This source provides values for both MR and AP (precursor of NAP) at multiple water 
level measurement stations (‘peilschalen’) along the river branches, which allowed me to convert 
between the two vertical measurement systems (see Appendix). Because AP is a horizontal surface 
similar to NAP, while MR is a river water surface consisting of a series of inclined slopes, I linearly 
interpolated along the rivers (river km coordinates) between the stations where both MR and AP 
levels were available. With this series of steps, NAP levels were calculated for all depth values along 
all transects.

4.5	 Additional steps and implications

In the early nineteenth century, the Rhine river branches had wider bends than in the present, and 
particularly the river Waal was characterized by the occurrence of islands and river bars (Fig. 4.11). 
This different morphology had major negative impacts on navigation and flood risk (e.g. Bosch 
and van de Ven, 1993; Crosato and Mosselman, 2020). The reconstruction I made forms a good 
representation of the river morphology between 1775 (artificial cut-off at IJssel bifurcation) and 
1850 (onset of normalization), and is thus appropriate for numerical analysis of flood events in the 
late eighteenth and early nineteenth centuries (many large floods with the presumed largest event 
in 1809: Driessen, 1994; Toonen, 2015). Besides river position and bathymetry, hydraulic models 
require floodplain topography, including dimensions of river dikes, and floodplain roughness values. 
These were reconstructed from various historical data sources.
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Fig. 4.11. Profiles showing nineteenth-century depth values copied from the measurement  
data tables in the registers (Fig. 4.7), plotted at their correct geographical locations on the 
georeferenced Algemene Rivierkaart map sheets, across the river at regular distance intervals 
of 1 km. Blue-green-yellow-orange-red points indicate deep to shallow measurement values. 
Above: Waal river between Rhine km 892 and 896 (map sheet Herveld). Below: Waal river 
between Rhine km 906 and 910 (map sheet Leeuwen).
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For the topography of both the river-bordering (‘uiterwaard’) and protected (polder) areas, I used 
a collection of elevation measurements obtained between 1950 and 1965. As this period predates 
major anthropogenic changes such as land levelling for agricultural practices and the construction 
of highway embankments, these elevations approximate the early nineteenth-century topography 
(Hesselink et al., 2003; Alkema and Middelkoop, 2005). The point data were converted into a 
digital elevation model (DEM) by simple point-to-raster conversion in ArcGIS, with a relatively 
large cell size of 500 × 500 m to smooth out potential inaccuracies in the historic data (Fig. 4.12).

For the river dikes, I again used the first edition of the Algemene Rivierkaart, complemented with 
the first edition of the Waterstaatskaart (‘Water Management Map’). From the georeferenced 
Algemene Rivierkaart map sheets, dike locations were reconstructed as vector lines in ArcMap. These 
locations have remained largely unchanged up to the present (Fig. 4.12). The first edition of the 
Waterstaatskaart map series dates to the late nineteenth century and covers the entire Netherlands 
at a scale of 1:50,000 (Heere and Storms, 2002; Blauw, 2005). The map sheets that cover the study 
area, produced between 1871 and 1879, provide information on dike heights. These were on average 
about 1 m lower than present values. The nineteenth-century heights were put into ArcGIS and  
used for linear interpolation along the reconstructed dike vector lines.

To supply the hydraulic model with historic roughness values, I obtained land use reconstructions 
based on early (circa 1900) topographic maps of the Netherlands (Knol et al., 2004). The land use 
classes provided by these maps were converted into Manning’s roughness coefficients (for details, 
see Bomers et al., 2019). The underlying assumption (the land use situations around 1800 and 
around 1900 are comparable) is fair, as the largest changes to land use in the study area occurred 
in early historic times, when the entire area was taken into agricultural use, and in the twentieth 
century, when cities and road networks expanded. Especially areas that have been converted into 
residential locations in the past century have higher roughness values in the reconstructed situation 
than in the present.

The assembly of results provides a complete landscape reconstruction for the upper and central parts 
of the Rhine delta in the nineteenth century. Compared to the present situation, the reconstructed 
landscape shows a semi-natural river morphology and a considerably ‘softer’ floodplain terrain, 
without large pits and highway embankments (Fig. 4.12). The results are particularly detailed for 
the river channels (positions, widths, bathymetries), which makes the reconstruction especially 
suitable for the envisioned purpose of hydraulic simulations. Further potential applications of 
the historic bathemetry with absolute elevations are in the fields of ecology, including river and 
floodplain rehabilitation studies (e.g. Nienhuis et al., 2002), and engineering, including channel 
incision studies relevant to navigability and river management (e.g. Ylla Arbós et al., 2021). 
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Fig. 4.12. Details of reconstructed and present terrain (topography, dikes, bathymetry) along the 
Waal between Rhine km 888 and 897 (as depicted in Bomers et al., 2019).
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Chapter 5

Digital Elevation Model reconstruction

this chapter is based on

van der Meulen, B., Cohen, K.M., Pierik, H.J., Zinsmeister, J.J., Middelkoop, H., 2020. LiDAR-
derived high-resolution palaeo-DEM construction workflow and application to the early 
medieval Lower Rhine valley and upper delta. Geomorphology 370, 107370. DOI:10.1016/j.
geomorph.2020.107370
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‘The universe,’ said Arthur, ‘is big enough and old enough to look after itself for half an hour.’

Douglas Adams – Life, the Universe and Everything (1982)
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Abstract

Reconstruction of past topography in palaeo-DEMs serves various geomorphological analyses. 
Constructing a palaeo-DEM by stripping young elements from a LiDAR DEM can provide results 
for large study areas at high resolution. However, such a ‘top-down’ approach is more suited to 
recent periods and geomorphologically static parts of the landscape than to geomorphologically 
dynamic areas and periods farther back in time. Here, we explore this approach by reconstructing 
the early medieval (circa 800 CE) topography of the Lower Rhine river valley and upper delta in 
Germany and the Netherlands. The large (~4,500 km2) study area contains abundant anthropogenic 
terrain modification and stretches across geomorphologically active as well as inactive zones. We 
first removed all anthropogenic relief elements from the LiDAR DEM, using separate procedures 
for linear and non-linear elements. These steps were sufficient to obtain the palaeotopography of 
the inactive zone, characterized by inherited natural relief. Then, we reconstructed the topography 
and bathymetry in the fluvially-reworked active zone by incorporating geological and historical 
geographical information. We present and evaluate zonal averages of elevation differences between 
the modern and past valley floor topography in this densely populated area with complex land-
use history, which allows us to approximate total anthropogenic volumetric change. Further 
comparisons with the modern LiDAR DEM indicate large changes in floodplain negative-
relief connectivity, demonstrating the importance of palaeo-DEMs for research into past river 
floods. Our palaeo-DEM construction workflow is deployable at diverse spatial scales and 
widely applicable to other lowland areas, because of its top-down and generic nature. The relative 
importance of different workflow aspects depends on the time period that is targeted. Beyond a 
target age of 10–15 ka, large valley floors are considered geomorphologically dynamic and a top-
down approach to palaeo-DEM construction is no longer advisable.

5.1	 Introduction

The geomorphology of many parts of the world has been altered by humans (Tarolli and Sofia, 
2016; Brown et al., 2017). For this reason, a Digital Elevation Model (DEM), even with non-
ground points such as buildings and canopies filtered out, for a typical inhabited area does not 
represent a natural state of the topography. This is especially true for lowland river areas, which 
often are densely occupied, with long histories of human modifications to the terrain, and lose 
natural relief quickly because of modest elevation differences (Lewin and Ashworth, 2014). 
The present topography, altered by human as well as fluvial activity, is not readily applicable in 
quantitative analyses of past landscapes and landscape processes. Instead, such analyses require a 
palaeo-DEM that represents the topography of a historical or natural situation.

The need for palaeo-DEMs is widespread across geomorphological studies focusing on 
reconstruction or modelling, on both short (<103 yr) and longer (>103 yr) time scales, and at a 
variety of spatial scales. At a regional scale, palaeo-DEMs help to understand the historical and 
geomorphological evolution of an area (Werbrouck et al., 2011; Vermeer et al., 2014; Pierik et al., 
2017; Briant et al., 2018; Pierik and van Lanen, 2019), and aid in landscape-archaeological regional 
inventories and archaeological modelling (Cohen et al., 2017; van Lanen et al., 2018; van Lanen 
and Pierik, 2019; Willmes et al., 2020). At a local scale, palaeo-DEMs are key to identify past 
natural and artificial drainage network elements (Baubiniene et al., 2015; Kirchner et al., 2017; 
Schmidt et al., 2018), and to map the geomorphological contexts of early settlements and urban 
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centres (Schneider et al., 2017; Mozzi et al., 2018; Grimm and Heinrich, 2019; Pröschel and 
Lehmkuhl, 2019). Further, lowland palaeo-DEMs are essential in numerical simulations of past 
extreme flood events such as tsunamis (Röbke et al., 2016; Wronna et al., 2017) and large river 
floods (Hesselink et al., 2003), although recent river-flood palaeohydrological research so far has 
relied on one-dimensional cross-sectional analyses (Herget and Meurs, 2010; Toonen et al., 2013; 
Herget et al., 2014; Benito and Díez-Herrero, 2015).

Two contrasting approaches exist for constructing a palaeo-DEM (Fig. 5.1). The first is to 
reconstruct the past terrain ‘bottom-up’ from interpolating point observations on sedimentary 
surfaces derived from geological, pedological, and archaeological data (e.g. Kirchner et al., 2017). 
The second is to reconstruct the past terrain ‘top-down’ from a modern DEM, removing young 
relief elements and interpolating the resulting voids to obtain the past topography (e.g. Schmidt et 
al., 2018). Often, a combination is used (e.g. Pierik et al., 2017). The bottom-up approach demands 
specific data, such as sedimentary profiles with good age constraints, and is sensitive to differences 
in observation density and quality across the study area. It is primarily useful for small areas (<1 to 
10s km2) where sufficient data are available to achieve the resolution and accuracy needed for the 
palaeo-DEM application in mind. A key benefit of the top-down approach is that the required data 
are often regionally collected and publicly available, most notably a LiDAR ground level DEM and 
digital datasets of infrastructure and land use. For this reason, the top-down approach is the more 
suitable method for reconstructions of larger areas (>10s km2). Only a few studies have provided a 
generic workflow to construct palaeo-DEMs (Werbrouck et al., 2011; Vermeer et al., 2014; Pierik 
et al., 2017; Schmidt et al., 2018) and, so far, limits and trade-offs concerning the resolution and 
temporal reach of different approaches have not been evaluated.

The aim of our study was to develop a workflow for palaeo-DEM construction and apply this 
to reconstruct the early historic topography (target age circa 800 CE) along the Lower Rhine at 
high spatial resolution (50 × 50 m) to be useful in mapping and modelling applications in fluvial 
geomorphology and palaeohydrology. The target age of the palaeo-DEM shortly predates the onset 

"subsurface data" 
(cores, profiles)
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(LiDAR, land use)
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Fig. 5.1. Workflow outlines for two main 
takes on palaeo-DEM construction, 
contrasting the ‘bottom-up’ and ‘top-down’ 
approaches.
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of river dike construction in the Rhine delta. Because river dikes were the first major anthropogenic 
relief elements in the study area, the period around 800 CE represents a last semi-natural state 
of the river and floodplain without direct human modifications. This implies that elevations 
differences with the present siutation provide volumetric quantifications of medieval-to-modern 
net anthropogenic topographic changes. Presenting results on this was a secondary aim of the study, 
partly because it is a way to evaluate the quality of the palaeo-DEM. 

The study area covers the full width of the Lower Rhine valley and upper delta. This large 
lowland region is an excellent case for exploring and evaluating large-area high-resolution palaeo-
DEM construction for three reasons. First, the area contains many anthropogenic modifications 
to the terrain. Second, there are geomorphologically dissimilar zones, with and without fluvial 
activity since the target age of the palaeo-DEM. Third, abundant data are available from multiple 
disciplines on for example floodplain ages (e.g. Klostermann, 1992; Erkens et al., 2011; Cohen et 
al., 2012) and past river positions (e.g. Hoppe, 1970), which are of use in the reconstruction.

We describe the workflow for palaeo-DEM construction in detail, highlighting the generic aspects 
of each step. The workflow is a dominantly top-down approach, based on LiDAR DEM adaption 
rather than geological methods. The most important steps concern stripping anthropogenic 
features, i.e. reconstruction by removal and subsequent void-interpolation. Additional steps account 
for fluvial processes that have affected the topography, after demarcating the zone within which the 
river laterally migrated and cut off meander bends since the target age. Our workflow, consisting 
of both automated and manual steps, is applicable to lowland settings at different spatial scales 
and resolutions. We first show how we applied the workflow to the Lower Rhine study area 
and then analyse the resulting palaeo-DEM on aspects relating to human and fluvial activity as 
well as the role of the floodplain in the fluvial system. Next, we evaluate the workflow and the 
implications of our choices on the accuracy of the palaeo-DEM. We end with a discussion of the 
wider applicability of the workflow and provide a detailed framework for adjusting the workflow to 
different, earlier or later, time periods.

5.2	 Study area

The study area of approximately 4,500 km2 covers the Lower Rhine valley and upper delta in 
Germany and the Netherlands (Fig. 5.2). The area has been a strategic barrier and corridor for 
millennia. It functioned as the border for the Roman Empire between circa 50 BCE and 450 
CE, for the Carolingian Empire after 843 CE, and on and off in all historic periods since then 
including WWII (e.g. Begbie and Roberts, 2014). The crossings of the ‘barrier’ of the Rhine by 
warring parties, whether for the purpose of military conquest or retaliation, are repeatedly 
mentioned in historical accounts ever since the Gallic wars of Julius Caesar around 50 BCE (e.g. 
Breeze et al., 2018), and are part of the narrative of the Unesco heritage status nomination (Polak 
et al., 2019) for the Roman military border infrastructure archaeological legacy. The Rhine valley 
was a transportation corridor to humans in prehistory and history alike. Neolithic agriculture and 
the tribes that introduced it spread into the study area along the Lower Rhine (Louwe Kooijmans, 
2007; Denis et al., 2019). Roman-age military patrolling roads and forts guarded the Rhine as a 
shipping route (Polak et al., 2019 and abundant sources therein). Early and high medieval land 
and river trade (notably at Duisburg; Krause, 1997, Krause, 1999, Krause, 2003) continued to use 
the existing routes (e.g. van Lanen et al., 2016). Medieval tolling privileges were manifold, such as 
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fourteenth-century Guelders Lobith/Tolkamer and Cleves Griethausen at the later Dutch-German 
border (Overmars, 2020), when river trade became managed by the Hanseatic league.

The population density of the study area is high and the land use in the Lower Rhine valley and 
upper delta plain today is a complex patchwork characterized by industry, intensive farming, and 
dense urbanization. Consequently, the area features abundant anthropogenic modifications to 
the pre-industrial topography and original natural geomorphology of the valley floor (active and 
abandoned meandering channels, variable floodplain topography, flood-free terraces). Positive 
anthropogenic relief is formed by dikes, embankments for highways and railroads, mining and 
waste dump sites, and other raised grounds. Negative anthropogenic relief is formed by clay and 
gravel quarries and pits, harbours, and other dug features. Particular forms of human-induced 
negative relief area are coal mining-related subsidence bowls that developed during the twentieth 
century (e.g. Harnischmacher and Zepp, 2014).
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The axial zone of the study area is occupied by the Lower Rhine, which was a freely meandering 
river up to historic times, when it became increasingly human-modified. In the nineteenth 
century, extensive river training measures were carried out that confined the flow and halted lateral 
migration along the entire river course (Kalweit et al., 1993). In the north of the study area, close 
to the German-Dutch border, the Lower Rhine valley floodplain grades into the Rhine delta plain 
(Klostermann, 1992; Erkens et al., 2011). Here, the Lower Rhine bifurcates into the distributaries 
Waal and Nederrijn (Fig. 5.2). The history of the delta apex is well known from earlier geological, 
sedimentological, and historical work, including studies focusing on past oscillations in channel 
sizes and related discharge division (van de Ven, 1976; Kleinhans et al., 2011). At present, discharge 
partitioning between the river branches Waal and Nederrijn is 2:1 and engineering-controlled. 
Partitioning before 1500 CE was in favour of the Nederrijn (>50%), indicated by first millennium 
CE meander morphology, geoarchaeological finds, and classic historical accounts (e.g. Verhagen et 
al., 2017). Near the city of Arnhem, a second bifurcation results in the Gelderse IJssel distributary 
(Fig. 5.2). This northward river branch began avulsing between 600 and 800 CE and reached a full 
size between 1100 and 1500 CE (Makaske et al., 2008; Groothedde, 2010; Cohen et al., 2012).

The upstream boundary of the study area is placed 15 km upstream of the city of Bonn, where the 
Rhine river leaves the bedrock-confined zone of the Middle Rhine and enters the alluvial reaches 
of the Lower Rhine valley (Klostermann, 1992; Erkens et al., 2011). The downstream boundaries 
are placed at the transition of the upper delta plain to the lower delta plain, where river flow and 
water levels come within reach of tidal influence (e.g. Berendsen and Stouthamer, 2001; Gouw 
and Erkens, 2007). The lateral boundaries of the study area are placed at the flanks of Middle 
Pleistocene (Saalian) landforms. In the upstream part of the study area, these are the lowest middle 
terraces (cf. Klostermann, 1992); in the downstream part, these are ice-pushed ridges and glacio-
fluvial outwash landforms. The lateral boundaries define a maximum floodplain extent that, from 
the river channel outwards, includes the modern floodplain, all former Holocene floodplains and 
channels, and the surfaces of Late Pleistocene terraces (Fig. 5.2).

5.3	 Materials

Here, we declare the various materials incorporated and otherwise made use of in the palaeo-
DEM construction (Fig. 5.3; Table 5.1). We started with airborne LiDAR data of North Rhine-
Westphalia (DGM1, available as open data since 2017) and the Netherlands (AHN2, available as 
open data since 2013), in which buildings and vegetation are filtered out so that grid-cell values 
represent the ground surface. Together, these data products provided land surface elevations over 
the full study area (Fig. 5.2). The bathymetry of the river bed was obtained from survey data of 
river managing authorities (part of the RWS-LANUV Baseline dataset). Further, we obtained a 
dataset of elevation changes in the Ruhr area, based on historical survey data from nineteenth-
century topographic maps (Harnischmacher and Zepp, 2010; 2014). The six western-most map 
sheet tiles of this dataset overlap with our study area. Relatively accurate results were obtained for 
this subarea of near-horizontal valley floor (regional gradient = 0.2–0.3 m/km; e.g. Erkens et al., 
2011; Toonen et al., 2013), where the error associated with nineteenth-century contour mapping 
is regarded <<1 m (Harnischmacher and Zepp, 2014; their Fig. 5.3). From these elevation data, we 
isolated depressions caused by underground coal-mining to correct for the related subsidence. The 
above datasets, after some merging, resampling, and warping operations (Section 5.4.1) allowed us 
to prepare an input DEM at 5 × 5 m processing resolution.
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Next, we incorporated land-use datasets identifying anthropogenic elements to supply the workflow 
steps that strip these features from the LiDAR data. We mainly used OpenStreetMap, since this 
dataset is in vector format and one of the few high-resolution datasets that covers more than a 
single country, and uses nearly consistent feature attributes across nation boundaries. Initial tests 
and visual inspections confirmed that this volunteer-generated open dataset is accurate in our 
study area for the infrastructure features targeted within the dataset. River dike positions in vector 
format were supplied from the previously mentioned Baseline dataset that provides these in a 
consistent format at both sides of the border, and supplemented with dike elements from the digital 
geomorphological map of the Netherlands (Koomen and Maas, 2004). Further, we used satellite 
and aerial imagery for visual reference in the identification of anthropogenic landforms.

