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A B S T R A C T   

Floods are one of the costliest natural hazards in Switzerland and worldwide. Therefore, society is 
confronted with questions about protecting people and assets from flood risks. Key instruments 
are protective measures, land use regulations, spatial planning, and the interventions by civil 
protection units if flood magnitudes exceed the protection standards. Both prevention and pre
paredness require risk awareness from professionals, politicians, and the public. Risk awareness is 
generally high after an event and low after a period without major events. However, the rarity of 
extreme flood events limits learning from flood events. The training of intervention forces who 
should manage flood events with magnitudes beyond hitherto observed flood events requires a 
comprehensive description and visualization of the flood processes and their impacts. To address 
this, together with stakeholders and civil protection and intervention planning experts, we co- 
developed a new way to visualize the spatiotemporal dynamics of extreme flood events and 
thereby communicate their impacts using dynamical flood storymaps. We selected physically 
plausible precipitation scenarios from reforecasts to develop storylines of extreme river flood 
events and their socioeconomic impacts in Switzerland. The co-development process revealed 
which information is relevant to potential users and how it must be presented. It is shown that 
storylines of extreme events presented as storymaps are a valuable tool to communicate scientific 
results in a way that allows practitioners to gain relevant information for their work. Therefore, 
we built an interactive online tool (www.flooddynamics.ch), enabling the user to analyze the 
spatiotemporal unfolding of flood events in Switzerland from the start of precipitation to the 
recession of the flood. The visualization includes maps of inundated areas at hourly timesteps and 
the related impacts in terms of affected persons, buildings, roads, and infrastructure. Such a 
temporally explicit (dynamic) representation of extreme events in storymaps, in contrast to static 
hazard maps, which are commonly used today, is favorable for emergency intervention planning 
and training and thus for awareness creation and better disaster preparedness.  
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1. Introduction 

Flood risks in Europe are expected to increase due to increasing socio-economic exposure in flood-prone areas [1,2] and the 
changing climate e.g., [3]. The frequency and intensity of extreme precipitation events are expected to increase in Switzerland with 
climate change [4]. How flood risk evolves in the future depends on how precipitation and runoff change [5–7], but equally important 
is how societies respond to and manage the expected environmental changes e.g., [8,9]. To mitigate flood risk, knowledge about flood 
risks and risk awareness among professionals and the public is essential [10]. 

Flood risk awareness in Switzerland and other central European countries is generally low [10–13] but increased after a flood event 
occurred, as shown by Kreibich et al. [14] for particular events in 2002 and in 2006 in Germany and generally by Messner and Meyer 
[15] and Maidl et al. [12]. The subjective risk perception largely depends on the perceived probability of the natural hazards and on 
personal experience [12,16]. Both risk awareness and the willingness to invest in flood prevention correlate significantly with 
personally experienced natural hazard events [12,17,18]. Indeed, there are several examples where public investment in flood pro
tection was only made after an event [19]. Hence, flood protection measures are often reactive measures rather than preventive actions 
when recent flood experiences and/or memory of flood events are lacking. The review by Andráško [16] shows that private flood 
protection measures are not widely implemented, and often the responsibility is passed from the homeowners to the authorities. 

In addition, a long period without major flood events leads to fading memory (both public and personal memory). Pfister [20] 
discussed this issue and showed how this leads to an underestimation of natural hazards and low risk awareness. The direct 
confrontation with the risk increases the relative importance of it, and repeated (indirect) confrontation aids in better recalling 
previous risk experiences [12,17]. The availability bias brought up by the psychologists Tversky and Kahneman [21] may explain why: 
we tend to underestimate the probability of an event if we do not remember a similar experience. This ties in with Tulving’s [22] 
distinction between semantic memory, for generalized knowledge, and episodic memory, supporting spatiotemporal relations. We 
tend to act based on information in the episodic memory rather than in the semantic memory. 

The challenge in flood risk management, especially in risk communication, is that extreme flood events are, by definition, very rare. 
Thus, learning from experience is limited. Imagining an extreme flood event and its impact without previous experience of flood events 
with similar magnitudes is difficult. Awareness rising thus requires the development of methods that allow for visualizing and 
imagining the impacts of extreme flood events without suffering the associated losses. This can be achieved with physical models. The 
goal of flood risk communication with the help of physical model scenarios is comparable to what is traditionally achieved through 
research of historical events. It shows the range of possible events and, with this makes the unthinkable tangible [20]. 

In addition, communicating physically plausible extreme weather events is interesting, not only to provide an idea of the possible 
extreme of weather events today but also to promote the idea of which extreme weather events are possible and more probable with 
climate change [23–26]. 

Science communication in the form of narratives or stories offers the advantage of connecting scientific information with peoples’ 
daily experiences and practices, helping to convey scientific content in a more accessible form [18,27,28]. This allows more recipients 
(users) to give meaning to the information, i.e., to ‘translate’ abstract information into individual imaginaries, allowing to include the 
new information into action in the specific form the recipient perceives as meaningful [29]. This is a personal process, and hence the 
process of gaining new insight happens in the individual social and cultural context, depending, among other factors, on the location 
[30–32]. This makes maps a helpful tool for communicating complex localized information. Dynamic maps (which include a time 
component) furthermore may support the learning process because the mental representation of the memory is structured spatially and 
temporally [33–35]. 

