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ABSTRACT 

The occurrence of several natural calamities during the last decades demonstrated the 
power and the devastating impacts of natural hazards. Common approaches to block or 
reroute natural processes to mitigate these impacts consist of the building of protection 
measures such as dikes, avalanche defense structures, and debris-flow breakers. Such 
active measures, however, are very expensive and even tend to increase the damage 
potential as buildings and infrastructure continue to be built behind these protective 
structures. Hence, passive measures, foremost the alignment of land-use with natural 
conditions is promoted in order to decrease the damage potential in an affordable way. 
Hazard maps form the basis for this spatial planning task by indicating areas that are not 
suitable for a certain land-use due to the presence of natural hazards. 

Although hazard maps are based on results of detailed assessments of hazardous natural 
processes they were made for the needs of spatial planners and cannot meet the 
requirements of all experts involved in natural hazards management. In addition, 
cartographic principles are ignored in many maps resulting in visualizations that are hard 
to read and interpret. As the communication of natural hazards data is crucial for effective 
natural hazards management, accessibility and presentation of available data has to be 
improved. A further shortcoming of existing hazard maps is that they rarely contain 
information about their accuracy although the prediction of potential future events is 
always subject to uncertainties. 

The objective of this thesis is to provide recommendations as well as a prototype of an 
interactive cartographic information system to facilitate the communication of natural 
hazards data including uncertainty. The main advantages of the interactive system are the 
effortless access to the data over the Internet and the provided functionality. With the help 
of interactive functionality data of interest can be selected, visualizations can be chosen 
and customized and finally displayed data can be queried allowing for the retrieval of 
information on the level of detail needed by the user. 

The development of this framework is based on analyses of existing hazard visualizations, 
an expert survey and interviews with natural hazards experts as well as feedback from 
cartographers and project managers of interactive systems and atlases. In practice the 
framework and design recommendations can either be used to support the development 
of a new interactive system or to enhance existing systems by implementing suggested 
visualization methods or interactive functionality. 

This thesis is based on five scientific publications and framed by an introductory and a 
concluding section. The included articles are structured in three sections; Paper 1 and 
Paper 2 focus on the visualization of natural hazards (in general and combining multiple 
processes), Paper 3 addresses the visualization of uncertainties in the field of natural 
hazards and Paper 4 and Paper 5 finally present the developed prototype and provide 
feedback of hazard experts as well as a comparison with existing systems. 
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ZUSAMMENFASSUNG 

Mehrere Naturkatastrophen mit verheerenden Auswirkungen haben während der letzten 
Jahrzehnte gezeigt, dass trotz modernen Schutzbauten Schäden nicht verhindert werden 
können. Diese Hochwasserschutz- und Lawinenleitdämme, Rückhaltebecken und 
Geschiebesammler sind sehr teuer und können sogar zu einer Erhöhung des Schaden-
potentials führen, wenn hinter den Schutzbauten weitere Gebäude oder Infrastruktur-
anlagen gebaut werden. Aus diesem Grund werden passive Massnahmen wie die 
Anpassung der Landnutzung an die Gefahrensituation gefördert. So kann das Schaden-
potential nachhaltig gesenkt werden. Gefahrenkarten bilden die Basis für diese raum-
planerische Aufgabe; sie weisen Flächen aus, die wegen ihrer Gefährdung nicht für 
bestimmte Landnutzungen (wie bauliche Nutzung) geeignet sind. 

Obwohl diese Gefahrenkarten auf detaillierten Gefahrenbeurteilungen basieren, wurden 
sie primär für die Bedürfnisse von Raumplanern entwickelt. Anforderungen von anderen 
Naturgefahrenexperten können daher nicht immer erfüllt werden. Ein weiteres Problem 
stellt die kartografische Qualität dar; bei vielen Karten wurden kartografische Richtlinien 
nicht berücksichtigt, was in unübersichtlichen und schwer lesbaren Karten resultiert. Da 
die Kommunikation von Naturgefahrendaten für effizientes Naturgefahrenmanagement 
unerlässlich ist, muss die Zugänglichkeit und die Präsentation von vorhandenen Daten 
verbessert werden. Zudem enthalten Gefahrenkarten selten Informationen über 
auftretende Unsicherheiten, obwohl die Vorhersage von möglichen zukünftigen Natur-
gefahrenereignissen wegen der Komplexität der Prozesse und der natürlichen 
Schwankungen immer mit Unsicherheiten verbunden ist. 

Aus diesem Grund ist das Ziel dieser Dissertation Empfehlungen sowie einen Prototypen 
für ein interaktives kartografisches Informationssystem zu entwickeln, welche die 
Kommunikation von Naturgefahrendaten und Unsicherheiten verbessern soll. Die Haupt-
vorteile von interaktiven Systemen sind der einfache Zugriff auf die Daten über das 
Internet sowie das Potential der implementierten interaktiven Funktionalitäten. Mit Hilfe 
dieser Funktionalitäten können interessante Daten selektiert und aus verschiedenen 
Visualisierungsmethoden ausgewählt werden. Die Symbolisierung kann dann benutzer-
gerecht angepasst werden. Schliesslich können die dargestellten Daten interaktiv 
abgefragt werden, damit jeder Experte Informationen in der gewünschten räumlichen 
Auflösung zur Verfügung hat. 

Die Entwicklung dieses Konzepts und des Prototyps gründen auf Analysen von 
bestehenden Gefahrenvisualisierungen, einer Expertenumfrage, Interviews mit Natur-
gefahrenexperten, sowie Informationen von Kartografen und Projektleitern von inter-
aktiven Anwendungen und Atlanten. In der Praxis können das Konzept und die 
Empfehlungen zur Kartengestaltung sowohl zur Entwicklung eines neuen Systems als 
auch zur Verbesserung und Ausbau von bestehenden Systemen eingesetzt werden. 

Diese Dissertation basiert auf fünf wissenschaftlichen Publikationen, welche mit einer 
Einleitung und einem Kapitel mit Schlussfolgerungen und einem Ausblick ergänzt worden 
sind. Die Artikel sind in drei Kapitel gegliedert; der erste und zweite Artikel fokussieren auf 
der Visualisierung von Naturgefahren im Allgemeinen und der Kombination von mehreren 
Prozessen. Artikel 3 befasst sich mit der Visualisierung von Unsicherheiten, denen man bei 
Naturgefahrenbeurteilungen begegnet. In Artikel 4 und 5 wird schliesslich der entwickelte 
Prototyp vorgestellt. Neben den Vorteilen der implementierten Funktionalitäten werden 
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Rückmeldungen von befragten Naturgefahrenexperten und ein Vergleich mit bestehenden 
Systemen präsentiert. 

  



 
iv 

 



 
v 

TABLE OF CONTENTS 

ABSTRACT i 

ZUSAMMENFASSUNG ii 

TABLE OF CONTENT v 

LIST OF FIGURES AND TABLES vi 

1 INTRODUCTION 1 
 Shortcomings and research questions 1 

 Methodology and objectives 2 

 Overview of the thesis 3 

2 BACKGROUND 5 
 Natural hazards management and assessment 5 

 Hazard maps 6 

 Uncertainty associated to natural hazard assessment 7 

 Uncertainty visualization 8 

 Interactive cartographic systems 8 

 Study area 9 

3 VISUALIZATION OF NATURAL HAZARDS 11 
 Paper 1 – How to enhance cartographic visualizations of natural hazards assessment 

results 
11 

 Paper 2 – Cartographic visualizations of quantitative assessment results for multiple 
natural hazards 

31 

4 VISUALIZATION OF UNCERTAINTIES IN NATURAL HAZARDS ASSESSMENTS 41 
 Paper 3 – Visualization of uncertainty in natural hazards assessments using an interactive 

cartographic information system 
41 

5 INTERACTIVE CARTOGRAPHIC INFORMATION SYSTEM 57 
 Paper 4 – Customized visualization of natural hazards assessment results and associated 

uncertainties through interactive functionality 
57 

 Paper 5 – Interactive functionality of cartographic information systems for natural hazards 
data – comparison of selected geoportals with an expert system 

73 

6 CONCLUDING REMARKS 79 
 Synopsis of results 79 

 Scientific relevance 79 

 Outlook 80 

ACKNOWLEDGEMENTS 81 

REFERENCES 83 

CURRICULUM VITAE 89 



 
vi 

LIST OF FIGURES AND TABLES 

 

FIGURES 

 

2 BACKGROUND 

Figure 1 Risk management circle 5 

Figure 2 Study area in Blatten (VS), in the Swiss Loetschen valley 9 

3 VISUALIZATION OF NATURAL HAZARDS 

Paper 1 

Figure 1 Quantitative overview on the analyzed natural hazards processes (number of 
analyzed maps is displayed above each bar) and the according data types 

14 

Figure 2 Quantitative overview on natural hazards processes and their representation in 
the four scale groups large, medium, small, and very small 

14 

Figure 3 Small scale map depicting the location of active volcanoes (pink dots) in Iceland 15 

Figure 4 (a) Matrix for the determination of hazard classes: intensity and probability of 
an event are reduced to the parameter hazard zone and finally visualized in a 
hazard map (b) 

16 

Figure 5 Overview on the visual variables color hue, color value, color saturation, shape, 
size, orientation, texture, and transparency 

16 

Figure 6 Quantitative overview on the used visual variables color hue, color value, color 
saturation, shape, size, orientation, texture, and transparency ordered by scale 

17 

Figure 7 Quantitative overview on used symbolization types ordered by scale 17 

Figure 8 Quantitative overview on number of used variables and number of data classes 
ordered by scale 

18 

Figure 9 Quantitative overview on type of base map ordered by scale 18 

Figure 10 Quantitative overview on present animations and interactivity ordered by scale 19 

Figure 11 Questions and answers of the online expert survey about existing natural 
hazard maps 

20 

Figure 12 Different styles of synoptic hazard maps. In (a) the underlying processes are 
symbolized by lines in different color hues, in (b) abbreviations of the processes 
with the corresponding hazard zone are used 

22 

Figure 13 Examples of a sequential scheme (a), a diverging scheme (b) and a qualitative 
scheme (c) 

24 

Figure 14 Classes depicted in single hue color schemes (a) are harder to distinguish than 
classes depicted in multi-hue color schemes (b) 

24 

Figure 15 Too many classes (a) are harder to distinguish than fewer classes (b), here 
combined with a multi-hue color scheme 

25 

Figure 16 Transparent thematic layers on dominant base maps (a) are less distinctive 
than bright thematic layers on transparent backgrounds (b) 

26 

Figure 17 Overlaying texture is hard to interpret (a) while gridded patterns prevent 
occlusion of symbolization (b) 

27 

Figure 18 Raw raster data (a) can be visually striking and should be smoothed in order to 
obtain a natural appearance (b) 

28 



 
vii 

Paper 2 

Figure 1 Different spatial data formats: point data (a), trajectories (b), TIN (c), and 
regular grid (d) 

33 

Figure 2 Hazard map of mass movements 34 

Figure 3 3D prism map of the maximal Würm glaciations 34 

Figure 4 Representation of snow avalanche impact pressures in the original spatial 
data format 

35 

Figure 5 3D bar chart representation of debris flow heights 35 

Figure 6 Snow avalanche heights represented by a smoothed surface 36 

Figure 7 Symbolization of different processes by application of texture (a), labels (b), 
and coloured outlines (c) 

36 

Figure 8 Reduction of occlusion by gridded textures 37 

Figure 9 Accumulated bar charts for the representation of multi-hazard data sets 37 

Figure 10 Graphical user interface of the cartographic information system 39 

 

4 VISUALIZATION OF UNCERTAINTIES IN NATURAL HAZARDS ASSESSMENTS 

Paper 3 

Figure 1 Overview on the visual variables color hue, color value, color saturation, 
shape, size, orientation, texture, transparency, and clarity 

45 

Figure 2 Overview on the provided answers of the natural hazards expert survey 
about uncertainty visualization and communication 

47 

Figure 3 Intrinsic approaches where impact pressures are mapped to color hue 
(yellow, orange, red) and variation coefficients to color value (a) or color 
saturation (b); the numbers in the legend matrix indicate the used color 
values (a) and color saturations (b) in a hue-saturation value (HSV) color 
model 

50 

Figure 4 Extrinsic approaches showing impact pressures in a blue color scheme and 
variation coefficients in form of proportional point symbols (a), scattered 
dots (b), and isolines (c) 

51 

Figure 5 Univariate approaches in 2D (a) and 3D (b) showing impact pressures and 
variation coefficients in separate displays 

53 

Figure 6 Graphical user interface of the cartographic information system for the 
exploration and visualization of natural hazards assessment results and 
inherent uncertainties 

54 

 

 

5 INTERACTIVE CARTOGRAPHIC INFORMATION SYSTEM 

Paper 4 

Figure 1 Requirements towards natural hazard visualizations 61 
Figure 2 Different color schemes for the depiction of snow avalanche assessment 

results 
62 

Figure 3 2D map mode (a) and block diagram mode (b) with application of 2D 
symbolization 

63 



 
viii 

Figure 4 Uncertainty visualizations: (a) univariate method where impact pressure 
and uncertainty are displayed in two separate maps, (b) bivariate method 
where the visualization of impact pressure is overlaid with uncertainty 
information (extrinsic symbolization), and (c) bivariate method where 
intensity and uncertainty are mapped in the same layer by altering color 
brightness with intensity and color saturation with uncertainty (intrinsic 
symbolization) 

67 

Figure 5 Graphical user interface of the cartographic information system for the 
visualization of hazard assessment results and associated uncertainties 

68 

Figure 6 Schematic overview of the decision structure of the system: with the help of 
interactive functionality (group I) data can be selected and visualized 
according to the users’ needs resulting in a cartographic visualization which 
can then either be analyzed visually or processed further with the help of 
additional interactive functionality (group II) 

69 

 

Paper 5 

Figure 1 Graphical user interface of our cartographic information system for natural 
hazards experts 

76 

Figure 2 Combined visualizations of snow avalanche impact pressures and 
uncertainty information 

77 

 
  



 
ix 

TABLES 

 

3 VISUALIZATION OF NATURAL HAZARDS 

Paper 2 

Table 1 Exemplary data set of a quantitative natural hazards assessment 
encompassing multiple processes 

32 

 

 

4 VISUALIZATION OF UNCERTAINTIES IN NATURAL HAZARDS ASSESSMENTS 

Paper 3 

Table 1 Visual variables and visualization techniques for the depiction of 
uncertainty in natural hazards suggested by Trau and Hurni (2007) and 
Pang (2008) 

46 

Table 2 Comments about the use of visual variables for intrinsic uncertainty 
visualization 

51 

Table 3 Comments about the use of visualization techniques for extrinsic 
uncertainty visualization 

52 

 

 

5 INTERACTIVE CARTOGRAPHIC INFORMATION SYSTEM 

Paper 4 

Table 1 List of potential interactive functionality that was rated by the 
cartography experts 

64 

 

Paper 5 

Table 1 Interactive functionality of ten Swiss geoportals (ranked according to 
frequency of implementation) 

74 

Table 2 Available data 75 

 
  



 
x 

 



 
1 

1 INTRODUCTION 

Decisions with a spatial context have to be made every day by various people involved in 
different tasks. Such decisions include spatial planning tasks, emergency planning, 
ecological questions, logistical problems, decisions about the construction of 
infrastructure, etc. During all these decision making processes every decision maker is 
dependent on the availability of crucial information. And since most data sets are 
associated with uncertainties, knowledge about the accuracy of this information is 
required for sound and transparent decisions and to prevent undesirable consequences 
(e.g. Goodchild et al., 1994; Evans, 1997; Agumya and Hunter, 2002). The need for coping 
with uncertainty as well as improving the communication of scientific information is 
widely acknowledged in the research community of different fields (Kinzig et al., 2000). 

An example for decision making based on complex spatial information associated with 
uncertainties is natural hazards management. Natural hazards cause loss of human lives, 
destructions of buildings and infrastructure as well as economical damage. Past events 
have shown that only an integral risk management can effectively mitigate natural 
hazards events (Bezzola and Hegg, 2008). In the course of this integral risk management 
ambitions to decrease damage potential play an important role; instead of building 
expensive protection measures (such as dikes, avalanche defense structures, and debris-
flow breakers), passive measures (foremost the alignment of land-use with natural 
conditions) are promoted in order to decrease the damage potential in an affordable way. 

Hazard maps show areas affected by hazardous natural processes and have been 
developed as tool for spatial planning tasks as well as for national concepts and plans, 
grants of buildings and concessions, and the granting of subsidies. However, hazard maps 
contain information that is valuable beyond the scope of spatial planning; intensities, 
frequencies, and process areas on potential hazardous events are required for all hazard 
management and decision making tasks. Consequently, it is crucial that hazard 
assessment results are readily accessible to all involved experts. In order to effectively 
support decision makers this information needs to be presented in a comprehensible way. 
In addition, information about uncertainty needs to be included to allow for informed 
decisions (e.g. Downton et al., 2005; Pappenberger and Beven, 2006; Bezzola and Hegg, 
2008; Roth, 2009). 

The cartographic challenge of visualizing the multivariate and spatially variable data sets 
of natural hazards assessment results and associated uncertainties by means of modern 
cartography is met in this thesis. 

Shortcomings and research questions 

Ineffective communication of information: Results of hazard assessments are usually very 
detailed and of high spatial resolution. Hazard maps, however, contain generalized 
information in form of hazard zones. Due to the lack of more detailed hazard visualizations, 
many experts involved in natural hazards management are using these maps as basis for 
their tasks although they were primarily designed for the needs of spatial planning. This 
results in an overload of the hazard maps (Bezzola and Hegg, 2008), meaning that the 
requirements of the very heterogeneous user group of natural hazards experts toward 
hazard representations are manifold and cannot be met by a single product. In addition, 
many maps (especially digital versions) are of poor cartographic quality and/or contain 
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enormous amounts of data (e.g. synoptic maps), despite existing guidelines. As a 
consequence, these maps are difficult to understand and interpret which hampers the 
information flow and the communication of available data. 

Research question 1: How can we improve the presentation and communication of hazard 
related data? 
 