Last, we incorporated data from different disciplines providing information on the development of 
the Rhine river (Fig. 5.3; Table 5.1). These allowed us to identify the zone within which the river has 
migrated in the last 500 years (historic maps), 500–1000 years (medieval settlements and written 
descriptions including position and dates for bend cut-offs), 1000–1500 years (geoarchaeology, 
scarce older descriptions, some radiocarbon dating), 1500–2000 years (archaeology, few classic 
roman texts, some radiocarbon dating), and so on (some archaeology, mostly geomorphology, 
pedology, and Quaternary geology). This constrained and informed the palaeo-DEM construction 
workflow for the active zone: the part of the study area where the landscape has been reworked by 
natural processes (besides human activity) since the target age. Given the extent of the study area, 
the developed state of prior research, and the volumes of potential raw data to be incorporated, 
we used earlier-compiled map datasets as starting points rather than primary observational data 
consisting of individual point observations. For example, Klostermann (1992) and Cohen et 
al. (2012) provide referenced ages for individual meander segments with superregional coverage. 
These enabled us to digitally select the active meandering zone for a given time period in order 
to demarcate the active zone, with geological-geomorphological studies of sub-regional coverage 
providing further detail (references 4–8 in Table 5.1). Many datasets were created before the 
availability of LiDAR DEM data. This meant that using them required some re-digitizing to 
improve the accuracy of digital mapping of floodplain-edge scarps. Within the active zone, by 
definition and implication, direct superficial geomorphological features of target-age river channel 
positions are lost to younger reworking. Still, historical, historical geographical, and archaeological 
studies (references 21–32 in Table 5.1) provided sufficient information to address past positions of 
the river channels, either by inference from archaeological data or by interpretations of historical 
written information (e.g. first settled ages, settlement abandonment dates, meander cut-off years 
and locations).

5.4	 Methods

5.4.1	 Preparing the input DEM

As first steps, preceding palaeo-DEM construction, we merged the LiDAR data (AHN2: 0.5 × 0.5 
m resolution in the Netherlands National Grid; DGM1: 1 × 1 m resolution resampled from the 
German to the Netherlands Grid) and inserted the RWS-LANUV Baseline channel bathymetry. 
We then clipped this assemblage to the study area. One region within the area is affected by 
underground mining-caused subsidence, so we pre-treated the LiDAR DEM for this subarea 
before starting the generic workflow deployed along the entire valley. From the grid of elevation 
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Fig. 5.3. Overview of materials, with spatial extents indicated by rectangles, depicted on the 
input DEM. The left panel shows geological-geomorphological information sources (numbered 
1–14) and the right archaeological and historical sources (numbered 21–32). Not indicated are 
starting-point resources covering the complete study area (satellite imagery, OpenStreetMap 
vector data, RWS-LANUV Baseline vector data). The sources are referenced in Table 5.1.

Table 5.1. References of materials used. Spatial extents are indicated in Fig. 5.3.
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differences between nineteenth-century and modern elevations (Harnischmacher and Zepp, 2010), 
we selected all cells with negative elevation change and made further masking deselections (harbour 
canal linear elements, surficial aggregate-mining pits) to isolate bowl-shaped depressions in areas 
with otherwise unaltered relief (e.g. on map sheet Rheinberg 4405: 1–2 km in diameter, up to 6 m 
subsidence in the centre, near 0 m at the edges). We deployed void-fill techniques to interpolate 
the subsidence patterns in deselected areas, applied a low-pass smoothing filter, and used the 
result as a warping grid to bring depressed areas in the merged LiDAR+bathymetry DEM to a 
representative present elevation. This provided the input DEM used as the starting point of our 
palaeo-DEM construction workflow (Fig. 5.4). We down-sampled the input DEM to a resolution 
of 5x5 m for further processing to ensure lower digital data storage and computational demands, 
and lower accuracy demands on the different vector datasets used to demarcate the active zone and 
strip anthropogenic features.

5.4.2	 Demarcating the inactive and active zones

A key step in the workflow is to distinguish a geomorphologically inactive distal floodplain zone 
and a geomorphologically active fluvially-reworked zone. To demarcate these zones, the workflow 
requires a decision on the palaeo-DEM target age. Specific age information is not required in the 
first steps of the workflow, encompassing the stripping of anthropogenic features (Section 5.4.3), 
but is again required for positioning the target-age river channel in the active zone (Section 5.4.4). 

In the inactive zone, by definition and implication, the terrain surface is defined by anthropogenic 
topographic signatures superimposed on the relief inherited from times before the palaeo-DEM 
target age. In our valley-floor setting, quasi-natural processes such as superficial net erosion on 
tilled fields and net sedimentation owing to occasional larger floods (when embankments were 
overtopped) are very modest over most of the gently sloping valley floor and upper delta plain 
(hence the label ‘inactive’), and vertically much smaller than the anthropogenic overprints that 
we target to remove. The active zone, on the other hand, is characterized by abundant natural and 
quasi-natural geomorphic processes that have continued to alter the relief in recent times. Here, the 
natural terrain surface has been shaped by erosion and sedimentation processes since the target age. 
Human influence has also played a major role in modifying the terrain in the active zone, but recent 
fluvial activity dominates. Creating a palaeo-DEM for the active zone thus requires additional 
reconstruction steps compared to the inactive zone, where stripping all anthropogenic elements 
from the LiDAR DEM provides a good representation of the early historic geomorphology. Thus, 
‘top-down’ stripping methods (Fig. 5.4: upper part) suffice to transform the input DEM starting 
point to the palaeo-DEM end product in the inactive zone, whereas additional methods for 
restoration (Fig. 5.4: lower part) are required in the active zone.

We demarcated the active zone from the inactive zone by querying existing geological mapping 
data products to obtain the areas considered geologically younger than the palaeo-DEM target 
age. In this way, we selected a ribbon-shaped polygon representing the post-800 CE channel belt 
of the Rhine, i.e. the zone of meander migration activity. Overview maps of the area typically 
identify a Late Holocene channel belt (e.g. Klostermann, 1992), and local geological and historical 
geographical studies (various sources in Table 5.1) provide abandonment ages for individual 
meanders based on radiocarbon dating, historical sources, and cross-cutting relationships. Dating 
accuracy for individual meanders in the common era along the Rhine is quite good, owing to 
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archaeological attention to the Roman occupation (50 BCE to 450 CE) of the left bank of the 
Lower Rhine. The accuracy is ‘to the year’ in the best cases (back to the fourteenth century CE), 
to ±100 years in most cases, and to ±200 years in the poorest age-control cases. To further improve 
the demarcation of the active zone, we confronted the applied geological data products with the 
LiDAR imagery. This revealed feature-boundary mapping inaccuracies locally exceeding 50 m 
where data products had been created prior to LiDAR availability. For this reason, we updated the 
initial zone polygon outlines to match morphological scarps more closely (within 5 m). At locations 
where anthropogenic landforms overlie scarps delimiting the active zone, it was enlarged to fully 
include the anthropogenic form. 
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Fig. 5.4. Workflow for valley-floor palaeo-DEM construction using a dominantly top-down 
approach. The upper part of the workflow depicts the steps for removing anthropogenic 
features, with the resulting DEM II sufficing for the geomorphologically inactive areas. 
The lower part of the workflow depicts the additional steps for restoring the terrain in the 
geomorphologically active areas characterized by younger-than-target age river meandering 
activity besides anthropogenic overprints. Data products are shown in coloured boxes.
Operations are shown in italics. Input products are shown in green, with dashed borders 
indicating non-essential input used indirectly as guidance. Output products are shown in red, 
with dashed borders indicating intermediate output.
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5.4.3	 DEM stripping

We deployed a two-step method to remove all anthropogenic elements larger than 50 m as well as 
most smaller elements. The first step, leading to DEM I (Fig. 5.4), involved land-use datasets, from 
which we selected linear features associated with significant anthropogenic modifications to the 
terrain, such as major roads and railroads (these are commonly built on embankments; Fig. 5.5A). 
Then, we placed buffers around the selected elements defining the sizes of terrain modifications 
(Table 5.2). Buffer widths were chosen large enough to fully mask out the sloping sides of features, 
but at the same time as small as possible to minimise the introduction of interpolation artefacts. 
Determining buffer widths therefore required some scrutiny and varied per feature type. In the 
buffer zones (white area in Fig. 5.5B), we replaced LiDAR-derived elevations with interpolated 
values, applying Inverse Distance Weighting (IDW, power 2) as a simple and fast interpolation 
method applicable to fill small voids (e.g. Reuter et al., 2007). In general, abundant remaining 
LiDAR elevation data surrounded the linear removal zones. Together with the relatively small 
buffer widths, this data abundance explains the good results produced by the IDW interpolation 
(Fig. 5.5C).

The second step proceeded from DEM I, i.e. after the removal of anthropogenic features derived 
from land-use datasets (Fig. 5.6A; Fig. 5.6B). This step, leading to DEM II (Fig. 5.4), concerned 
the removal of any remaining anthropogenic relief modifications. These are of various types, ages, 
and dimensions, and mostly non-linear in shape, and it is difficult to select such features from 
existing high-resolution national-scale datasets, which tend to classify on e.g. usage, rather than 
on origin (natural versus anthropogenic) or age. Thus, rather than selecting these non-linear 
anthropogenic features by dataset queries, we manually selected them in a DEM-of-difference 
between DEM I and a second-order polynomial trend surface calculated over DEM I. In the 
calculation of this trend surface, we excluded insular areas of elevated non-floodplain terrain so 
that it represented the average height of the valley floor (Late Pleistocene terraces and younger 
valley features, i.e. the extended Holocene floodplain). We reclassified the DEM-of-difference at 
0.5 m vertical intervals to obtain discrete patches of low and high grounds (Fig. 5.6C), which we 

 A) Identify anthropogenic features  B) Buffer and remove  C) Interpolate

Fig. 5.5. Automated removal of highway-related elevated grounds from the LiDAR ground 
level DEM. Panel A shows infrastructure vector lines from OpenStreetMap. Panel B shows the 
applied buffers (widths specified in Table 5.2; see main text for details). Panel C shows the result. 
Location indicated in Fig. 5.2.
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converted to polygons. These were used to manually select the ‘natural’ (to remain in the DEM) and 
anthropogenic (to strip from the DEM) elements based on geomorphological expert judgement, 
aided by geomorphological maps and satellite imagery (Fig. 5.6D). Location and planform 
morphology of low and high elements in the DEM was also taken into account as part of the 
judgement. For example, a rectangular shaped lake in the proximal floodplain is likely the result of 
quarrying (anthropogenic relief ), whereas an irregular curved lake is presumably a natural feature 
such as a residual channel remnant (natural topography). More generally, steep slopes indicate 
anthropogenic influence whereas gentle and irregular slopes suggest the presence of natural 
phenomena. After selecting the anthropogenic elements, we placed buffers around the polygons and 
removed them (Fig. 5.6E). A fixed buffer width of 10 m turned out sufficient to remove identified 
anthropogenic features completely. For relatively large voids, IDW produces poor results. Therefore, 
we interpolated the resulting gaps in the DEM using the elevation void fill function in ArcGIS, 
generating a surface inside each void based on all its surrounding cells (Fig. 5.6F).

5.4.4	 Reconstruction of topography and bathymetry in the active zone 

In the active zone, constructing a palaeo-DEM requires the insertion of a restored topography 
and bathymetry for the target age, which replaces all younger relief (Fig. 5.7A). To achieve this, we 
first produced an interpolated terrain from a manually-created set of elevation points (Fig. 5.7B), 
and then burned in a reconstructed river channel of prescribed thalweg depths. The locations of 
the elevation points inside and along the boundaries of the active zone were carefully selected, 
incorporating geomorphological interpretation of the fluvial landforms to avoid point placement in 
present and former channels, and favouring areas with remaining alluvial ridge-and-swale relief. We 
iteratively increased point density (note density variations in Fig. 5.7B) and visualised preliminary 
interpolations (IDW, power 0.6) until satisfying results were obtained in the to-be-replaced active 
zone. This method produced a smoothed but otherwise representative palaeo-DEM (DEM III in 
Fig. 5.4) for lower floodplain subareas of the active zone as well as for terrace rims in places where 
the river eroded these in historic times (Fig. 5.7D). 

Table 5.2. Buffer widths for anthropogenic linear elements used in DEM stripping.
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The last steps consisted of reconstructing the circa 800 CE river position and inserting a 
bathymetry representative for this target age. This reconstruction integrated data from various 
studies (Fig. 5.3B) that usually provided information at a detailed scale of one to a few meander 
bends. As Fig. 5.7C exemplifies, reconstructed channel positions reported in pre-LiDAR studies 
align well with residual channels and other fluvial geomorphology visible in the LiDAR DEM. To 
decide on palaeochannel widths and thalweg depths, we used existing geological data (thicknesses 
of Late Holocene channel fills; e.g. Erkens et al., 2011; Kleinhans et al. 2011; Toonen et al., 
2012) and historical information (depth measurements presented on maps that predate modern 
river engineering and can be considered historical analogues for the river in our palaeo-DEM; 
e.g. Hesselink et al., 2006; van der Meulen et al., 2018; Overmars, 2020). Over river stretches in 
between locations allowing for explicit reconstructions, we assumed similar meander geometries 
and thalweg depths, i.e. gradual morphological changes. 

The thalweg depth values inferred for the target age situation were 8 m, 6 m, and 7 m for 
respectively the undivided Lower Rhine (Late Holocene representative value), and the deltaic 

A) LiDAR DEM B) DEM I (stripped by land-use data) C) Reclassified DEM I

E) Anthropogenic elements F) DEM II (final for inactive zone)D) Satellite imagery

A) LiDAR DEM B) DEM I (stripped by land-use data) C) Reclassified DEM I

E) Anthropogenic elements F) DEM II (final for inactive zone)D) Satellite imagery

A) LiDAR DEM B) DEM I (stripped by land-use data) C) Reclassified DEM I

E) Anthropogenic elements F) DEM II (final for inactive zone)D) Satellite imagery

Fig. 5.6. Removal of diverse anthropogenic elements using a detrended, reclassified DEM. A) 
LiDAR input DEM. B) Result after stripping linear features such as major roads (DEM I in Fig. 5.4). 
C) Detrended, reclassified DEM I (DEM-of-difference between DEM I and trend surface; see main 
text for details). D) Satellite and aerial photography used for reference. E) polygons selected 
from the reclassified DEM, manually identified as anthropogenic elements. F) Result with 
selected elements of panel E removed and subsequently void-filled (DEM II in Fig. 4). Location 
indicated in Fig. 5.2.
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branches Waal (then smaller) and Nederrijn (then larger). We attributed these depth values to 
thalweg lines, which we positioned close to outer bends inside the reconstructed channel polygons, 
and interpolated between these lines and the channel edges (depth value = 0 m) using the Topogrid 
algorithm (Hutchinson, 1993; Topo to Raster tool in ArcGIS). We subtracted these depths from 
the active zone topography and burned the result into the stripped DEM (Fig. 5.7D). The active 
zone of the IJssel branch is treated differently (Section 5.4.5), because at the time of the target age 
this third distributary was not yet a full river (Section 5.2).

5.4.5	 Post-processing and preparation for method and product evaluations

The methods for the inactive and active zones described above produced a palaeo-DEM for the 
Lower Rhine valley and upper delta for circa 800 CE (Fig. 5.8). For the delta region, two earlier 
palaeo-DEM products were available, both at 100 × 100 m resolution. Pierik et al. (2017: main text) 
used a ‘bottom-up’ approach, starting from geological and archaeological borehole and find data to 
produce a palaeo-DEM for the levee landscape between the river branches Waal and Nederrijn for 
100 CE (representative for the middle Roman period). Interpolation between this and a present 
surface DEM was used to derive a palaeo-DEM for 900 CE (Pierik et al., 2017: appendices), 
which we regarded a target equivalent to our palaeo-DEM. Along the IJssel river branch, Cohen et 
al. (2017) derived a palaeo-DEM product for 900 CE by combing gridded 3D shallow-geological 
mapping data products (GeoTOP model) with reconstructions of past natural deltaic groundwater 
tables (Cohen, 2005; Koster et al., 2017) that include a large active zone void (IJssel channel belt; 
Cohen et al., 2012). We resampled these products constructed subregionally from subsurface data 
to our production resolution and integrated them with where appropriate, selecting the highest 
elevation values to include in our palaeo-DEM. The void originating from the IJssel channel belt 
was filled in using the active zone method described in Section 5.4.4 and Fig. 5.7B, but without the 
bathymetry insertion. These solutions for the upper delta ‘central’ (Pierik et al., 2017) and the ‘apex 
and IJssel’ subareas are labelled as ‘hybrid’ methods in our tabulated results in the next section and 
are reported separately from the ordinary inactive zone (floodplain rim) and active zone (embanked 
floodplain) in the upper delta (Fig. 5.8; Table 5.3).

We resampled the final palaeo-DEM to a resolution of 50 × 50 m, in order to generate aggregated 
results relatively fast computationally and remove small artefacts caused by vector-to-grid 
conversions and interpolation procedures. We deployed Zonal Statistics and Zonal Histogram 
operations to summarize the elevation differences between the palaeo-DEM and the present. For 
these analyses, we distinguished between (1) the Lower Valley South, Lower Valley North, and 
Upper Delta (Fig. 5.8), (2) the inactive and active zones, (3) the non-stripped and stripped areas 
(linear anthropogenic features, negative anthropogenic relief, positive anthropogenic relief ), and (4) 
the elevation differences caused by underground mining-related subsidence (changes from LiDAR 
DEM to input DEM; Fig. 5.4) and superficial anthropogenic relief-modifying activities (input 
DEM to final DEM; Fig. 5.4). 

To quantitatively compare the palaeo-DEM to the present, we calculated the mean value of 
elevation change for each subarea zonation and the associated standard error, calculated as a sum 
of error contributions. The first component contributing to the error was based on the standard 
deviation reported in the cell statistics of the difference-DEM and calculated as STD×(Ncells−1)−0.5, 
where Ncells is the number of cells that contributed to the difference (e.g. all subsidence-corrected 
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cells, all void-filled cells). The second component was the uncertainty of the LiDAR surface, set 
to 0.05 m at 5 × 5 resolution, and multiplied by (M−1)−0.5 for operations where we resampled the 

A B

C DD

Fig. 5.7. Reconstruction of floodplain topography in the fluvially reworked area. A) Input DEM 
and active zone boundary for meander activity since the target age. B) Intermediate ‘stripped’ 
DEM II and manually-placed elevation points along and inside the active zone. C) Example of 
an earlier reconstruction showing former Rhine river positions (Scheller, 1965), used as input 
for target-age palaeochannel positioning. D) Final palaeo-DEM, after interpolating the points 
in panel B (DEM III) and inserting paleochannel bathymetry from a secondary interpolation 
(between channel edges and thalweg, DEM IV). Location indicated in Fig. 5.2.
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raster, with M representing the number of 5 × 5 m cells. The third component was the uncertainty 
associated with interpolations deployed in void-filled areas and the active zone. This was set to 2 
m at 5 × 5 m resolution for the cells affected, and multiplied by (M−1)−0.5 at resampled resolutions. 
The reported standard errors for the subareas were calculated as the root sum of squares of the three 
error components. For accumulations of subareas to larger regions, we calculated area-weighted 
means of the standard errors. Besides elevation change, we calculated volumetric change per subarea 
to allow further DEM cross-comparison, propagating the errors (Table 5.3). 