Storylines or narratives about flood risks embedded in a person’s geographic environment appeal to the episodic memory. By this 
means, they allow the newly learned information to be connected to the personal environment and experiences [23]. The concept of 
storylines was introduced to flood risk analysis and management by de Bruijn et al. [36]. They suggested applying the approach to 
facilitate the communication of physically plausible flood events and as a means for stakeholders to analyze critical infrastructure 
vulnerability and develop emergency response plans. Shepherd et al. [23] defined storylines as “physically self-consistent unfolding of 
past events, or of plausible future events or pathways”. Physically consistent storylines, or “tales of future weather” as Hazeleger et al. 
[37] call them, complement probabilistic approaches by describing future possible weather events. They are not predictions of future 
weather; therefore, no probability is assessed. In contrast to probabilistic methods, the focus is on understanding the driving factors of 
an event and its consequences. This allows the inclusion of qualitative statements from (local) experts. Storylines can include a time 
component, i.e., the sequence of an event, this is additional information compared to the most commonly used static mapping ap
proaches for natural hazards. Furthermore, isolating single (extreme) events instead of the model ensemble mean is insightful if the 
physically possible rather than the statistically probable event is of interest [23]. 

A successful transition from basic research to applied research and to practice is further facilitated by including stakeholders in a 
development process [26,38]. To collaborate with stakeholders during the entire development process is sometimes called bottom-up 
in contrast to the top-down approach, where scientists assume the needs of practitioners [39]. It allows scientists and practitioners to 
learn about each other’s needs as well as about technical and scientific limitations. Such collaboration consequently fosters the 
compilation of application-relevant scientific findings in a form that can be integrated by practitioners in their work and that serves as 
a basis for decision-makers e.g. [40–43]. User involvement furthermore makes the product and its functionality known among future 
users [44], who then value the product more because they contributed to it [45]. 

However, the question is how to involve users in the development. In this process, the following questions arise: How can we 
transfer the knowledge gained from flood risk and flood impact research into a form that is useful for stakeholders in flood risk 
management? What are the stakeholder’s needs and requirements for such an application? How does the storylines approach support 
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the goals mentioned above? 
Our working hypothesis is that the concept of storylines can be incorporated into dynamic storymaps for visualizing the spatio

temporal unfolding of extreme flood events and their impacts on society and provide a valuable means for visualizing targeted in
formation for stakeholders in flood risk management. We selected members of intervention forces and civil protection units involved in 
emergency management and training as key user groups of the storymaps tool. A second user group is insurance companies. 

Therefore, the project aimed to use the existing tools from science as a resource to build an application to assess and communicate 
flood risks to practitioners in civil protection and flood intervention planning. 

Our research questions therefore are: 
How can scientific information on extreme precipitation, floods, and flood impacts be conveyed in a way that allows the recipients 

(the users) to gain relevant information for their practical work? 
How can the storyline approach support the communication of scientific information on extreme precipitation, floods, and flood 

impacts to practitioners in flood management? 

2. Methods 

With the development of online flood storymaps, we apply the storyline approach to assess and communicate impacts of extreme 
flood events in Switzerland. This risk communication approach aims at describing and understanding the physical driving factors, their 
spatiotemporal evolution, and the socio-economic consequences of flood events. The cartographic visualization of the storylines of 
extreme flood events was developed in a form that meets the needs of the target user group, namely emergency managers in training 
intervention forces and preparedness planning. The interactive online tool to generate the flood storymaps was therefore co-developed 
with experts in regional flood intervention, intervention planning, and civil protection. Experts contributed knowledge on which flood 
indicators are of value to them and in which form such information must be provided to be useful for practical application. 

The development is based on two main steps. First, a physical modeling system was developed that simulates the spatiotemporal 
dynamics of flood events and their impacts based on precipitation and weather information. Second, the way how the modeling results 
were visualized and published was developed in a participatory approach (Fig. 1). The latter included interviews and workshops for 
exploration, consolidation, and production. Both steps together lead to the interactive storymaps web tool. 

2.1. Physical modeling 

The basis of the storymaps tool is a comprehensive model chain that simulates the hydrology of the main rivers and lakes, inun
dation hydraulics, and flood impacts. The meteorological observational records are relatively short and hence contain only a limited 
number of extreme events [46]. Therefore, we used extreme precipitation events from two hindcast archives of the European Centre for 
Medium-range Weather Forecasts (ECMWF) following the UNSEEN (Unprecedented Simulated Extreme Ensemble) [47] approach. 
Using hindcast archives as a source to select extreme events as scenarios provides a pool of physically plausible weather events. The 
extreme precipitation events were selected from a combined dataset of 8490 years of hindcasts from ECMWF (ENSext (1998–2017) and 
SEAS5 (1981–2017) [48,49]). The ECMWF data has a 6-h temporal resolution and was disaggregated to hourly resolution using linear 
interpolation. The reforecast data was downscaled from a regular 0.4◦ grid to a spatial resolution of 2 km × 2 km using 
quantile-mapping [50,51]. Events were selected in a workshop with stakeholders to make a choice that meets the different needs. The 
selected events were used as input scenarios for the hydrological model DECIPHeR [52], which covers the headwater catchments of the 
main rivers and lakes in Switzerland north of the Alps, including catchments of the neighboring countries (Fig. 2). For details on the 
modeling approach, see Zischg [53]. 