Lack of uncertainty presentation: The accuracy of the prediction of areas affected by natural 
processes varies according to terrain, process, available input areas, experience of the 
assessing experts, and many other factors. Past events have shown that these 
uncertainties need to be communicated as they are of great importance for experts and 
decision makers (Bezzola and Hegg, 2008). Cartographic representations are found to be 
effective means for the communication of uncertainties associated with spatial data and 
consequently many cartographic methods have been considered for uncertainty 
visualization (summarized by Slocum et al. (2008)). However, only few hazard 
representations include visualizations of uncertainty (Pang, 2008) even if such information 
would be available (Roth, 2009). 

Research question 2: How can uncertainty information be visualized and included in 
hazard representations? 

Methodology and objectives 
Shortcomings in existing hazard visualizations and in uncertainty communication were 
located with the help of an online expert survey with natural hazards expert as well as 
analyses of existing maps and interactive systems. Based on these findings, solutions for 
the formulated research questions were developed with the help of interviews with 
natural hazards specialists as well as with cartographers and managers of projects 
developing interactive systems. 

The objective of this thesis is to develop recommendations for interactive visualizations of 
natural hazards data and associated uncertainties. Targeted users are natural hazards 
experts from different backgrounds who are assigned different tasks of natural hazards 
management. All available hazard data including hazard assessment results for various 
processes, further important information (e.g. details about the assessment, specifics 
about input parameters, characteristics of used numerical models, etc.) as well as 
uncertainty information should be made effortlessly accessible to all experts by web-based 
technology. Interactive functionality will allow users to select data of interest and 
customize the visualizations of hazard as well as uncertainty information according to 
their needs. The offered visualizations will be detailed (large-scale maps), of high 
cartographic quality, and interactively queryable. 

Finally, the implementation feasibility of the suggested recommendations will be 
demonstrated by the development of a prototype of an interactive cartographic 
information system. 

Altogether the suggested visualizations combined with the advantages of interactive 
functionality and web-based technology aim at facilitating the interpretation of available 
hazard information, at providing a platform for the communication of uncertainties 
associated with predictions of natural hazards, and at enhancing the communication of 
hazard related information among experts. 
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Overview of the thesis 
This cumulative dissertation is structured in five sections. After this introductory section, 
the state-of-the-art and background information of relevant research topics are provided in 
section 2. 

The improvement of hazard presentations (research question 1) is addressed in section 3. In 
order to investigate general design flaws in existing visualizations an analysis of over 100 
hazard representations as well as an expert survey were conducted. The identified 
shortcomings as well as suggestions for the enhancement of certain key elements are 
presented in Paper 1. Paper 2 focuses on potential methods for the visualization of multiple 
natural hazards. If too much information is included in a map this can result in overloaded 
map displays that are hard to interpret. Consequently, the information flow is hampered. 
The suggested visualization methods aim at a simultaneous display of assessment results 
for multiple natural processes in a clear and understandable way. 

In Section 4 the issue of uncertainties associated with natural hazards assessments 
(research question 2) is discussed (Paper 3): after a discussion of the components and 
sources of occurring uncertainties an exemplary quantification of model uncertainty by 
means of a sensitivity analysis for a snow avalanche simulation is presented. This data set 
is subsequently used to apply and compare different uncertainty visualization methods. 

The advantages of integrating the suggested visualization methods in an interactive 
cartographic information system are presented in Section 5; Paper 4 presents the 
developed expert system and explains the potential and advantages of interactive 
functionality. This functionality allows for retrieving detailed information even if the data 
are classified and presented in a generalized map as well as for customized visualizations 
(research question 1). In Paper 5 a comparison between existing system and the developed 
expert system is presented, allowing the emphasis of important interactive functionality 
implemented in the developed prototype. 

Section 6 summarizes achievements, presents concluding remarks, explains the scientific 
relevance, and finally gives an outlook on potential future activities in the field of natural 
hazards and uncertainty visualization. 
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2 BACKGROUND 1

The interdisciplinary research of this thesis encompasses topics of hazard management 
and cartography. This background section provides important background information as 
well as the state-of-the-art of the most relevant topics of this research. 

 

Natural hazards management and assessment 
Switzerland’s legal framework provides an effective framework for the prevention of 
damage caused by natural hazards (PLANAT, 2003). However, this framework is based on 
the idea of adverting hazards by the construction of active protection measures such as 
dikes, avalanche defense structures, and debris-flow breakers. This approach proved to be 
very expensive and therefore a change of paradigm “from hazard aversion towards a 
comprehensive risk culture” (PLANAT, 2003) is demanded. Integral risk management aims at 
decreasing existing risks and at preventing additional risks during all stages of risk 
management; event management, regeneration, and prevention (PLANAT, 2003; Bezzola 
and Hegg, 2007). This risk management circle is illustrated in Figure 1. 

 
Figure 1 Risk management circle (after Bezzola and Hegg, 2007) 

The concept of integral risk management is valid for a lot of different processes, including 
earthquakes, gale-force winds, droughts, snow avalanches, mass movements, and 
flooding. In this thesis, however, only processes that exhibit spatial impacts on a local level, 
namely flooding, rock fall, landslides, debris-flows, and snow avalanches are considered. 
For these processes detailed assessments on a local level are conducted and serve as basis 
for hazard and risk management. These assessments are conducted by natural hazards 
specialists and base on expert judgment, numerical simulations or a combination of the 
two. Numerical models are either of deterministic or probabilistic nature. While 
deterministic models base on functional relationship between fixed input parameters, 
probabilistic models include probability distributions of input parameters and propagate 
these probabilities through the model, resulting in output parameters with corresponding 
probability distributions. Both types of models can provide results with a high spatial 
resolution and numerous current research projects aim at enhancing these models and at 
getting a better understanding of the natural processes (e.g. Bates et al., 2005; Rickenmann 
et al., 2006; Christen et al., 2010). 
                                                           
1 This background section contains excerpts from Kunz and Hurni (2008), Kunz and Hurni (2009) and Paper 
 3 & 4 of this thesis 
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Hazard maps 
One element of integral risk management is the reduction of damage potential which can 
be achieved by the alignment of land-use with natural conditions. Hazard maps form the 
basis for this spatial planning task as well as for national concepts and plans, grants of 
buildings and concessions, and the granting of subsidies (Zimmermann et al., 2005). 

Hazard mapping has a long history in Switzerland. The first attempt to create a hazard 
map was made after several snow avalanches had been responsible for the loss of life of 54 
people and the destruction of 656 buildings during the winter 1951. In 1965 the first legal 
foundations for the production of hazard maps were set in the regulation concerning the 
federal superintendence on the forestry police2. In 1979 the federal law on spatial planning3 
laid stress on the importance of considering natural hazards for local and regional 
planning. The federal laws on water constructions4 and forestry5

Hazard maps are maps of suitability; they indicate areas that are not suitable for a certain 
land-use due to the presence of natural hazards. For this purpose the results of hazard 
assessments are classified into discrete hazard zones (e.g. 5 zones in Switzerland, see Loat 
and Petrascheck, 1997) indicating the impact on people and buildings in case of an event 
that are mapped to different colors. In the red zone (= high hazard) people are at risk both 
inside and outside of buildings and a rapid destruction of buildings is possible. This zone 
designates a prohibition domain where development is banned. Existing buildings can be 
maintained but no enlargements are allowed. The blue zone (= moderate hazard) indicates 
an area where people are at risk outside of buildings. This zone is a regulation domain and 
damage to the building structure should be expected but no rapid destruction should 
occur as long as the restrictive regulations have been followed and the construction type 
has been adapted to the present conditions. There are no restrictive regulations in the 
yellow zone (= low hazard) and people are only at low risk even outside of buildings. 
Damage inside of buildings might occur but not at the structure. People living in this 
alerting domain have to be notified of possible hazards. If an area is threatened by an event 
of high intensity but very low probability, this area can be hatched in yellow and white 
which represents a residual hazard. In these zones no public buildings (like hospitals, etc.) 
should be built. Areas that are not affected by any natural hazard or where the danger is 
negligible according to present information are kept in white. 

 were revised in 1991 and 
together with the according regulations they oblige all Swiss cantons to create hazard 
maps for their municipalities. This legal foundation is very important because only after 
their implementation in regional and land-use planning hazard maps become legally 
binding. 

According to Swiss laws a separate hazard map for each considered process is produced. 
After the consultation of the separate hazard maps the single processes by which an area is 
endangered are known. However, also the total hazard is of interest. To date this sum is 
assessed by overlaying the single hazard maps, merging the total information in one 
synoptic map; interactions between the processes or mutual influences are not considered. 

                                                           
2 Vollziehungsverordnung vom 1. Oktober 1965 zum Bundesgesetz betreffend die Eidgenössische Oberaufsicht 
 über die Forstpolizei (FPoIV, SR 921.01) 
3 Bundesgestz vom 22. Juni 1979 über die Raumplanung (RPG, SR 700) 
4 Bundesgesetz vom 21. Juni 1991 über den Wasserbau (WBG, SR 721.100) 
5 Bundesgesetz vom 4. Oktober 1991 über den Wald (WaG, SR 921.0) 
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The design of this synoptic map is regulated by cantonal guidelines, resulting in maps of 
different styles and appearances. 

Apart from analog paper maps, many digital hazard visualizations exist. While analog 
maps are produced in small quantities and can only be accessed at few locations (such as 
municipal or cantonal offices), the effortless accessibility of digital maps over the Internet 
presents a major advantage. Some available digital maps are integrated in interactive 
systems allowing users to interact with the maps; examples of commonly implemented 
interactive functionality are zooming and panning, searching for place names, measuring 
of distances or retrieving more detailed information about hazard zones. 

Uncertainty associated to natural hazard assessment 

Researchers from different fields agree that coping with uncertainty, complexity, and 
change is a research area that is in particular need of attention (Kinzig et al., 2000). The 
fact that our knowledge of systems under investigation is always incomplete (Holling, 
1995; Councelis, 2003) results in model output and forecasts that involve uncertainties. 
Discussions about the quality of spatial data have been ongoing for the last 30 years, 
mostly performed by members of the Geographic Information System (GIS) community 
(Goodchild, 1980). While early GIS research only rarely included uncertainty management, 
it has become an important topic and the unavoidability of uncertainty and error is 
acknowledged in GIScience (Veregin, 1999; Sadahiro, 2003; Kyriakidis, 2008). However, 
although uncertainties can lead to undesirable consequences in decision making (Agumya 
and Hunter, 2002) the communication of uncertainty information is missing in many 
fields. 

Natural hazards management is one of the fields where the provision of uncertainty 
information is not standard practice yet. However, from the perspective of property owners 
and municipalities, the assignment of parcels to high hazard zones can have severe 
financial consequences. Hence, the question about how accurate such hazard zones can be 
defined is a much discussed question that raised a lot of attention during the last years. 

As the knowledge and understanding of hazardous processes is not complete due to their 
complexity and natural variability, all predictions of potential future events (whether based 
on numerical modeling or expert opinions) are associated with uncertainty. Although this 
fact is acknowledged by most experts, the localization and quantification of these 
uncertainties is a challenge (Apel et al., 2008). Research about the quality of spatial data in 
general revealed the multi-faceted nature of uncertainties and the difficulties to agree on a 
common typology (Buttenfield and Ganter, 1990; Thomson et al., 2005; MacEachren et al., 
2005). In some fields, such as seismic or tsunami hazard management, probabilistic 
methods are widely used (Wiemer et al., 2009) and uncertainty distributions of input 
parameters are taken into account and propagated through the model. In recent research, 
the use of probabilistic analyses has been expanded to gravitational natural hazards 
processes such as landslides (e.g. Refice and Capolongo, 2002; Xie et al., 2004; Guzzetti et 
al., 2005), flooding (e.g. Krzysztofowicz, 2002; Bates et al., 2004; Werner et al., 2005; Most 
and Wehrung, 2005; Apel et al., 2006), snow avalanches (e. g. Bakkehøi, 1987; Straub and 
Grêt-Regamey, 2006; Jomelli et al., 2007), or rock fall (e.g. Straub, 2005; Straub and 
Schubert, 2008). Despite these efforts, however, no standard typology for uncertainties 
associated to natural hazards assessment results exist (Pang, 2008) and guidelines for 
their localization and quantification are only of qualitative nature (e.g. Romang, 2008). 
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Uncertainty visualization 
As uncertainty consists of many different parts caused by different sources, uncertainty is 
no global attribute but exhibits a great spatial variation. The ability to capture and 
communicate such spatial variability makes maps to efficient means of spatial data 
presentation and assessment (Merz et al., 2007). Consequently, research about 
uncertainties in spatial data was linked to research in visualization in its early stages: after 
Buttenfield and Ganter (1990) analyzed Bertin’s (1967) visual variables and suggested what 
characteristics of uncertainty can be illustrated by these variables, different studies have 
investigated and in some cases also evaluated potential visualization methods for the 
visualization of uncertainty in geospatial data sets (e.g. Buttenfield and Beard, 1991; 
MacEachren, 1992; McGranaghan, 1993; Goodchild et al., 1994; Van der Wel et al., 1994; 
Wittenbrink et al., 1996; Leitner and Buttenfield, 2000; Drecki, 2002; Aerts et al.2003; 
MacEachren et al., 2005; Zuk and Carpendale, 2006). 

More recent research  analyzed general uncertainty visualization methods and assessed 
their suitability for applications in the field of natural hazards: Trau and Hurni (2007) give 
an overview on existing methods and suggest visualizations suitable for the depiction of 
uncertainty in hazard and hazard index maps, Bostrom et al. (2008) present a review of 
research about the visualization of seismic risk and uncertainty and Pang (2008) finally 
discusses the issue of uncertainty associated to natural hazards data in detail and presents 
potential methods for visualizing uncertainty in natural hazards such as the application of 
blurriness, transparency, or fuzziness, the use of color hue, saturation, or value, the 
superimposition of a grid that is modified according to uncertainty values, the drawing of 
contour lines, the variation of the thickness, brightness, or connectedness of symbolization, 
the use of glyphs, histograms, or box plots, or the creation of complex 3D surfaces. 

Interactive cartographic systems 
Modern cartography is often assisted by interactive environments; most modern atlases 
comprise versatile navigation tools, sophisticated visualization techniques and analytical 
functionality. Zooming and panning, coloring, and interactive queries are standard features 
(Sieber et al., 2005). The access to these functions is provided by the Graphical User 
Interface (GUI). In order to guarantee an unconfined and intuitive use of the system, the 
GUI has to be laid out clearly and the functions must be easily recognizable and 
manageable. 

Such interactive cartographic systems are also referred to as Multimedia Atlas Information 
Systems (MAIS). In Hurni’s (2008) definition of MAIS, numerous advantages for the 
handling of digital data can be found: MAIS are systematic, targeted collections of spatially 
related knowledge in electronic form, providing a user-oriented form of communication for 
information and decision-making purposes. The different maps have a common legend 
and symbolization and can be accessed through thematic or geographic indexes. MAIS 
dispose of special interactive functions for thematic or geographic navigation, querying, 
analysis and visualization. The data in MAIS is cartographically edited and the functionality 
is intentionally limited to provide a user-targeted set of data as well as adapted analysis 
and visualization functions. In multimedia atlases, additional related multimedia 
information (graphics, diagrams, tables, text, images, videos, animations, and audio 
documents) are linked to geographic entities. 
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The advantages of interactive functionality and web-based technology for expert tools in 
the field of natural hazards management has been identified in recent research. Lienert et 
al. (2009) developed a web-based application for the real-time visualization of hydrological 
data. This application offers functionality to interactively monitor, retrace, and compare 
the available information. Romang et al. (2010) built on the experiences of snow avalanche 
tools and established an interactive early warning and information system for floods and 
debris flows. 

Study area 
In order to test and apply the suggested visualizations, a data set with hazard assessment 
results for several hazardous processes is required. Although hazard maps exist for many 
municipalities in Switzerland, the available information is usually limited to discrete hazard 
zones and intensity classes. As the focus of this study is on large-scale visualizations of 
detailed hazard data, the available generalized data sets were not sufficiently detailed. 
Hence, the Stampbach gully in Blatten, Switzerland (Loetschental, VS) was chosen as study 
area.  

 
Figure 2 Study area in Blatten (VS), in the Swiss Loetschen valley (topo map reproduced with the 
authorization of swisstopo (JD100042)) 

Many debris-flows and snow avalanches have occurred in this valley during the last 
decades and the valley floor of the Loetschental is prone to flooding. 

After the occurrence of a severe debris flow event in 1989 that caused damage to 
infrastructure and endangered the town of Blatten, a debris basin has been built on the 
northwesterly side of the debris fan (Grichting, 2007). As debris flow events continually 
occur in the Stampbach gully, information for numerical models become available. This 
information is used in current research at the WSL (Swiss Federal Research Institute for 
Forest, Snow, and Landscape) that involves the numerical modeling of the Stampbach gully 
with the debris flow module of RAMMS simulation software (Graf and McArdell, 2008). A 



 
10 

data set of detailed (spatial resolution of 5m) debris flow heights and velocities have been 
generously made available for this thesis. 

Data about the current flooding situation in the valley floor where gathered from the 
project AQUAPROTECT of the Swiss Federal Office for the Environment (FOEN, 2009). 

As basis for the calculation and depiction of the spatial variability of uncertainties 
associated to natural hazards assessment results, very detailed data was required. For this 
reason a snow avalanche event in the Stampbach gully was simulated with 
RAMMS:avalanche (Christen et al., 2010). The model was calibrated against the historical 
event of April 4, 1999 for which a map of the process area was made available by the WSL 
Institute for Snow and Avalanche Research SLF. 

In order to produce an uncertainty data set the effects of input parameter uncertainty on 
the resulting output parameters was estimated by conducting a sensitivity analysis for the 
model of the 1999 snow avalanche event. While the calibrated friction parameters were 
adopted for all 25 calculations of the sensitivity analysis, release zone areas and release 
zone depths were varied, resulting in 25 data sets that allowed for the estimation of 
statistical characteristic values for each 5x5m raster cell of the study area. 
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Abstract Cartographic visualizations are important tools for the communication of hazard 
related data among stakeholders. Although these representations are essential for various hazard 
management tasks, an analysis of existing hazard visualizations showed that they often disregard 
cartographic principles. This leads to confusion on the part of users through poor representations and 
consequently to an impairment of the information flow. 
The objective of this research is to offer suggestions for enhanced hazard visualizations to facilitate 
hazard management tasks and decision making. Existing cartographic shortcomings are identified 
based on an extensive analysis of hazard visualizations and an expert survey. These shortcomings are 
discussed and improvements for important cartographic elements are presented. 