For a palaeohydrological-oriented evaluation of our reconstruction, we quantified connected 
floodplain areas in both the present LiDAR ground level DEM and the palaeo-DEM. We 
detrended the DEMs with the second-order polynomial trend surface created earlier and sliced the 
resulting rasters at vertical intervals of 0.5 m. For each interval, we identified all cells of the DEM 
below the slice and subsequently separated the patch of cells connected to the river. The surface area 
of this patch was used to approximate potential inundation in the two situations. For this analysis, 
we reused the trend surface created in the workflow to detect positive and negative anthropogenic 
relief. As this trend surface was fitted on the extended floodplain, excluding island remnants of 
Middle Pleistocene elevated terrain and linear elements of anthropogenic origin (Section 5.4.3), 
it serves as a first-order approximation of the flood water surface during the passage of a high-
discharge event.

5.5	 Results

Here, we compare the past and present morphology of the Lower Rhine valley and upper delta. 
First, we quantify the amounts of anthropogenic modifications to the terrain, (Section 5.5.1). 
Then, we provide simple analyses of fluvial dynamics (Section 5.5.2) and floodplain negative-relief 
connectivity (Section 5.5.3). 

5.5.1	 Elevation change and volume of anthropogenic elements

Fig. 5.8 and Table 5.3 show a tri-partitioned study area that is further subdivided based on 
treatment in the palaeo-DEM construction workflow. The inactive zone covers 79% of the study 
area (3,545 km2) and the active zone 21% (942 km2). In total, 707 km2 (15.8% of surface area; Table 
5.3) was removed by LiDAR DEM stripping, i.e., the first half of the workflow (Fig. 5.4). Of this 
area, 310 km2 was removed as linear voids (roads, railroads, dikes), 223 km2 as negative relief non-
linear voids (digging, extracting), and 174 km2 as positive relief non-linear voids (raising, dumping). 
These steps corrected topography throughout the study area with modest differences between 
southern and northern subzones, but more in the areas close to the river (Table 5.3: 14% of the 
inactive zone, 22% of the active zone), and also more in densely populated areas (Fig. 5.8: shades of 
grey). This is mainly because these areas host more surface modifications such as harbour complexes 
and have denser infrastructure networks, e.g. in and around the city of Cologne (Fig. 5.9).

In the inactive zone, DEM stripping resulted in a very minor net mean elevation change of +0.02 
± 0.09 m for the full study area (Table 5.3). This is the result of a cancelling-out effect between 
the southern and northern parts. In fact, the Lower Valley South (‘Cologne’) shows a net removal 
(negative elevation change) of −0.10 ± 0.05 m, whereas the central parts of the Upper Delta plain 
(‘Betuwe’) show a net accumulation (positive elevation change) of +0.23 ± 0.05 m. The latter is 
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Table 5.3. Regionally-summarized differences between the present and the palaeo-DEM.
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attributable to sedimentation by floods besides anthropogenic sediment import. The determination 
of mean elevation change for the middle part of the study area (‘West-Ruhr’) is more complex, due 
to the mining-related subsidence component. Raw quantification suggests a net lowering of −0.66 ± 
0.13 m over the full Lower Valley North (1,394 km2). This value is to −1.35 ± 0.17 m for the ‘West-
Ruhr’ industrial subarea (516 km2) where our study area overlaps the dataset of Harnischmacher 
and Zepp (2010; 2014). 

Based on the difference between the LiDAR DEM and the subsidence-corrected input DEM 
(Fig. 5.4), and on our areal subdivisions in ‘natural’ (not stripped) and modified topography, we 
split the subsidence (sampled in the natural area and held representative for any neighbouring 
stripped areas) from the total elevation change. This yields a minor net change of +0.04 ± 0.13 m 
in the inactive zone of the Lower Valley North (+0.49 ± 0.20 m in the subsidence-affected area, 
cancelled out by −0.22 ± 0.22 m in the remainder of the Lower Valley North). The subsidence-
attributed component is separated in the tabulated results (Table 5.3) to allow for comparisons of 
mean elevation changes resulting from direct anthropogenic modifications to the topography. Being 
able to separate human-induced subsidence from direct human modifications to the terrain ratifies 
our choice to correct for mining-related subsidence before further reconstruction. In addition, it 
illustrates one of the advantages of having clearly defined steps and intermediate output in the 
workflow (Fig. 5.4). 

All in all, the inactive zone shows a modest loss of relative elevation since early medieval times in 
the southern Lower Rhine valley (urbanized terraced valley floor), lots of activity and complications 
of subsidence but near-zero net change in the middle reaches (urbanized and industrialized 
valley floor), and a modest gain in the downstream deltaic reaches (flooding-protected urbanized 
upper delta plain). This result is in line with general expectations when evaluating mean values of 
anthropogenic change between a palaeo-DEM and a present-day DEM over very large areas of 
river valley, as throughout history many of the bulk resources to raise terrains were obtained from 
within the valley floor. This is best illustrated by the volumetric break-down of elevation change 
to the zonations of the DEM-stripping steps. Cells representing positive-relief anthropogenic 
landforms total 0.45 ± 0.13 km3 above the void-filled palaeo-DEM surfaces, and linear features 
(raised roads, dikes) add another 0.17 ± 0.07 km3 (Table 5.3). The counter-balance volume extracted 
from negative landforms totals 0.43 ± 0.10 km3, which we consider a minimum value because many 
sand pits are deeper in reality than in the input DEM. 

5.5.2	 Active zone and river position

The active zone covers ~20% of the study area (Fig. 5.8). The width of the active zone is 
approximately 1 km in the southern part of the Lower Rhine valley and increases to 2 to 3 km in 
the northern part. The active zone splits in the delta, where the three parts of the active zone each 
measure 1 to 2 km in width . Similar to the active zone, the extended floodplain (the study area 
itself ) is less wide along the terraced upstream reach of the Lower Rhine than it is in the delta apex 
region. In most of the study area, about 15% of the width has been reworked by fluvial activity since 
800 CE.

Quantification of net elevation change in the active zone bears greater uncertainties than in the 
inactive zone, and the interpretation is more complex because aspects of channel migration and 
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                 constrained by geological data 

Fig. 5.9. Detail of study area around Cologne 
with LiDAR ground level DEM (top), altered 
surface areas separated by method (middle), 
and palaeo-DEM (bottom). 
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anthropogenic activities interplayed. Averaged over the study area, the active zone shows a modest 
positive elevation change of +0.32 ± 0.42 m (Table 5.3), but this value differs considerably when 
broken down for upper, middle and lower reaches. In the Lower Valley South (‘Cologne’), the 
active zone lost floodplain and bed elevation (−0.82 ± 0.42 m), matching insights regarding channel 
bed incision in this reach (Erkens et al., 2011; Frings et al., 2019). Contrarily, the active zone in 
the Lower Valley North shows a net raising of the surface (+0.86 ± 0.43 m), which can be partly 
attributabed to fluvial deposition in the proximal floodplain. However, for a larger part this should 
be regarded as an outcome of human action (Duisburg-Ruhrort main inland harbour complex; e.g. 
Krause, 2003). The embanked floodplains in the Upper Delta show a net gain in surface elevation 
of +1.23 ± 0.42 m. This large change is the result of floodplain sedimentation in between the dikes, 
which even necessitated further raising of these dikes (e.g. Hudson et al., 2008). The implied surface 
elevation change in the IJssel branch subzone is modestly negative, which should be seen as the 
effect of comparing a situation without an incised river channel to one with a mature channel.

The reconstructed river position provides an overview of Lower Rhine meander dynamics in North 
Rhine-Westphalia and the Netherlands (Fig. 5.10). As already known from geological mapping at 
a longer Holocene time scale (Klostermann, 1992; Erkens et al., 2011), lateral meander migration 
was restricted in the southern part of the study area, but considerably increased downstream. This 
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explains both the downstream increase in river position change and the widening of the active 
zone (Fig. 5.10). Especially in the Dutch-German border region, the Rhine and its branches were 
dynamically meandering, with bends migrating downstream and repeatedly cutting themselves off 
(Hoppe, 1970; Kleinhans et al., 2011; Verhagen et al., 2017; Overmars, 2020). Beyond the apex 
region, i.e., downstream of Nijmegen and Arnhem, the active zones are essentially equal to the 
embanked floodplain areas between the rivers and the dikes. Here, the active zone width narrows 
and straightens compared to upstream in the delta apex (Fig. 5.8; Fig. 5.10). This is partly because 
of the discharge division over multiple branches and deltaic substrate characteristics (Berendsen 
and Stouthamer, 2001; Stouthamer et al., 2011), but more importantly because of the early onset of 
river embankment in this part of the study area which confined meander activity.

5.5.3	 Floodplain connectivity

In the present situation, many low-lying areas are separated from the proximal floodplain of the 
Rhine and from each other by dikes and other types of artificial features. These features form 
topographic barriers by crossing flat terrain and low corridors such as residual channels in Late 
Pleistocene terraces (Fig. 5.9A). This is not the case in the palaeo-DEM, where the absence of 
anthropogenic structures implies that floodplain connectivity was much higher (Fig. 5.9C). Indeed, 
the surface area that is connected at varied inundation levels greatly differs between the present 
and past situations (Fig. 5.11). When the detrended DEMs are sliced at 4 m below the trend 
surface, only the river channels themselves and isolated basins are at the inundated level, and the 
surface area connected to the river is similar in the present and past situations (Fig. 5.11A). At 
higher inundation levels, increasingly larger parts of the floodplain are connected to the river in the 
palaeo-DEM compared to the present situation. Even though the total area below the detrended 
surface is roughly similar in both DEMs (Fig. 5.11B), there is a large difference in the size of the 
area connected to the river (dark blue patch in Fig. 5.11B; 0.67 × 103 versus 2.11 × 103 km2). This 
illustrates a considerable difference in potential inundation extents between early medieval and 
recent times.

Especially in the northern half of the study area with extensive dike networks, inundated floodplain 
areas were much larger around 800 CE than at present. Along the downstream reaches of the 
Lower Rhine and in the delta, large proportions of surface area were flooded regularly in early 
medieval times. This confirms geological, archaeological, and historical information on past flood 
extents (e.g. references in Table 5.1). These spatial differences have important implications for the 
mapping and intercomparison of human settlement and overbank sedimentation patterns within 
the study area. Simple trend surface-slicing and subsequent connectivity analysis (Fig. 5.11) does 
not take into account many important hydraulic control factors such as surface roughness and 
flow patterns. Still, our exploratory results already demonstrate the importance of incorporating 
palaeotopography in hydraulic modelling studies aimed at quantifying past flooding patterns, flood 
water levels, and discharge magnitudes. The analysis of connectedness and inundation can be greatly 
refined by the application of 2D palaeoflood hydraulic models (e.g. Hesselink et al., 2003; Alkema 
and Middelkoop, 2005). These require as main input an accurate reconstruction of floodplain 
topography, such as we present here. In addition, the trend-sliced surfaces can provide floodplain 
landscape zonation templates, which are useful in vegetation reconstruction (e.g. Brouwer Burg, 
2013), which in turn is required to provide palaeoflood model scenarios with spatially-distributed 
hydraulic roughness values. 
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5.6	 Discussion

Here, we first evaluate the different steps in our workflow (Section 5.6.1). Then, we describe the 
implications of the methodological choices on the accuracy of the palaeo-DEM, and potential 
opportunities for validation (Section 5.6.2). We end with specifying how the workflow can be 
repeated for different river valleys and for earlier or later target periods (Section 5.6.3).

5.6.1	 Information intake in palaeo-DEM construction methods

The workflow outlined in Section 5.4 serves to construct palaeo-DEMs of large lowland areas, 
intended for mapping and modelling applications in fluvial geomorphology and palaeohydrology. 
The first part of the workflow consists of stripping the LiDAR DEM from anthropogenic relief 
elements, and provides largely sufficient results (DEM II in Fig. 5.4) for the geomorphologically 
inactive zone. This part of the workflow is a fully top-down approach, also called retrogressive 
(Werbrouck et al., 2011) or deductive (Schmidt et al., 2018). The DEM stripping steps utilise 
datasets on current features with no or implicit age information. As such, the result represents a 
landscape before direct anthropogenic impacts on the topography, without a more specific time 
stamp associated to it. This is an appropriate reconstruction for the inactive zone of our study area 
in early medieval times, but not for considerably older or younger periods (Section 5.6.3). 

Palaeo-DEM

A

B

Present DEM
0

1

2

3

4

-4 -2 0 2 4 6
inunda�on level (m +OD +trend)

present DEM

palaeo-DEM

su
rf

ac
e 

of
 p

at
ch

 c
on

ne
ct

ed
 to

 ri
ve

r (
10

3
km

2 )

Fig. 5.11. A) Surface area of detrended floodplain connected to the river at varied inundation 
levels for both the present and the palaeo-DEM. B) Detrended floodplain at an inundation level 
of −0.5 m (near-maximum difference in connectivity between present and palaeo-DEM). Blue 
patches are below this level, with dark blue indicating the area connected to the river.



113

Applying land-use datasets to query anthropogenic features is the preferred method for DEM 
stripping, because it can be automated after determining buffer widths manually. For a large 
study area, however, choice and availability of land-use datasets are limited by their uniformity, 
completeness, and precision. The geometry of the features should be precise to remove only the 
undesired parts from the LiDAR product, and at least as accurate as the cell size of the DEM that 
is stripped (5 × 5 m in our case). We largely overcame any initial problems with dataset inaccuracies 
by resampling the end result to cell sizes an order of magnitude coarser (50 × 50 m). Another 
limitation is that typical land-use datasets are not primarily classified by morphology and therefore 
often do not provide accurate boundaries of anthropogenic terrain elements. In our study area, this 
is not a problem for the linear features. In particular, the infrastructure vector lines obtained from 
OpenStreetMap almost perfectly follow the middles of entrenched and raised segments (Fig. 5.5). 
Based on this experience, we regard the OpenStreetMap infrastructure data well-suited for use in 
automated DEM-stripping, probably also in other geomorphological environments. Despite the 
considerable number of other land-use datasets available for Germany and the Netherlands, our 
workflow does not make direct automated use of these. Due to the lack of explicit morphological 
attributes in common land-use datasets and difficulties in homogenizing partial datasets by 
different makers, the remaining anthropogenic features are stripped from the DEM by trend 
surface-aided manual identification (Fig. 5.6).

The trend surface method relies on the detection of anthropogenic elements based on their deviating 
elevation, and can in theory be used to remove all anthropogenic elements from the topography. 
However, in the workflow this step follows the automated stripping of features by land-use datasets. 
This is convenient for three reasons. First, the trend surface improves when some anthropogenic 
elements are already removed. Second, the trend surface method is relatively time-consuming, so 
this order decreases the amount of work required for palaeo-DEM construction. Especially linear 
features may show up as a multitude of smaller elements in a detrended and reclassified DEM. 
Third, this workflow order restricts the somewhat subjective manual identification to a smaller 
number of elements. Although it is generally straightforward for a geomorphologically-trained eye 
to determine whether an element on a DEM is natural or anthropogenic, and this process is aided 
qualitatively by cross-referencing between the detrended LiDAR DEM and satellite imagery, the 
number of elements can be overwhelming and mistakes are possible.

The methods for reconstructing the active zone (Fig. 5.4: lower half of workflow) are of a restorative 
nature and, in contrast to the methods for the inactive zone, demand an explicit specification of the 
palaeo-DEM target age. Although the resultant terrain still derives from the present morphology 
(Fig. 5.7), our methods for demarcating the active zone and for reconstructing the river geometry 
incorporate various types of additional data (Fig. 5.3; Table 5.1) and reasoning. The results for the 
active zone are more uncertain than those for the inactive zone. This outcome was clear from the 
start of the research. The need to distinguish between active and inactive zones is evident from 
the proportionally larger volumetric differences between the palaeo-DEM and the present (Table 
5.3). The additional information intake for active zone reconstruction besides the input DEM 
(used to manually sample point elevations to interpolate a floodplain topography) mainly consists 
of geological and archeological mapping products (used to define the active zone edges and 
palaeochannel dimensions). As those products are largely based on subsurface data, the workflow 
steps for the active zone can be framed as a hybrid between bottom-up and top-down approaches 
(similar to the framing of the methodology for the deltaic parts in the study area; Section 5.4.5). 
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5.6.2	 Accuracy of palaeo-DEM and outlook on validation

We present the final palaeo-DEM at a downsampled resolution of 50 × 50 m. The main reason 
for downsampling is that the palaeo-DEM at its 5 × 5 m production resolution still reveals minor 
anthropogenic features such as shallow ditches and small roads that were not removed in the DEM 
stripping procedures (Fig. 5.5C; Fig. 5.6F). In theory, however, either stripping method can be 
applied at a small spatial scale to eliminate this reason for downsampling. For a study area of 12.5 
km2 in southern Germany, Schmidt et al. (2018) constructed a palaeo-DEM, with the isolation of 
a subtle local topographic saddle as the goal, using a removal and subsequent void-filling approach 
that also removed many minor anthropogenic elements, for example by buffering field boundaries. 
However, a risk associated with removing many buffered features is that void-interpolation becomes 
difficult (Reuter et al., 2007). A large proportion of voids generally leads to a smooth palaeo-DEM, 
which may not represent a realistic state of the landscape. The reconstructed terrain in our active 
zone is relatively smooth for a similar reason. This is hard to avoid for areas where palaeotopography 
is missing due to erosion (Schneider et al., 2017). For applications where field-scale feature 
isolation is not the goal, downsampling a stripped DEM is the practical solution, since the elevation 
differences of minor anthropogenic elements with respect to their surroundings are typically small 
(Fig. 5.5C; Fig. 5.6F), and the material dug from ditches is often incorporated in the elevation of 
the surrounding land. For envisioned applications such as valley-scale palaeohydrological modelling, 
a resolution of 50 m is still significantly finer than typical grid sizes of numerical models.

The vertical resolution at which the reconstruction is accurate is less straightforward to assess than 
the horizontal resolution. For the method of DEM stripping by land-use datasets, the vertical 
accuracy of the intermediate result (DEM I) is as good as that of the LiDAR DEM, which is 
in the order of 0.05 m. Section 5.4.5 and Table 5.3 report how this uncertainty propagates into 
zonal elevation-difference averages and volumetric totals. Additional uncertainties in the accuracy 
of the palaeo-DEM vary considerably across the study area, because (1) different stripping and 
associated void-interpolaton methods were applied, and (2) subareas differ in history and degree 
of anthropogenic modifications. For grid cells affected by the trend surface-based stripping method 
(Fig. 5.6), the vertical accuracy depends on the choices made in the reclassification step and on the 
size of the interpolated voids. Since we reclassified the detrended DEM at 0.5 m height intervals, 
anthropogenic elements deviating less than 0.5 m were not identified nor removed in this step. 
Within the active zone, the restorative terrain interpolations produce relatively smooth floodplain 
landscapes (Fig. 5.7D), which include eroded terrace scarps but do not account for detailed 
variations in topography such as point-bar ridge-and-swale topography. The relatively smooth 
active zone palaeo-DEM could be used as starting point to simulate such micro-relief when an 
application demands it.