The hydrological model results were used for the hydraulic inundation modeling with the flow simulation environment 
BASEMENT-ETHZ [54]. This software can simulate river hydraulics in a coupled 1D/2D model. River cross-profile measurements for 
the 1D module stem from the Federal Office for the Environment, and digital terrain models (DTMs) were provided by the cantons 
[55–61], the Federal Office of Topography [62], or the Land of Baden-Württemberg (Regierungspräsidium Freiburg/FOEN, [63]. The 

Fig. 1. Schematic illustration summarizing the development process.  
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computation of the 2D model is based on a triangulated irregular mesh with a maximum mesh size of 200 m2, built with the meshing 
module BASEmesh [64]. Applying a single model for Switzerland at this spatial resolution and with a temporal resolution of 1 h is 
computationally very expensive. Therefore, the modeled domain was subdivided into floodplains that a) are topographically closed, i. 
e., possible floods in the floodplain are not partitioned by the model boundary, and b) have a significant increase in catchment size due 
to a confluence with a tributary stream (Fig. 3). The hydrological model was set up to provide hydrographs as input to the hydraulic 
model at the upper boundary of the floodplains. The hydraulic model was validated by Zischg et al. [65] and Zischg et al. [66]. 

The 2D model provides the flow depth and velocity per mesh element at an hourly timestep. The flow depth and velocity are the 
input for the impact model. The impact model contains a dataset of the elements at risk, i.e., a dataset of the buildings including 
information on the number of residents, workplaces, and building values; a dataset of schools, hospitals, and nursing homes with the 
number of beds in nursing homes; as well as a dataset of roads. The building dataset was developed by Röthlisberger et al. [67] based 

Fig. 2. Screenshot of the online tool. The colored area covers the hydrological domain of Switzerland. The light green line is the border of Switzerland. The areas 
surrounded in black are the modeled catchments. Solid blue lines show the modeled rivers, and dashed blue lines show rivers that were not included. 

Fig. 3. Screenshot of the online storymaps tool highlighting the floodplain of one river section in black: the domain of one river section of the river Ilfis between the 
confluence with two tributaries (Trueb and Gohl) to illustrate the construction of sub-regions where tributary streams connect to the main river. 
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on data from the Federal Office of Topography [68]. Data for retirement and nursing homes stem from the Federal Office of Public 
Health (FOPH) [69], schools and hospitals are retrieved from swissTLM3D [70]. The number of residents and workplaces is retrieved 
from data by the Federal Statistical Office [71,72]. 

The vulnerability model for buildings simulates flood damage to buildings per flooded object. The flow depths are attributed to 
each building for each timestep following Bermudez and Zischg [73]. We used a flood vulnerability function calibrated with insurance 
claim data from Switzerland [74]. The maximum flow depth on a building footprint is used to calculate the monetary damage to that 
building in hourly time steps. The building footprints are used to quantify the number of residents in flooded areas and workplaces as 
well as to identify critical infrastructure such as schools, hospitals, and retirement and nursing homes within the inundated area. 
Furthermore, the hydraulic model output is intersected with the road network to estimate the water level and flow velocity on all road 
segments in a floodplain. Bridges are considered flooded and therefore impassable if the water surface elevation is higher than 1 m 
below the minimum elevation of the pavement of the bridge segment (following the recommendations of KOHS [75]). Road sections 
are classified according to whether they are passable by cars and if detour traffic (as an indirect flood impact) is to be expected due to 
closed nearby road segments. This model chain was set up and calibrated in parallel with the co-development process of the online tool 
to communicate the results (Fig. 1). 

2.2. Co-development 

The storymaps online tool was developed in three stages of co-production. During this participatory development process, we 
iteratively consulted experts and potential users to reconcile their needs with our ideas and technical and financial possibilities, as 
exemplarily described by Refs. [41,45,76]. Minutes were written for every interview and workshop. 

In the first step of co-development (phase “Exploration” in Fig. 1), semi-structured interviews [77] were conducted with 13 possible 
users and experts in the fields of natural hazards, hydrology, civil protection, fire brigades, national and cantonal governments and 
from the insurance industry. The aim was to explore possible applications of an online tool depicting storylines of extreme flood events 
of the rivers of national interest in Switzerland. A particular focus of the interviews was on emergency operations and flood inter
vention planning and where in this field the interviewee would see storymaps being applied and supportive for practitioners. Based on 
the results of these exploratory interviews, the potential user group was narrowed (to potential users of higher organizational levels, 
see also section 3), and the possible functionalities of the tool were concretized in a workshop. The main questions of the interviews 
and the workshop were the following.  

• How are flood events managed on different organizational and political levels, and how are responsibilities allocated?  
• Is the concept of storylines helpful in developing interactive online tools that show the spatiotemporal unfolding of extreme flood 

events and their impacts?  
• Is the consideration and visualization of the dynamics of flood events (in space and time) useful for emergency preparedness and 

training of intervention forces?  
• What are the most important elements at risk that should be considered in the impact analyses?  
• How should the flood hazard be classified and mapped?  
• Which flood magnitudes should be considered in the storymaps? 

The results are summarized in section 3. 
Another round of expert interviews was conducted in the second step (phase “Consolidation” in Fig. 1). Four experts from natural 

hazards management, the insurance industry, civil protection, and a local command body were interviewed. The aim was to learn from 
possible future users how they would apply the storymaps tool and which functionalities they would expect. A subsequent workshop 
was conducted with nine participants from the Mobiliar Lab for Natural Risks, the Federal Office for Civil Protection, natural hazard 
management consultants, and web user interface development specialists. This workshop aimed at discussing the findings from these 
interviews and further concretizing the functionalities to be provided in the tool and how the graphical user interface (GUI) was 
designed. A separate workshop with a hydrologist, a meteorologist, a communication expert, and the co-authors was conducted to 
select nine precipitation scenarios from a set of extreme events (see section 2.1) on which the storymaps are based. This workshop 
aimed to select scenarios that meet the needs of the target user groups, considering for example, the regional distribution of the 
precipitation, return periods, or the duration of the events. 