Introduction 

Natural hazards assessment is a fundamental part of risk management and serves as an 
important basis to protect human lives and infrastructure from dangerous natural 
processes (Kienholz, 2005).Visualizations of natural hazards assessments are important 
tools for communication of the spatial distribution of hazards among concerned parties 
(Petrascheck and Kienholz, 2003). This is one reason that maps for the identification of 
areas subject to natural hazards exist for large areas of the world (NatHazMap, 2010). 
However, as many of these maps are produced by natural hazards specialists rather than 
cartographers, they often ignore cartographic principles, which results in overloaded and 
unbalanced maps that are hard to interpret. 
Even in countries where the creation of hazard maps is a standard procedure (sometimes 
even regulated by law) and mapmakers can follow existing design rules, these maps 
cannot satisfy the needs of all users. Many detailed hazard maps were developed for the 
purpose of land-use planning. Recent analyses of past events, however, confirmed that 
hazard maps are not only used to identify endangered areas as basis for land-use planning, 
but for many other hazard management tasks such as emergency planning, the planning 
of physical protection of infrastructure, or risk assessment. These tasks are carried out by 
specialists with different backgrounds, skills, and goals and the differing needs of this 
heterogeneous user group cannot be satisfied by traditional hazard maps. Thus, natural 
hazard assessments need to be conducted independent of a specific future use (Bezzola 
and Hegg, 2008). The results can then be edited for and presented to specific user groups 
in form of customized hazard visualizations. 
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Visualizations of assessment results are not only of importance for end-users of hazard 
maps, but already during the assessment stage: in alpine regions especially, numerous 
hazardous processes such as snow avalanches, floods, debris flows, rock fall or landslides 
can occur in one location. As a consequence, many scientists and engineers are involved in 
the hazard assessment process. Since a consensus of the overall hazard situation can only 
be achieved if all results are correctly interpreted, knowledge exchange between experts 
assessing natural hazards has to be guaranteed. This communication can be facilitated 
with the help of maps. 
The issue of inappropriate visualizations can be solved if hazard assessment results and/or 
knowledge derived from these assessments are visualized in form of cartographically 
correct maps that are customized for specific user groups. The objective of this paper is to 
present suggestions for visualization of detailed natural hazards assessments results so 
that (1) no information is lost, (2) maps are understandable for all involved parties and thus, 
(3) communication among experts is facilitated. 
In order to find suitable visualization methods we analyzed and assessed over a hundred 
hazard visualizations and conducted an expert survey with natural hazard specialists. 
Based on the derived shortcomings and user needs, we provide suggestions for the 
enhancement and extension of hazard visualizations. 

Existing natural hazard visualizations 

Hazard mapping has a long history; the first hazard maps for snow avalanches were 
created over 50 years ago and shortly after the first legislations were passed to ensure the 
generation of hazard maps. Examples are the Colorado State legislation passed in 1974 or 
the Swiss federal law on land-use management of 1979. Early maps contained hand drawn 
trajectories of historical events (see e.g. Ives et al., 1976) and were followed by more 
sophisticated visualizations in which several hazardous processes such as debris flows, 
flooding, and rock fall are incorporated in the same map (see e.g. Kienholz, 1977). A detailed 
overview on the history of Swiss hazard mapping can be found in Kunz and Hurni (2008). 
During the last decades hazard visualizations for various natural hazard processes such as 
earthquakes, volcanic eruptions, tsunamis, hurricanes, and droughts have been compiled 
for large areas of the world. However, most of them are limited to general maps depicting 
locations of past events. 
Due to the fact that gravitational hazards (e.g. snow avalanches, debris flows, rock fall, and 
landslides) and floods are often spatially confined and can be predicted quite accurately, 
large scale hazard maps are usually limited to these processes.  
Today, most large scale hazard visualizations are based on predictions of intensities and 
probabilities of potential natural hazard events. Most of these predictions include at some 
stage the use of numerical models or simulations and analyses with Geographic 
Information Systems (GIS). Cartographic visualizations of these high-resolution digital data 
are often generated in GIS environments, which offer the advantage to choose from 
existing map layouts, symbolization and color schemes. However, since most maps are 
generated by natural hazard specialists without a cartographic background, cartographic 
rules are often ignored. Most GIS users are conditioned to default color schemes (Harrower 
and Brewer, 2003) and only make use of basic cartographic techniques, not exhausting the 
potential of cartography. 
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Analysis of existing hazard visualizations 
The acknowledgment of the importance of risk and hazard visualization has resulted in a 
number of analyses and evaluations of existing maps (e.g. Chesneau, 2004; Hagemeier-
Klose and Wagner, 2009; or Fuchs et al., 2009). While these studies focus on either one 
specific natural process (mostly flooding) or region, we performed a general analysis 
including various processes and visualizations from around the globe. For this purpose, we 
analyzed 106 analog, digital, animated, and interactive maps from numerous countries. 
These visualizations were published in atlases, research papers, newspaper articles, and on 
the Internet. They depict the characteristics of floods, earthquakes, forest fires, snow 
avalanches, debris flows/landslides, storms, rock fall, and volcanic activities. The analysis 
was not restricted to hazard maps for land-use planning but comprised visualizations of 
hazards, intensities, probabilities of occurrence, risk, as well as attributes of historical 
events. The underlying data was either based on calculated (modeled) outcomes of 
possible scenarios or on the analyses of real, historical events. 
Our analysis of these cartographic representations consists of the quantitative assessment 
of essential map elements, namely depicted processes, data types, map scale, applied 
visual variables, as well as type of symbolization, number of data classes, type of base map, 
animations/dynamic map parts, and interactivity. 
As the choice of map symbolization and scale is a consequence of the characteristics of the 
depicted data, we primarily structured the analyzed maps according to the visualized 
natural processes. 
If thematic data is integrated in a map, it is either visualized in a continuous way or 
grouped into different classes. Classifications are either based on nominal, ordinal, interval, 
or ratio scales. Nominal data can be distinguished but no ranking is possible; examples are 
land-use classes or geological categories. Ordinal data can be distinguished and ranked 
with respect to one another, for example hazard classes. On interval scales a certain 
distance along the scale stands for the same magnitude no matter where on the scale it is 
measured, but the scale origin (“zero”) does not represent the absence of the parameter 
being measured. Fahrenheit and Celsius temperature scales are examples. Ratio scales are 
similar to interval scales with the difference that “zero” on the scale represents the 
absence of the thing being measured. Examples of rational data are water depths of an 
inundated area in [m], or impact pressures of a snow avalanche in [kPa]. A summary of the 
data types present in the 106 analyzed maps is shown in Figure 1. 
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Figure 1 Quantitative overview on the analyzed natural hazards processes (number of analyzed 
maps is displayed above each bar) and the according data types 

Some natural processes such as earthquakes, forest fires, storms, tsunamis, and volcanic 
activity have regional or even inter-regional impacts. Hazard maps are often based on 
estimations about potential hazardous events. Forecasts of such regional events can only 
be made with a coarse spatial resolution. Other natural processes such as floods, debris 
flows/landslides, rock fall, and snow avalanches occur spatially defined and may be 
estimated more accurately. This fact is reflected in Figure 2 that gives an overview of the 
correlation between assessed processes and according map scales. 

 
Figure 2 Quantitative overview on natural hazards processes and their representation in the four 
scale groups large (1:500 to 1:15 000), medium (1:15 000 to 1:300 000), small (1:300 000 to 
1:15 000 000), and very small (1:15 000 000 to 1:230 000 000) 
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The assessed maps range from 1:500 to 1:230 000 000 in scale. We grouped them into the 
following three classes: large scale (1:500 to 1:15 000), medium scale (1:15 000 to 
1:300 000), small scale (1:300 000 to 1:15 000 000), and very small scale (1:15 000 000 to 
1:230 000 000). The classification into these groups was based on the fact that the maps 
represent either distinct places such as towns, larger regions, countries, or the whole world 
and thus a clustering of the scales into the above mentioned classes could be observed. 
However, the scale of a map is not only a consequence of the depicted processes and 
available data, but also of the intended purpose of the map. The classification into 
different scale groups can therefore also be regarded as classification into intended map 
uses. According to Chesneau (2004), risk maps serve either for information, as basis for 
action or for controlling tasks. In this paper we only discuss hazard maps, but as hazard is a 
component of risk (risk is defined as a function of hazard and the expected consequences; 
for further discussions about the definition of risk, see Varnes (1984), or Morgan et al. 
(1992)), the same purposes apply for both types of maps. Information consists of general 
information and detailed information as basis for preventive actions. If the maps are 
intended for general information they have to give an overview on the hazard situation 
and are therefore mostly published in small or very small scales depicting a country or even 
the whole world. Information as basis for preventive actions aims at sensitizing the general 
public to the hazards they are exposed to and consequently to encourage them to actively 
take preventive measures. For this purpose these maps need to be on a regional or even 
local level (medium or large scales). Another use of hazard maps is to act as a basis for 
hazard management actions such as the planning of protection measures. In this case the 
maps can be of varying scale, depending on the process and the size of the affected areas. 
In case of an event, hazard visualizations are needed for immediate intervention. These 
maps need to be as detailed as possible and therefore available on a local level (large scale). 
The map scale is also correlated with data types. The analyzed maps included nominal, 
ordinal, and rational data types. Nominal data is primarily used in maps of very small, 
small, and medium scale, where the purpose of the map is an overview about the presence 
or absence of certain natural processes. An example is the map shown in Figure 3, which 
shows the location of active volcanoes. 

 
Figure 3 Small scale map (1:4 000 000) depicting the location of active volcanoes (pink dots) in 
Iceland (SWA, 2008, modified) 
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Detailed maps for the planning of preventive or protection measures and intervention 
actions contain either ordinal or rational data. Ordinal scales are often used for hazard 
classes. They usually result from a multiplication of two variables, for example intensity 
and probability of an event and are grouped into low, moderate and high hazard zones. 
With the help of such a multiplication two variables are merged into one, reducing the 
number of thematic parameters and therefore facilitating the visualization process. Figure 
4a shows the matrix that explains the relation between hazard classes (1 to 10) and the 
underlying parameters intensity and probability as well as the color code of the according 
hazard zones. Low hazard zones are depicted in yellow, moderate hazard zones in blue and 
high hazard zones in red. An example of a resulting hazard map is shown in Figure 4b. 

 
Figure 4 (a) Matrix for the determination of hazard classes: intensity and probability of an event 
are reduced to the parameter hazard zone (after Loat and Petrascheck, 1997) and finally visualized in 
a hazard map (b) (base map reproduced with the authorization of swisstopo (JD100042); hazard 
data: courtesy of Canton SG) 

Since we only assessed 2D maps, Jacques Bertin’s (1983) definition of the characteristics of 
point, linear and areal symbolization served as a basis. These six visual variables color hue, 
color value, shape, size, orientation, and texture have been actively discussed and extended 
by several authors. A sound discussion of the history of visual variables can be found in 
Huber et al. (2007). However, we only included variables that were present in at least one 
of the assessed maps. Bertin’s six visual variables were consequently extended with color 
saturation (added by MacEachren, 1994) and transparency (added by Wilkinson, 1999). 
These variables were analyzed in order to assess which variables are used for natural 
hazard visualizations and what values they are assigned. Figure 5 gives an overview on the 
visual variables and Figure 6 shows the quantitative results of this analysis. 

 
Figure 5 Overview on the visual variables color hue, color value, color saturation, shape, size, 
orientation, texture, and transparency (after Bertin, 1983; MacEachren, 1994; and Wilkinson, 1999. 
Illustrations: Schnabel, 2007) 
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Many of the analyzed maps depict more than one natural process on the same map sheet. 
If the maps are sorted by natural process, one map is listed more than once. The following 
analysis results are therefore presented ordered by scale in order to facilitate the 
interpretation of the quantitative analysis. 

 
Figure 6 Quantitative overview on the used visual variables color hue, color value, color 
saturation, shape, size, orientation, texture, and transparency ordered by scale (L = large scales, M = 
medium scales, S = small scales, XS = very small scales) 

Apart from scale, data type, and visual variables other important cartographic elements are 
the type of symbolization (point, line, or areal), the number of visualized thematic variables, 
the maximum number of data classes, the type of base map, the presence of animations 
and dynamic maps, and the level of interactivity. Figures 7 to 10 show the quantitative 
analysis results of these elements. 

 
Figure 7 Quantitative overview on used symbolization types (point, linear, and areal) ordered by 
scale (L = large scales, M = medium scales, S = small scales, XS = very small scales) 
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Figure 8 Quantitative overview on number of used variables and number of data classes ordered 
by scale (L = large scales, M = medium scales, S = small scales, XS = very small scales) 

 
Figure 9 Quantitative overview on type of base map ordered by scale (L = large scales, 
M = medium scales, S = small scales, XS = very small scales) 
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Figure 10 Quantitative overview on present animations and interactivity ordered by scale (L = large 
scales, M = medium scales, S = small scales, XS = very small scales) 

In summary the results show that most large-scale visualizations depict only one or two 
different thematic topics (83%), usually depicted by colored areas. Point symbolization is 
primarily used in small and very small scales, facilitating the inclusion of more thematic 
parameters. However, these point data illustrate historical events rather than predictions. 
Where point symbols are used, size is used to illustrate the intensity of a natural hazard 
event. In the case of lines, line width is altered in proportion to the depicted intensity. The 
visual variable transparency is often used on data layers to allow for the simultaneous 
interpretation of base map and thematic symbolization. However, none of the reviewed 
maps contained transparency to display quantitative distinctions or differences in 
importance or intensity. 

User needs 

Users 
The user group of hazard visualizations is very heterogeneous; natural hazards experts and 
specialists produce and use them for different tasks, such as spatial planning, 
dimensioning of protective structures, emergency planning, and calculations for insurance 
purposes, etc. In addition, the general public is also interested in these maps as they 
identify whether someone lives in a hazard prone area or not. However, the focus of this 
research is on the improvement of communication among experts and therefore 
information transfer to the general public is not subject of this paper. Addressed users are 
experts in the field of natural hazard assessment and management. Even with this 
condition the user group is still heterogeneous as it consists of engineers, scientists, land 
use planners, and other professionals. But although the background, skills and needs of 
these experts vary, they are all interested in the same basic questions: 
• Which areas are endangered by natural hazards? 
• Which natural processes can occur? 
• How intense and how frequent are potential events? 
• Who/what is affected (people and infrastructure)? 
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Expert survey 
In order to gain insight into what professionals think about current hazard visualizations, 
we conducted a survey with 34 natural hazard experts in October and November 2009. The 
online questionnaire consisted of four introductory questions that concerned the level of 
experience, the range of assessed processes, and methods used for hazard assessments. All 
experts worked in the field of natural hazards management and had an average experience 
of 14 years. The processes they assessed comprised floods, debris flows, landslides, rock fall, 
snow avalanches and sink holes. 
Since only Swiss experts were interviewed, the answers refer to existing hazard maps in 
Switzerland. We are aware that the experience of this small circle of specialists does not 
allow for a universal conclusion. However, since hazard mapping in Switzerland has a long 
history and Swiss hazard maps are some of the most advanced in the world (Hagemeier-
Klose and Wagner, 2009) the gathered opinions can serve as a basis for the definition of 
user needs as well as the location of shortcomings in existing large-scale hazard maps. 
The main part of the survey was divided into two sections; one part aimed at getting an 
overview on the topic of uncertainty visualization in hazard maps, the other at addressing 
general visualization issues of existing hazard maps. The questions about uncertainty 
visualization are used for a different part of this research and are not included in this 
paper. The first questions about general visualization issues concerned the visual variable 
color hue and we asked if the choice of color hue for hazard zones as it is used in 
Switzerland (red/blue/yellow, see Zimmermann et al., 2005) is considered to be 
appropriate. Almost 80% of the experts consider this color scheme an established standard 
which should not be altered. As we also allowed the expert to provide comments about the 
answer, we learned that many experts got used to this scheme over time, but would likely 
choose a different color scheme if they could. The second question asked if the hazard 
maps of Switzerland are easily readable and understood. According to 68% of the experts, 
complex visualizations like the synoptic hazard map (more information about these 
composite maps will be given in section 4) can be interpreted by experienced experts. 
However, provided comments revealed that as soon as these experts have to explain this 
information to third parties, different visualizations have to be used as the existing maps 
are too complex. Finally we asked how important the improvement of communication 
among experts and spatial planners was. The high priority of this issue was confirmed by 
the experts: 41% consider this very important, 47% important. In the last questions the 
experts were asked if they would welcome the presentation of hazard related data in 
digital interactive environments. The majority (62%) of the experts agreed that such 
environments are helpful and can facilitate the comprehension of complex illustrations. 
However, it was pointed out that paper maps are still required and in use, therefore digital 
solutions should also provide print options resulting in high quality maps. 
Figure 11 gives an overview on questions and answers of the expert survey. 
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Figure 11 Questions and answers of the online expert survey about existing natural hazard maps 

Detailed comments about the existing situation emphasize the fact that we should 
distinguish between the product “hazard map” and other cartographic hazard 
representations (or visualizations). The product “hazard map” is designed for the needs of 
spatial planning using official design rules. Since these design rules have been used for a 
long time, experts have become familiar with them and changing them would lead to 
confusion. However, when other cartographic hazard representations such as intensity 
maps, maps of phenomena, maps of historic events, intervention maps, etc. are concerned, 
no general design rules exist. These customized maps can serve for different hazard 
management purposes, whereas traditional hazard maps clearly serve the purpose of 
implementing hazard zones in spatial planning. The consequence for the design of 
cartographic hazard representations in general is that mapmakers can make use of 
existing techniques used for hazard maps, but one is not bound to existing standards of 
hazard maps (such as defined color schemes). These hazard representations can therefore 
be adapted according to specific user needs and tasks. 
In summary, the user needs can be described as follows: Standards of existing hazard maps 
for land-use planning should remain as they are. Further hazard management tasks, 
however, require hazard visualizations that are customized according to the user needs. 
This customization includes for example the choice of scales, colors, base maps, and 
number of hazard classes. The objective of such customized maps is to support the analysis 
of available data as well as decision making. In addition, they should serve for enhanced 
knowledge transfer and communication among various natural hazards specialists. 
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Shortcomings in existing hazard visualizations and suggestions for improvement 

In order to provide suggestions for improved cartographic representations, shortcomings 
of existing hazard visualizations have to be summarized and analyzed. In this section we 
present the shortcomings we identified through our map analysis and the expert survey. 
The most urgent need, as identified in our expert survey, is to improve the communication 
and knowledge transfer among experts and spatial planners. The challenge of transferring 
natural hazard assessment results is to convey the large volume of knowledge in a 
comprehensible format. While maps with only one thematic element are usually well 
understood, the integration of further thematic layers is often cartographically challenging 
and more difficult to interpret by map users. 
The results of our analysis showed that assessment results of gravitational hazards (snow 
avalanches, debris flows, and rock fall) as well as flooding are often available in a high 
spatial resolution, allowing for large-scale maps. The compilation of these large-scale 
visualizations often creates problems, because huge amounts of data need to be edited 
and integrated in visualizations. Swiss synoptic hazard maps are examples of such large-
scale, multi-layered maps and serve as a good example to demonstrate existing 
shortcomings. We therefore place emphasis on large-scale visualizations of gravitational 
hazards and flooding for the remainder of this paper. 
Synoptic hazard maps are syntheses of several hazard maps. Hazard zones of all occurring 
natural hazard processes are combined. The main goal is to define the overall hazard 
situation which is reached by showing the highest hazard zone of all occurring processes. 
However, the inclusion of the underlying processes results in multivariate visualizations 
and forms a cartographic challenge. Figure 12 shows two examples of how this task has 
been approached. 