Local validation of the palaeo-DEM is theoretically possible for interpolated surfaces that are 
currently buried below younger relief. Here, the reconstruction can be validated in an excavation 
or in boreholes, or against existing detailed cross-sections encountered occasionally in literature 
(e.g. Krause, 2003). However, for the majority of removed and interpolated cells, such as the areas 
of negative relief and the complete active zone, validation is impossible because the palaeo-DEM 
results from restorative operations. Quantitative trust in the quality of the palaeo-DEM for these 
areas thus needs to derive from zonal averaged and intercompared elevation differences as presented 
in Fig. 5.8 and Table 5.3.
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The largest areas of anthropogenic positive elevation remaining in the palaeo-DEM are those 
underneath the centres of towns and cities. Many of these were founded in medieval times and 
postdate the target age of the palaeo-DEM, although Cologne is a marked exception of Roman 
age. Since our methods cannot easily correct for uniform raising of the ground, the inner parts of 
large old cities likely are the locations where the vertical accuracy is lowest. Here, upgrading the 
cell-by-cell accuracy of the palaeo-DEM is possible, but requires a bottom-up approach utilising 
detailed archaeological stratigraphy with dating control throughout the city centres. Given the large 
size of our study area, this is not feasible. Improving the accuracy at this resolution is necessary 
for small-scale applications, such as mapping past urban topography (Gerlach, 2003; Krause, 2003; 
Baubiniene et al., 2015; Mozzi et al., 2018), but for typical regional-scale applications such level of 
detail is not required (e.g. Section 5.5.3).

In the most downstream parts of the study area, we deployed hybrid methods of palaeo-DEM 
construction (Section 5.4.5). These involved corrections for gradual aggradation of the floodplain 
in areas outside the active zone (complying with Pierik et al., 2017), a process that largely ceased 
after embankment. Because our target age is close to the moment of embankment in the delta, the 
resulting corrections and their vertical inaccuracy are small (in the order of centimeters, locally up 
to decimetres close to the river). Especially in these areas, the palaeo-DEM can be verified and 
potentially improved by integrating newly-processed subsurface data to determine the thicknesses 
of historic sediment packages at many locations (e.g. Vermeer et al., 2014; Pierik et al., 2018). 
This would change the hybrid workflow from a dominantly top-down approach to a dominantly 
bottom-up approach, significantly increasing data requirements (Section 5.1). Furthermore, the 
specifics of bottom-approaches are expected to differ strongly between the valley and delta settings 
in the study area, whereas the top-down approach performs well across the entire area in a rather 
uniform way. 

5.6.3	 Applicability to other study areas and time periods

Our workflow is generic in set-up and therefore transferable to other study areas and target 
ages. However, the relative importance of the different workflow steps and the required data 
may change (Fig. 5.12). The methods can be applied to construct palaeo-DEMs of any lowland 
region, provided that a high-resolution LiDAR DEM is available. In addition to being the starting 
point for stripping the present topography, the LiDAR DEM helps to define the active zone in 
combination with geological data, and to reconstruct the river position in combination with 
historical information. The removal of anthropogenic elements was the most important step in 
our reconstruction of the Lower Rhine valley and upper delta, and we expect this to be similar in 
other cases, because lowland areas are generally densely populated with long settlement histories, 
resulting in abundant anthropogenic modifications to the terrain. DEMs stripped from such 
features can provide valuable starting points for archaeological prediction maps (e.g. Cohen et al., 
2017) and modelling studies focusing on human-landscape interactions in deltas (e.g. Groenhuijzen 
and Verhagen, 2017; van Lanen et al., 2018). Consideration of the active zone is important for 
large study areas centred around meandering rivers. For this zone, geological data to demarcate 
the active zone and geomorphological insights to fill the active zone void with restored terrain 
are indispensable tools for reconstruction. Still, we recommend to conduct DEM stripping before 
starting other operations in the active zone, because this improves the recognisability of natural 
geomorphological features (Fig. 5.7; Fig. 5.9).
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Our workflow is designed to construct a palaeo-DEM that represents the time before major 
anthropogenic modifications to the terrain. The timing of this moment depends on the study 
area, as it relates to population density and technological developments. For example, in most 
of the Americas, significant anthropogenic modifications did not start before 1800 CE, whereas 
in some parts of Africa, Asia, and Europe, the first large (visible in a 50 × 50 m cell-size DEM) 
anthropogenic geomorphological elements are considerably older than 800 CE. The timing of 
this moment and its relation to the palaeo-DEM target age are important for assessing which 
procedures and data are relevant in the reconstruction (Fig. 5.12). For example, these factors 
determine whether the preferred resources to reconstruct the active zone consist of historical data 
or geological data. In the case of the Lower Rhine valley, target ages in Roman to medieval time 
periods imply using a combination of both (Fig. 5.4). This is methodologically illustrative, altough it 
has necessitated steps in the workflow that may not be relevant to readers having palaeo-DEMs for 
either the youngest centuries or for many millennia older in mind (hence, Fig. 5.12).

Historical data will play an increasingly important role when elements of the workflow are applied 
to younger periods. For recent periods (circa 1850 and later), a palaeo-DEM may be constructed 
based solely on historical elevation and bathymetry data. This possibility depends on the availability 
of such data and cannot be used to correct for elements older than the data itself; for example, 
the river dikes in our study area predate any quantitative measurement data by many centuries. 
The accuracy and effective resolution of the resulting DEM will reflect those of the historical data. 
In general, historical data may prove especially useful for the otherwise difficult reconstruction 
of geomorphologically active zones (van der Meulen et al., 2018; Overmars, 2020) and urban 
environments (Krause, 2003; Wronna et al., 2017).

When DEM-stripping methods are deployed to periods younger than the oldest anthropogenic 
modifications, the removal of anthropogenic elements should be conducted selectively (Fig. 5.12). 
Although most anthropogenic changes to the terrain occurred during the nineteenth and twentieth 
centuries, there are major exceptions such as dikes, raised settlements, and canals (e.g. Schmidt et 
al., 2018). Determining which features were present, and reconstructing their correct dimensions, 
requires integration with historical insights on the ages of elements as well as their geometrical 
evolution over time (Fig. 5.1). A higher temporal resolution is required for more recent historical 
periods, when rates of anthropogenic alterations increased. Thus, our top-down workflow concepts 
are well applicable to palaeo-DEM construction for younger time periods, but the stripping 
steps will require more attention (Fig. 5.12). The active zone, on the other hand, will be easier to 
reconstruct, as the effects of geomorphological processes such as erosion are smaller over shorter 
time scales.

Farther back in time, a larger area has been reworked and the zone that should be considered 
active is more extensive. As a result, restoration of the active zone requires more assumptions, and 
geological and geomorphological information play an increasingly important role for older palaeo-
DEM target periods (Fig. 5.12). The reconstruction of the inactive zone on the other hand does 
not require any additional input when targeting older periods. Moreover, it becomes smaller at the 
expense of the active zone.

For target ages predating the Holocene, we reckon that the top-down approach loses its benefits 
compared to bottom-up approaches. In our study area, this is because the active zone then covered a 
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major part of the valley floor, and only few preserved remnants can still be considered indicative of 
the palaeotopography (e.g. Erkens, 2009). Furthermore, such a reconstruction should also consider 
geomorphological processes of a different nature besides fluvial reworking, like periglacial colluvial 
and aeolian activity. For study areas in different parts of the world, geomorphological responses to 
external changes in climate and base level determine the adequate lower time limit of the top-down 
approach. In most lower river reaches this is a moment between the Last Glacial Maximum (circa 
21 ka) and the Mid-Holocene optimum (circa 7 ka), because for earlier palaeo-DEM target ages 
most of the region has to be considered active (e.g. Briant et al., 2018).
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workflow based on top-down approach not advisable for most study areas (see text)
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Fig. 5.12. Overview of changes to the workflow and data intake when it is applied to older or 
younger time periods. The periodization varies per study area; therefore, the left column gives 
this in broad terms, with ages in brackets indicating the specific timing in the Lower Rhine 
valley. The references in the right-most column are earlier studies relevant to palaeo-DEM 
construction in the study area.
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5.7	 Conclusion

We present a workflow for LiDAR-derived high-resolution palaeo-DEM construction, developed 
for the case of the Lower Rhine valley and upper delta. Our workflow is suitable to reconstruct 
the topography of large valley-floor areas (>1000 km2) at high resolution (5 × 5 m processing 
resolution; 50 × 50 m output resolution), because it mainly relies upon LiDAR DEM adaption 
(‘top-down’ approach). The first steps of the workflow consist of removing anthropogenic relief 
elements and filling the resulting voids. These DEM-stripping steps are sufficient to reconstruct 
the topography of the distal floodplain defined by inherited relief with many anthropogenic 
modifications, with little explicit demand for detailed age information on the removed features. The 
reworked proximal floodplain requires additional steps involving geomorphological process insights, 
with greater demands on age information for landscape features, obtainable from diverse geological, 
archaeological, and historical sources. Distinguishing these geomorphologically distinct ‘inactive’ 
versus ‘active’ zones is important for reliable palaeo-DEM construction.

The palaeo-DEM is regarded accurate at a horizontal resolution of 50 m and at a vertical scale of 
approximately 0.5 m, though considerably better in non-stripped areas and potentially worse locally 
in the restored active zone. The total volume of anthropogenic modifications in the Lower Rhine 
floodplain area is in the order of 109 m3. Positive and negative topographic changes largely cancel 
out over the total valley surface, with a net volumetric change of about 108 km3 (excluding mining-
subsidence-related accommodation space). A simple palaeohydrological analysis demonstrates large 
differences in floodplain connectivity between the present and past situations, highlighting the 
importance of incorporating the past topography in palaeoflood research. The palaeo-DEM and 
the assessment of its accuracy can be verified locally. However, over 20% of the study area is an 
informed restorative product that cannot be verified by observational data, but might be validated 
through its further use in modelling work.

The workflow developed in this study is widely applicable to other lowland areas at different 
spatial scales and resolutions. In addition, we provide a framework for adjusting the workflow to 
younger or older palaeo-DEM target periods. Reconstructions for younger periods require selective 
stripping of the LiDAR DEM, which demands historical or archaeological data to determine the 
ages and past dimensions of anthropogenic elements. In contrast, reconstructions for older periods 
require no additional DEM stripping, but have to increasingly rely on restorative approaches taking 
in geological and geomorphological information. The overall workflow methodology is limited 
to geologically recent time periods (end of Pleistocene and younger), because of its top-down 
approach using the present morphology for interpolative construction of a palaeo-DEM.

Acknowledgements

This study was funded by STW (now NWO-TTW), project 14506. We thank Hessel Woolderink 
and Maarten Zeylmans for help with processing raw LiDAR data. Stefan Harnischmacher kindly 
provided digital data for the Ruhr area. We thank the organising committees of the Fluvial Archives 
Group (FLAG) 2018 and International Union for Quaternary Research (INQUA) 2019 meetings, 
where we presented and discussed our methods and preliminary results. Two anonymous reviewers 
and the SI editor S. Cordier are thanked for their advice on an earlier draft of this manuscript, and 
journal editor S. Lecce is thanked for editorial corrections. The palaeo-DEM, intermediate output 



119

products, and all automatic and manually created feature-selection data files used in the process are 
archived and will be made available as open data.



120



121

Chapter 6

Palaeoflood simulation
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Als de werkelijkheid er niet zou zijn, dan zou de wereld er heel anders uitzien.

Theo Maassen – Functioneel naakt (2002)
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Abstract

Palaeoflood hydraulic modelling is essential for quantifying ‘millennial flood’ events not covered in 
the instrumental record. Palaeoflood modelling research has largely focused on one-dimensional 
analysis for geomorphologically stable fluvial settings, because two-dimensional analysis for 
dynamic alluvial settings is time-consuming and requires a detailed representation of the past 
landscape. In this study, we make the step to spatially continuous palaeoflood modelling for a large 
and dynamic lowland area. We applied advanced hydraulic model simulations (1D–2D coupled set-
up in HEC-RAS with 950 channel sections and 108 × 103 floodplain grid cells) to quantify the 
extent and magnitude of past floods in the Lower Rhine river valley and upper delta. As input we 
used a high-resolution terrain reconstruction (palaeo-DEM) of the area in early medieval times, 
complemented with hydraulic roughness values. After conducting a series of model runs with 
increasing discharge magnitudes at the upstream boundary, we compared the simulated flood water 
levels to an inventory of exceeded and non-exceeded elevations extracted from various geological, 
archaeological and historical sources. This comparison demonstrated a Lower Rhine millennial 
flood magnitude of approximately 14,000 m3/s for the Late Holocene period before late medieval 
times. This value exceeds the largest measured discharges in the instrumental record, but not the 
design discharges currently accounted for in flood risk management.

6.1	 Introduction

Palaeoflood analysis informs current and future flood risk (Wilhelm et al., 2019; St. George 
et al., 2020). Identifying past flooding patterns helps to determine areas at risk under different 
management scenarios (Alkema and Middelkoop, 2005; Remo et al., 2009), and quantifying 
past flood magnitudes helps to assess future discharge extremes (Benito and Thorndycraft, 2005; 
Schendel and Thongwichian, 2017). Many studies on past floods aim to quantify the peak discharge 
reached during specific events (Herget and Meurs, 2010; Toonen et al., 2013; Hu et al., 2016) or 
a non-exceeded discharge over a prolonged time period (Ely et al., 1993; England et al., 2010). 
Traditionally, palaeoflood modelling studies have been conducted in geomorphologically stable 
fluvial settings such as bedrock canyons, where calculating a representative discharge is relatively 
straightforward (Kochel and Baker, 1982; overviews in Baker, 2008 and Benito and Díez-Herrero, 
2015). In settings where the fluvial landscape has changed due to natural fluvial processes and 
anthropogenic activities, however, the floodplain topography and channel bathymetry must be 
reconstructed prior to calculations of palaeoflood discharges (Herget and Meurs, 2010; Toonen et 
al., 2013; Machado et al., 2017).

Palaeoflood reconstructions by hydraulic models have been largely limited to one-dimensional (1D) 
calculations, applied to a single or a few consecutive valley cross-sections (Webb and Jarrett, 2002; 
Busschers et al., 2011; Benito and Díez-Herrero, 2015). Although major advantages of deploying 
1D hydraulic models are computational speed and little required input, these models cannot resolve 
spatial aspects of flooding such as floodwater dispersal patterns over the floodplain. Therefore, 1D 
modelling produces first-order calculations of palaeoflood peak magnitudes rather than actual 
palaeoflood simulations. Introducing a two-dimensional (2D) model component lessens the 
assumptions in the modelling step of palaeoflood research and yields more realistic output than a 
1D model (see discussion in Herget et al., 2014), providing stages and discharges at different points 
in time over the entire model area. Many studies discuss the performance of 2D hydraulic models 
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for present landscape situations (Dottori et al., 2013; Bomers et al., 2019b; Czuba et al., 2019), and 
the importance of applying these in palaeoflood research is often emphasised, but the actual use is 
usually outside time and budget constraints (England et al., 2010; Benito and Dièz-Herrero, 2015).

Besides computing power limits, the main problem associated with 2D modelling of past floods 
is a requirement for accurate high-resolution input data, most notably a reconstruction of the 
terrain. Generating this input involves the use of geological and geomorphological field data, 
and experimental GIS techniques (van der Meulen et al., 2020). A few studies have applied 
2D models to simulate relatively recent floods, occurring in the nineteenth century (Calenda 
et al., 2003; Hesselink et al., 2003; Skublics et al., 2016; Bomers et al., 2019) and the twentieth 
century (Denlinger et al., 2002; England et al., 2007; Ballesteros et al., 2011; Masoero et al., 2013; 
Bomers et al., 2019a; Stamataki and Kjeldsen, 2020). For such recent events, abundant data are 
available for model schematisation and validation. Changes in morphology can be regarded as 
either insignificant or well-documented and readily incorporated. Simulations of older floods in 
larger alluvial reaches, such as the Lower Rhine, are lacking due to terrain reconstruction demands. 
However, these reaches are usually densely populated, warranting detailed assessments of river flood 
risk. For such regions, it would be of interest to simulate extreme events in earlier historic or pre-
historic times, thereby constraining peak discharges over longer time periods that are usually the 
focus of palaeoflood research.

The Lower Rhine is a large and economically important meandering river, which transitions 
into the Rhine delta near the German-Dutch border (Fig. 6.1). Here, it divides into three main 
distributaries: the Waal, the Nederrijn, and the IJssel. These river branches have been embanked 
since late medieval times (Hesselink, 2002). Across the valley and delta, the river and floodplain 
have been heavily modified by anthropogenic activities (Kalweit et al., 1993; Lammersen et al., 
2002; Hudson et al., 2008; van der Meulen et al., 2020). Throughout the Holocene, Lower Rhine 
floods have left scattered geological and geomorphological traces in the landscape (Gouw and 
Erkens, 2007; Toonen et al., 2013; Minderhoud et al., 2016; Pierik et al., 2017; Willemse, 2019). In 
historic times, large floods were a recurring threat for the inhabitants of the area (Tol and Langen, 
2000), and at present, considerable resources are dedicated to develop and maintain flood protection 
structures. A major challenge lies in determining appropriate safety standards for river management 
works and underlying magnitude-frequency relationships of extreme events (Hegnauer et al., 2014; 
2015; van Alphen, 2016).

Previous palaeohydrological research in the delta apex region has provided estimates of Lower 
Rhine flood frequencies and relative magnitudes over the past centuries to millennia based on 
sedimentary archives obtained from oxbow-lake fills (Toonen, 2013; Toonen et al., 2015; Cohen et 
al., 2016; Toonen et al., 2017). These studies have shown that between 4.2 and 0.8 ka (kiloannum: 
thousands of years ago), i.e. in the Late Holocene up to embankment along the downstream 
reaches, five flood events with recurrence times close to 1,000 years occurred. The largest of these 
was dated to 785 CE based on a tentative correlation between radiocarbon-dated flood deposits 
and historical sources (Toonen, 2013; Cohen et al., 2016). Recently, a palaeo-DEM has been 
constructed for the Lower Rhine river valley and upper delta in the first millennium CE (van der 
Meulen et al., 2020). The present research builds upon these studies by applying a hydraulic model 
to the palaeo-DEM, resolving absolute magnitudes of extreme floods in the Late Holocene period 
preceding the onset of river embankment in late medieval times.
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The purpose of this study is to constrain past flooding patterns and magnitudes in the Lower 
Rhine river valley and upper delta (Fig. 6.1). Specifically, we aim to quantify the peak discharge 
of the most extreme (‘millennial’) floods that occurred. Likely, this value is in between the largest 
measured flood discharge (~12,000 m3/s) and the largest discharges generated by stochastic weather 
simulations coupled to hydrological models (GRADE project: ~24,000 m3/s; Hegnauer et al., 2014; 
Hegnauer et al., 2015). We set up a 1D–2D coupled hydraulic model with reconstructed terrain and 
roughness as input to simulate the propagation of extreme discharge waves in the past landscape 
setting. Subsequently, we compare the output water levels with geological, geomorphological, 
and archaeological observations informing on minimum and maximum palaeoflood levels in the 
study area. In addition to calculating a Late Holocene millennial flood magnitude for the Lower 
Rhine river, this study demonstrates for the first time the potential and the difficulties of spatially 
continuous palaeoflood modelling in large lowland areas. At the least, such research requires (1) an 
accurate reconstruction of the river and floodplain, (2) a numerical model with a two-dimensional 
component, and (3) a collection of spatially-distributed palaeoflood levels.
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6.2	 Materials and methods

The overall ‘inverse modelling’ approach applied in this study comprises three major steps (Fig. 
6.2). The first step includes the reconstruction of the landscape, which encompasses floodplain 
topography, river position and bathymetry, and roughness values matching past land cover. Further, 
an inventory of palaeoflood levels was generated based on earlier geological and archaeological 
investigations. The second step consists of hydraulic modelling, using the past landscape as input. 
Next to terrain and roughness, the model set-up requires upstream and downstream boundary 
conditions, and a rasterization of the model area consisting of a 2D grid on the floodplain and 
1D profiles in the channels. Key to the ‘inverse modelling’ approach is that multiple model runs 
are conducted with discharge waves of increasing magnitude as upstream boundary condition. In 
the third step, the output of the successive model runs is compared to the inventory of palaeoflood 
levels. The match between observed and simulated flood levels (m) is used to evaluate the model 
output resulting from different peak flows (m3/s), thus constraining the maximum discharge that 
occurred in the studied period.