The third stage of development (phase “Production” in Fig. 1) was the consolidation of the GUI and the backend of the storylines 
online tool. Here, the findings of the first two stages of co-development were implemented. The model chain, which was developed and 
adapted in parallel to the co-development process of the online platform (see section 2.1), was set up and connected with the GUI. 

The workshops conducted in this third phase were held with experts in user experience and web development and, again, experts 
from hydrology, civil protection, and natural hazards. The focus of these workshops was the design, which means the functionality and 
usability of the user interface of the online tool. This stage aimed to design the GUI so that the users could handle it intuitively and find 
the information they were interested in without further help. 

In the third stage, the interviews were conducted as user tests with nine potential professional users and with interested laypersons. 
The focus of the user tests was to obtain feedback on the design of the GUI and if the naming of the different functions etc., are self- 
explanatory and meet the user’s needs and expectations. The tests were done in two rounds, first, on semi-functional prototypes and, 
later again, on a functional early version of the online tool. The users were asked, for example, to find flood impact information on their 
own or perform query tasks like changing the displayed precipitation scenario or displaying the map of the maximum precipitation 
intensity. While using the prototype, they were asked to comment on what they were thinking and experiencing. This way, a user might 
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reveal sticky information [45], i.e., thoughts and ideas he may not think of afterward. 

3. Results 

This section first summarizes the results of the co-development process and then describes the resulting tool. 

3.1. Co-development process 

The first semi-structured interviews revealed that a dynamic online tool to visualize extreme flood scenarios with the help of 
storymaps could be valuable for the stakeholders and how these institutions are organized regarding flood emergency management. In 
Switzerland, flood emergency operations are organized across several administrative levels. The administrative levels are from local to 
national: municipality, canton, and federal. Flood emergency first responders (fire brigades) are organized at the municipality level. 
Most municipalities, however, collaborate with neighboring municipalities via regionally coordinating command bodies (regional 
commands). The municipal fire brigades can request assistance from the cantonal civil protection organization if the local forces 
cannot handle an event because of its severity or long duration. If necessary, the cantons can request assistance from the military. The 
national and cantonal administrations organize training of coordinators and intervention forces and intervention planning. However, 
the focus of emergency intervention and preparedness planning is on the first responders at a rather local (municipality) level and 
rarely on inter-regional coordination. Existing intervention plans and procedures are mainly based on static hazard maps and the 
experience of individuals. On the municipality level, where fire brigades are responsible for emergency interventions, knowledge from 
experience on the local natural hazards and the critical infrastructure plays an important role. Training scenarios are also based on 
static hazard maps, which exist for all municipalities but for residential areas only. However, considerable damage happens outside the 
covered area [78]. The hazard maps show the maximum flood extent aggregated across flood events up to a return period of 1 in 300 
years. In contrast, the storylines of extreme events show a locally and chronologically differentiated picture of the affected areas while 
one specific scenario unfolds. This allows new perspectives, particularly the time component is frequently mentioned as interesting by 
the interviewees. 

3.1.1. Storyline approach 
The interviews and workshops in the explorative and consolidation phase showed that the stakeholders find the principle of 

storylines for building narratives of flood impacts useful. Although scenarios are used for training, the concept of storylines of possible 
extreme flood events was new to many interviewees. It was, however, stated that the need for physically plausible simulations of 
natural hazards, including the temporal unfolding of events, will increase in the future due to the complexity of the impacts of a large- 
scale flood event. A tool to visualize possible flood evolution scenarios is of interest on the national level because the stakeholders 
agree that the graphical representation of storylines in the form of storymaps may raise awareness among professionals for possible 
extreme events and, in connection with expert experience on the local situation, help to prepare for such events. 

3.1.2. Dynamics of flood events and storymaps 
The interviewees see the time factor introduced and the physically robust origin of the storymaps as valuable information to create 

realistic storylines for training and emergency response planning. Storymaps may facilitate the imagination of possible future events. 
Therefore, they may be used to communicate and raise awareness of flood risks as well as for teaching professionals working in the field 
of flood risk management and flood emergency intervention. It was furthermore mentioned that the tool might be used by regional 
command bodies and cantonal authorities to reveal weak points in the currently used emergency response procedure. The regional 
civil protection units find the visualization of the flood dynamics helpful in planning the distribution of resources in space and time 
during an event. 

3.1.3. Elements at risk 
The interviewees of fire brigades stated that the number of affected persons, workplaces, and beds in retirement and nursing homes 

provide essential information for preparing for evacuations and estimating the required places in shelters. The fire brigades stated that 
the flood impact on the road network is very useful information. With the information about the impassable roads and the roads that 
must carry additional traffic due to traffic deviations, they realized that the spatial footprint of the flood event is much larger than the 
flooded areas. The impassable roads lead to the inaccessibility of settlements, neighborhoods, and critical infrastructure. Moreover, the 
flood impacts on the road network can make fire stations inaccessible, and in such a situation, emergency vehicles and material cannot 
be used for interventions. 

Interviewees from the insurance sector wanted to know about the monetary damages of extreme flood scenarios, preferably about 
probable maximum losses. This is interesting to compare with their damage estimations. 