 
Figure 12 Different styles of synoptic hazard maps. In (a) the underlying processes are symbolized 
by lines in different color hues, in (b) abbreviations of the processes with the corresponding hazard 
zone are used (base map reproduced with the authorization of swisstopo (JD100042); hazard data: 
courtesy of Canton SG) 

The challenge is to combine a base map with several layers of thematic topics and the 
according symbolizations. All these elements have to be adjusted in order to result in high 
quality maps from which important elements are identifiable at first glance. One of the 
basic steps in map design is the analysis of the data to be visualized. Strategies for data 
visualization can only be made if the characteristics and the amount of data are known. As 
we emphasize on large-scale visualization of alpine natural hazards, the following 
characteristics define the data that should be visualized: 
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• Results of natural hazard assessments: intensities, frequencies, hazard levels, etc. of 
snow avalanches, flooding, debris flows, rock fall or landslides.  

• Overlaying data: several processes can occur in the same location and sometimes 
more than one result (e.g. snow height, velocity and pressure for snow avalanches) 
per process has to be visualized. 

• Type and resolution of data: Data are either available in raster or vector format. 
Raster as well as point data resolution ranges from 2 to 10m if originating from 
numerical modeling. 

These characteristics have to be considered during all stages of cartographic design. 
The following paragraphs give an overview of cartographic elements in which we 
identified shortcomings. These shortcomings lead to chaotic, overloaded or confusing 
maps and consequently hinder the interpretation of visualizations. We therefore suggest 
improvements for these selected map elements. In addition to principles that must be 
followed irrespective of the media the maps are published in, we also provide suggestions 
for publication in digital interactive environments. With the integration of high quality 
cartographic content into interactive environments, guided exploration and versatile 
visualizations will facilitate the understanding of complex data. 

Color 
Thematic parameters in the large-scale maps subject to our analysis are mostly symbolized 
by colored areas. Different thematic parameters are favorably distinguished by varying 
color hues. In order to reflect the characteristic of the process, blue colors are often used for 
the illustration of water depths or wave heights, while the choice of red color schemes is 
associated with risk, hazard and danger. With the exception of these two examples, there 
is hardly any connection between the choice of color hue and the characteristics of the 
natural phenomenon. This fact is also reflected in some answers of the expert survey, 
where the choice of colors is questioned. The choice of color hue should be made carefully 
because it is an important variable to create visual attention (Wolfe and Horowitz, 2004). A 
poor choice of color can confuse map users (Keller and Keller, 1994). 
The visual variables color saturation and color value are sparsely used although they are 
well suited to illustrate differences in quantity (see Figure 13a).  
A further weak point is the ignorance of the fact that 8% of all men are affected by color 
vision deficiencies (Birch, 1993). If colors schemes are not adapted to their needs, the 
displayed information cannot be interpreted. For users with defective color vision at least 
one color scheme with strong contrasts should be offered. Jenny and Kelso (2007) or Olson 
and Brewer (1997) provide further information on design suggestions for color vision 
impaired map users. 
Harrower and Brewer (2003) provide advice for suitable color schemes that are attractive, 
support the message of the map, and are appropriately matched to the nature of the data. 
There are three types of color schemes: (1) sequential schemes which are suitable to depict 
classes of increasing values (e.g. intensities), (2) diverging schemes with which values 
above/below a critical value can be emphasized (e.g. critical pressure to destroy a house) 
and (3) qualitative schemes which illustrate different classes of nominal data rather than 
magnitude differences (e.g. land cover). Examples of these different color schemes are 
shown in Figure 13. 
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Figure 13 Examples of a sequential scheme (a), a diverging scheme (b) and a qualitative scheme (c) 

The choice of color has also to allow for a distinction between data classes. For many of the 
analyzed maps, this distinction is difficult or impossible. With the use of multi-hue color 
schemes (use of two different color hues for opposite ends of scheme) instead of single-
hue color schemes, the distinction of different data classes is facilitated. Figure 14 
illustrates the difference between such schemes. 

 
Figure 14 Classes depicted in single hue color schemes (a) are harder to distinguish than classes 
depicted in multi-hue color schemes (b) 

Some colors are associated with a meaning or a characteristic. Red for example is 
associated with danger and risk in the US, but is a color of joy in China (Edsall, 2007). Such 
variations between cultures have to be considered before depending on such conventions. 
Intuitive map interpretation (especially in the case of multiple overlays) can be facilitated 
by the choice of a color which represents the natural characteristic of the thematic 
parameter (e.g. blue for water, brown for mud flows). Furthermore it has to be considered 
that only color hue is appropriate for qualitative phenomena, as value (lightness) and 
saturation differences suggest quantitative differences (Slocum et al., 2008). 
If maps are published in a digital interactive environment, different color schemes can be 
offered and interactively be chosen by the users. The resulting customization of hazard 
visualizations can satisfy differing user needs because standard color schemes, schemes 
suitable for color vision impaired users, as well as many other options can be provided. 
Finally, it also has to be considered on which media the map will be published; color 
schemes will look differently depending on software and hardware configurations. 
Harrower and Brewer (2003) discuss hardware considerations such as different computer 
screens or printing techniques. 
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Data classes 
The distinction between data classes in the analyzed maps is sometimes difficult due to an 
unsuitable choice of color, but often this is aggravated by the creation of too many classes; 
we found maps with up to 35 classes, specifying numerous different hazard, risk and 
damage zones. While differences in color hue can be perceived for numerous data classes, 
differences in value or saturation can only be distinguished for a limited number of classes. 
The number of data classes for ordinal and rational data is essential in map design; many 
classes result in an “information rich” map with less generalization but can compromise 
map legibility (Harrower and Brewer, 2003). If too many classes are used, distinction 
between color value and saturation of single classes becomes difficult (see Figure 15a). 

 
Figure 15 Too many classes (a) are harder to distinguish than fewer classes (b), here combined 
with a multi-hue color scheme 

Slocum et al. (2008) suggest using 5-7 classes. If the classes are spatially evenly distributed, 
more classes can be used because similar colors can be distinguished more easily if they 
are situated next to each other (Harrower and Brewer, 2003). The choice of a color scheme 
that characterizes the nature of a process combined with a small number of data classes 
that are distinguished by varying color value or saturation allows for an unambiguous and 
intuitive representation even in the case of symbolization overlays. 
In an interactive environment the task of choosing the number of classes can be left to the 
users, as this facilitates the data analysis. However, in order to prevent the use of too many 
classes there should be an upper limit instituted as suggested by Harrower and Brewer 
(2003). 

Base map 
Base maps are important for general orientation (geospatial reference) and detailed 
localization of areas of interest. The base maps in our assessment include raster data 
(topographic maps, survey maps, aerial images, shaded reliefs, and geomorphologic maps) 
as well as linear features (buildings, road/railway/river networks, contour lines, coordinate 
grid, boundaries, and coastlines). Although these maps serve as background for the 
thematic parameters the contrast between base map and thematic symbolization is not 
always optimal; many base maps are too dominant. This hinders the interpretation of the 
thematic data (see Figure 16a). 
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Figure 16 Transparent thematic layers on dominant base maps (a) are less distinctive than bright 
thematic layers on transparent backgrounds (b) (base map reproduced with the authorization of 
swisstopo (JD100042); hazard data: courtesy of Canton SG) 

Base maps have to be accurate and in accordance with the thematic data in order to avoid 
an offset of the two map layers. However, the visual match between base map and 
thematic symbolization must also be considered, as it is important for a clear map design 
(Spiess, 1971). Therefore, elements of the base map have to be graphically subdued 
compared to thematic symbolization; bright colors, strong hues, salient symbols and 
labeling are reserved for the thematic topics (Imhof, 1972). Fuchs et al. (2009) conclude that 
less information on the base map distracts less from the important thematic features. For 
backgrounds with an extensive amount of information such as aerial images or 
topographic maps, contrast has to be adjusted so it is evident that the thematic elements 
represent the primary content of the map (Figure 16b). 
Substance and graphical features of base maps depend on the scale, on the content and 
goal of the thematic map to be produced, but also on available resources. Therefore 
existing base maps or elements thereof are used and all further graphic design has to be 
adapted to them (Imhof, 1972). 
Today, a variety of digital base data is widely available and vector data allow for a more 
selective choice and individual symbolization of basic elements. In digital interactive 
environments we can not only offer different elements for the map background, but also 
vary the level of transparency for the adjustment of base map and thematic elements. If 
zooming is possible in wide ranges, so called adaptive zooming (Brühlmeier, 2000) is 
recommended: different base maps (raster or vector) are set as default background for 
predefined ranges of scale. 

Texture 
Texture is mainly used for areal symbolization and acts assortatively; the denser the 
texture, the higher the value (Imhof, 1972). The visual variable texture is well suited to 
associate map symbolization with natural phenomenon (e.g. waves for inundated areas or 
snowflakes for snow avalanches, etc.). Such associations are important for intuitive 
comprehension. 
For the majority (over 90%) of the analyzed large-scale and medium-scale hazard maps 
areal symbolization is used, with color hue as the most frequently used visual variable. 
Although the visual variable texture would be well suited to solve overlay problems in 
multivariate maps, only few of the analyzed maps contain the visual variable texture. In 
three black-and-white maps textures are used as color substitutes and also in some 
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colored maps texture is used instead of an additional color. However, good examples for 
the use of texture could be observed; in one map wave-like patterns are applied for the 
visualization of inundated areas. Spacing between the waves is proportional to water 
depth (i.e. the deeper the water, the denser the texture). Unfortunately, this is an isolated 
case and most map makers did not make use of the cartographic potential of textures. 
If more than one thematic data layer is displayed, textures can overlay and lead to omission 
of important information. Also, if texture is not carefully chosen and applied, it can appear 
chaotic and disturb the overall balance of the map (see Figure 17a). An example to prevent 
such overlays is a gridded pattern. Since every layer has a designated position for its 
symbols that cannot be occupied by another layer, symbolization overlays are avoided (see 
Figure 17b). 

 
Figure 17 Overlaying texture is hard to interpret (a) while gridded patterns prevent occlusion of 
symbolization (b) (Illustration: Romer (2009); hazard data: courtesy of Canton SG) 

Legend 
The legend supports the orientation of the map reader and contains information on the 
depicted thematic topics. If the legend is not clearly visible or if it is ignored by the map 
readers they cannot decipher the map content which can result in misinterpretation.  
Legends should be kept short (Fuchs et al., 2009) and only contain descriptions of depicted 
content. Legend entries have to be identical to the map symbolization (e.g. line width, size 
of point symbolization, etc.). If zooming is possible, the legend entries have to be adjusted 
for each zoom level. For advanced digital cartographic information systems interactive 
features such as automatic size adjustment of the legend window, integrated functions for 
the customization of symbolization and the bidirectional highlighting of legend entries 
and active data classes facilitate the handling of the systems. For more information on 
such smart legends, consult Cron et al. (2008). 

Generalization 
Whenever real-world phenomena are scaled down in order to be presented on a map, a 
certain degree of generalization must be applied. Generalizations include interpretation, 
selection and omission of available data which means that cartographers consciously pre-
process data for their users. In order to keep the map appearance balanced, some available 
information might have to be neglected or assigned a lower level of importance. Detailed 
information about cartographic generalization can be found in Hurni and Sell (2009).  
Modern computing environments allow for hazard assessments with high spatial 
resolution, which results in the generation of enormous amounts of data. This raw data 
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has to be pre-processed before it can be visualized in order to avoid chaotic and overloaded 
maps. 
Before hazard assessment results can be displayed, editorial work has to be consciously 
performed by the map maker. An example is the smoothing of coarse raster data so that 
the outlines are not jagged and can be integrated in the map without being visually 
striking (see Figure 18). Another important task is the filtering of raw data before it is 
presented to the map readers. The more responsibility is taken during this task, the easier a 
map can be read and interpreted by the users. 

 
Figure 18 Raw raster data (a) can be visually striking and should be smoothed in order to obtain a 
natural appearance (b) 

Animation 
The nature of dynamic processes can be emphasized by animations. An example found 
among the analyzed maps is a sequence of satellite images taken during a flood event. This 
is a suitable means to get an overview on inundated areas and to locate the source (e.g. 
breach of river embankment) of the inundation. The disadvantage is that no detailed 
information such as water depth is available. Other animations include 2.5D city models 
where the rising of the water level during a flood is displayed. A similar example shows the 
spreading of a forest fire by a sequence of 2D intensity maps mapped on a digital elevation 
model (DEM). This method has also been extended to versions with animated columns or 
other 3D objects on the surface of a DEM. Animations are especially interesting for time 
dependant processes as they help to understand manifold data. 
But although motion is a beneficial attribute to guide the deployment of attention, 
Monmonier and Gluck (1994), Oberholzer and Hurni (2000), Wolfe and Horowitz (2004), as 
well as Kardos et al. (2006), found that blinking areas, animated choropleth maps and 
other dynamic variables can be considered annoying and visually unappealing by map 
readers and distract them from other map elements. If dynamic map elements are used 
they should be chosen carefully and only applied for the most relevant information as 
other visualizations will be marginalized. 

Interactivity 
Twelve of the assessed maps are part of online map applications. These so called 
geoportals offer different levels of interactivity. Zooming and panning as well as the 
management of layer visibility are possible in all analyzed geoportals. More sophisticated 
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portals offer further functionality such as tooltips or windows with information on 
attribute values, measurement of distances, search functions, and print options. 
If hazard assessments have been performed on a local level, assessment results are 
available in high spatial resolution. Many providers of geoportals make these detailed data 
accessible for their users. However, the display of these data only makes sense if the 
concept of adaptive zooming (Brühlmeier, 2000) is applied. Otherwise the display is 
clogged with too much information that is not graspable by the user. 

Conclusions 

The analysis of over a hundred hazard visualizations and the results of an expert survey 
enabled us to indentify existing shortcomings of hazard visualizations and to suggest 
improvements for certain map elements. The visual variable color hue is most frequently 
used for the depiction of hazardous processes and large-scale maps are dominated by areal 
symbolization filled in different color hues. The choice of a color scheme has to be 
performed with care as it is not only important for a visually appealing map, but also to 
facilitate the distinction between data classes and the general visual exploration of the 
data. The potential of texture was found to be underestimated by mapmakers, as only few 
maps exhibit the use of texture, although they can associate map symbolization with the 
characteristics of natural phenomenon which facilitates the intuitive interpretation of the 
map. In addition, texture can be used to avoid the overlay of map symbolization in the case 
of multivariate mapping. Another vital element of hazard visualization is the base map. 
Accurate and high-resolution base maps that are adjusted to the symbolization of 
thematic data are a prerequisite for a high quality map design. If maps are published in 
digital interactive environments, the concept of adaptive zooming has to be applied in 
order to avoid overloaded and confusing visualizations. 
Apart from the coordination of these elements, maps also have to be adjusted to the needs 
of the user group. As the user group of natural hazard visualizations is heterogeneous, 
digital interactive environments can offer solutions to customize different map elements 
according to differing user needs. Many maps are designed by practitioners with limited 
resources and under time pressure. However, with only a small investment of time, maps 
can be enormously upgraded if the most important cartographic principles are followed. 
The combination of cartographically well designed maps with interactive functionality of 
digital environments leads to customized maps, therefore to a better understanding of 
map displays, and consequently to the enhancement of the communication of hazard 
assessment results. 
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Abstract Quantitative results of natural hazards assessments are needed for diverse hazard 
management activities. Cartographic visualizations have proved to be effective means to 
communicate these results. However, the large volume of available data, the presence of multiple 
natural processes and the heterogeneity of the user group pose visualization challenges. In this paper, 
we analyze results of natural hazards assessments and present cartographic techniques for the 
visualization of multiple natural hazards. In addition, we discuss how interactive cartographic 
information systems can facilitate the communication of hazard related data among experts. 

Résumé Les résultats quantitatifs des analyses de dangers naturels forment la base de leur 
propre gestion. Les visualisations cartographiques se sont montrées efficaces pour la communication 
de ces résultats. La création de cartes est pourtant rendue difficile par le grand volume de données, la 
présence de multiples phénomènes naturels et l’hétérogénéité des experts en dangers naturels. Dans 
cet article seront analysés des résultats d'estimations de dangers naturels, on y présentera également 
des techniques cartographiques pour la visualisation d'une partie de ces dangers, enfin on discutera 
comment les systèmes d’information cartographique interactifs peuvent alléger la communication des 
résultats d'analyses parmi les experts. 