The upstream boundary of the model area is at river km 638 between Andernach and Bonn, 
Germany, where the Rhine changes from a bedrock-confined river to an alluvial meandering river 
in a terraced valley floor (Fig. 6.1). From here, the model area covers the entire floodplain of the 
Lower Rhine valley and the delta apex region. The downstream boundaries are placed at river km 
908 (Waal), km 912 (Nederrijn), and km 950 (IJssel), where the delta plain widens substantially and 
water level slopes of the river branches are influenced by tides (Kleinhans et al., 2011; Stouthamer 
et al., 2011). Laterally, the area extends up to the edges of the valley floor and delta plain, where 
the terrain steeply rises (Fig. 6.1), covering all fluvial geomorphological units of Holocene age and 
latest Pleistocene terrace surfaces. These lateral boundaries were selected to prevent simulations of 
hypothetically extreme floods from requiring additional outflow locations, even though realistic 
extreme floods did not inundate the full width of the area according to geological and historical 
evidence. In the present situation, the model area can be clearly subdivided into embanked 
floodplains along the river channels and flood-protected areas on the other sides of the dikes. 
Such a distinction cannot be made for early medieval times when dikes were not yet present and 
floodplains were much wider.

Fig. 6.2. Overview of the 
‘inverse modelling’ approach 
applied in this study.
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6.2.1	 Topography and bathymetry

The most important component of the model schematisation is the terrain, represented by a Digital 
Elevation Model (DEM) of the past situation: a palaeo-DEM. We used a recently produced 
reconstruction of the topography, river position, and channel bathymetry of the Lower Rhine valley 
and upper delta in early medieval times (circa 800 CE; Fig. 6.3). This palaeo-DEM was constructed 
by stripping a modern LiDAR DEM from all changes to the topography by anthropogenic 
activities (van der Meulen et al., 2020), after correcting for recent mining-induced subsidence 
(Harnischmacher and Zepp, 2014). In addition, the river position and channel bathymetry were 
reconstructed by combining available historical, archaeological and geological data, and the natural 
floodplain elevation along the river was restored using geomorphological interpolations (van der 
Meulen et al., 2020).

The early medieval target age of the palaeo-DEM predates any major direct modifications to 
the terrain by humans. Therefore, the distal floodplain topography is representative for the entire 
Late Holocene period up to late medieval times (van der Meulen, 2020). The proximal floodplain 
topography and river position are considerably more variable through time, but within the Late 
Holocene the fluvial style and channel dimensions of the Rhine have been fairly stable (Klosterman, 
1990; Erkens et al., 2011). Furthermore, local morphological change due to fluvial erosion and 
deposition likely did not alter the overall conveyance capacity for peak discharges at the scale of 
the entire valley. Similarly, indirect human impacts on the topography, most notably changes in 
sediment budget (Hoffmann et al., 2007; 2009; Middelkoop et al., 2010; Notebaert and Verstraeten, 
2010), affected the area during the Late Holocene, but probably hardly influenced the propagation 
of extreme discharge waves over the full model area. As precisely these extremes are the focus of 
our simulations and analyses, we regard the simulation results produced using the early medieval 
palaeo-DEM representative for older Late Holocene times.

6.2.2	 Hydraulic roughness

The next component of the model schematisation is hydraulic roughness, expressed as Manning’s 
n values. Vegetation distribution and land use are broadly known for early medieval times in the 
study area, but detailed constraints are scarce (Gouw-Bouman, in prep.). Therefore, we developed 
a simplified land cover reconstruction. We distinguished five landscape classes based on distance to 
the river and relative floodplain elevation (with respect to a second-order polynomial trend surface), 
each associated with different natural vegetation and land use characteristics, and hence different 
average hydraulic roughness values (Fig. 6.4; Table 6.1). We used standard values for different 
vegetation types (Chow, 1959) as starting point to assign n values to landscape classes based on 
their estimated overall land cover composition.

The areas located more than 5 m above the trend surface (high grounds, class H) were mostly 
covered by forest, resulting in high n values. Note that class H covers only a small area (Table 
6.1), because we cut off the model area where elevation significantly rises. The river itself (polygon 
obtained from palaeo-DEM, class R) consisted mostly of bare gravel and sand, resulting in low n 
values. The proximal floodplain (class P), which we defined as a 1-km-wide zone next to the river 
(Fig. 6.4), had dispersed riparian vegetation of the type modern floodplain-ecologists aim to restore 
(van Oorschot, 2017) and was assigned relatively high n values. Realistically, the width of this zone 
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greatly varied along the river and thus our definition is a major simplification. However, given the 
large study area, a detailed reconstruction was not feasible. The higher parts of the distal floodplain 
(class DH) were used most intensively for settlement and agriculture (Pierik and van Lanen, 2019), 

present

Late Holocene Fig. 6.3. LiDAR ground level 
DEM and palaeo‐DEM of 
model area around Cologne, 
Germany (modified from 
van der Meulen et al., 
2020). All anthropogenic 
modifications, such as 
embankments for roads 
and railroads, dump sites 
and quarry pits, have 
been removed, and the 
‘original’ topography has 
been restored by various 
interpolation techniques. 
The river position has been 
reconstructed by combining 
historical and archaeological 
sources with geological–
geomorphological insights. 
The extent of the figure is 
indicated in Fig. 6.1.
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and thus had little natural vegetation. Agricultural land in early medieval times consisted of smaller 
fields than today, with abundant hedges and local stands of trees. Therefore, we assigned higher n 
values to this class than used for agricultural land in models of present situations. The lower parts 
of distal floodplain (class DL) were, and still are, relatively wet and mostly used as meadows for 
grazing and hay production. In these areas, open grasslands prevailed, but locally swamp forests 
(carr) occurred as well (Gouw-Bouman et al., in prep). Grasslands have low n values, but the 
characteristically dense swamp forests have high n values. However, it is not possible to reconstruct 
the precise spatial distribution of grasslands and swamp forests within this zone. Overall, this class 
mainly consisted of grass; therefore, we assigned it low n values throughout the model area.

Besides average roughness values (nbest), we assigned lower (nmin) and upper estimates (nmax) 
to all classes, except for class H with its marginal occurrence (Table 6.1). The nmin and nmax were 
assigned to account for the uncertainties inherent in assigning roughness values (Chow, 1959; 
Warmink et al., 2013; Bomers et al., 2019a). All landscape classes, expect class R, consist of a 
mixture of relatively open and forested parts. Because of the co-occurrence of different vegetation 
types, Manning’s n values beyond the lower and upper estimates given in Table 6.1 are unlikely 

±
H
R
P
DH
DL

4 0 42 km

Fig. 6.4. Model area around 
Wesel, Germany, showing 
distribution of landscape 
classes. The abbreviations 
and Manning’s n values 
assigned to the different 
classes are given in Table 6.1. 
The extent of the figure is 
indicated in Fig. 6.1.

Table 6.1. Landscape classes and assigned Manning’s n values.
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to be correct for any Late Holocene situation. In the Rhine area, significant catchment-scale 
deforestation occurred since the Bronze Age circa 3.5 ka. There was a slight increase in natural 
vegetation cover in the Dark Ages around 1.5 ka, due to population decline and land abandonment 
following Roman times (Kaplan et al., 2009; Gouw-Bouman, in prep.). For these reasons, lower n 
values (between nmin and nbest) may be appropriate for Middle Holocene to early Late Holocene 
times, whereas higher values (between nbest and nmax) may be typical for Roman times and for late 
medieval times. We used the nbest values in the model runs, unless otherwise stated.

6.2.3	 Model set‐up

We set up a 1D–2D coupled hydraulic model in HEC-RAS (v. 5.0.3). The main channels of the 
Rhine river and its distributaries were schematised by 500-m-spaced 1D profiles, whereas the 
floodplains were discretised on a 2D grid with a resolution of 200 x 200 m (Fig. 6.5). Flexible 
grid shapes were used along the model domain boundaries and along the transition from reworked 
to inherited floodplain (van der Meulen et al., 2020; Fig. 6.5). Rectangular grid cells were used 
in the remainder of the model domain. The 1D profiles were coupled with the 2D grid using the 
weir equation. The weir coefficient was set to a value corresponding to overland flow to enable 
correct prediction of the flow transfer and to keep the model stable. We used the full momentum 
equations to solve the system, because these resulted in more accurate model results compared to 
the simplified diffusive wave equations.

The upstream boundary condition consists of a discharge time series (Fig. 6.6). An initial discharge 
of 1,000 m3/s was used in all runs to avoid a dry channel at the start of the simulations. We selected 
the two largest measured discharge waves as input. These are the floods of December 1925 / 
January 1926 (Bomers et al., 2019a) and January 1995. For the palaeoflood simulations, we used 
the shape of the 1926 discharge wave as a representative standard hydrograph, because it closely 
resembles the average of modelled extreme flood waves of the Rhine near Andernach (Hegnauer et 
al., 2014; 2015). By scaling this hydrograph, we obtained a series of input waves with different peak 

Upstream boundary condi�on: discharge wave

Downstream boundary condi�on: normal depth
1D-profile: main channel

2D-grid: floodplains

Fig. 6.5. Model set‐up of the 
1D–2D coupled hydraulic 
model on top of the palaeo‐
DEM. The close‐up, between 
Rees and Emmerich, 
visualises the nature of the 
1D–2D coupled grid.
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discharges, from 10,000 to 30,000 m3/s with intervals of 2,000 m3/s (Fig. 6.6). We simplified the 
discharge waves of the Lower Rhine tributaries Sieg, Ruhr, and Lippe to constant input values of 
250, 500, and 250 m3/s respectively. Normal depths were used as downstream boundary conditions 
at the locations where water can potentially leave the model domain (Fig. 6.5). These normal depths 
were calculated using Manning’s equation (Brunner, 2016).

In total, we conducted 15 simulations using the palaeoflood model set-up, one for each different 
peak discharge and two extra runs for both the 10,000 and 24,000 m3/s input waves using 
the minimum and maximum Manning’s n values for all classes (Table 6.1) to evaluate model 
sensitivity to roughness values. In addition to model runs on the Late Holocene pre-embanked 
landscape, we conducted model runs on the present landscape. For these we used a schematisation 
of river and floodplain geometry (‘Baseline’ dataset) provided by the Ministry of Infrastructure 
and Water Management (RWS) of the Netherlands and the Landesamt für Natur, Umwelt und 
Verbraucherschutz (LANUV) of North Rhine-Westphalia. The model set-up for the present 
landscape closely resembled the palaeoflood model set-up, but both the channel and the embanked 
floodplains were schematised by 1D profiles. The areas protected by embankments were discretised 
on a 2D grid (Bomers et al., 2019b).

6.2.4	 Evaluation of model output and palaeoflood discharges

As a first step in analysing the model output, we plotted maps showing maximum water depths 
for each simulation. We used these to extract the maximum inundation extent for each different 
input discharge. Next, we plotted the simulated water levels and discharges at seven approximately 
equally-spaced profiles across the model area (Fig. 6.1). From the amounts of water passing these 
locations (discharge per time step), we determined flood wave propagation. Further, we plotted for 
all profile locations the relation between input discharge and water level.

To determine the maximum discharge that occurred in the Late Holocene to early medieval 
time period, we compared the simulated flood levels to an inventory of observational data 
(Supplementary Table) that inform whether or not different locations in the area were flooded in 
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this period. We extracted these data from existing studies, most of which did not aim to reconstruct 
flood levels from their observations. The inventory consists of 96 flood level markers at 55 locations, 
spread throughout the study area (Fig. 6.1). The supplementary table gives for each location 
its coordinates, the exceeded (MinElev) or non-exceeded (MaxElev) level, its source type and 
references, and notes on the interpretation of the flood level. Identification and dating of MinElev 
(e.g. elevation of highest flood deposit) and MaxElev (e.g. lowest elevation of flood-free historic 
site) values were based on geological, archaeological, and historical sources, whereas corresponding 
elevations were mostly based on geomorphological indicators such as a nearby terrace surface level. 
The collected markers mostly date in the first millennium CE. The largest floods in this period 
are representative for the millennial flood magnitude in Late Holocene to early medieval times 
(Toonen, 2013; Cohen et al., 2016).

For each model run, we determined for all 55 locations whether minimum and maximum elevations 
were exceeded by the simulated local peak water level. In a theoretical ‘perfect match’ situation, 
the flood patterns produced by a certain peak flow exceed all MinElev points, but do not exceed 
any MaxElev points. A too low peak flow results in water levels not exceeding MinElev markers, 
whereas a too high peak flow results in water levels exceeding MaxElev markers. For each simulated 
discharge wave, we averaged the percentages of exceeded MinElev and non-exceeded MaxElev 
values as a simple measure for the goodness-of-fit between modelled and observed water levels. In 
this way, we used the complete inventory of MinElev and MaxElev values in the ranking of input 
discharges, increasing the confidence in our analysis and reducing the effects of potential errors in 
the observational data. This led to an optimal estimate for the millennial flood magnitude of the 
Lower Rhine system in Late Holocene to early medieval times.

6.3	 Results

6.3.1	 Inundation depth and extent

The effect of topography on flooded area is extensive. In the present landscape setting, an extreme 
flood such as that of January 1995 only inundates the embanked floodplains, amounting to about 
450 km2, given that no dike breaches occur (Fig. 6.7A). In contrast, a similar flood inundates about 
2,370 km2 in the pre-embanked landscape setting (Fig. 6.7C). Conversely, inundation depths are 
much higher in the flooded area between the embankments in the present situation (Fig. 6.7B) 
than in the past situation when overbank flow was unconfined (Fig. 6.7D).

The water depths in the pre-embanked landscape are generally larger in the upstream part of the 
model area than in the downstream part (Fig. 6.7C; Fig. 6.8). This is because elevation differences 
decrease in downstream direction, resulting in wider and relatively lower floodplains (Fig. 6.1). 
This is especially clear in the delta apex where the floodplain divides, circa 50 km upstream of the 
channel bifurcations (Fig. 6.8).

Both water depth and inundation extent increase with discharge (Fig. 6.8; Fig. 6.9). Interestingly, 
the increase in inundation extent is nearly linear for extreme discharges (Fig. 6.9). Most of the 
model area consists of a terraced valley, where additional surfaces flood with each step in simulated 
discharge, although water depths at the newly flooded locations are small. This is different in the 
present embanked situation, where the inundation extent ceases to increase when all areas between 
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embankments are flooded (Fig. 6.7A). Despite this terrace effect, the graph does not appear step-
wise (Fig. 6.9). The expected incremental trend is obscured due to the large size of the area (>4,500 
km2) with many small elevation differences and local terrace relief (Fig. 6.3).

When hydraulic roughness values are raised, the inundation extent increases (Fig. 6.9). The total 
spread in extent resulting from varying the roughness in all landscape classes between nmin and nmax 
is approximately 15%. This value is rather stable for different discharges, amounting to 15.5% for a 
peak discharge of 10,000 m3/s and 14.5% for a peak discharge of 24,000 m3/s (Fig. 6.9).
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6.3.2	 Flood wave propagation

Simulated peak discharges in the pre-embanked landscape remain remarkably constant along the 
Lower Rhine (Fig. 6.10). Retention in upstream parts of the area is apparently small and balanced 
by the discharge contribution of tributaries, indicating that nearly the complete floodplain conveys 
water downstream. The rise in water levels with discharge is largest in the upstream part of the 
study area (Fig. 6.11), which is related to the floodplain widening in downstream direction. An 
increase in peak discharge from 10,000 to 30,000 m3/s leads to a 1.5 to 3 m rise in maximum water 
levels in the river valley (Profiles 1 to 3 in Fig. 6.11), but less than 1 m in the delta (Profile 6 in Fig. 
6.11). Both extent and depth of inundation exhibit slightly declining (concave down) increasing 
trends with discharge (Fig. 6.9; Fig. 6.11), because flow velocities increase as water depths across 
the floodplain rise.

In all model runs, the westward route in the delta (Waal and Nederrijn rivers and associated 
floodplain) carries more water than the northward route (IJssel valley). The division ratio is 
approximately 2:1 for a 10,000 m3/s input discharge wave, but reduces to approximately 3:2 for 
18,000 m3/s (Fig. 6.10). For discharges lower than 10,000 m3/s (not the focus of this study), an 
increasingly larger share of the flood water takes the westward route. After approximately 6,000 
m3/s enters the model area at the start of the modelled time period in the 18,000 m3/s run, only 
one-fifth of total discharges flows northward (Fig. 6.10). The Q-h curve in the upstream part of the 
westward route (Profile 4 in Fig. 6.11; ‘Gelderse Poort’) is similar to those in the upstream (Profile 
5 in Fig. 6.11; ‘Oude IJssel’) and downstream (Profile 7 in Fig. 6.11; ‘IJssel’) parts of the northward 
route. However, in the downstream part of the westward route (Profile 6 in Fig. 6.11; ‘Betuwe’), 
the Q-h curve deviates and the rise in water level with discharge is significantly lower, owing to 
widening of the delta plain.

6.3.3	 Peak discharge values

The difference between pairs of MinElev and MaxElev values is about 3 to 5 m in the Lower 
Rhine valley and about 1 to 2 m in the delta (Supplementary Table). The elevations of the flood 
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level markers roughly exhibit an overall downstream gradient of 0.25 m/km measured along the 
valley axis (Fig. 6.12). The data show a large amount of spread, reflecting the variety of sources 
and uncertainty in their relation to palaeoflood levels (Supplementary Table). Somewhat in line 
with the observational data, the simulated water levels for large (10,000 m3/s) and extreme (30,000 
m3/s) discharges differ in general by about 2 to 3 m in the upstream part of the study area and by 
about 1 to 2 m in the downstream part (Fig. 6.12). This indicates that water levels are less sensitive 
to discharge in the downstream and delta parts of the study area, which is attributable to the wider 
floodplain in these areas.

The large spread in the observational data implies that for a simulated discharge some MaxElev 
values are already exceeded whereas some MinElev values are not (Fig. 6.12). For example, 
around Düsseldorf several MaxElev values plot below the model results of the 10,000 m3/s 
simulation. These markers mostly derive from ‘flood-free’ terrace levels (Supplementary Table), 
which apparently at this location may not actually represent a non-exceeded elevation for the 
very largest floods that occurred. On the other hand, the MinElev values at some other sites plot 
disproportionally high, for example near Arnhem (Fig. 6.12), where archaeological observations 
provided flood markers (Supplementary Table). Despite these uncertainties, we still trust the 
robustness of the comparison step in our approach as it employs the complete inventory consisting 
of a large amount of markers obtained over a large area and derived from various sources and 
various types of sources.