3.1.4. Classification of flood hazard 
The interviewees from the civil protection sector requested two kinds of visual hazard information. The hazard classification that is the 

easiest to interpret is the flow depth. Thus, the flooding process is visualized as classified flow depths. However, flow depths may be 
misunderstood in steeper topography because of the hydraulic effect of the flow velocity. Therefore, the representatives from fire brigades 
requested a hazard classification scheme that considers both flow depth and flow velocity. After some tests, we classified the hazard from 
the perspective of the vulnerability of pedestrians, cars, and buildings. We classified the flooded areas into four hazard classes, following 
the method proposed by Costabile et al. [79] and following the definitions of Pregnolato et al. [80] for pedestrians and of Arrighi et al. [81] 
for cars. We assumed structural damages to buildings when a flood exceeds 1.5 m, according to Zischg et al. [74]. 
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3.1.5. Flood magnitudes and scenario selection 
The question about the flood magnitudes that should be selected for the storylines raised several discussions. Depending on the field 

of application, some stakeholders were interested in flood magnitudes that can be managed with temporary interventions such as 1 in 
100 years. Others were interested in flood magnitudes far beyond the hitherto observed flood events, which would be interesting to 
prepare for the worst or for stress tests in the insurance sector. We organized a dedicated workshop on selecting the precipitation 
scenarios when the models were ready to show some first scenarios. During this workshop, nine precipitation scenarios were selected, 
showing the spatial variability and events of different severity. Six scenarios with centers of precipitation in different regions of 
Switzerland with a 1 in 100 years return period, two with a 1 in 300 years return period, and one “worst case scenario” with a 1 in 1000 
years return period were selected. 

3.1.6. Functionalities of the tool 
Based on the results of the interviews, we decided to develop a storymaps online tool and refer to it as the “Flood Dynamics” online 

tool. The goal is to provide a dynamic visualization of extreme river floods in Switzerland and their impacts. Furthermore, the goal is to 
contribute to the inter-regional and national perspective on the hydraulic system concerning flood evolution and recession. Table 1 
summarizes the functionalities of the online tool. 

During the second round of semi-structured interviews and workshops (phase “Consolidation” Fig. 1), we received practical inputs on 
which functions would be interesting to include in the storymaps, e.g., the number of affected people in an area or a visualization of flooded 
road sections that vary over time and can be queried with the time-slider. The newly introduced time-dependent visualization of storymaps 
with hourly resolution adds value during the planning phase of training, i.e., the development of scripts for training. For example, it depicts 
when a particular area or facility will be accessible, and the flood level at each point and time allows for prioritizing resources (personnel 
and equipment). In addition, it was mentioned that estimating the lead time to the flood will be helpful, e.g., the time lag between the 
maximum precipitation intensity in the upstream catchment and the flooding in the downstream river reaches. Furthermore, the number of 
people affected in schools and retirement homes, in combination with detailed accessibility information on the road network, is valuable 
information to intervention forces which is not available until now. One question brought up was if the data behind the storymaps has the 
same spatial resolution as the visualization. This is the case. In the hydraulic model, the maximum triangle area of the irregular 
computational mesh is set to 200 m2, and in the visualization one pixel covers the area of approximately 200 m2. Another point of dis
cussion was that it would have to be communicated carefully that the modeled floods are scenarios and cannot be interpreted as pre
dictions of future events, mainly since the exact timing and location of flooding might differ in an actual event. 

In a second workshop (phase “Consolidation” Fig. 1), the decision was taken to focus the development on civil protection and 
emergency services as the primary user group but to make the tool available online for the interested public as well. The development 
of the storymaps online tool focuses on applications in flood risk communication, particularly as a physically consistent basis for 
operational flood emergency exercises. We decided to show the elements at risk that are of interest to the stakeholders and for which 
geolocated datasets were available (affected schools, hospitals, and retirement homes. No data was available (freely and complete) on 
where critical infrastructure of emergency services are located). It was decided to include estimates of flood damage on buildings 
because this information is relevant for building insurers and gives an overview of the flood impacts on a regional and national scale. 
An issue discussed was if and how the number of residents (working or living) per affected building should be communicated. This 
information would be valuable to plan evacuation measures, but as it is sensitive personal data, its publication for every single object is 
not possible, and an aggregation of the data is needed. Therefore, the information is available in the tool as sums of affected residents 
and workplaces aggregated to geomorphological river sections and their floodplains, respectively, the floodplains of lakes. The flooded 
roads are visualized at the object scale, and no data aggregation was needed because of privacy issues. 

Furthermore, it was discussed how the precipitation scenarios should be displayed (color ramp, running precipitation intensities, or 
the cumulative sum). It was decided to display the precipitation scenarios as intensity maps by default while a scenario runs. The idea 
behind it is to create maps that resemble the precipitation forecasts issued by the national weather service MeteoSwiss. The user can, 
however, switch to display precipitation sum, which will also be displayed at the end of a scenario timeline by default. 

Table 1 
Overview of features of the flood dynamics storymaps online tool.  

Feature Possible Application 

Interactive animated map Intuitive communication of flood hazards. 
Mapping plausible flood scenarios Facilitates the imagination of possible flood events for professionals and laypersons. 
Visualization of the temporal flood evolution Input for training scenarios for professionals in flood disaster intervention. 

Information for the planning of flood disaster management, allowing to estimate the lead time. 
Flood risk awareness creation. 

Regional and national overview of the river system Input for training scenarios on a regional level or on the national level. 
Flood damage estimation Provides a measure to compare regions and events for governments and building insurers. 
Location and number of affected hospitals, schools, 

and nursing homes 
Raise awareness that such critical facilities may be affected. 

Number of affected people Indicative to plan evacuations. 
Impact on the road system Shows if and when an area will be cut off due to impassable roads. 