Introduction 

Assessments of hazardous natural processes form the basis of natural hazard 
management (Kienholz, 2005). Hazard maps are among the most prominent products to 
present the results of such assessments. These maps of suitability indicate areas that are 
potentially affected by hazardous events and therefore not suited for certain land-use such 
as residential development. If land-use is aligned with existing natural conditions the 
damage potential of hazardous events can be efficiently decreased (Zimmermann et al., 
2005). Analyses of past events have shown that hazard maps are crucial for effective 
natural hazards management (Bezzola and Hegg, 2008). Standard hazard maps are 
designed for spatial planners and only reflect information about the hazard levels of the 
assessed areas. Due to the lack of alternative visualizations, however, other specialists 
involved in natural hazards management are consulting these maps as basis for their tasks. 
Consequently, requirements towards hazard maps are increasing and can often not be 
satisfied. Hence, original quantitative results of natural hazards assessments should be 
made available to support all experts with their tasks (Bezzola and Hegg, 2008). 

Modern numerical models for the simulation of natural processes allow for the generation 
of quantitative hazard assessments in high resolution. Although the spatial and temporal 
resolutions of the applied models vary, assessment results often encompass large volumes 
of data. Some areas, such as valleys in mountainous regions, are prone to be affected by 
more than one hazardous process. The amount of simulation results is consequently 
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multiplied. In addition, some tasks require further knowledge such as information about 
modeling uncertainties (Pappenberger and Beven, 2006). In order to be of use for natural 
hazards management tasks, all data need to be available in an understandable and 
interpretable form for all experts and decision makers. 

Cartographic visualizations have proved to be valuable means for the communication of 
spatial data (Merz et al., 2007) and consequently hazard assessment results are often 
illustrated by maps (Petrascheck and Kienholz, 2003). 

Apart from the diversity and the volume of available data, communication is further 
hampered by the heterogeneity of the involved stakeholders; Expert groups encompass 
engineers, scientists, spatial planners, and many other professionals. In addition, these 
experts work for different employers (private companies, national or federal offices, or 
humanitarian organizations) and are assigned different tasks. As maps need to be 
designed for specific end users and tasks (Slocum et al., 2008), the creation of 
visualizations for such heterogeneous user groups is difficult. 

In response to all these challenges we developed an interactive cartographic information 
system for natural hazards experts. The interpretation of available data – including 
uncertainty information – is facilitated by customizable and queryable visualizations 
through interactive functionality (Kunz et al., 2010). As data about several natural 
processes are available, the simultaneous display of these processes represents a 
challenge. In this paper we analyze results of natural hazards assessments, present 
different cartographic techniques for the visualization of multiple natural hazards, and 
disclose advantages of integrating these visualizations into an interactive cartographic 
information system. 

Quantitative assessment results 

Cartographic representations are chosen according to the characteristics of data we wish 
to visualize. We therefore conduct hereafter an analysis of an exemplary data set that 
encompasses results of a detailed hazard assessment of a small mountainous region. 
Considered natural processes include snow avalanches, debris flows, rock fall, soil creep, 
and inundations. Except for soil creep, all results represent outputs of numerical 
simulations. 

Table 1 summarizes the analyzed processes, the used assessment method (expert 
judgment, numerical simulation, or measurement), spatial data format, and spatial 
resolution. In Figure 1 the different spatial data formats are illustrated. 

 
Table 1 Exemplary data set of a quantitative natural hazards assessment encompassing multiple 
processes 

Process Assessment method Spatial data format Spatial resolution 

Snow avalanche Numerical simulation Regular grid 5m grid 

Debris flow Numerical simulation Regular grid 5m grid 

Rock fall Numerical simulation Trajectories ~1 point every 5-7m 

Soil creep Monitoring data Point measurements ~1 point per 5000m2 

Inundation Numerical simulation TIN (triangulated irreg. network)  2-10m triangle length 
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Figure 1 Different spatial data formats: point data (a), trajectories (b), TIN (c), and regular grid (d) 

Data transformations 

The data summarized in Table 1 are raw data; they are not yet reformatted, interpolated, 
classified, nor altered according to expert judgment. However, in order to merge data sets 
of different processes and bring them into a uniform format, such transformations are 
often indispensable. Transformations are also necessary when results have to be presented 
according to existing standards (e.g. regional or national guidelines). Hazard assessment 
outputs are usually presented either in the original spatial format or as interpolated areas. 

Original spatial data format: If the scale of the representation allows for a detailed 
reproduction of the assessment results, data can remain in its original format. Examples 
are the indication of exact water depths at important locations (point data) or the display 
of intensities in form of a regular grid with the same spatial resolution as the outputs of 
the numerical simulations. 

Interpolated areas: As for some tasks the exceedance of thresholds is of greater interest 
than small variations, assessment results are often interpolated, classified and presented 
as discrete areas. Such interpolations can result in areas with jagged borders that make it 
necessary to smooth these outlines in order to allow for visually appealing representations. 
Prominent examples of such interpolated and classified areas are hazard zones and 
intensity classes. 

Cartographic visualizations of assessment results 

Once all assessment results have been transformed to the required format, available data 
can be visualized. When assessment results of more than one natural process are available, 
these data sets can either be visualized as single processes in separate layers or as multiple 
processes in one layer. 

Visualizations of single processes 

 Classified data 
The most common cartographic representations of assessment results are hazard maps in 
which results are classified into different hazard levels and presented in form of colored 
areas. These hazard zones are determined according to the intensity and frequency (if 
available) of potential hazardous events. Each affected area within the assessment 
perimeter is assigned to a hazard class; the levels usually reach from low hazard over 
moderate hazard to high hazard. 

Figure 2 shows a hazard map for potential mass movements where low hazard zones are 
depicted in yellow, moderate hazard zones in orange, and high hazard zones in red. 
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Figure 2  Hazard map of mass movements (yellow = low hazard, orange = moderate hazard, red = 
high hazard) (base map reproduced with the authorization of swisstopo (JD100042); hazard data: 
courtesy of Canton SG) 

Other representations of classified assessment results are intensity maps in which the 
calculated intensities are usually classified according to regional or national guidelines and 
visualized in form of colored areas. Apart from color fill, the application of textures is used 
to present areas of different values. In order to avoid the occlusion of underlying data (e.g. 
base map or further thematic data layers), areas can also be represented by their outlines 
only. Distinction between classes is accomplished by different line colors or patterns 
(variations of dashing). 

Alternatively, hazard data can be presented in 3D displays. Examples are visualizations 
where assessment results are mapped to perspective height. Figure 3 shows a prism map 
with maximum glacier heights during the Würm glaciations as it is provided by the Atlas of 
Switzerland (AoS, 2010). 

 
Figure 3  3D prism map of the maximal Würm glaciations 

 Original data formats 

Hazard maps with their areal representations of discrete hazard zones have been 
developed for spatial planning purposes. Other natural hazards management activities 
such as the planning of defense structures, however, require more detailed information 
about the intensities and frequencies of potential events. For such tasks, detailed maps 
with representations of assessment results in the original spatial data format are needed. 
Figure 4 shows impact pressures of a snow avalanche simulation with a spatial resolution 
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of 25m presented in a continuous blue color scheme (light blue = low impact pressures, 
dark blue = high impact pressures). Exact values can be retrieved by interactive 
functionality: querying functions (e.g. tooltip windows) provide the calculated values of 
each data cell. 

 
Figure 4 Representation of snow avalanche impact pressures in the original spatial data format 

A potential method for the visualization of detailed intensity data in 3D is the application 
of bar charts. For this purpose assessment results are adopted as or transformed to a 
regular grid format. Hazard levels are mapped to perspective height resulting in a bar chart 
for each grid cell (see Figure 5). The analysis of these bar charts can also be facilitated by 
interactive queries. 

 
Figure 5 3D bar chart representation of debris flow heights (aerial image reproduced with the 
authorization of swisstopo (JD100042)) 

Perspective height, however, is not restricted to the visualization of data in grid format or 
to bar chart representations. Data in TIN format as well as areal vector data (e.g. shape 
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files) can be mapped to perspective height, resulting in prism maps similar to the one 
presented in Figure 3. Alternatively, heights can be interpolated and represented in form of 
a smoothed surface (see Figure 6). 

 
Figure 6 Snow avalanche heights represented by a smoothed surface (aerial image reproduced 
with the authorization of swisstopo (JD100042)) 

Visualization of multiple processes 

 Classified data 
In order to determine the total hazard of an area, the maps of all occurring single processes 
have to be aggregated. If the highest hazard level is extracted for each location and 
visualized in a separate map, this results in a so called synoptic hazard map. In case that 
not only the total hazard but also its sources are of interest all present processes need to be 
symbolized as well. Existing methods for the visualization of multiple processes include the 
application of textures (see Figure 7a in which the different processes are represented by a 
variation of hachures), labels (in Figure 7b each process area is marked by a label with 
abbreviations of the process and a figure for the intensity level), and colored outlines (in 
Figure 7c process areas are bounded by lines in different colors: green = soil creep, red = 
rock fall, purple = flooding and yellow = snow avalanche). 

 
Figure 7 Symbolization of different processes by application of texture (a), labels (b), and colored 
outlines (c) (hazard data: courtesy of Canton SG) 

If too many processes occur in one location this leads to congestion of symbolization and 
consequently to occlusion which lead to an unbalanced map appearance (see e.g. Figure 
7a). In order to reduce occlusion, gridded patterns can be applied. This method retains the 
application of a colored area fill representing the highest hazard level. In addition, the 
single processes are represented by point symbols that are regularly distributed within the 
process area. To render the symbolization intuitively interpretable, the forms of these 
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symbols illustrate the processes (snowflakes for snow avalanches, squares for rock fall, 
arrows for soil creep, and water drops for inundations) and their color stands for the hazard 
levels of the single processes (Romer, 2009). As the point symbols are arranged on a regular 
grid, no overlay occurs (see Figure 8). 

 
Figure 8 Reduction of occlusion by gridded textures (hazard data: courtesy of Canton SG) 

In case of many small areas even the application of gridded texture does not lead to a 
satisfying result (either due to the cropping of symbols or because of a confusing 
appearance due to too many symbols). In this case it is suggested to gather information 
about the total hazard from a synoptic map that does not contain information about the 
single processes and then look up data about the individual processes in separate maps. 
This layer-based approach may be quite inconvenient for paper maps, however, interactive 
functionality of digital information systems often offer layer structures that facilitate the 
adding and removing of layers from the display. 

 Original data formats 
The visualization of detailed multiple intensity data in their original formats is a challenge 
because of the limited space that is available to simultaneously depict multiple results. If 
only few data sets are overlaying accumulations can be represented by the combination of 
different color hues. Possible 3D representations are the accumulation of bar charts; each 
process is assigned a color and the dingle bars are placed on top of each other. Figure 9 
shows such accumulated bar charts. 

 
Figure 9 Accumulated bar charts for the representation of multi-hazard data sets 
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Interactive cartographic information system 

The integration of the presented visualization techniques into an interactive cartographic 
information system can facilitate the interpretation of the data. A big advantage of such 
systems is thematic and spatial navigation allowing users to inspect available data, choose 
the ones of interest, and to freely adjust their visualizations in order to get the desired 
viewpoint. In addition, users can choose from different visualization methods and 
customize them according to their needs (described in detail in Kunz et al., 2010). 

A major advantage in respect of multi hazard representation is the possibility to 
interactively query the data and retrieve detailed information about the assessment 
results.  

A further issue that is facilitated by interactive systems is the inclusion of uncertainty 
visualizations. A complete list of the advantages of interactive cartographic information 
systems can be found in Hurni (2008). 

In order to benefit from these advantages we developed an interactive cartographic system 
for natural hazards experts. Figure 10 shows the graphical user interface (GUI) of the 
system which is characterized by its lean design without many buttons and menus. 

Our system offers a layer structure from which users can select the data they wish to 
explore and therefore remove disturbing or confusing information from the display. Apart 
from different 2D visualization methods, a block diagram mode with 3D symbolization is 
offered. Interactive functionality allows for zooming and dragging of the maps and in case 
of 3D visualizations also for rotating and tilting. This navigation is either possible with the 
help of the navigation tool (top right in Figure 10), by mouse actions or by keyboard. 

Data can be queried by the provision of tooltip information; whenever the mouse is moved 
over symbolization detailed information can be displayed in a window next to the cursor. 
Concerning multiple natural hazards, this information contains results about the total 
hazard as well as about the single processes. Additional information such as details about 
the assessment methods, input parameters, or used interpolation algorithms can be 
provided in additional windows or status bars. 

Furthermore, the system provides information about uncertainties that are present in 
natural hazards assessments. Uncertainty information is included in the tooltip windows 
and can also be visualized in the same way as any other assessment results by 2D or 3D 
representations. At this point uncertainty is represented by standard deviations, ranges 
and variation coefficients for assessment results originating from numerical modeling. 
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Figure 10 Graphical user interface of the cartographic information system (aerial image 
reproduced with the authorization of swisstopo (JD100042)) 

Conclusions 

Assessment results for multiple natural hazards can be visualized in their original data 
format or classified in form of areal symbolization. Various methods in 2D and 3D exist for 
the representation of single processes as well as for the depiction of the total hazard 
situation. The aggregation of results for multiple hazardous processes can result in 
occlusion of symbolization and/or an unbalanced map appearance that can confuse users. 

Interactive systems can facilitate the presentation of such multivariate data with the help 
of interactive functionality. Advantages of cartographic information systems include 
thematic and spatial navigation, the display and navigation of 3D visualizations, the 
possibility to query the data (extraction of exact data values), as well as the option to 
provide different visualization methods (which allows the user to choose the most 
appealing method). 

The provided layer structure and the option to gather detailed information with the help of 
interactive queries offer an alternative to complicated multivariate maps. This facilitation 
of the interpretation of assessment results renders interactive systems into valuable tools 
for knowledge transfer. This supports the communication among experts which is crucial 
for effective natural hazards management. 
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Abstract Natural hazard assessments are always subject to uncertainties due to missing 
knowledge about the complexity of hazardous processes as well as their natural variability. Decision 
makers in the field of natural hazard management need to understand the concept, components, 
sources, and implications of existing uncertainties in order to reach informed and transparent 
decisions. Until now, however, only few hazard maps include uncertainty visualizations which would 
be much needed for an enhanced communication among experts and decision makers in order to 
make informed decisions possible. 

In this paper an analysis of how uncertainty is currently treated and communicated by Swiss natural 
hazards experts is presented. The conducted expert survey confirmed that the communication of 
uncertainty has to be enhanced, possibly with the help of uncertainty visualizations. However, in order 
to visualize the spatial characteristics of uncertainty, existing uncertainties need to be quantified. We 
addressed this challenge by the exemplary simulation of a snow avalanche event using a deterministic 
model and quantified uncertainties with a sensitivity analysis. Suitable visualization methods for the 
resulting spatial variability of the uncertainties are suggested and the advantages and disadvantages 
of their implementation in an interactive cartographic information system are discussed. 

Introduction 

Natural hazards assessments often comprise estimations of trends, frequencies and 
intensities of potential future events. These estimations are based on hypotheses and 
models, even if they are supported by observations of past events. As a consequence, 
aleatory uncertainties (caused by natural, unpredictable variation in the performance of 
the system under study) as well as epistemic uncertainties (caused by lack of knowledge 
about the behavior of the system) are always present in hazard assessment results. 
Epistemic uncertainties can be reduced; they vary depending on available historical data 
and used models. The presence of uncertainty is acknowledged by many natural hazards 
and risk specialists and is reflected in sound discussions about uncertainty inherent to 
natural hazards in general (e.g. Todini, 2004; Pappenberger and Beven, 2006; Ramsey, 
2009), issues of uncertainty definition and typology (e.g. Thomson et al. 2005; MacEachren 
et al., 2005) as well as location and quantification of existing uncertainty (e.g. Apel et al., 
2008). In some fields, such as seismic or tsunami hazard management, probabilistic 
methods are widely used (Wiemer et al., 2009) and uncertainty distributions of input 
parameters are taken into account and propagated through the model. In recent research, 
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the use of probabilistic analyses has been expanded to gravitational natural hazards 
processes such as landslides (e.g. Refice and Capolongo, 2002; Xie et al., 2004; Guzzetti et 
al., 2005), flooding (e.g. Krzysztofowicz, 2002; Bates et al., 2004; Werner et al., 2005; Most 
and Wehrung, 2005; Apel et al., 2006), snow avalanches (e. g. Bakkehøi, 1987; Straub and 
Grêt-Regamey, 2006; Jomelli et al., 2007), or rock fall (e.g. Straub, 2005; Straub and 
Schubert, 2008). 

Cartographic visualizations are valuable tools for the presentation and assessment of 
spatial data (Merz et al., 2007). Consequently, hazard assessment results are often 
illustrated by maps. However, only few maps include information about existing 
uncertainties (Pang, 2008) and map users are usually not aware of existing uncertainties 
and limitations of the underlying geospatial information (Goodchild and Gopal, 1989; Roth, 
2009). 

Implications of this shortcoming for natural hazards management are discussed in the 
analysis of recent flooding in Switzerland (Bezzola and Hegg, 2008) and as conclusion the 
localization and communication of uncertainty and fuzziness is requested. Agumya and 
Hunter (2002) and Roth (2009) consider as well the communication of uncertainty 
important because only if uncertainty intrinsic to the input dataset is acknowledged, fully 
informed decisions can be made. The effect of uncertainty visualization on decision-
making has been subject of many research projects (MacEachren and Brewer, 1995; Leitner 
and Buttenfield, 2000; Cliburn et al., 2002) that have demonstrated the supporting effects 
of visualizations on the process of decision-making (Deitrick, 2007). 

The objective of this paper is to bridge the discrepancies between theory and practice in 
uncertainty management and visualization in the field of natural hazards. The focus will be 
on gravitational natural hazards with local reach including snow avalanches, debris-flows, 
landslides, rock fall as well as flooding. These processes occur spatially confined and are 
therefore often assessed in detail. The resulting assessment outputs are available in a high 
spatial resolution and can be presented in maps on a local scale (called large-scale maps in 
cartography) allowing for the incorporation of detailed uncertainty visualizations. 