Obviously, the larger the discharge, the more elevation markers are exceeded by simulated water 
levels. Ideally, for the maximum flood that occurred, all MinElev values would plot above the 
modelled-observed 1:1 line and all MaxElev values below it (Fig. 6.13). However, this result 
is complicated by the spread in elevation marker data and by the relatively small sensitivity of 
water level to discharge, especially in the downstream part of the study area, and presumably also 
by inaccuracies and simplifications in model input and numerical calculations. For the smallest 
simulated extreme discharge (10,000 m3/s), the flood water levels already exceed more than half 
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MinElev values, but hardly any MaxElev values (Fig. 6.13A). This indicates that the lower end 
of our simulations realistically occurred. For the largest simulated discharge (30,000 m3/s), the 
flood water levels exceed all but a few MinElev and MaxElev values (Fig. 6.13B), indicating that 
the upper end of our simulations surpasses the largest floods that actually occurred in the Late 
Holocene.

To determine which simulated discharge best matches the observational data, we calculated the 
percentages of exceeded MinElev and non-exceeded MaxElev values for each simulation, and used 
the average of these as a measure for the goodness-of-fit between modelled and observed water 
levels. This combined value peaks at a discharge of 14,000 m3/s and drops considerably above 
18,000 m3/s (Fig. 6.14). Thus, our results suggest a millennial flood magnitude around 14,000 
m3/s. Simulations with larger input discharges increasingly exceed the upper limits defined by 
observational data, and our results strongly suggest that floods exceeding 18,000 m3/s did not occur 
in the period under investigation.

6.4	 Discussion

6.4.1	 Late Holocene flooding patterns in the Lower Rhine valley and upper delta

Comparing flood simulations for past and present landscape settings allows to quantify combined 
effects of landscape changes and engineering impacts on flood characteristics (Bronstert et al., 
2007; Remo et al., 2009). In the past, discharge wave propagation along the undivided Lower 
Rhine river took circa two days (Fig. 6.10), which is remarkably similar to present floods (Hegnauer 
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et al., 2014; Serinaldi et al., 2018). Large amounts of water flowed over the floodplain (Fig. 6.7, Fig. 
6.8), but did not cause a downstream decrease in peak discharge up to the delta (Fig. 6.10), because 
floodplain connectivity was high (van der Meulen et al., 2020). At present, upstream flooding can 
reduce the discharge peak as flood water is stored in embanked areas with up to 4,000 m3/s between 
Bonn and Wesel for extreme floods (>12,000 m3/s; Hegnauer et al., 2015). Peak flow attenuation 
in the main river channel reduces the risks along downstream reaches (Lammersen et al., 2002; 
te Linde et al., 2010; Skublics et al., 2016). Although the floodplains along the Lower Rhine are 
currently seen as retention basins in flood risk management, these areas hardly served as such in the 
past situation and instead contributed to discharge routing.

In the Lower Rhine delta apex, the floodplain splits into two distributive systems (Fig. 6.1), 
resulting in a larger area for floodwater dispersal than in the Lower Rhine valley. In the present 
situation (Fig. 6.7A), the water diverges where the river bifurcates, close to Lobith. However, in the 
past situation (Fig. 6.7C), floodwater diversion occurred considerably further upstream, close to the 
city of Wesel. Current river management in the Netherlands mainly accounts for water entering 
the country near Lobith, but potential dike breaches in the German-Dutch border region and 
consequent floodwater diversion upstream of the river bifurcation can greatly affect the discharge 
distribution of the Rhine river branches (Parmet et al., 2001; te Linde et al., 2011; Bomers et al., 
2019b). Our palaeoflood simulations underline this often overlooked importance of the delta apex 
area in flood risk analyses.
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6.4.2	 Palaeoflood magnitudes in the Lower Rhine valley and upper delta

Our ‘inverse modelling’ approach has enabled us to translate geological, archaeological and 
historical data on past flood levels into discharge values (Fig. 6.2; Figs. 6.12 to 6.14). Comparison 
of the palaeoflood simulations with observational data suggests a Late Holocene to early medieval 
millennial flood magnitude lower than 18,000 m3/s, most probably around 14,000 m3/s. This value 
is larger than any measured flood in the instrumental record (approximately 12,000 m3/s in 1925-
1926 CE). Accordingly, a peak discharge of 14,000 m3/s is our best estimate for the geologically-
recognised event in 785 CE (Toonen, 2013; Cohen et al., 2016) as well as for the flood cluster 
episode (cf. Toonen et al., 2017) that is dendrologically identified (Sass-Klaassen and Hanraets, 
2006; Jansma, 2020) and that is thought to have initiated the IJssel northward deltaic branch in 
the sixth to seventh century CE (Makaske et al. 2008; Cohen et al., 2009; Groothedde, 2010). Note 
that the IJssel river channel is absent in the palaeo-DEM and model schematisation, as it had not 
matured before late medieval times (circa 1100 CE).

In late medieval times, the sedimentary record reveals one event of greater apparent magnitude 
than any in the millennia before (Toonen, 2013; Cohen et al., 2016). This event is linked to the 
year 1374 CE, which is also recognised in historical sources as a year of extreme water levels and 
major flooding damage along the Lower Rhine (Weikinn, 1958; Gottschalk, 1971; Buisman, 1996). 
A cross-sectional calculation of the 1374 CE event near Cologne by Herget and Meurs (2010) 
resulted in an estimated peak discharge of almost 24,000 m3/s (18,800 m3/s < Q < 29,000 m3/s). 
Our findings suggest that only the very lower end of that estimate may be realistic, even though the 
event is outside the period covered by our simulations as it postdates embankment in downstream 
parts of the study area. Future reconstruction and modelling efforts are underway to specifically 
address the magnitude of the 1374 CE flood.

In the study area, embankments and other river management works are currently designed to 
accommodate peak discharges with recurrence times varying from hundreds to thousands of years, 
with differences between German and Dutch safety standards (te Linde et al., 2011; Hegnauer et 
al., 2015). The associated peak discharge has been set to 16,000 m3/s at Lobith after the Lower 
Rhine flood of 1995 (Chbab, 1996). Although this value is subject of discussion and the newly 
adopted risk approach no longer identifies a single peak flow as standard (Deltacommissie, 2008; 
van Alphen, 2016), the design discharges in the German-Dutch border region exceed our estimate 
of 14,000 m3/s for the millennial flood in the Lower Rhine river system. However, this does not 
necessarily imply that the current flood protection standards are too high, because the safety 
recurrence period set for some dike sections exceeds the time period spanned by the Late Holocene. 
Furthermore, changes in landscape significantly affect discharge routing (Section 6.4.1) and likely 
influence the magnitude of peak discharges. In addition, our methods cannot account for the 
aggravating effects of future climate change on the magnitudes and recurrence times of millennial 
floods.

6.4.3	 Additional applications of model output

The model output supports our understanding of geological and geomorphological characteristics 
of the study area. For example, the coarsening of the river sediment since the onset of embankment 
(Frings et al., 2009) can be explained by the larger water depths and flow velocities that arise when 
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flood waters are concentrated between embankments (Fig. 6.7). The principle of constraining 
simulated discharges by observational data such as flood deposits can be applied the other way 
around, i.e. the model output provides the potential extent of Rhine flood deposits. For example, 
a Late Holocene clay cover is expected at topographic levels about 1 m below the maximum water 
level in the 14,000 m3/s (millennial flood) simulation. Future modelling efforts may incorporate 
sediment transport and morphological processes to explain overbank deposition patterns in 
the natural landscape setting, such as oxbow lake infilling (Toonen et al., 2012; Ishii and Hori, 
2016) and natural levee formation (Pierik et al., 2017; Johnston et al., 2019). However, modelling 
floodplain sedimentation in detail is largely limited to local studies for present landscape situations 
(Middelkoop and van der Perk, 1998; Nicholas et al., 2006; Thonon et al., 2007). 

The palaeoflood model can contribute to palaeoecological research as vegetation types are related 
to number of inundation days per year in lowland river areas (van Oorschot, 2017; Gouw-Bouman 
et al., in prep.). Resulting land cover reconstructions may in turn be used to iteratively improve 
the currently oversimplified distribution of roughness classes (Fig. 6.4). Varying the roughness 
values did not introduce excessive uncertainty (Fig. 6.9), which is similar in palaeoflood studies 
applying 1D models (Machado et al., 2017). More extensive sensitivity analyses (Abu-Aly et al., 
2014; Papaioannou et al., 2016; Bomers et al., 2019a) may focus on changing the roughness values 
of individual classes independently, stochastically varying the distribution of land cover within 
different classes (P, DH, DL), or changing the spatial definitions of the classes (Table 6.1, Fig. 
6.4). Such additions may not only improve the palaeoflood model, but also contribute to improved 
understanding of natural vegetation patterns and early historical land use in the Lower Rhine 
region.

Insights into past flood extents and maximum water levels are valuable to test hypotheses in 
archaeological and historical research, for example regarding the preservation of auxiliary forts 
of the Roman Limes (first century BCE to third century CE) in relative proximity to the Lower 
Rhine. Long-known major sites of the Roman military border including legionary camps and 
urban centres (e.g. Cologne, Neuss, Xanten, Nijmegen; Fig. 6.1) and the main connecting road 
were founded on terrains just outside floodable areas (thus providing MaxElev values for this study; 
Supplementary Table), which is similar in other parts of the Roman Empire (Obrocki et al., 2020; 
O’Shea and Lewin, 2020). Smaller Roman military installations including fortlets and watchtowers 
(e.g. Haus Buergel, Till-Moyland, Herwen) were located closer to the rivers. These sites are 
presently conserved within a top soil that incorporates flood deposits of post-Roman age (thus 
providing MinElev values for this study). Their archaeological significance and conservation are 
receiving increased attention in light of pending UNESCO cultural heritage status. Flooding may 
have been both a taphonomic factor affecting preservation and an archaeological factor affecting 
post-Roman land use and settlement continuity.

The upper delta and especially the Betuwe area (between the Waal and Nederrijn rivers) flooded 
rapidly in all palaeoflood simulations, before arrival of the discharge peak. This explains the 
habitation patterns that occurred in the first millennium CE, which were mostly limited to former 
natural levees (Pierik and van Lanen, 2019). Further, it illustrates the importance of ‘zijdewendes’ 
(local dikes perpendicular to the river), which were constructed already prior to dikes along the river 
and have continued to play a role in flood mitigation (van de Ven, 1993; Alkema and Middelkoop, 
2005).
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6.4.4	 Modelling advancements in palaeoflood hydrology 

Our study shows that upscaling palaeoflood reconstructions to multiple dimensions provides 
important information that cross-sectional or longitudinal approaches cannot resolve (Webb 
and Jarrett, 2002; Baker, 2008, Benito and Díez-Herrero, 2015). Models with a 2D component 
can account for spatial flow patterns, such as velocity and direction (Tayefi et al., 2007; Liu et al., 
2015). Especially in a delta setting, the incorporation of multiple dimensions is crucial, as discharge 
diversions can otherwise not be properly resolved. Another aspect not incorporated by 1D models 
is that the maximum water level is rarely horizontal in a direction perpendicular to the main flow. 
The two-dimensional nature of flood flows may cause some deposits to be placed above the cross-
sectional average water surface, resulting in an often ignored inaccuracy factor in palaeoflood 
studies (Benito and O’Connor, 2013). This offset is significant (up to 1 m; Fig. 6.7D) and thus 
relevant when comparing observational levels to simulated output (Fig. 6.12). 

A major benefit of 1D–2D modelling compared to cross-sectional 1D analyses (Herget and Meurs, 
2010; Toonen et al., 2013; Herget et al., 2014) is that not only the peak discharge, but also the 
shape of the discharge wave may be varied (Fig. 6.6). This is important in palaeoflood research, since 
hydrograph characteristics such as volume affect the flooding patterns and water levels (Vorogushyn 
et al., 2010; Bomers et al 2019c). Choosing a discharge wave requires identifying a shape that is 
representative for an extreme flood in the river system under study, as we did in Section 6.2.3.

Besides the reconstructed landscape and selected hydrograph, future research may focus on the 
resolution and shape of the model grid (e.g. Caviedes-Voullième et al., 2012; Costabile et al., 2020). 
We decided on an optimal coupled grid with 1D profiles in the rivers and 2D cell rasters over the 
floodplains. Comparable set-ups were used to model recent flood events of the Po river in 1951 
(Masoero et al., 2013) and 2005 (Morales-Hernández et al., 2016), demonstrating good agreement 
between modelled and observed inundation extents and timing. Effects of different grid sizes and 
shapes may be tested in a meaningful way by further aligning the grid to geomorphological features 
(Fig. 6.5). Such detailed work, similar to the suggested studies into the floodplain geology of the 
area and human-landscape interactions related to past flood hydrology (Section 6.4.3), warrant 
abundant further research.

Due to its large size, the study area (Fig. 6.1) covers different geomorphological settings, which 
respond differently to extreme floods. An increase in discharge results in a larger water level rise in 
the valley than in the delta (Fig. 6.11). This is related both to the lowering of the gradient and to 
differences in cross-sectional morphology (visualised in Fig. 6.12). Because of this low sensitivity 
of water level to discharge, determining palaeoflood magnitudes from geological or historical 
observations alone, without the use of a two-dimensional model, is practically impossible in a delta 
setting. The results further indicate that geological-geomorphological, archaeological and historical 
inferences on past flood levels show a large range in values and may contain significant errors (Fig. 
6.13), and thus cannot individually constrain palaeoflood magnitudes in alluvial settings. Instead, 
such analyses require a collection of many observational points, as we used in this study (Fig. 6.1; 
Supplementary Table). This again implies that accurately constraining palaeoflood magnitudes in 
lowland settings demands two dimensions, not only the hydraulic calculations but also the other 
steps in the ‘inverse modelling’ approach (Fig. 6.2), including the comparison between model 
output and observational data.
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6.5	 Conclusion 

We substantially expand upon previous palaeoflood modelling approaches by making the step to 
spatially continuous 1D–2D coupled modelling of past floods in the large and dynamic Lower 
Rhine valley and upper delta. Major effects of landscape changes, notably anthropogenic elements, 
on flooding patterns necessitates reconstruction in palaeoflood modelling of lowland rivers. 
Moreover, 2D approaches account for variations in flood water levels in directions perpendicular to 
the main channel, significantly reducing the risks of incorrect correlations between observed flood 
markers and simulated flood levels, particularly for distal floodplain sites. In addition to resolving 
past floods, 2D palaeoflood modelling can substantially support further geological, archaeological, 
historical and palaeoecological studies.

A large discharge increase in the delta causes only a small increase in water level, which complicates 
the comparison between flood markers and model output. We have solved this issue by providing 
a large dataset (96 points at 55 locations) of various observational data, which do not indicate 
precise maximum flood levels, but exceeded or non‐exceeded elevations at critical locations just 
within or outside of flooding range. According to our results, the largest floods of the Lower 
Rhine that occurred in the Late Holocene up to medieval times (before the first embankments) 
had a peak discharge lower than 18,000 m3/s, with a best estimate of 14,000 m3/s. This millennial 
flood magnitude is larger than the most extreme measured discharge in the instrumental record, 
but lower than the magnitudes accounted for in flood risk management of the modern, engineered 
Rhine.
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Chapter 7

Synthesis
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How many PhD students does it take to change a lightbulb? Only one, but it takes four years.

uncredited
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7.1	 Floods of the past

Determining magnitudes of past extreme floods is important, because it contributes to fluvial 
system understanding and flood risk assessments (e.g. Benito et al., 2020; Liu et al., 2020; St. 
George et al., 2020). Natural archives used for palaeoflood reconstruction are usually fluvial, 
although recently other types of archives have been explored such as speleothems and tree rings 
(e.g. Ballesteros-Cánovas et al., 2015; Denniston and Luetscher, 2017; Wilhelm et al., 2018; 
Jansma, 2020). However, when it comes to large rivers, such as the Rhine, fluvial sediments and 
historical records are most suitable to obtain past flood magnitudes (Wilhelm et al., 2019).

The majority of palaeoflood studies have focused on geomorphologically stable confined fluvial 
settings, altough the alluvial reaches of most rivers are more densely populated and more at risk 
to flooding. In such lowland areas, sediment records in floodplain lakes have provided frequencies 
and relative magnitudes of past floods (Werritty et al., 2006; Cremer et al., 2010; Jones et al., 2010; 
2010a; Toonen et al., 2015; Minderhoud et al., 2016; Fuller et al., 2018; Munoz et al., 2018; Peng 
et al., 2019; Toonen et al., 2020). However, the recorded events have to be calibrated to more recent 
events in the same series to arrive at absolute discharge estimates, which introduces significant 
uncertainties. Moreover, flood series based on sedimentological indices cannot in themselves 
account for changes in the landscape context, which further complicates the extraction of absolute 
magnitudes from such records (see discussion in Toonen et al., 2020). The approach applied in this 
thesis circumvents both of these problems, as it includes landscape reconstruction, and quantifies 
past floods from reconstructed water levels similar to traditional palaeoflood research approaches 
developed in confined fluvial settings (e.g. Kochel and Baker, 1982).

According to a recent review of palaeoflood research, “the principal sources of error are (1) the 
assumption that present channel geometry represents the channel conditions at the time of flooding 
and (2) an underestimate of the palaeodischarge due to the unknown level of the floodwaters above 
the palaeostage indicator” (Benito and Díez-Herrero, 2015). In downstream lowland areas, such as 
the Lower Rhine valley and delta, these sources of error are even more problematic than in confined 
upstream reaches. Thus, both had to be extensively addressed in the Floods of the Past, Design for the 
Future project (Chapter 1). Since the first assumption of landscape stability certainly does not hold 
for the Lower Rhine region at time scales above a few decennia, I created detailed reconstructions 
of channel and floodplain geometry (Chapters 4 and 5). To address the second issue of water levels 
above depositional indicators of past floods, I obtained detailed constraints on flood heights from 
raised grounds in urban archaeological contexts (Chapter 2), and applied combinations of exceeded 
and non-exceeded elevations to constrain palaeoflood model output (Chapter 6).

7.2	 Main findings

This thesis isolates the three research steps that are typical for quantitative palaeoflood studies, 
namely flood level reconstruction, landscape reconstruction, and discharge calculation. Each step 
is conducted to an unparalled extent for the large and dynamic Lower Rhine valley and delta (Fig. 
1.1). A major innovation concerns the spatial coverage, as my research produced two-dimensional 
results in each step, whereas earlier studies (those involving flood level reconstructions as well 
as those based on proxy record time series) generally concentrate on only one or a few sites (see 
overviews in Wilhem et al., 2018; 2019; Benito et al., 2020; Toonen et al., 2020).
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7.2.1	 Flood level reconstructions

The first objective of this research was to determine the water levels reached during the largest 
floods of the Lower Rhine in Late Holocene to historic times. I used both natural and historical 
archives to achieve this. The thesis provides flood level inventories for the Late Holocene period up 
to the last millennium (about 50 locations spread across the Lower Rhine valley and upper delta; 
Chapter 6), for the millennial flood event in 1374 (about 10 locations spread across the Rhine delta; 
Chapter 2), and for the largest floods since the late sixteenth century (about 50 locations spread 
across the Rhine delta; Chapter 3).

Past flood levels can be obtained from various sources, depending on the targeted time period (Fig. 
7.1). Instrumental measurement records provide direct observations of water levels, but only date 
back to around 1800 along the Lower Rhine and its distributaries, which is already far back in 
time compared to what is available for most other river systems. Historic water level measurements 
are often considered reliable (e.g. Toonen, 2015), but a comparison to flood mark elevations 
suggests that measured peak levels in the nineteenth century may be off by up to 1 m (Chapter 3). 
Presumably, the inaccuracies in measurement records are insignificant when applying yearly average 
water levels in hydrological analyses, but they should be taken into account when specifically 
extracting peak levels for analyses of extreme floods. Epigraphic marks not only serve as a check on 
measured water levels for the largest events, but also extend the record back in time by about two 
centuries (Fig. 3.23). Maximum water levels in the central delta gradually rose up to circa 1850 and 
then dropped, demonstrating a significant influence of river normalisation on flood levels.