For flood intervention planning and training. 
To be considered when assessing the accessibility of critical services such as hospitals or the emergency 
services headquarters during flood events.  
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The third development stage (phase “Production” in Fig. 1) was the production of the user interface and the technical back end. 
During this stage, the interviews were conducted as user tests on partly functional prototypes of the online user interface. Key topics of 
these user tests were the user guidance through the tool, i.e., how users find their way to the information they are looking for or how 
many help texts are needed and where. Some users, for example, found it challenging to understand the choice of the precipitation 
scenarios. Therefore, a mouse-over function was added to display more information on the spatial and temporal distribution of the 
precipitation, together with a brief description of the event. Furthermore, a document with an overview of all extreme precipitation 
events and more information is provided on the website (link in section “data availability”). The results of the user tests were 
continuously transferred into the development process of the GUI, which was then tested again with potential users. 

3.2. Description of the flood dynamics online tool 

On the entry page of the tool, the user must select one of nine precipitation scenarios (Fig. 4). Subsequently, the user will see a map 
of Switzerland with the animated precipitation scenario overlaid with a time-slider to visualize the spatiotemporal pattern of the 
precipitation event. On the same map, the rivers and lakes of national interest are displayed. In the menu pane (Fig. 2), the user can 
select for which type of elements at risk (buildings, persons, workplaces, damages, schools, hospitals, nursing homes) the quantified 
impacts of a flood scenario should be displayed. The line width of the displayed river sections varies with time during the event and 
indicates the magnitude of the selected flood impacts for each river section (Fig. 5). The time-slider at the bottom of the map displays 
the hours since the onset of the precipitation event and allows pausing or toggling the displayed time step within the scenario. 

By zooming in, individual floodplains can be displayed in more detail (Fig. 6). A regional overview of more than one floodplain can 
be displayed, as well as a detailed view, which allows visualizing every single road and building within a floodplain. On the detailed 
zoom level, the visualization of the event changes to a detailed map, and the precipitation pattern is no longer visible. Instead, the 
scenario can be displayed as flood depth or vulnerability-based hazard classes (see section Classification of flood hazard). The storymaps 
also highlight the location of critical infrastructure on the map, namely schools, hospitals, and retirement and nursing homes (Fig. 7), 

Fig. 4. Screenshot of the entry page of the flood dynamics tool showing the nine precipitation scenarios available for selection. For each scenario, the duration (days), 
the mean amount of precipitation (in mm) over hydrological Switzerland, and the local maximum precipitation (in mm) are indicated. An icon displays the region with 
the center of the precipitation. 
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Fig. 5. Overview of the hydrological domain of Switzerland with a precipitation event (“Reference Scenario”) depicted. The menu pane on the left shows the pre
cipitation intensity’s color code and the flood impact (line width) legend on the selected object at risk (buildings in this example). 

Fig. 6. Detailed view of one floodplain surrounded in black (confluence of Thur and Sitter at Bischofszell in this example). The flooded area indicates flood depth. The 
menu pane on the left shows the color code for the flood depth and a legend for highlighted critical infrastructure in the floodplain. 
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or show a classification of inundated road sections (Fig. 8). The flood hazard classes are consistent with the classification of the flooded 
roads. The detailed base map and the flood visualization at hourly time steps provide a high-resolution picture of how the flood and the 
resulting impacts evolve (Figs. 6–8). 

Additionally, statistics on the flood impacts aggregated for Switzerland or a selected floodplain are provided. Estimations on the 
following flood impacts are evaluated over time: the damage restoration costs on buildings as calculated by the vulnerability model, 
the number of people in an area or in affected schools and retirement homes, and the length of inundated road sections including an 
estimation of whether and how a road is useable or not (Fig. 9). 

4. Discussion 

4.1. Application of the online tool 

The flood storymaps depict nine flood scenarios along Switzerland’s major rivers and lakes. The development of a storymap starts 
with selecting a precipitation scenario that results in flood events with substantial regional impact. The simulations show that extreme 
floods can occur in multiple regions nearly at the same time and hence can cause an overwhelming situation for emergency services. 
The online tool’s national and regional overview function draws attention to a national and regional perspective on flood hazards and 
points to the need to coordinate different levels of intervention forces during long-lasting and widespread flood events. 

The dynamic (i.e., time-resolved) visualization of the precipitation, the flood dynamics, and the flood impacts for the main Swiss 
rivers is new. It may show situations where a closer collaboration across regional command bodies could be favorable. For such ap
plications, the storymaps complement the existing static hazard maps. 

The precipitation scenarios contain hourly values (for potential evapotranspiration, temperature, and precipitation) disaggregated 
from six-hourly time steps. This process smoothed peak values within the six-hourly resolution. Therefore, the model chain based on 
these precipitation scenarios is suitable for generating storylines on a medium to a large spatial scale. Intensive small-scale precipi
tation events that affect mainly the local surface runoff and small rivers and lakes are not well represented in the storymaps. 
Consequently, the presented tool focuses on the main rivers of Switzerland, and small rivers and surface runoff are not considered. 
However, these small rivers, creeks, and surface runoff are important local flood sources in many municipalities. Floods in small rivers 
and due to surface runoff occur mainly during local-scale weather events like thunderstorms. These phenomena are not considered in 
the continental-scale weather simulation models. As soon as convection-resolving models are available, these local-scale hazard 
processes could, in principle, be implemented in the impact modeling chain. 

4.2. Road information 

The visualization if a road is passable or not draws attention to the issue that the intervention forces have difficulties reaching some 

Fig. 7. Screenshot of the online tool showing flooded areas in the floodplain as hazard classes at Interlaken between the Lakes of Brienz and Thun; critical infra
structure is highlighted. The menu pane on the left shows the color code with a description of the hazard classes and a legend for the highlighted critical infrastructure 
in the floodplain. 
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Fig. 8. Screenshot of the online tool showing flooded areas as hazard classes and the impacts on roads. The menu pane on the left shows the color code with a 
description of the hazard classes and a legend for the color code of the flood impact on roads. 