This paper is structured in seven sections. Following this first introductory section, section 
number two treats the issue of uncertainty inherent to natural hazards assessment in 
general: after a short review of existing uncertainty definitions the framework used for this 
research is defined, sources of assessment uncertainties are identified and potential 
methods for the quantification of model uncertainties are presented. The third section 
addresses the state-of-the-art on uncertainty visualization: after an overview on 
uncertainty visualization, existing methods for the field of natural hazards are described. 
The results of an expert survey concerning the existence of uncertainty and the inclusion of 
uncertainty representations in natural hazard maps are disclosed in section four. In the 
fifth section, we present an exemplary method to quantify parameter uncertainty of a 
deterministic snow avalanche model, present cartographic visualizations of the results and 
discuss advantages and weaknesses of the suggested methods. The potential of interactive 
maps is demonstrated in the sixth section: we summarize the advantages of interactive 
systems and show how the interpretation and comprehension of uncertainty visualizations 
can be facilitated. The seventh section finally contains concluding remarks. 
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Uncertainty inherent to natural hazards assessments 

Definition of uncertainty 
Information uncertainty is a complex concept with many interpretations across knowledge 
domains and application contexts (MacEachren et al., 2005). Discussions about the quality 
of spatial data have been ongoing for the last 30 years, mostly performed by members of 
the Geographic Information System (GIS) community (Goodchild, 1980). While early GIS 
research only rarely included uncertainty management, it has become an important topic 
and the unavoidability of uncertainty and error is acknowledged in GIScience (Veregin, 
1999; Sadahiro, 2003; Kyriakidis, 2008). 

However, while some communities consistently differentiate uncertainty into specific 
categories (e.g. aleatory and epistemic uncertainties in probabilistic modeling), no 
harmonized terminology exists in the context of general geospatial uncertainty. As a 
consequence, various categorizations and frameworks have been developed by different 
authors. Thomson et al. (2005) as well as MacEachren et al. (2005) provide sound overviews 
on the different approaches. Since spatial data are mostly presented in form of maps, 
uncertainty research in GIScience mostly includes the question about the visualization of 
uncertainty. For visualization purposes typologies basing on the spatial data transfer 
standards (SDTS, overview by Fegeas et al., 1992) have persisted.  

In the context of this research, we will focus on epistemic uncertainties and use the term 
uncertainty in accordance with the framework of MacEachren et al. (2005) as according to 
Roth (2009) this typology is an appropriate model of uncertainty categorization in the 
domain of floodplain mapping. It extends the framework of Thomson et al. (2005) and 
suggests that uncertainty of geospatial information consists of the following components: 
accuracy/error, precision, completeness, consistency, lineage, currency, credibility, 
subjectivity, and interrelatedness. 

Sources of uncertainty in natural hazard assessments 

During a hazard assessment process, different sources contribute to the total uncertainty. 
For visualization processes, Pang (2008) suggests to split the visualization pipeline into 
three stages: acquisition, transformation, and visualization. We exemplarily ordered the 
sources of a typical gravitational hazard assessment according to this framework: 

Uncertainty in acquisition: Most natural hazards assessments include the use of numerical 
simulations. The conduction of such simulations requires the choice of a model that 
represents the natural process most accurately. Models can be of empiric, probabilistic, or 
deterministic nature and simulate processes in one, two or even three dimensions. Apart 
from the dimensionality, also the mathematical equations describing the real world are 
relevant. As these mathematical models are only simplifications of the complex natural 
processes, uncertainties are introduced. The responsible expert has to choose a model and 
judge if it is suitable to simulate the natural process he wishes to assess. After a model is 
chosen, input parameters for the model have to be acquired. Uncertainties inherent to the 
input parameters either arise during measurement (e.g. instrument or reading errors, 
ambiguities in radar measurements for DTM generation, etc.), extra- or interpolation (e.g. 
definition of input parameters for events with a recurrence interval of 300 years, 
interpolation of measurement points to a continuous DTM), or estimation (when 
parameters have to be estimated based on evidence of historical events or experiments). 
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Once a first set of input parameters is defined, the spatial and temporal resolution of the 
computation has to be defined. Often lower resolutions are chosen due to the negative 
effect of high resolutions on computation times. Since the definition of input parameters 
and boundary conditions is difficult even if observations of historical events are available, 
models are usually calibrated using parameters of observed events as constraints. The 
interpretation of calibrations has to be conducted with care as dependencies of input 
parameters and model components can have an effect on the results (Pappenberger and 
Beven, 2006). Such calibrations can limit the uncertainty introduced by uncertain input 
parameters; however, models may perform poorly when used to predict events different 
from those used for calibration (Di Baldassarre et al., 2010). 

Uncertainty in transformation: Output parameters of numerical models are available in a 
specific format and spatial resolution. Often these results have to be transformed and 
edited in order to reach the form in which they are presented to customers or other 
researchers. Possible transformations encompass for example the transformation into a 
different coordinate system, transformations from raster to vector data or vice versa, 
classifications, generalizations, data filtering, interpolations, or smoothing of raw raster 
data. If an assessment is conducted by more than one person the compiling of data and the 
conversion into a uniform format can contribute to uncertainty introduction. 

Uncertainty in visualization: Once the assessment results are available in a uniform format 
and the according scale, they can be presented in form of cartographic visualizations. 
During this visualization step uncertainty is introduced actively (e.g. positional errors by 
generalizations and choice of coarse resolutions) or more passively in form of different 
approaches in volume rendering or in-between-frame-interpolation for animated 
visualizations (Pang, 2008). 

Quantification of uncertainty in natural hazard assessments 

After sources of uncertainty introduction are identified, existing uncertainties have to be 
quantified in order to allow for uncertainty visualizations. Existing approaches include, for 
example, the application of Bayesian networks (Bates et al., 2004; Straub, 2005; Straub and 
Grêt-Regamey, 2006), Monte Carlo simulations (Zischg et al., 2004; Apel et al., 2008), 
sensitivity analyses (Borstad and McClung, 2009), and the Generalized Likelihood 
Uncertainty Estimation (GLUE, Beven and Binley, 1992). 

As probabilistic models require input parameter distributions, the design of such models 
makes primarily sense when sound statistical data about the input parameters are 
available. In respect to natural processes, this is the case with hydrological data as input for 
hydraulic flood models and many researchers are engaged in probabilistic flood modeling. 
For other processes, however, the determination of input parameter distributions is more 
difficult due to the lack of observations. Consequently, most simulations are based on 
deterministic models only and many hazard maps are generated without accounting for 
uncertainty. Examples are Swiss hazard maps; while they are considered to be among the 
most advanced in Europe for the inclusion of three hazard zones derived from intensities 
and frequencies (Hagemeier-Klose and Wagner, 2009), experts can freely choose the 
assessment method and the consideration of uncertainties is not specifically mentioned in 
the national guidelines. Since these maps are only about to be finished and the use of 
deterministic models is standard practice, it is not to be expected that a transition towards 
the use of probabilistic models will take place anytime soon. 
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Uncertainty visualization 

Although the necessity to communicate uncertainty information has been identified (e.g. 
Bezzola and Hegg, 2008), there is no consensus about the best means of communication. 
Some experts argue that the inclusion of uncertainty information only confuses the map 
reader and can lead to misunderstandings. Evans (1997) however, conducted a study and 
concluded that all participants were able to interpret the visualized uncertainty 
information. Also Pappenberger and Beven (2006) refuse the argument that decision 
makers are not capable of understanding uncertainty distributions or measures, but that it 
may be the communication that is the major problem, rather than any real lack of 
understanding (Sayers et al., 2002). 

Maps give a more direct and stronger impression of the spatial distribution of data than 
other forms of presentation (Merz et al., 2007). The visualization of uncertainty as means of 
communication has therefore been considered early in the uncertainty discussion 
(Buttenfield and Beard, 1991). According to Pang et al. (1997), uncertainty visualization 
strives to present data together with auxiliary uncertainty information and the ultimate 
goal is to provide users with visualizations that incorporate and reflect uncertainty 
information to aid in data analysis and decision making.  

The main challenge of uncertainty visualization research is to find suitable visual variables 
to depict single elements of uncertainty. The term “visual variables” was introduced by 
Bertin (1983) and encompasses eight variables divided in ordering and differential 
variables. Ordering variables encompass the two dimensions of the plane, size, and color 
value (also referred to as brightness (Wilkinson, 2005) or lightness (Slocum et al., 2005)). 
Differential variables were defined to be color hue, texture (pattern), orientation, and 
shape. Visual variables define the characteristics of point, linear, and areal symbolization. 
Several extensions to Bertin's (1983) definition have been suggested; the most important 
additions in terms of uncertainty visualizations are color saturation (also called intensity; 
added by Morrisson (1984)), transparency (added by Wilkinson (2005)), and clarity 
(depending on the variables crispness, resolution, and transparency; added by MacEachren 
(1995)). Figure 1 shows an overview on selected visual variables. 

 
Figure 1 Overview on the visual variables color hue, color value, color saturation, shape, size, 
orientation, texture, transparency, and clarity (Illustrations: Schnabel (2007)) 

Buttenfield and Ganter (1990) were among the first researchers who categorized the 
components of data quality with focus on uncertainty visualization; they matched the 5 
SDTS categories to 3 data types (discrete, categorical, and continuous) and considered 
which visual variables are most suitable for the representation of the resulting categories. 
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However, uncertainty visualization techniques not only include the modification of visual 
variables. Some methods also make use of added geometry in form of glyphs (compound 
point symbols), isolines, or other shapes (including simple point symbols). 

Uncertainty visualization methods for uncertainties in natural hazards assessments 
While research of scientific visualization communities produced sophisticated 
visualizations of multivariate data in multiple dimensions (e.g. Pang and Freeman, 1996), 
most applied uncertainty visualizations in the field of natural hazards are simplistic 
univariate representations (meaning that hazard related data are displayed in one map 
and inherent uncertainties are depicted in a second map display) (e.g. Leedal et al., 2010). 
Trau and Hurni (2007) analyzed the suitability of visual variables and visualization 
techniques for uncertainty depictions in hazard prediction maps. Pang (2008) discusses the 
issue of uncertainty inherent to natural hazards in detail and suggests methods for 
multiple dimensions and data types. 

Table 1 presents visual variables and visualization techniques that were found suitable for 
the depiction of uncertainty in natural hazards assessment by Trau and Hurni (2007) and 
Pang (2008). 
 
Table 1 Visual variables and visualization techniques for the depiction of uncertainty in natural 
hazards suggested by Trau and Hurni (2007) and Pang (2008) 

Visual variables  Visualization techniques 

Color hue  Glyphs, dials, arrows, bars, etc. 

Color saturation  Isolines 

Color value  Resolution, noise 

Transparency  Modification of grid overlay 

Texture/pattern  3-dimensionality 

Lack of clarity (blurriness)  Shading 

  Dazzling 

  Embellishments (e.g. varying the brightness or 
connectedness of isolines) 

  Slicing 

  Animation (blinking, moving, zooming, sliding) 
 
Apart from visualization methods for the illustration of scalar uncertainty Pang (2008) 
presents various potential methods for the depiction of vector and multi-value uncertainty. 
Many of them are complex, difficult to implement, and hard to interpret because of their 
complexity. However, Pang (2008) states that it is foremost that presentations are kept 
simple and reserved for the most critical information in a decision process. For this reason 
and because many practitioners still fear that uncertainty visualizations cannot be 
interpreted by decision-makers, we suggest keeping the displayed visualizations to the 
depiction of scalar values of the most critical uncertainty information. Further components 
can be presented in form of textual specifications in special windows or tooltip 
information. 
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Expert survey 

In order to find out if the theoretically presented solutions of addressing uncertainty are 
reflected in practice, we collected the opinions of natural hazards experts on uncertainty 
inherent to natural hazard assessments and their visualizations. We sent an online 
questionnaire to 65 natural hazards experts. The survey was answered by 34 experts in 
October and November 2009. It consisted of four introductory questions that concerned 
the level of experience, the range of assessed processes, and methods used for hazard 
assessments: all experts worked in the field of natural hazards management and had an 
average experience of 14 years. The processes they assessed comprised floods, debris flows, 
landslides, rock fall, snow avalanches and sink holes. Two thirds conducted the numerical 
modeling of the processes themselves, the other third were more engaged in management 
than in assessment activities. None of the experts mentioned to be using probabilistic 
methods. 

Since only Swiss experts were interviewed, the answers refer to existing hazard maps in 
Switzerland. We are aware that the experience of this small circle of specialists does not 
allow for a universal conclusion. However, since hazard mapping in Switzerland has a long 
history and the Swiss system has been adopted by other countries or regions 
(Zimmermann et al., 2005), the gathered opinions can serve as a basis for the definition of 
user needs as well as the location of existing shortcomings. 

The main part of the survey covered the issue of uncertainty visualizations in hazard 
representations. An overview of the questions and answers is presented in Figure 2.  
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Figure 2 Overview on the provided answers of the natural hazards expert survey about 
uncertainty visualization and communication 

In summary we can conclude that the majority of the experts agree that natural hazard 
assessments are associated with uncertainties that are often considerable or even serious. 
The improvement of the communication of these uncertainties among experts is 
considered important and the use of interactive digital environments for the presentation 
of hazard related data and uncertainty is welcomed. However, there is no consensus about 
the ideal means of communication (some experts think that visualizations are a suitable 
tool, other prefer textual representations, graphs, or tables), or if quantitative uncertainty 
information should be provided at all. 

If we compare the results of our expert survey to those of Roth's (2009) focus groups they 
both agree that uncertainty exists and that visualizations are a potential way to 
communicate uncertainties. While the participants of Roth’s focus groups are used to the 
ideas of quality checks according to guidelines (e.g. FEMA, 2009), Swiss experts are not 
obliged to comply with any quality standard. Both groups, however, do not systematically 
represent uncertainties in their hazard maps and also ignore them during their natural 
hazards management tasks. Consequently, the discrepancy between theoretical 
uncertainty/uncertainty visualization research and practical realization as observed by 
Roth (2009) is confirmed by our expert survey. 

Concerning this survey, we would like to mention that personal comments made by the 
experts revealed that many of them are reluctant to communicate uncertainties to the 
general public, however, would welcome an open discussion among experts. The opinion 
that the legally regulated hazard maps should stay as they are (and should therefore not 
contain uncertainty visualizations) was expressed repeatedly. This indicates that some of 
the more conservative views (i.e. reluctance to include uncertainty visualizations) might 
turn out to be more open if hazard visualizations for expert users and not the legally 
regulated hazard maps had been discussed in this survey. 

Exemplary quantification of model uncertainties and potential visualization methods 

One reason for the existing discrepancy between the need for the communication of 
existing uncertainty and fuzziness in natural hazards assessments (Bezzola and Hegg, 
2008) and the fact that Swiss experts (and many of their international colleagues) 
currently are not obliged to include quantitative information about uncertainty inherent to 
the assessment process may be the challenge of uncertainty quantification. Although 
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suitable techniques for the visualization techniques have been suggested, they can only be 
applied to available uncertainty information. As none of the questioned experts seems to 
be using probabilistic models for the assessment of the natural hazard situation, the 
quantification of uncertainty can be an issue. We therefore present a potential way to 
generate quantitative measures for the model uncertainty inherent to natural hazard 
simulations.  

Sensitivity analysis of a snow avalanche event 
The initial and boundary conditions for the simulation of an extreme event are difficult to 
forecast with great confidence (Borstad and McClung, 2009). Apart from the friction 
coefficients, fracture depth and release zones are the most important input parameters to 
the dynamic snow avalanche model RAMMS:avalanche (Christen et al., 2010) that was used 
for this study. In practice, friction parameters are chosen according to experience (expert 
opinion or existing guidelines (e.g. Salm et al., 1990)). Prior to a calculation, release zones 
and fracture depths have to be determined by an expert. This poses a challenge since 
pictures of release areas taken shortly after a historical event only rarely exist. GIS can be of 
help in defining potential release areas according to slope angles and aspects. 

As input parameters are difficult to determine, numerical models are usually calibrated 
against an observed event with a certain recurrence interval. Calibrations of snow 
avalanche models are mostly conducted using observed runout distances of historical 
events as boundary condition. A clear distinction between the influences of the friction 
parameters and the release volume, however, cannot be made since multiple parameter 
combinations might lead to the same results. For this study, it was neither the goal to 
accurately predict potential future snow avalanche events nor to conduct a complete 
sensitivity analysis of the used model, but to give an idea about the influences of input 
parameter variations on model outputs. 

In order to measure the effects of input parameter uncertainty on the resulting output 
parameters, we conducted a sensitivity analysis for a snow avalanche simulation in the 
Stampbach gully in Blatten VS, Switzerland. The RAMMS:avalanche model was calibrated 
with the help of the runout distance of the historical event of April 4, 1999, which was 
estimated to have a recurrence interval of 30 years. The calibrated friction parameters were 
adopted for all subsequent calculations. The sensitivity of the results with respect to input 
parameter uncertainty was determined by exemplarily varying the input parameters 
release zone area by 1m (moderate input uncertainty assumed) and 10m (strong 
uncertainty) and fracture depth by 10% (moderate uncertainty) and 50% (strong 
uncertainty). This variation resulted in 25 parameter combinations. The resulting 25 output 
parameters (max. snow height, max. velocity, and max. impact pressure) are used as basis 
for the calculation of existing model uncertainties in natural hazard assessments. As 
uncertainty measures, we estimated min-max spread, standard deviation, and variation 
coefficient for each output parameter and each 5x5m raster cell. Statistical spread reflects 
the total range within which the output parameters vary. If this variation is large, the 
model reacts sensitively to the varied input parameter. The standard deviation not only 
conveys a picture of the spread, but how the values are distributed around the mean. These 
two measures, however, can only be interpreted if they are compared with the mean value 
of the output parameter (i.e. a standard deviation of 0.5m might be acceptable for a raster 
cell where the total snow height is 10m, while the same standard deviation is quite large 
for a snow height of 0.2m). In case of the variation coefficient (ratio of standard deviation 
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to mean), this comparison is included in the measure. Due to this advantage we used the 
variation coefficients for all subsequent visualizations. 