In addition to measurement records and epigraphic marks, historical descriptions and geological or 
archaeological data can be used to determine past flood levels (Fig. 7.1). Major floods are, similar 
to other disasters, often mentioned in documentary sources such as chronicles and newspapers (e.g. 
Buisman, 1995–2019; Brázdil et al., 2006). These mentions are usually biased to large events and 
large river basins (e.g. Kjeldsen et al., 2014; Wetter et al., 2017), which works out well considering 
the focus of this thesis. Historical descriptions are only suitable for flood level identification when 
they describe the maximum water level with respect to a landmark, and the mentioned level may be 
unreliable (Chapter 2). Geological observations, on the other hand, provide objective indicators of 
past flood levels. However, deriving maximum water levels from flood deposits requires quantifying 
elevation differences between deposits and water surfaces, which is often uncertain and varies with 
hydraulic setting (e.g. House et al., 2002; Jarret and England, 2002; Benito et al., 2003; 2004; Guo 
et al., 2017). Based on medieval raised ground levels in archaeological stratigraphy, the elevation 
difference between the highest-occurring flood deposits and the maximum water surface at the 
time amounts to about 1 m in the Rhine delta (Fig. 2.5; Fig. 2.10). Furthermore, the uncertainty 
regarding this difference can be circumvented in modelling by applying both minimum (exceeded) 
and maximum (non-exceeded) elevations at multiple locations (Appendix C).

7.2.2	 Landscape reconstructions

The second objective of this research was to reconstruct the landscape context in which past 
extreme floods occurred. The thesis provides realistic reconstructions of river morphology before 
normalisation in the Rhine delta (Chapter 4) and floodplain morphology before embankment in 
the Lower Rhine valley and upper delta (Chapter 5). 
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In this part of my research, I distinguished between the river (position and bathymetry) and the 
floodplain (topography), because these ask for disparate reconstruction strategies (Fig. 7.1). The 
interpolative techniques deployed for most of the floodplain (Fig. 5.5; Fig. 5.6) are of no use in 
reconstructing channel geometry. Furthermore, the timing of the main alterations differs between 
the river and the floodplain. The largest changes to the river channels that affected flow dynamics 
occurred in the nineteenth century, during the process of normalisation (e.g Kalweit et al., 1993; van 
Heezik, 2007; Hudson et al., 2008), while the largest changes to the floodplain that affected flow 
patterns occurred much earlier, in medieval times when the first embankments were constructed 
(e.g. van de Ven, 1993; Tol and Langen, 2000; Hesselink, 2002).

For the Rhine river branches in the Netherlands, the re-discovered nineteenth-century systematic 
depth measurement data enabled a reconstruction of the semi-natural bathymetry at unprecedented 
detail (Chapter 4). These results are essential to numerical simulations of historic flood events, as 
was demonstrated for the 1809 casus (Bomers et al., 2019). Importantly, the bathymetry was not 
only expressed as relative elevations with respect to the water surface, but also as absolute elevations 
with respect to NAP (Appendix B). For the Lower Rhine region in Germany, the recently available 
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high-resolution LiDAR ground level DEM enabled the GIS operations required for palaeo-DEM 
construction (Chapter 5). The first operation was to strip all anthropogenic terrain elements from 
the DEM, including road and railroad networks, which often act as flow barriers in the landscape 
(e.g. Alkema and Middelkoop, 2005; Blanton and Marcus, 2009; Kumar et al., 2014). This was 
followed by restorative interpolations to the proximal floodplain and adding river position and 
bathymetry reconstructed from existing historical geographical and geological datasets (Chapter 
5). Overall, the terrain reconstruction strategies strongly correlate to the geomorphological and 
hydrological properties of the landscape (Fig. 7.2).

The pre-embanked floodplain topography is generally very realistic in the palaeo-DEM (Fig. 5.9), 
but the channel bathymetry is somewhat more schematic. It does not include bars, although these 
were present in the Rhine up till the mid-nineteenth century (Fig. 4.5; Fig. 4.11). However, proper 
reconstruction of river bars in a medieval or older DEM is impossible, because the preservation of 
such features in the geological-geomorphological record is poor. For modelling purposes, bars may 
be implemented stochastically, placing them in the river in a pattern similar to the situation around 
1835 (Chapter 4). In that case, the results would not serve as a scientific reconstruction, but as a 
first step in numerical analyses of palaeoflood model sensitivity to river landscape features. 

7.2.3	 Discharge calculations 

The final objective of this research was to simulate the largest past floods in order to determine  
the associated discharge magnitudes. This was achieved in a modelling case study of an early 
nineteenth-century flood in the Rhine delta (Chapter 4) and in a comprehensive analysis of flood 
magnitudes in the Late Holocene before river embankment across the entire Lower Rhine valley 
and upper delta (Chapter 6).
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Fig. 7.2. Schematic cross-section of an alluvial river valley with terrain reconstruction strategies 
(above) related to the geological-geomorphological setting (below) and overall Late Holocene 
flooding regime (middle).
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The study in Chapter 6 differs from ‘traditional’ palaeoflood modelling studies on several fronts 
due to the geomorphological context. Large and dynamic alluvial settings such as the Lower Rhine 
region are more demanding than incised river reaches in all steps of the palaeoflood research (red 
bars in Fig. 7.3), but are important to study given the nowadays major consequences of flooding in 
these often densely populated and flood-prone lowland regions (green bars in Fig. 7.3). 

Especially in delta settings, palaeoflood hydraulic calculations require taking into account more 
than one dimension in order to resolve spatially complex overland flow patterns and discharge 
division over different river branches. In confined settings, 1D calculations suffice, although 2D 
models may still be beneficial (e.g. Denlinger et al., 2002). 

Because the Lower Rhine valley and delta are geomorphologically dynamic and intensively utilized, 
resulting in both natural and anthropogenic alterations to the terrain, any palaeoflood calculations 
demand extensive landscape reconstruction (Fig. 7.3). Earlier palaeoflood studies that accounted for 
landscape instability limited their efforts to local cross-sectional reconstructions (e.g. Herget and 
Meurs, 2010; Toonen et al., 2013; Machado et al., 2017), whereas I created complete, i.e. spatially 
continuous, reconstructions for a large river system (Chapters 4 and 5).

An increase in discharge leads to a considerably larger rise in water level in a valley setting than 
in a delta setting (Fig. 6.12). The lowered sensitivity of water level to discharge complicates the 
assessment of palaeoflood magnitudes in laterally extensive fluvial settings (Fig. 7.3). 

While the issues of landscape instability and model complexity can be solved by dedicated 
investments of effort and expertise, the issue of water level sensitivity is not ‘solvable’. However, it 
can be accounted for by improving the precision of water level reconstructions (Chapter 2) and by 
incorporating large numbers of palaeoflood level observations (Chapters 3 and 6). Still, the issue of 
water level sensitivity is the main limiting factor to applying palaeoflood discharge calculations even 
farther downstream (Fig. 7.3). 

7.3	 Next steps

The palaeo-DEM construction and palaeoflood simulation in this study largely focused on the time 
period before embankment (Chapters 5 and 6). To simulate floods that occurred in more recent 
times, the research should involve reconstructing former dike dimensions and dike breach locations. 
By focusing on the pre-embanked period, I avoided this complicating factor. Still, I obtained 
peak flood levels for the period after embankment (1342, 1374, 1595 onwards) to enable future 
simulations of the largest historic floods in this period. Especially the 1374 flood event, with an 
estimated return period >>1000 years, calls for further quantification (Chapter 2).

The 1374 flood magnitude has been estimated at 23,800 m3/s based on a cross-sectional calculation 
in Cologne (Herget and Meurs, 2010), although a value around 18,000 m3/s has been deemed more 
likely (van Doornik, 2013; Toonen et al., 2016). Sedimentary records from oxbow lake deposits in 
the delta apex suggest an even lower peak magnitude of ‘only’ 15,500 m3/s, although this lower 
value may in part be related to the more downstream position of the sites compared to the location 
of Cologne (Toonen, 2013). Based on all available evidence, the 1374 flood magnitude is rather 
poorly constrained between 14,000 m3/s (Late Holocene millennial flood discharge; Chapter 6) 
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and 29,000 m3/s (upper end of uncertainty band for the cross-sectional calculation in Cologne; 
Herget and Meurs, 2010). Future work involving a multi-dimensional palaeoflood analysis can 
provide a more accurate and precise estimate, using the maximum flood levels presented in Chapter 
2 and the palaeoflood model set-up presented in Chapter 6, after adjustments to the landscape 
context presented in Chapter 5.

The outline for adapting the palaeo-DEM to other time periods (Fig. 5.12; Fig. 7.1) enables 
the construction of a late medieval DEM with relative ease. In addition, the late medieval river 
position can be extracted from early historic river maps (e.g. Fig. 4.1; Fig. 4.2; Fig. 4.3; Fig. 4.4; 
Overmars, 2020). However, additional model sensitivity tests may be prioritised before further 
landscape reconstruction. Chapter 6 provides suggestions for such tests (e.g. roughness distribution, 
hydrograph characteristics, model schematization). Simulations of the 1374 flood may apply a 
discharge wave shape conforming to historical mentions, which describe a prolonged period of high 
water levels with three peaks occurring in early January, late January, and mid-February (Buisman, 
1996; Herget and Meurs, 2010). Furthermore, an optimal calculation of the discharge asks for 
as many local flood level reconstructions as possible. This too may be prioritised before extended 
landscape reconstruction. Building on the findings in Chapter 2, future archaeological research may 
identify additional medieval extreme flood signatures (thin flood deposits and thick raised grounds) 
in German and Dutch river cities along the floodplains of the Lower Rhine, leading to the large 
dataset that is required for model validation in a lowland setting.

7.4	 Design for the future

Reconstructing floods of the past is not only of scientific importance, but also of societal relevance. 
Most importantly, it contributes to assessments of current and future flood risks. In fact, this was 
the primary motivation behind the research project (Chapter 1). Estimates of annual probabilities 
of extreme floods are often hampered by major statistical uncertainties, which can be reduced by 
incorporating past events (Cohen and Lodder, 2007; Toonen, 2013; Bomers, 2020).

Palaeoflood research has been applied in various river systems to test whether recent extreme events 
are of unique magnitude (e.g. Sanderock et al., 2005; Brázdil et al., 2006a; Sheffer et al., 2008; 
Blöschl et al., 2013; Elleder et al., 2013; Cloete et al., 2018). In the case of the Lower Rhine river, 
my research shows that the largest measured discharges have been exceeded in the past millennia 
(Chapter 6). This confirms earlier results based on sedimentary records from floodplain lakes in the 
delta apex (Toonen, 2013; Cohen et al., 2016; Toonen et al., 2016). Note however that maximum 
water levels of the most extreme floods in medieval times did not exceed water levels observed in 
the instrumental period in the central delta (Table 2.1). This apparent contradiction is caused by 
different flooding patterns arising from major changes in the landscape context (Fig. 2.11; Fig. 6.7), 
and stresses the importance of terrain reconstructions in lowland palaeoflood research.

The reference point for fluvial hydrological research and flood risk management in the Netherlands 
is the gauging station near the town of Lobith (e.g. Silva et al., 2001). From a palaeoflood 
perspective, this makes little sense. Instead, a point near the city of Wesel in Germany (~40 km 
upstream of Lobith) would be a better choice, because the floodplain divided near this city and 
so did the water that flowed over the floodplain during past extreme events (Fig. 5.11; Fig. 6.8). 
Furthermore, the shape and magnitude of the flood wave passing at Wesel still resembled that in 
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the upstream part of the valley (Fig. 6.10), which may allow for potential simplifications related to 
discharge wave attenuation in palaeoflood hydraulic analyses.

Flood protection standards are high across the study area, although the recurrence interval of the 
flood that is used to design embankments varies, with lower intervals for crucial dike sections in 
the delta (annual exceedance probabilities of 1/1,000 yr−1 and lower; e.g. Kind, 2013; Klijn et al., 
2015; Slomp, 2016; Slootjes and van der Most, 2016; van Alphen, 2016). It is difficult to accurately 
assess the discharge of a flood with such a large return period. We do not want to underestimate 
this ‘design discharge’ for obvious reasons. However, overestimation is also undesirable, because 
the economic and other consequences (ecology, cultural heritage) of river management are high. 
While the choice of a recurrence interval largely derives from policy decisions, the determination of 
the associated discharge is an applied scientific problem. Since both the accuracy and the precision 
of frequency–magnitude relations can improve by incorporating historic floods (e.g. Parkes and 
Demeritt, 2016; Lam et al., 2017a; Schendel and Thongwichian, 2017; Bomers et al., 2019c; 
Reinders and Muñoz, 2021), my results may contribute to future efforts of constraining sizes and 
uncertainties of design discharges for the study area. 
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Next to improving risk assessments, studies into past extreme floods (events that actually occurred 
instead of abstract extrapolations) can serve to raise public awareness. History shows that societal 
and political interest toward river floods mainly occurred directly following extreme events (e.g. 
van de Ven et al., 1995). This was also the case in medieval times, when grounds were raised 
in cities along the river shortly after an extreme flood (Chapter 2). Even in recent times, flood 
protection has been mostly reactive. This is illustrated by the Room for the River program that 
was set up directly following the high water events in late 1993 and early 1995 (e.g. Rijke et al., 
2012; Straatsma et al., 2017; Berends et al., 2019). Improved understanding of past extreme floods 
may help to shift from a dominantly ‘post-disaster’ reactive approach to a more proactive approach, 
stimulating investments in research and flood protective measures during decades with no threats of 
extreme high water conditions. Public support can invigorate from the “common-sense recognition 
that what has actually occurred in the past could happen again” (Wilhelm et al., 2019). This may be 
achieved especially by visual results, such as the natural and anthropogenic flood marks (Chapters 2 
and 3) and the palaeoflood model output (Chapter 6).

7.5	 Concluding remarks 

The central objective of my research was to quantify past extreme floods of the Lower Rhine. 
To approach this problem as good as possible, I integrated various methods and disciplines 
(Fig. 1.2). As a result, the thesis as a whole as well as some of the individual chapters combine 
physical geography and geology with archaeology and historical geography to answer an ultimately 
hydrological question. Multidisciplinarity is increasingly being recognized as very important in 
palaeoflood hydrological research (Woodward et al., 2010; Fontana et al., 2020a), and this thesis 
underlines that idea. 

The successive chapters explore various methodologies and create multiple data products. The main 
products deriving from this thesis are flood level inventories (for Late Holocene to early medieval 
times based on geological data, for the extreme flood of 1374 based on archaeological data, for 
historic times based on epigraphic data) and landscape reconstructions (river bathymetry based on 
georeferenced historic data, floodplain topography based on geomorphological interpolations). The 
methods cultivated in this thesis are not only relevant to the Lower Rhine valley and delta but also 
to other lowland river areas. Specifying flood levels from archaeological stratigraphy (Chapter 2) 
has potential in urbanized areas along many rivers, provided that their banks have been occupied for 
at least hundreds of years. Collecting and measuring flood marks (Chapter 3) has already been done 
in many countries, but integrations for entire river systems are still rare. Reconstructing bathymetry 
from historic river maps (Chapter 4) is relevant to comprehend flow dynamics before major river 
engineering, but is only possible when such data are available, rendering this approach difficult or 
impossible for most other rivers. The methods for palaeo-DEM construction (Chapter 5) on the 
other hand are easier for most other regions, as human impact on floodplain morphology is almost 
nowhere as extensive as in the Lower Rhine valley and delta. The palaeoflood modelling (Chapter 
6) is the final step to understand past flooding patterns and resolve palaeoflood magnitudes, which 
for lowland areas first of all requires an accurate representation of the past landscape. Hopefully, 
with the guidelines developed in this thesis (e.g. Fig. 5.4; Fig. 5.12; Fig. 6.2), such efforts are now 
within reach for other study areas.
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Appendix A
Supplementary information to Chapter 2

In the south-central part of the medieval city centre of Arnhem, we have documented flood beds 
that were deposited in 1374, when the largest flood of the Lower Rhine river occurred in historic 
times and possibly in the entire Holocene (see Introduction of main text). The north-eastern part 
of the medieval city centre, characterized by a small valley formed by the Jansbeek brook tributary, 
is located at an elevation similar to the terrain in the south-central part (Fig. 2.3 of main text). 
Because of this topographic similarity, we also expect traces of the 1374 flood in this part of the 
city. To test this hypothesis, we thoroughly checked all field sketches of the largest archaeological 
excavation campaign conducted in this area for potential palaeoflood evidence. This excavation was 
carried out in 2003–2004 in the Musiskwartier (van der Mark et al., 2006), located in the northeast 
of Arnhem city centre at an elevation of about 13 to 14 m NAP.

From the field sketches (over 200 sheets with often multiple profile sketches), we selected all 
profiles showing a potential flood mark or specifically mentioning clay, which in the coarse sandy 
context of this site strongly suggests a fluvial origin (see Materials of main text). Then, we traced 
all artefacts collected from these locations to constrain the ages of the potential flood layers (Figs. 
A1a–5a). If such a layer dates to the late fourteenth century, matching with the most extreme 
Lower Rhine river flood, this strongly corroborates its tentative identification as a flood level. 
From the potential flood layers themselves, no finds were recovered, but underlying and overlying 
strata did yield artefacts, although usually only few pieces, resulting in relatively broad age ranges. 
For each profile, we constructed a simple Harris matrix to give the relative age of the potential 
flood layer with respect to surrounding strata (Figs. A1b–5b). Based on their stratigraphic context, 
appearance, and dating information, we determined for all potential flood layers if they represent an 
actual flood signature to be used in resolving the water level reached in 1374 (see Results of main 
text). The field sketches and the recovered artefacts from the Musiskwartier excavation campaign 
are stored in the depot of Arnhem municipality.
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Fig. A1b. Available age constraints for the potential flood beds in Fig. A1a. Below these layers, 
no artefacts are recovered. Layer 7 is the subsurface consisting of Pleistocene sand. Above the 
layers, trace S75 (Fig. A1a) dates to circa 1500, based on two pieces of glass (Maigelein) collected 
from this layer. This trace further yielded two pieces of brick and four roof tile fragments.

Fig. A1a. Pit 2, profile 75B. The two grey clay drapes (‘kleibandjes’), positioned between layers 9 
and 10 and between layers 10 and 11, may be flood deposits. RD: 190976, 443850.
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Fig. A2a. Pit 1, profile 29A. Layer 2 is a washed-out horizon (‘uitspoelingslaag’), potentially 
indicating a flooded level at 11.6 m NAP. Layer 1 is raised ground (‘aangebracht’), consisting of 
light-coloured sand (compare Fig. 2.6 of main text). RD: 190969, 443839.

Fig. A2b. Available age constraints for the potential flood layer in Fig. A2a. Layer 6 is dated to 
1250–1525, based on six shards of non-specific grey pottery collected from this layer. Layer 1 is 
dated to 1400–1425, based on the oldest documentation for the buildings on top of this level.
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Fig. A3a. Pit 7, profile 69A. Layer 3 is described as light-coloured grey-brown. Based on its 
appearance (compare Fig. 2.7 of main text), this layer may be a flood deposit. RD: 191032, 
443863.