Fig. 9. Screenshot of the online tool showing a graph with the aggregated numbers for flood impacts over time in one floodplain (the Aare and the Lütschine at 
Interlaken in this example) for the scenario “Focus on lakes, 5 days”. The “damage to buildings” is selected and displayed. In the menu pane on the left other objects at 
risk can be selected for a detailed view. 
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Table 2 
Overview of the aggregated flood impacts within the modeled domain of the online tool.  

Scenario Number of 
Buildings 
affected 

Damage to 
buildings [millions 
CHF] 

Affected 
hospitals 

Affected 
schools 

Retirement and 
nursing homes 

Retirement and 
nursing home beds 

Affected 
persons 

Affected 
workplaces 

Impassable 
roads [km] 

Roads passable 
with carea [km] 

Roads with 
diversion traffic 
[km] 

Reference scenario 3100 920 0 18 4 260 12000 7400 110 95 520 
Wet preconditions 4400 1177 0 28 6 440 17000 11000 140 130 740 
Precipitation + 5800 1717 0 41 6 440 23000 25000 200 180 1200 
Precipitation +, 5 

days 
4300 1388 0 27 6 470 18000 17000 140 120 770 

Reference scenario, 
West 

2400 874 0 16 6 430 10000 11000 88 75 450 

West + 2700 1160 0 14 4 340 12000 7600 90 70 420 
Focus on lakes, 3 

days 
2000 583 0 18 3 160 8400 15000 65 81 730 

Focus on lakes, 5 
days 

5200 1570 1 45 7 380 25000 35000 210 140 1000 

Worst case 19000 5490 1 97 19 1300 80000 75000 600 440 3000  
a Roads passable with care: road section is flooded, but the water depth is < 30 cm. 
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areas during some events and may motivate to prepare for such cases (e.g., inter-regional cooperation and strategic allocation of 
material or shelter locations). Furthermore, including roads where diversion traffic must be expected is an example of an indirect flood 
impact. This example shows that such indirect impacts can affect much larger areas than the direct flood impact. This is most pro
nounced in mountainous regions or on lake shores where a blocked road section can lead to large detour routes or even the complete 
cut-off of an area. 

4.3. Precipitation scenarios 

It is important to keep in mind that the shown precipitation scenarios are selected examples of plausible extreme events. They are, 
however, not equally extreme for all catchments. For example, the Emme River section at Burgdorf experiences large flood magnitudes 
in most of our selected storylines. In contrast, even in our “worst case” storymap, when severe flood impacts are shown in most river 
sections, minimal impact appears along the Broye River and no flood impact at all along the river Wigger. However, we know from past 
events that the rivers Broye or Wigger can be affected by floods [82–84]. If and where floods are simulated in the online tool depends 
on one hand on the selected precipitation scenario. On the other hand, local factors such as river morphology, the exposure of people 
and objects at risk, and flood protection measures play an important role. The return periods used to describe the precipitation sce
narios are given for the hydrological domain of Switzerland. A different return period would be attributed at the local level for in
dividual catchments and another return period again for the river runoff. The reference scenario, for example, was attributed a return 
period of 100 years but leads to more damaged buildings than the scenario “west +” with a return period of 300 years (Table 2). Table 2 
shows the variability of the flood impacts related to the selected storylines and scenarios. Such amounts of information are difficult to 
convey without visualization. This supports both research questions, namely that storylines visualized as storymaps allow to 
communicate large amounts of complex scientific information. Understanding and interpreting the storymaps correctly needs some 
background knowledge. This is why professional users are the main targeted user group. 

4.4. Multiple scales 

The flood dynamics tool presented here provides a dynamic view and promotes a national perspective without losing the view of 
local details. This multi-scale application was valued by the first users of the tool. Users were satisfied with the ability to show the 
impacts at the national and local scales with many details. 

4.5. User feedback 

After the online tool was officially released and published, we received feedback from users who started including it in teaching for 
commanders of civil protection organizations. Furthermore, local political decision-makers and professionals in the field of hydraulic 
engineering reported being interested and evaluating potential applications. They stated that the tool would be used in risk 
communication and teaching during courses for professionals. The main conclusion from the feedback was that the tool allows for 
visualizing the ‘unthinkable’, namely extreme flood events that go far beyond the hitherto experienced ones. Moreover, they stated 
that the dynamic perspective of the tool eases the understanding of flood events. 

The proposed model chain uses the results of weather forecast models to simulate flood events and their impacts on selected aspects 
of societal activities and infrastructure. Thus, the presented co-development method could, in principle, also be applied to develop 
impact-based early warning systems. Impact forecasts and impact-based warnings aim at giving specific information to defined target 
groups enabling them to protect themselves in case of a forecasted extreme weather event [85]. Such warning systems “translate” the 
weather forecast to impact forecasts. The impact information is expected to support decision-making at the onset of a potentially 
catastrophic hazard event. The design and setup of impact-based warning systems, e.g., the development of warning messages 
dedicated to specific user groups with specific vulnerabilities to extreme weather events, requires involving the potential users in a 
participatory process. Thus, the presented approach with stakeholder participation can be an example of co-developing and 
co-designing impact-based warning systems. A co-production approach is easing the choice of the assets at risk and their vulnerability 
to floods that determine the content of the impact-based warnings (e.g., impacts of floods on buildings), the content of the warning 
message (where and when will people and buildings be affected in the next 24 h), or the content of the message that recommends 
actions for flood prevention when a flood event is forecasted (what has to be done?). 