Implementation and assessment of visualizations for natural hazards assessment uncertainty 
The visualization methods suggested in Table 1 were chosen from manifold existing 
uncertainty visualization techniques from different fields. In order to evaluate their 
suitability for use in the field of natural hazards, they need to be applied to a real data set 
in order to compare and assess the advantages and weaknesses of each method. For this 
purpose we have applied different methods to the data set of the Stampbach avalanche. 

Following Trau and Hurni’s (2007) approach, we distinguish between univariate displays 
where data and uncertainty is displayed in separate maps that have to be compared and 
bivariate displays where thematic data and inherent uncertainty are displayed in one 
single map. Bivariate approaches are further divided into extrinsic techniques where 
additional geometry is added to the symbolization and intrinsic symbolization where a 
visual variable of the symbolization is modified to depict uncertainty. 

Figure 3a shows an intrinsic approach where impact pressure and uncertainty are both 
mapped to the color of the raster cell; pressures are mapped to color hue (yellow, orange, 
and red) and variation coefficients to color value (100%, 80%, and 50%). In Figure 3b 
pressures are mapped to the same color hues as in Figure 3a, however, uncertainty is 
mapped to color saturation (70%, 40%, and 15%). 

 
Figure 3 Intrinsic approaches where impact pressures are mapped to color hue (yellow, orange, 
red) and variation coefficients to color value (a) or color saturation (b); the numbers in the legend 
matrix indicate the used color values (a) and color saturations (b) in a hue-saturation-value (HSV) 
color model 

In general, any visual variable can be used for the visualization of uncertainty in intrinsic 
approaches. Table 2 lists the visual variable and offers comments about their use for 
uncertainty visualization. 
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Table 2 Comments about the use of visual variables for intrinsic uncertainty visualization 

Visual variable Comments 

Color hue 

Data is mapped to one color scheme and uncertainty to another. Finally, the 2 color 
schemes are mixed 
Suitable for 2D and 3D maps 
Suitable for the depiction of qualitative information 

Color saturation 
Uncertainties are emphasized. Alternatively, color saturation can depict certainty. 
Suitable for the depiction of quantitative information 

Color value 

Uncertainties are emphasized (as darker regions attract users’ attention). This can 
be useful when uncertainties are discussed. Alternatively, color value can depict 
certainty which leads to an emphasis of regions with low uncertainty. This might 
help decision makers to focus on certain data 
Suitable for the depiction of quantitative information 

Transparency 
Data with low uncertainty is emphasized 
Only suitable for 2D maps due to occlusion 

Texture For data sets of great variation occlusion can be a problem 

Clarity (blurriness, 
fuzziness) 

Very intuitive and widely used (=known) 
Unsuitable for data sets with small areas and data with great variations 

 

All intrinsic approaches have in common that slight changes in uncertainty are difficult to 
identify, especially for data sets with great variability. Solutions to mitigate this problem 
with the help of interactive functionality will be presented in the next section. 

In Figure 4 impact pressures and variation coefficients are displayed using bivariate 
approaches. Impact pressures are mapped to a blue color scheme (light blue = low 
pressures, dark blue = high pressures), overlaid by the variation coefficients (extrinsic 
approach). In Figure 4a this overlay consists of a red point symbol (small diameter = low 
variation coefficient, large diameter = high variation coefficient) for each raster cell. Figure 
4b shows a different extrinsic approach, where variation coefficients are displayed by 
scattered point symbols. In regions with low variation coefficients points are small and 
loosely scattered while regions with high variation coefficients are covered by larger points 
that are densely scattered. A third extrinsic method is shown in Figure 4c where 
uncertainty is added in form of isolines. 

 
Figure 4  Extrinsic approaches showing impact pressures in a blue color scheme and variation 
coefficients in form of proportional point symbols (a), scattered dots (b), and isolines (c) 
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While the visualization of uncertainty in intrinsic approaches is realized by the variation of 
one visual variable, the visual techniques used for extrinsic approaches are combinations of 
several visual variables. Table 3 summarizes the visualization techniques suggested for to 
depict uncertainty and offers comments about strengths and weaknesses. 
 
Table 3 Comments about the use of visualization techniques for extrinsic uncertainty 
visualization 

Visualization techniques Comments 

Glyphs 
Suitable for 2D and 3D maps 
Not suitable for data with great variation (scaling) 
Occlusion can occur 

Isolines 

Not suitable for data with great variation (occlusion) 
Quantitative analysis is difficult 
Occlusion can occur 
Can be confused with contour lines and associated to altitude/elevation 

Resolution, noise Data sets with high amounts of uncertain data can lead to confusing and 
unreadable maps 

Modification of grid overlay 
Suitable for 2D and 3D 
Occlusion can occur 

3-dimensionality 
Occlusion can occur 
In 3D displays comparison of height can be a problem (e.g. if bar charts are 
placed on a terrain model) 

Shading Occlusion can occur (caused by black shadow spots) 

Dazzling Can lead to confusing images that hinder interpretation 

Embellishments Unsuitable for data sets with small areas and data with great variations 
(scaling) 

Slicing Uncertainty is only indicated relative to a threshold (below/over) 

Animation 

Efficient for large data sets 
Suitable for smoothly changing data; unsorted data can result in chaotic 
flickering 
Blinking: Attracts attention in a high degree; can be tiring and/or annoying; 
should be applied only sporadic and for short sequences 

 
In Figure 5 impact pressures and variation coefficients are displayed using univariate 
methods. Figure 5a shows a 2D split display where impact pressures are shown in the top 
display, mapped to a blue color scheme (light blue = low pressures, dark blue = high 
pressures). Variation coefficients of the impact pressures are displayed beneath, mapped to 
a color scheme ranging from yellow (low standard deviations) over orange to red (high 
standard deviations). In Figure 5b a 3D approach was applied; on the left impact pressures 
are displayed in form of 3D bar charts placed on a block diagram (short bar charts = low 
pressures, high bar charts = high pressures). As a comparison of bar chart heights is 
hindered by the terrain, the magnitude of impact pressures is additionally indicated by 
color saturation (unsaturated purple = low pressures, saturated purple = high pressures). 
Variation coefficients are shown on the right, also mapped to bar charts and color 
saturation (orange color scheme). 
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Figure 5 Univariate approaches in 2D (a) and 3D (b) showing impact pressures and variation 
coefficients in separate displays (orthoimage reproduced with the authorization of swisstopo 
(JD100042)) 

Univariate methods can make use of both, the variation of a visual variable (presented in 
Table 2) or the application of visual techniques (presented in Table 3). 

In the next section we discuss how the interpretation and comprehension of uncertainty 
visualizations can be facilitated by interactive functionality within a cartographic 
information system. 

Interactive cartographic information system 

Interactive cartographic information systems encompass numerous characteristics and 
functionalities that facilitate the presentation of complex information. Hurni (2008) 
defines the components of such systems (alternatively called Multimedia Atlas Systems 
MAIS) and gives an overview of advantages for the exploration and visualization of spatial 
data. One advantage in the context of uncertainty visualization is the interactive querying 
of available data: information about the assessment results as well as uncertainty 
information can be displayed in tooltip windows. This conveying of exact quantitative 
measures for each symbolized data point is especially helpful when the visualization 
method does not allow for a quantitative analysis. Additional information windows or bars 
can offer important details about assessment methods and uncertainty calculations. If the 
wealth of information is overwhelming for users, they can exclude layers from the display 
and only select data of interest. In addition different visualization methods can be offered, 
for example 2D or 2.5D methods or different symbolization such as bars charts, 
interpolated areas or flat textures or colored areas. Sophisticated systems can even allow 
for a user-tailored customization of the offered visualizations; colors, class boundaries, or 
thresholds can be set by the user. Such a customization aims at facilitating the 
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interpretation and understanding of complex data, including uncertainties (Kunz et al., 
2010). 

In order to make the above mentioned advantages available for natural hazard 
management tasks we developed a cartographic information system for the exploration 
and visualization of natural hazards assessments and associated uncertainties. The GUI of 
the system is based on the Swiss World Atlas interactive (Cron et al., 2009) and is 
characterized by its lean layout without many buttons or menus. 

Figure 6 shows the graphical user interface of this system. 

 
Figure 6 Graphical user interface of the cartographic information system for the exploration and 
visualization of natural hazards assessment results and inherent uncertainties (orthoimage 
reproduced with the authorization of swisstopo (JD100042)) 

Apart from choosing among different cartographic methods for the visualization of the 
assessment results as well as the inherent uncertainties, users can customize these 
visualizations according to their needs. This advantage should account for the different 
needs of the heterogeneous user group of natural hazards specialists. Hence, 
misunderstandings caused by incomprehensible maps should be prevented.  
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Conclusions 

The various existing uncertainty definitions and typologies in the field of natural hazards 
hinder a clear communication and consequently the understanding about existing 
uncertainties. Furthermore, the fear of natural hazards experts that uncertainty 
information and visualizations are not correctly interpreted as well as the lack of guidelines 
or codes for standardized visualizations inhibit clear communication of uncertainties 
associated with natural hazards assessment results. As long as no standard or legal 
regulation exists and deterministic models are the standard method for hazard 
assessments, the generation of uncertainty information results in more work for the 
assessing expert and therefore presents an economical disadvantage. In this paper we 
showed how uncertainties in natural hazard modeling can be quantified with the help of a 
sensitivity analysis and how these uncertainties can be visualized. The suggested 
uncertainty visualizations were implemented in a cartographic information system that 
has been developed for natural hazards experts with the purpose of exploring and 
visualizing assessment data including uncertainties. The web-based technology of this 
system allows for easy platform independent access without additional software. Finally, 
such an interactive system can help to interpret and understand complex assessments 
including associated uncertainty and thus facilitate communication among experts. 



 
56 

 



 
57 

5 INTERACTIVE CARTOGAPHIC INFORMATION SYSTEM 
 
PAPER 4 

Customized visualization of natural hazards assessment results and associated 
uncertainties through interactive functionality 

 

Melanie Kunz, Adrienne Grêt-Regamey & Lorenz Hurni 

Cartography and Geographic Information, accepted for publication in Special Issue April 2011 

(Author version; for typeset version please refer to the original journal article on 
www.ingentaconnect.com/content/acsm/cagis) 

 

Abstract Communication of natural hazard assessment results is crucial to protect people and 
infrastructure from devastating impacts of extreme events. While hazard maps provide important 
information on potential impacts, their interpretation and the general knowledge exchange between 
stakeholders is often difficult. Web-based information systems contain the potential to support hazard 
management tasks by fast distribution and customization of hazard visualizations through interactive 
functionality. Cartographic principles are, however, often ignored in existing web-based visualizations 
which leads to poor graphical results and consequently to an impairment of the information flow. 
While these issues need to be solved, a new task is already waiting: the integration of uncertainty 
information into hazard visualizations. Since many hazard management activities rely on hazard 
assessment results, communication of associated uncertainties among experts is vital. 
The challenge of this research is to overcome these existing shortcomings by combining high quality 
cartographic visualizations of natural hazard data as well as associated uncertainties with interactive 
functionality. The resulting web-based cartographic information system will convene the needs of 
natural hazard specialists by offering a high level of customization: the suggested visualizations 
include various cartographic techniques such as the application of textures, bars, and interpolated 
surfaces. The possibility to interactively select particular data sets, customize colors, choose dimensions, 
query attribute data, and include uncertainty information facilitates the interpretation of complex 
data and finally the communication among natural hazard specialists. 

In this paper we summarize requirements that have to be considered, suggest functionalities necessary 
to perform natural hazards management tasks, and present a prototype of an expert system for the 
visualization and exploration of natural hazards assessments results and associated uncertainties. 

Introduction 
Natural disasters cause suffering through the harm of people and infrastructure as well as 
enormous economical damage. Natural hazard management aims at minimizing these 
impacts by the tasks of prevention, event management, and rebuilding (Bezzola and Hegg, 
2008). Assessments of natural hazards form the basis for all management tasks and are 
therefore a crucial component of hazard management. This fact has become apparent 
during the last years and consequently funds for the advancement of hazard assessments 
as well as the enhancement of management strategies have been allocated (e.g. by the 
Swiss Government). 

Cartographic representations have proved suitable for the communication of hazard 
assessment results which is reflected in the fact that the generation of hazard maps as 
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basis for land-use-planning is standard procedure in many countries and in some places 
even regulated by law (e.g. Switzerland (Federal Law on Water Construction (WBG, SR 
721.100), 1991 and Federal Law on Forestry (WaG, SR 921.0), 1991), Colorado (Colorado State 
House Bill 1041, 1974), and many more). 

Motivation 
Recent analyses of past flood events (Bezzola and Hegg, 2008) showed that the 
requirements towards hazard maps have increased over the last years: not only spatial 
planners for whom these maps were designed work with these visual representations of 
natural hazard assessment results, but also many other specialists involved in different 
tasks of hazard management. Bezzola and Hegg (2008) therefore suggest that hazard 
assessments should not be performed for a particular application anymore but as a general 
basis for various future uses. Once these multifaceted results exist, they can be visualized 
for specific users according to their requirements. These visualizations, however, have to be 
generated following cartographic design principles in order to produce clear and well 
balanced maps that are effortlessly readable. 

An additional issue which is often discussed in different hazard management phases and 
tasks is the question of uncertainty inherent to hazard assessment results. Many important 
decisions that can have severe consequences for third parties (e.g. initiation of evacuation, 
construction bans, etc.) are based on these results. Information about the accuracy of the 
presented assessment results is therefore very important. However, until now, most hazard 
maps pretended absolute certainty by solid borders of hazard zones even though experts 
agree that the definition of hazard zones is associated with uncertainty. Apart from the 
difficulties of quantifying existing uncertainties, this issue also poses a cartographic 
challenge: there are no guidelines about suitable methods for uncertainty visualization in 
natural hazard maps and most existing recommendations are only of theoretical nature 
(Pang, 2008). 

Overview and references to related work 
The Internet has evolved to one of the most relevant media to publish cartographic 
information, as it facilitates greater access to spatial information, increased levels of 
interactivity with maps, real-time locational information, and greater integration of 
multimedia content through pictures, sound, and video (Peterson, 2008). In recent years, 
web cartography shifted towards a distributed and service-oriented cartography, providing 
individual maps on-demand for specific purposes (Schnabel and Hurni, 2009). While early 
web maps were mostly raster-based and static, modern interactive applications allow for 
thematic as well as geographic navigation and offer visualization functionality to display 
available information according to the specific needs of the users. In addition, users can be 
guided through the map making process in order to avoid the violation of cartographic 
rules. Consequently, a web-based cartographic information system provides a well suited 
environment for the visualization and exploration of natural hazards assessment results as 
well as associated uncertainties. 

Chesneau (2004) analyzed over two hundred hazard visualizations which were published 
in geographic journals and the Internet and observed that most maps are published in 
printed form; interactive or multimedia environments are rare. Her analysis also showed 
that most web-based maps offer little interactive functionality and consequently the 
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implementation of animations and interactivity into natural hazard visualization 
environments is suggested. Research by Peterson (2007) confirms that it is generally 
believed that multimedia and interactive techniques can convey the multifaceted and 
dynamic character of the spatial environment much more effectively than static paper 
maps. 

The lack of interactive functionality in web-based applications can also be observed in tools 
for the presentation of spatial data in general. In Switzerland for example, such tools have 
become common during the past years and every canton (= state or province) maintains its 
own system. These so called geoportals are designed for the general public and the typical 
application offers little interactivity: thematic content is available in a layer structure so 
that users can select the topics they want to have visualized in 2D maps and sometimes 
the query of attribute information is possible. Further interactions are generally limited to 
zooming and panning. 

However, the need for interactive expert tools has been identified in recent research. 
Lienert et al. (2009) developed a web-based application for the real-time visualization of 
hydrological data. This application offers functionality to interactively monitor, retrace, and 
compare the available information. Romang et al. (2010) built on the experiences of snow 
avalanche tools and established an interactive early warning and information system for 
floods and debris flows. 

Research in the field of uncertainty visualization has been ongoing for the last 30 years; 
after Buttenfield and Ganter (1990) analyzed Bertin’s (1983) visual variables and suggested 
what characteristics of uncertainty can be illustrated by these variables, different studies 
have investigated and in some cases also evaluated potential visualization methods for the 
visualization of uncertainty in geospatial data sets (e.g. Buttenfield and Beard, 1991; 
MacEachren, 1992; McGranaghan, 1993; Goodchild et al., 1994; Van der Wel et al., 1994; 
Wittenbrink et al., 1996; Leitner and Buttenfield, 2000; Drecki, 2002; Aerts et al.2003; 
MacEachren et al., 2005; Zuk and Carpendale, 2006). More recent research analyzed 
general uncertainty visualization methods and assessed their suitability for applications in 
the field of natural hazards: Trau and Hurni (2007) give an overview on existing methods 
and suggest visualizations suitable for the depiction of uncertainty in hazard and hazard 
index maps, Bostrom et al. (2008) present a review of research about the visualization of 
seismic risk and uncertainty and Pang (2008) finally discusses the issue of uncertainty 
associated to natural hazards data in detail and presents potential methods for visualizing 
uncertainty in natural hazards such as the application of blurriness, transparency, or 
fuzziness, the use of color hue, saturation, or value, the superimposition of a grid that is 
modified according to uncertainty values, the drawing of contour lines, the variation of the 
thickness, brightness, or connectedness of symbolization, the use of glyphs, histograms, or 
box plots, or the creation of complex 3D surfaces.  

Aims 
The objective of this research is to facilitate the interpretation of natural hazard data by 
implementing natural hazard assessment results into a web-based cartographic 
information system. Since these systems provide collections of spatially related knowledge, 
they are also referred to as Multimedia Atlas Information Systems (MAIS). According to 
Hurni (2008), MAIS are defined as follows: they consist of a harmonized collection of maps 
with different topics and scales. The maps have a common legend and symbolization. MAIS 
dispose of interactive functions for geographic and thematic navigation, querying, analysis, 
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and visualization in 2D and 3D mode. Unlike in many geographic information systems (GIS) 
applications, the data in MAIS is cartographically edited and the functionality is 
intentionally limited in order to provide a user-targeted set of data as well as adapted 
analysis and visualization functions. In multimedia atlases, additional related multimedia 
information, like graphics, diagrams, tables, text, images, videos, animations, and audio 
documents, are linked to the geographic entities. 