Fig. A3b. Available age constraints for the potential flood beds in Fig. A3a. Layers 2 and 3 fill in 
trace S69 (Fig. A3a), which is dated to 1280-1400 based on a pottery shard. 
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Fig. A4a. Pit 2, profile 99A. Layer 9 consists of grey clayey sand. Potentially, the clayey 
component in this layer originated from an extreme flood. RD: 190974, 443848.

Fig. A4b. Available age constraints for the potential flood layer in Fig. A4a. Below layer 9, 
no artefacts were recovered. The material above layer 9 is related to ovens that were present 
at this site, identifiable from the brickwork and the abundance of burned loam and charcoal 
(‘houtskool’, Fig. A4a). This layer dates to 1575–1600, based on the oldest documentation for the 
buildings on top of this level.
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Fig. A5a. Pit 3, profile 1. Layer 3 consists of grey clayey sand. Potentially, the clayey component 
in this layer originated from an extreme flood. RD: 191022, 443866.

Fig. A5b. Available age constraints for the potential flood layer in Fig. A5a. The lower layer 2 
dates to 700–1300, based on two non-specific spherical cooking pots (‘kogelpotten’) collected 
from this layer. The upper layer 2 dates to 1200–1900 based on two pieces of non-specific red 
pottery with glazing collected from this layer. Based on the glazing on the shards, a sharper 
albeit tentative date for this layer is the period 1400/1450–1650/1700. A brick well that was dug 
into trace S7 (Fig. A5a) dates to 1650–1700.
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Appendix B
Supplementary information to Chapter 4

Fig. B1. Excerpt of the registers belonging to the Algemene Rivierkaart providing the background 
of the ‘Middelbare Rivierstand’ (MR) to which the depth measurements were corrected.

Fig. B2. Information in the Hydrografische en topografische waarnemingen by C.R.T. Krayenhoff, 
providing data of measurement stations in both MR and AP.
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Table B1. Conversion of MR to AP using the data given in the Hydrografische en topografische 
waarnemingen by Krayenhoff combined with the early nineteenth-century river kms (profile 
locations) and measurement stations indicated on the Algemene Rivierkaart.
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Appendix C
Supplementary information to Chapter 6

Supplementary Table available at: 
https://onlinelibrary.wiley.com/doi/full/10.1002/esp.5071

Direct download link:
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fesp.5071&file=e
sp5071-sup-001-Table_S1.xlsx
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Summary

This thesis examines the largest floods of the Lower Rhine river over the past centuries to millennia 
(Late Holocene to historic time frame). Its central objective is to quantify these events. First, the 
thesis determines maximum water levels in the past based on sedimentological interpretation of 
archaeological stratigraphy and geographical survey of epigraphic marks. Next, it provides detailed 
reconstructions of the alluvial terrain of the Lower Rhine valley and delta, covering the early 
modern channel bathymetry restored from historic maps and the medieval floodplain topography 
restored from geomorphological analysis and interpolation. The past landscape context then serves 
to set up a palaeoflood hydraulic model that resolves the discharges of the largest floods by linking 
the simulation results to reconstructed water levels. The insights gained in this thesis may ultimately 
contribute to the design of future flood protection measures.

The overarching findings demonstrate that reliable quantification of past floods in lowland river 
settings necessitates a two-dimensional approach, when it comes to the required flood level and 
landscape reconstructions and the discharge calculations. Furthermore, the findings show that 
palaeoflood research benefits from a multidisciplinary approach, with the primary methodological 
focus depending on the selected casus and targeted time period. The results include successfully 
reconstructed pre-instrumental flood levels across the Lower Rhine valley and delta by integrating 
archaeological, geological, and historical sources (Chapters 2, 3, and 6). Additionally, the results 
encompass successful reconstructions of the landscape for two key periods: before the onset of river 
normalisation in the mid-nineteenth century and before the onset of embankment in medieval 
times (Chapters 4 and 5). Finally, the thesis provides an estimate for the ‘millennial’ discharge in the 
Late Holocene by numerical flood simulations in the pre-embanked landscape context, resulting 
in a value of 14,000 m3/s (Chapter 6). Further output of the Floods of the Past, Design for the Future 
project shows that the landscape context prior to normalisation is crucial to constraining discharge 
magnitudes of individual historic flood events (Chapter 4).

Chapter 2 — Medieval extreme flood levels

Reconstructing water levels reached during past floods contributes to fluvial system understanding 
and flood risk assessments. For methodological restrictions, this type of research is usually 
conducted in confined valley settings. In this study, we expand upon that geomorphological context 
by reconstructing extreme flood levels in a lowland delta setting. We used the archaeological 
stratigraphy of medieval river cities in the Rhine delta to determine water levels for the largest 
historic flood in the year 1374. We obtained minimum estimates by identifying thin fluvial deposits 
interbedded with anthropogenic layers, and further constrained peak flood levels using fourteenth-
century raised ground layers directly overlying these deposits. First, we tested the proposed method 
for extracting flood levels from urban archaeological stratigraphy in the city of Arnhem. Then, 
we complemented those results with archaeological and historical data in other cities to arrive at 
a complete overview for the Rhine delta. This overview shows that the 1374 flood levels exceed 
the highest levels in the instrumental record along the northern distributary (IJssel river), but not 
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along the western distributaries in the central delta (Nederrijn and Waal rivers). This pattern is 
explained by changes in the discharge division over the different river branches and by the rise 
of embankments since late medieval times, which considerably decreased the flooded area. Thus, 
this study demonstrates not only the potential of palaeoflood reconstructions in lowland floodplain 
settings (see Chapter 6), but also the pitfalls, resulting from spatially complex flooding patterns and 
anthropogenic terrain modifications (see Chapter 3 and Chapter 5).

Chapter 3 — Flood marks on buildings

This chapter presents an inventory of historic flood levels marked on buildings and other structures 
in the Rhine delta. These flood marks provide maximum water levels across the area from the late 
sixteenth to twentieth centuries, complementing instrumental measurement records in both space 
and time. The main goals of the chapter are to explain how I created this inventory and to unlock 
the resulting flood level dataset for hydrological analyses.

Chapter 4 — Historic river morphology

This chapter describes a reconstruction I made of the Rhine river branches and their surrounding 
floodplains based on historic maps and measurement data. The results have been used in numerical 
simulations of an early nineteenth-century extreme flood event. The reconstruction covers all 
relevant river landscape elements in the delta, but the focus of the chapter is on the historical 
morphology of the river branches.

Chapter 5 — Digital Elevation Model reconstruction

Reconstruction of past topography in palaeo-DEMs serves various geomorphological analyses. 
Constructing a palaeo-DEM by stripping young elements from a LiDAR DEM can provide results 
for large study areas at high resolution. However, such a ‘top-down’ approach is more suited to 
recent periods and geomorphologically static parts of the landscape than to geomorphologically 
dynamic areas and periods farther back in time. Here, we explore this approach by reconstructing 
the early medieval (circa 800 CE) topography of the Lower Rhine river valley and upper delta in 
Germany and the Netherlands. The large (~4,500 km2) study area contains abundant anthropogenic 
terrain modification and stretches across geomorphologically active as well as inactive zones. The 
active zone, close to the river, is characterized by meander activity and cut-offs in the last 1200 
years. The inactive zone is the remainder of the floodplain. We first removed all anthropogenic relief 
elements from the LiDAR DEM, using separate procedures for linear and non-linear elements. 
These steps were sufficient to obtain the palaeotopography of the inactive zone, characterized by 
inherited natural relief. Then, we reconstructed the topography and bathymetry in the fluvially-
reworked active zone by incorporating geological and historical geographical information. We 
present and evaluate zonal averages of elevation differences between the modern and past valley 
floor topography in this densely populated area with complex land-use history, which allows us 
to approximate total anthropogenic volumetric change. Further comparisons with the modern 
LiDAR DEM indicate large changes in floodplain negative-relief connectivity, demonstrating the 
importance of palaeo-DEMs for research into past river floods. Our palaeo-DEM construction 
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workflow is deployable at diverse spatial scales and widely applicable to other lowland areas, 
because of its top-down and generic nature. The relative importance of different workflow aspects 
depends on the time period that is targeted. Beyond a target age of 10–15 ka, large valley floors are 
considered geomorphologically dynamic and a top-down approach to palaeo-DEM construction is 
no longer advisable.

Chapter 6 — Palaeoflood simulation

Palaeoflood hydraulic modelling is essential for quantifying ‘millennial flood’ events not covered in 
the instrumental record. Palaeoflood modelling research has largely focused on one-dimensional 
analysis for geomorphologically stable fluvial settings, because two-dimensional analysis for 
dynamic alluvial settings is time-consuming and requires a detailed representation of the past 
landscape. In this study, we make the step to spatially continuous palaeoflood modelling for a large 
and dynamic lowland area. We applied advanced hydraulic model simulations (1D–2D coupled set-
up in HEC-RAS with 950 channel sections and 108 × 103 floodplain grid cells) to quantify the 
extent and magnitude of past floods in the Lower Rhine river valley and upper delta. As input we 
used a high-resolution terrain reconstruction (palaeo-DEM) of the area in early medieval times, 
complemented with hydraulic roughness values. After conducting a series of model runs with 
increasing discharge magnitudes at the upstream boundary, we compared the simulated flood water 
levels to an inventory of exceeded and non-exceeded elevations extracted from various geological, 
archaeological and historical sources. This comparison demonstrated a Lower Rhine millennial 
flood magnitude of approximately 14,000 m3/s for the Late Holocene period before late medieval 
times. This value exceeds the largest measured discharges in the instrumental record, but not the 
design discharges currently accounted for in flood risk management.
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Samenvatting

Dit proefschrift onderzoekt de grootste overstromingen van de Benedenrijn in de afgelopen eeuwen 
tot millennia (Laat Holoceen tot historisch tijdsbestek), met als belangrijkste doelstelling deze te 
kwantificeren. Om te beginnen achterhaalt het proefschrift maximale waterstanden in het verleden 
door sedimentologische interpretatie van archeologische stratigrafie en geografische opmeting van 
hoogwatermarkeringen. Daarna geeft het gedetailleerde reconstructies van het rivierlandschap in de 
Benedenrijnse laagvlakte en de Rijndelta. Deze beslaan de vroegmoderne rivierbedding gebaseerd 
op historische kaarten en de middeleeuwse topografie gebaseerd op geomorfologische analyse 
en interpolatie. De vroegere landschapscontext dient vervolgens om een hydraulisch model op 
te zetten dat de afvoeren van de grootste overstromingen bepaalt door de simulatieresulaten aan 
gereconstrueerde waterstanden te koppelen. De inzichten verkregen in dit proefschrift kunnen op 
termijn bijdragen bij aan het ontwerp van toekomstige hoogwaterbeschermingsmaatregelen.

De overkoepelende bevindingen tonen aan dat een tweedimensionale aanpak vereist is om vroegere 
overstromingen in laaglandgebieden betrouwbaar te kwantificeren. Dit geldt voor de benodigde 
waterstands- en landschapsreconstructies en de afvoerberekeningen. De bevindingen laten verder 
zien dat onderzoek naar vroegere overstromingen gebaat is bij een multidisciplinaire aanpak, 
waarbinnen het zwaartepunt afhangt van de geselcteerde casus en tijdsperiode. De resultaten 
omvatten succesvol gereconstrueerde hoogwaterstanden in de Benedenrijnse laagvlakte en de 
Rijndelta door archeologische, geologische en historische bronnen te integreren (Hoofdstukken 
2, 3 en 6). Daarnaast bestaan de resultaten uit succesvolle reconstructies van het landschap voor 
twee sleutelperiodes: voor de riviernormalisatie in het midden van de negentiende eeuw en 
voor de bedijking in de middeleeuwen (Hoofdstukken 4 en 5). Tenslotte geeft het proefschrift 
een schatting van de ‘duizendjarige’ afvoer in het Laat Holoceen aan de hand van numerieke 
overstromingssimulaties in de onbedijkte landschapscontext, resulterend in een waarde van 14,000 
m3/s (Hoofdstuk 6). Verdere uitkomsten van het Floods of the Past, Design for the Future project 
wijzen uit dat de landschapscontext voor de normalisatie een cruciale rol speelt in het verfijnen van 
afvoergroottes van individuele historische overstromingen (Hoofdstuk 4).

Hoofdstuk 2 — Waterstanden van extreme overstromingen in de middeleeuwen

Het reconstrueren van waterstanden van vroegere extreme overstromingen draagt bij aan het begrip 
van fluviatiele systemen en aan het afschatten van overstromingsrisico’s. Wegens methodologische 
beperkingen wordt zulk onderzoek meestal uitgevoerd in nauwe rivierdalen. In deze studie 
breiden we die geomorfologische context uit door extreme waterstanden te reconstrueren in een 
laaglandsetting. We gebruiken de archeologische stratigrafie van middeleeuwse riviersteden in de 
Rijndelta om de maximale waterstanden te bepalen van de grootste historische overstroming, in het 
jaar 1374. Minimumschattingen komen van dunne fluviatiele afzettingen en maximumschattingen 
van veertiende-eeuwse ophooglagen direct boven deze afzettingen. We hebben de voorgestelde 
methode om hoogwaterstanden uit stedelijke archeologische stratigrafie te halen eerst getest in 
de binnenstad van Arnhem. Deze resultaten hebben we vervolgens aangevuld met archeologische 
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en historische observaties in andere steden om tot een compleet overzicht voor de Rijndelta te 
komen. Dit overzicht toont aan dat de maximale waterstanden in 1374 de hoogste waterstanden 
in instrumentale meetreeksen overschrijden langs de noordelijke riviertak (IJssel), maar niet langs 
de westelijke riviertakken (Nederrijn en Waal). Dit kan worden verklaard door veranderingen in de 
afvoerverdeling over de takken en door dijkverzwaringen sinds de late middeleeuwen, waardoor het 
gebied dat overstroomde aanzienlijk is afgenomen. Deze studie toont niet alleen het potentieel van 
overstromingsreconstructies in laaggelegen gebieden (zie Hoofdstuk 6), maar ook de valkuilen als 
gevolg van ruimtelijk complexe overstromingspatronen en antropogene ingrepen in het landschap 
(zie Hoofdstuk 3 en Hoofdstuk 5).

Hoofdstuk 3 — Hoogwatermarkeringen op gebouwen

Dit hoofdstuk geeft een inventarisatie van historische waterstanden gemarkeerd op gebouwen en 
andere constructies in de Rijndelta. Deze hoogwatermarkeringen tonen maximale waterstanden van 
de late zestiende tot twintigste eeuw en komen verspreid over het gebied voor. Zodoende vormen 
ze een aanvulling op instrumentale meetgegevens in zowel ruimte als tijd. De hoofddoelen van het 
hoofdstuk zijn om duidelijk te maken hoe ik deze gegevens heb verzameld en om de resulterende 
dataset van hoogwaterstanden te ontsluiten voor hydrologische analyses.

Hoofdstuk 4 — Historische riviermorfologie

Dit hoofdstuk beschrijft een reconstructie van de Rijntakken en de omliggende gebieden op basis 
van historische kaarten en meetgegevens. De resultaten zijn gebruikt in numerieke simulaties 
van een vroeg-negentiende-eeuwse extreme overstroming. De reconstructie omvat alle relevante 
landschapselementen in de delta, maar de focus van het hoofdstuk ligt op de historische morfologie 
van de riviertakken. 

Hoofdstuk 5 — Reconstructie van een digitaal hoogtemodel (DEM)

De reconstructie van vroegere topografie in een ‘paleo-DEM’ dient verschillende geomorfologische 
doeleinden. Een palaeo-DEM kan op hoge resolutie voor een groot studiegebied worden 
gemaakt door jonge elementen uit een LiDAR-DEM te verwijderen. Een dergelijke ‘top-down’ 
benadering is echter meer geschikt voor recente perioden en voor geomorfologisch statische 
delen van het landschap dan voor dynamische gebieden en voor perioden verder terug in de tijd. 
Hier onderzoeken we deze benadering door de vroegmiddeleeuwse (circa 800) topografie van de 
Benedenrijnse laagvlakte en de Rijndelta te reconstrueren. Dit grote (~4,500 km2) studiegebied 
bevat veel antropogene terreinveranderingen en beslaat zowel geomorfologisch actieve als inactieve 
zones. De actieve zone, dicht langs de rivier, kende rivierbochtverplaatsingen en -afsnijdingen 
in de laatste 1200 jaar. De inactieve zone is de rest van de overstromingsvlakte. We hebben eerst 
alle antropogene reliëfelementen uit het LiDAR-DEM verwijderd met afzonderlijke procedures 
voor lineaire en niet-lineaire elementen. Deze stappen waren afdoende voor de inactieve zone met 
overgeërfd natuurlijk reliëf. Vervolgens hebben we de topografie en bathymetrie in de door de rivier 
herwerkte actieve zone gereconstrueerd aan de hand van geologische en historisch geografische 
gegevens. We bepalen en evalueren zonale hoogteverschillen tussen de moderne en de vroegere 
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topografie, wat leidt tot een benadering van het totale volume van antropogene veranderingen in dit 
dichtbevolkte gebied met complexe geschiedenis van landgebruik. Verdere vergelijkingen met het 
huidige terrein wijzen op grote veranderingen in de connectiviteit van negatief reliëf, wat het belang 
aantoont van paleo-DEMs voor onderzoek naar vroegere rivieroverstromingen. Onze workflow is 
breed toepasbaar op laaglandgebieden op diverse ruimtelijke schaalniveaus vanwege de generieke 
insteek en de benadering die overwegend top-down is. Het relatieve belang van de verschillende 
workflowaspecten hangt samen met de beoogde tijdsperiode. Verder dan tien- tot vijftienduizend 
jaar terug kunnen grote riviervlaktes als geomorfologisch dynamisch worden beschouwd en is een 
top-down benadering voor het maken van een paleo-DEM niet meer geschikt.

Hoofdstuk 6 — Simulatie van vroegere overstromingen

Hydraulische modellering van vroegere overstromingen is essentieel voor het kwantificeren van 
extreme afvoeren die niet voorkomen in instrumentale meetreeksen. Dit type onderzoek houdt 
zich voornamelijk bezig met eendimensionale analyses voor geomorfologisch stabiele gebieden, 
omdat tweedimensionale analyses voor geomorfologisch dynamische gebieden veel tijd kosten 
en een gedetailleerde weergave van het vroegere landschap vereisen. In deze studie maken we 
de stap naar ruimtelijke modellering van vroegere overstromingen voor een groot en dynamisch 
laaglandgebied. We gebruiken geavanceerde hydraulische simulaties (1D–2D gekoppelde structuur 
in HEC-RAS met 950 secties in de geul en 108 × 103 cellen in de overstromingsvlakte) om de 
omvang en afvoergrootte te bepalen van vroegere overstromingen in de Benedenrijnse laagvlakte 
en de Rijndelta. Als invoer gebruiken we een gedetailleerde reconstructie van het gebied in de 
vroege middeleeuwen, aangevuld met hydraulische ruwheidswaarden. Na het uitvoeren van een 
serie modelruns met toenemende bovenstroomse afvoerpiek, vergelijken we de gesimuleerde 
hoogwaterstanden met een inventarisatie van overschreden en niet-overschreden niveaus bepaald 
uit verschillende geologische, archeologische en historische bronnen. Dit geeft een waarde van 
ongeveer 14.000 m3/s voor de ‘duizendjarige’ afvoer van de Benedenrijn in het Laat Holoceen tot 
aan de bedijking. Deze waarde overtreft de hoogste gemeten afvoeren, maar niet de ontwerpwaardes 
waarmee rekening wordt gehouden in de huidige hoogwaterbescherming.
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