As the hazard classification scheme differs from the hazard maps scheme officially used in Switzerland, some stakeholders argued 
against this new visualization because it might undermine the official communication effort about the importance of the hazard maps 
for land use planning purposes. These official hazard maps are widely accepted among professionals. They are, however, rarely used 
among the public [12,86]. In contrast to the presented approach of visualizing storylines of flood scenarios, these hazard maps 
summarize many possible scenarios. There is always a trade-off between using well-known concepts and linkages with existing tools 
and innovation. We avoided the transfer of the concept of static hazard maps to the dynamic hazard maps because of the risk of 
misinterpretation. When asking experts, they may judge the new tool from the perspective of integrating it into their daily tasks. 
Innovative functions must be explained well before asking potential users for the potential benefits. In this case (hazard classes), the 
proposed new way of mapping hazards in relevant categories for vulnerability (bottom-up classification of hazard intensities) was 
judged as useful from one part of the expert’s pool and not useful by the other part. Vulnerability information is relevant to give 
behavioral instructions. Other participatory investigations have shown that there is demand for actionable impact communication [87, 
88]. 

4.6. Limitations and future developments 

However, there are some limitations. First, the tool shows only a limited number of scenarios. Thus, not all river reaches are 
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covered by the simulated floods. Furthermore, the storymaps tool is online and publicly available. It has however not been evaluated 
how users other than the targeted users perceive and interpret the presented storymaps. They might find it a useful tool for flood risk 
communication and (public) awareness creation. The risk of misinterpretation might, however, be larger than with professional users. 
Moreover, the model chain itself has the same limits as most natural hazards simulation models. They neglect certain relevant pro
cesses, for example, the transport and clogging of bridges due to large woody debris, lateral and riverbed erosion, sediment transport, 
and finally, any human intervention during an event. This was also criticized by several users. Although the hydraulic model bases on 
very high spatial resolution, some local hydraulic structures might be neglected because they are not represented in the digital 
elevation models. Further uncertainty is given by the initial conditions we assumed at the onset of the extreme precipitation events to 
simulate the runoff. The hydrological initial conditions are a relevant source of variability and may have a larger effect on peak floods 
than the meteorological forcing [89]. The role of the initial conditions of the hydrological model must therefore be further analyzed for 
their impact on peak runoff and flood generation. 

It must be carefully communicated that the selected scenarios are extreme scenarios. They are physically plausible, meaning they 
could potentially occur, but it is not expected that any of the scenarios will occur exactly as shown. The presented scenarios can, 
however, still give an impression of possible flood magnitudes and the regional extent and timing of precipitation-driven extreme flood 
events. 

Further development of the online tool could include the public (non-experts) as an additional user group. Therefore, an inves
tigation into how people interpret the storymaps, which additional information is needed, and how it must be provided to add value, 
for example, for flood risk awareness creation. 

For professional users, integrating more information on the locations of more critical infrastructure would be helpful. The provided 
information was integrated based on the needs of the interrogated potential users and the availability of complete national data and, as 
such, may be seen as examples to demonstrate the feasibility and the usefulness of such information integrated into dynamic 
storymaps. 

Some stakeholders requested a functionality to interactively insert virtual flood defenses and test their effects on the flood hazard. 
This functionality of evaluating the effects of mobile flood protection measures on the flood impacts should be in the focus of future 
developments. 

5. Conclusions 

In this study, we asked how scientific information on extreme precipitation, floods, and flood impacts can be conveyed in a way that 
allows stakeholders in flood risk management to gain relevant information for their practical work in preparedness raising. We 
assessed how the storyline approach can support the communication of flood impacts information to practitioners in flood manage
ment. The study shows that storylines are a helpful concept to explore and communicate plausible extreme flood events. We apply this 
concept and combine it with mapping to yield storymaps. Our storymaps apply the concept of storylines with the help of dynamic 
(time-resolved) maps. They depict plausible extreme flood events rather than the most probable event. Storymaps of extreme flood 
events complement the commonly used official hazard maps, which are static and are based on events with return periods from de
cades to centuries (probability-based) with a focus on municipalities. The presented multi-scale flood storymaps provide impact in
formation aggregated across the river system as well as information on local processes and impacts. This is relevant additional 
information for practitioners in flood intervention and flood intervention planning. 

The close collaboration with stakeholders in an iterative co-development process guided the selection and preparation of the 
content and visualization of information of physically plausible flood storylines. The online tool https://flooddynamics.floodrisk.ch/ 
en, which results from this process, combines physically plausible storylines of extreme flood events with mapping for nine storylines. 
The storylines of extreme flood events are shown in storymaps that visualize the spatiotemporal unfolding of these flood events and 
their impacts. The storylines, on the one hand, contribute plausible time sequences of flood processes and their impacts on society. The 
time-resolved maps, on the other hand, make large amounts of complex information more easily accessible. The storymaps visualize 
the model chain that simulates the whole process chain from precipitation to river runoff, flooding, and flood impacts. 

In summary, the storyline concept can well be combined with mapping. Dynamic maps are particularly suited to this application 
because they allow for including the temporal component. 

The co-development process allowed to design the storymaps online tool for the stakeholders’ specific needs. The involvement of 
stakeholders was crucial for selecting the precipitation scenarios, the considered types of elements at risk, the classification of the flood 
hazards, the functionality of the tool, and its useability. Consequently, the information on extreme precipitation, flood risks, and flood 
impacts provided by research can be purposely used in practice to prepare and train for extreme flood events. 
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en. The document mentioned in section 3.1, with an overview of all extreme precipitations events for selecting the precipitation 
scenario of the flood impact storyline, is available at https://www.hochwasserrisiko.ch/en/text_howadyn/menuitem/findings/ 
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