All advantages of MAIS characteristics are integrated into our cartographic information 
system to ensure for a customized visualization that meets the requirements of natural 
hazard experts. In addition to high quality visualizations of thematic information about 
hazard assessment results, our system also allows for the visualization of uncertainty 
inherent to these results, which is needed to support users during their decision making 
tasks. 

Requirements 

According to Acevedo et al. (2008) evaluations of visualization methods by visual design 
experts are faster and more productive than quantitative user studies. We therefore 
decided to design a first version of our cartographic information system according to the 
opinions of specialists in the field of web-, multimedia-, and atlas-cartography. As a first 
step we collected general feedback from project leaders of ongoing and completed projects 
of the Institute of Cartography of ETH Zurich (IKA) in order to adopt the main findings 
about design of graphical user interfaces (GUI), interactive functionality, and visualization 
methods for our cartographic information system. These projects include the Atlas of 
Switzerland (AdS, 2004; Sieber et al., 2009), the Swiss World Atlas interactive (SWAi, 2010; 
Cron et al., 2009; Marty et al., 2009), GEOWARN Geospatial warning system (GEOWARN, 
2003; Gogu et al., 2006), and Real-Time Cartography in Operational Hydrology (Lienert et 
al., 2009). After the development of a first version of the prototype it was presented to the 
above mentioned specialists who subsequently rated and prioritized specific elements and 
provided suggestions for improvement. The goal of these interviews was to determine the 
main priorities for the design of an optimal GUI, promising visualization methods, as well 
as the main functionality which should allow users to customize the visualizations in order 
to meet their requirements. Finally, the findings of the interviews were integrated in the 
first version of the prototype and will be explained in detail in the following sections. 

User definition and content requirements 
Cartographic representations can only be optimized if end users and data types are known. 
As mentioned in the introduction of this paper, end users of our cartographic information 
system are specialists involved in different tasks of natural hazards management such as 
hazard assessments, spatial planning, planning of defense structures, emergency planning, 
etc. These experts encompass scientists, engineers, and spatial planners working for 
private companies, national or federal offices, or humanitarian organizations. 
Consequently, they come from different backgrounds and have different map reading 
skills. This very heterogeneous user group of experts will therefore exhibit different needs 
and requirements for hazard and uncertainty visualizations. 

The goal of this research is to account for these different needs by offering a platform for 
the integration of various assessment results (including uncertainty measures and 
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additional background information) as well as the possibility for an interactive 
customization of natural hazard visualizations (see Figure 1). 

 
Figure 1 Requirements towards natural hazard visualizations 

Although a variety of visualization methods have to be provided to meet the different 
visual preferences, the underlying data set will remain the same as all users are interested 
in the answer to the following questions: (1) Is a specific area (and consequently 
infrastructure and people) endangered by natural hazards? (2) What processes can occur? 
(3) How frequent and how intense will the hazardous events be? The level of detail the 
answers to these questions have to offer varies from user to user and from task to task. We 
therefore provide the option to interactively choose the data layers of interest as well as 
scale and dimension of presentation. Apart from thematic data map backgrounds for 
orientation in form of aerial images, topographic maps, and survey plans are available. 

Thematic data includes assessment results of different natural processes such as snow 
avalanches, debris flows and flooding. These results encompass various data sets, for 
example snow heights, velocities, and pressure for snow avalanches, flow height and 
velocities for debris flows, or water depths and velocities for flooding. However, apart from 
standard assessment results, the system allows for the integration of additional 
information. Data sets are loaded into the cartographic information system in form of 
raster-based data (ascii-files) and are then converted into interactively queryable 2D and 
2.5D symbolization (areal symbolization, bars and interpolated surfaces). 

As mentioned in the introduction, uncertainty inherent to natural hazards assessment 
results presents an issue for many natural hazards specialists. The question of how to 
visualize this information forms a major part of this research and will be discussed in detail 
in section “Visualization of Uncertainties”. Uncertainty information is also imported in 
form of raster files and converted into 2D and 2.5D symbolization that can be interactively 
queried. 

Visualization requirements 

 General requirements 
Chesneau’s research (2004) showed that most web-based hazard maps are raster based 
and lack cartographic quality. Cartographic principles are often ignored because the 
mapmakers are domain specialists and not cartographers (Kunz and Hurni, 2011). In order 
to generate visually appealing and effortlessly readable maps, cartographic principles such 
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as an appropriate choice of color, balance between thematic layers and base map, or 
maximum numbers of classes have to be followed. 

Additionally, screen maps have to be designed coarser and simpler than paper maps in 
order to convey the desired information under less than ideal conditions of low screen 
resolution, increased viewing distance, and shorter reading time (Jenny et al., 2008). All 
these guidelines and suggestions are implemented in our cartographic information 
system: the offered colors, base maps, and layer combinations are in accordance with these 
rules and ensure cartographically high quality maps. 

 Symbolization requirements 
The Swiss standard coloring for hazard maps (yellow for low hazard, blue for moderate 
hazard, and red for high hazard, as explained in Loat and Petrascheck (1997)) are not always 
considered to be sensible or logical (Zimmermann et al., 2005).  

We therefore offer different color schemes for the depiction of thematic data from which 
the user can choose the most appealing. Snow avalanche parameters for example can be 
visualized in grey, blue, or purple (see Figure 2), the cold colors reflecting the characteristics 
of snow. For all color schemes at least one of the options convenes the needs of color vision 
impaired users. 

Further shortcomings of hazard maps include illegibility due to the included wealth of 
information and unsuitable symbolization (Zimmermann et al., 2005). The issue of 
information overflow can be solved by interactive navigation functions, such as a layer 
structure of the data or adaptive zooming. If the overlaying of several layers is of interest 
nonetheless, suitable area symbolization such as gridded patterns can avoid the 
overlapping of thematic information. 

 
Figure 2 Different color schemes for the depiction of snow avalanche assessment results 

In order to convene the needs of the heterogeneous user group, different visualization 
methods are offered: apart from traditional 2D maps also a block diagram mode (3D view 
of a rectangular extract of the surface) can be chosen as background for the thematic data 
(see Figure 3). 
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Figure 3 2D map mode (a) and block diagram mode (b) with application of 2D symbolization 
(orthoimage reproduced with the authorization of swisstopo (JD100042)) 

 

Hazard assessment results as well as uncertainty information can then be added in form of 
texture, bars, or interpolated surfaces. This 2.5D symbolization complements the standard 
2D maps and gives an overview on the terrain and the dynamics of hazardous processes. 
According to the cartography experts real 3D symbolization such as little abstracted, 
photorealistic representations of hazardous processes does not bring any advantages for 
the analysis of natural hazards assessment results and was therefore not implemented in 
our system. 

 Functionality requirements 
A very significant element of the usability of MAIS is the degree of interactivity which is 
based on the richness of interactive functionality (Hurni, 2008). Cron et al. (2007) analyzed 
these functions and provide suggestions for structured GUIs. Their classification of 
functionality is based on Ormeling’s (1997) outline and encompasses general functions, 
functions for navigation, didactic functions, cartographic and visualization functions, and 
GIS functions. General functions are permanently available for the users, irrespective of the 
displayed data. Navigation functions comprise functions for spatial, thematic, and 
temporal navigation. Didactic functions offer explanations about maps, predefined tours, 
movies, or images as well as self control functions to test the acquired knowledge. 
Cartographic and visualization functionality allows for the graphic modification of 
visualizations and are used for the enhancement of the map message. They encompass 
map manipulation, redlining (addition of drawings, labeling, and comments), and 
exploratory data analysis. GIS functionality serves for the handling of space and object 
oriented as well as thematic information. They include spatial and thematic information 
retrieval functions as well as analysis functionality. 

To determine the importance of single interactive functions, we presented a list of 
potential functions (see Table 1) to the IKA experts. The experts were asked to prioritize the 
functions from 1 (must be implemented) to 4 (very low priority). The prioritization was 
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evaluated and the findings served as guideline for the first prototype of our cartographic 
information system for the visualization of natural hazard results and inherent 
uncertainties. A summary of the findings concerning the prioritization of interactive 
functionality is provided in the following sections. 
 
Table 1 List of potential interactive functionality that was rated by the cartography experts 
(Grouping according to Cron et al., 2007) 

Functionality group Prioritized functionality 

General functions 

Information about zoom factor (figure, e.g. 1 : 10 000) 
Graphic scale bar 
Switching between 2D and 3D mode 
Highlighting of legend 
Help menu 
Print option 
Jump to previous map display 

Navigation functions 

Zooming 
Panning 
3D navigation (rotation and tilting) 
Overview map 
Layer structure  
Search function for place names 

Explanatory functions Integration of additional information about data and uncertainty 
Photo archive 

Cartographic and visualization 
functions 

Free addition and removal of layers to the display 
Layer transparency 
Free classification of thematic data 
Choice of colors 

GIS functions 

Display of coordinates (x, y, z) 
Measurement tool 
Generation of cross sections 
Display of tooltips for attribute query 
Real GIS functions such as spatial intersection, creation of buffers, etc. 

 

General functions: The cartography experts considered a graphical scale bar, buttons to 
switch between 2D and block diagram mode, as well as highlighting the according legend 
entry when the mouse is moved over symbolization as the most important general 
functions for a cartographic information system. 

Functions that are rated useful but not first priority will be implemented in a later phase of 
the project and include a help menu with explanation about the proper use of the 
functions, the option to go back to the last viewed map, and a print option. 

Navigation functions: Concerning the spatial navigation experts suggested prioritizing the 
functions of zooming, panning, tilting and rotation (for block diagram mode only), and the 
display of an overview map. 

However, zooming is only judged as useful if adaptive zooming is implemented. Adaptive 
zooming means that each zoom level is generalized according to its scale so that the map 
is not only magnified, but also more information is displayed when zooming in 
(Brühlmeier, 2000).  
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Top priority for thematic navigation was given to the implementation of a layer structure 
so that data may be individually chosen for display by the users. The need for a search 
engine for names and places was assigned second priority. 

Temporal navigation of natural hazard assessment data is not part of this research and 
according functionality will therefore not be implemented. 

Explanatory functions: Didactic functions are not needed for an expert system. However, 
the integration of explanatory functions, such as detailed information about the 
assessment results (methodology, date of assessment, etc.) as well as details about the 
uncertainty information (method of quantification, etc.) was rated to be of second priority. 
The implementation of a photo archive was listed as an interesting but not necessary 
feature. 

Cartographic and visualization functions: First priority for map manipulation functionality 
was assigned to the free addition and removal of layers to the map display as well as the 
control over layer transparency to avoid concealment of important information. The 
altering of colors was rated second priority. 

Redlining was only mentioned as innovative idea that could be considered as comments or 
drawings of experienced specialists might be of interest to other users. 

Functions for exploratory data analysis should primarily include the free modification of 
data classification (choosing number of classes, thresholds, as well as coloring). The option 
of a split display for the comparison of different thematic layers is an idea that will be 
considered in a later stage. 

GIS functions: None of the proposed GIS functions was prioritized by our experts. The 
display of current cursor position coordinates and measurement tools were only assigned 
second priority. 

Thematic and object related information (attribute information) can be retrieved and 
displayed in form of tooltip windows. Tooltip windows appear next to the cursor when 
moved over thematic symbolization (e.g. bars) and contain exact values of the assessment 
results as well as available uncertainty information. This functionality was considered to be 
important. However, apart from the display of tooltip information also the option to 
remove this additional window from the display was given high priority. Further 
development could foresee to offer different levels of tooltip information.  

Analysis functions are used to generate new information and connections between spatial 
phenomena (Bollmann and Koch, 2001). None of these functions were assigned first 
priority as the goal of our system is visual data analysis and not the creation of new data 
sets. Analysis functionalities to be implemented in a later phase include merging, 
intersection, and aggregation of thematic layers. The generation of cross sections was 
rated to be of very low importance.  

Visualization of uncertainties 

The dilemma of needing accurate assessment results for the planning of mitigation tasks 
to minimize the impacts of natural hazard events and the inability to provide these results 
without uncertainties has been a well discussed issue in the natural hazard management 
community for the last years. Some experts advocate the inclusion of uncertainty 
information in hazard visualizations while others argue that additional information only 
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confuses the map reader. Evans (1997) investigated this issue and found that the graphic 
depiction of reliability information was accessible and comprehensible by all participants 
of her study. Also Leitner and Buttenfield (1997; 2000) as well as Aerts et al. (2003) found 
that the embedding of uncertainty information leads to a clarification rather than 
rendering a graphical display more complex. 

Presently only a few hazard representations include information about uncertainty and 
existing visualization tools and techniques are quite rudimentary (Pang, 2008). In order to 
remedy this obvious shortcoming, we integrated information about uncertainty in our 
cartographic information system and offer different methods for its visualization. 

Uncertainty encompasses different concepts such as imprecision, imperfect knowledge, 
inaccuracy, inconsistency, missing information, noise, ambiguity, lack of reliability, etc. 
(Pang, 2008). These aspects can be expressed in different ways, e.g. as statistical variations 
or spread, min-max range values, data quality or reliability, likelihood and probabilistic 
estimates, etc. 

In our system, information about uncertainty includes at this point model uncertainties in 
form of standard deviation, range, and variation coefficient that have been calculated by a 
sensitivity analysis of the used numerical model. This information is interactively 
retrievable: on the one hand uncertainty can be displayed in a tooltip window when the 
cursor is moved over symbolization of a thematic layer, expressed as single scalar value. On 
the other hand we provide the option to visualize uncertainty either as additional layer 
(two separate maps; also called univariate display, see Figure 4a) or combined with the 
visualization of the assessment results (one map only; also called bivariate display, see 
Figure 4b and 4c). 

If uncertainty is visualized in an additional layer, isolated from the assessment results in a 
separate layer, color is used for its representation in both, 2D and the block diagram mode. 
In the block diagram mode also the variable size (height of bars and interpolated surfaces) 
is used for the depiction of uncertainty values. In bivariate displays uncertainty 
visualizations can either be applied on top of the assessment results visualizations in form 
of proportional circles, density of speckles (after Djurcilov et al., 2002) of texture overlay 
(see Figure 4b), and contour lines (extrinsic visualizations) or directly be mapped to the 
assessment results visualization in form of changes in saturation (see Figure 4c) or 
transparency (intrinsic visualizations). 
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Figure 4 Uncertainty visualizations: (a) univariate method where impact pressure and uncertainty 
are displayed in two separate maps, (b) bivariate method where the visualization of impact pressure 
is overlaid with uncertainty information (extrinsic symbolization), and (c) bivariate method where 
intensity and uncertainty are mapped in the same layer by altering color brightness with intensity 
and color saturation with uncertainty (intrinsic symbolization) 

Prototype 

The implementation of the cartography experts’ opinions concerning design and useful 
functionality resulted in a first version of the cartographic information system for the 
visualization of natural hazards assessment results and inherent uncertainties. It was 
designed as a Java Web Start application, which allows for the implementation of the 
needed interactivity and the 3D block diagram mode. The GUI of the system makes use of 
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existing modules of the interactive version of the Swiss World Atlas (SWAi, 2010). This 
elaborate user interface has been designed for high school students and natural hazards 
experts should be able to use it without any time-consuming training. Until now, our 
cartographic information system provides standard assessment results of gravitational 
natural hazards for the study area of the “Stampbach” area in the community of Blatten, 
Switzerland. Figure 5 shows the GUI of our system; the map window is set to 2D map mode 
and the display shows the thematic layer “maximum pressure” and its standard deviation. 
Impact pressure is classified into five classes and symbolized in a blue color scheme. 
Standard deviations of the maximum impact pressures are added to the display as an extra 
layer and are symbolized by proportional point symbols in form of red circles. If the mouse 
is moved over the symbolization, a tooltip window appears, containing exact values of the 
assessment results as well as available uncertainty information. This feature facilitates the 
analysis of displayed data as the generalized visualization (only limited numbers of data 
classes can be distinguished) is complemented with information in the highest available 
spatial resolution. 

 
Figure 5 Graphical user interface of the cartographic information system for the visualization of 
hazard assessment results and associated uncertainties 

A schematic overview on the implemented functionality and the decision structure is 
presented in Figure 6. Basis of the system is a large amount of data, encompassing hazard 
assessment results, uncertainty information as well as different base maps (aerial image, 
topographic map, and survey plan). Users can choose the data of interest by clicking on 
radio buttons and check boxes of the available layers in the provided layer tree (on the left 
in Figure 5). The selected assessment results as well as associated uncertainties can then be 
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visualized according to the users’ preferences; map symbolization includes 2D texture, bar 
symbols, and interpolated surfaces. This symbolization can additionally be altered by 
choosing from different color schemes. Switching between 2D maps and the block diagram 
mode is possible by two buttons placed in the menu bar. If the users are satisfied with the 
displayed cartographic visualization they can navigate spatially with the navigation tool 
(upper right corner of the map window), by mouse actions or the help of the keyboard. To 
assist navigation, the position of the cursor is displayed in form of geographic coordinates 
(including altitude) in the bottom left corner of the map window, together with a scale bar. 
This group of interactive functionality that is needed to generate the customized 
cartographic visualization of the selected data is summarized in Figure 6 as interactive 
functionality I. The order in which the offered functionality is used can vary from user to 
user (also iterative uses are possible). 

Once the visualization on the screen meets the requirements of the user, this cartographic 
representation can be analyzed visually or in addition explored with the help of further 
functionality (e.g. tooltip window displaying detailed information (including uncertainty) 
whenever the mouse is moved over thematic data). If required, the map can be printed or 
saved. These additional interactive functionalities are summarized as interactive 
functionality II in Figure 6. 

 

Figure 6 Schematic overview of the decision structure of the system: with the help of interactive 
functionality (group I) data can be selected and visualized according to the users’ needs resulting in 
a cartographic visualization which can then either be analyzed visually or processed further with the 
help of additional interactive functionality (group II) 
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Expert interview 

Since the choice of suitable visualization methods as well as the development of the 
cartographic information system are based on cartographic considerations it is important 
to confirm their usability and effectiveness with the actual end users. We therefore 
conducted eight expert interviews in which natural hazards specialists explored the 
prototype and answered questions during approximately two hours. To reflect the 
heterogeneity of the user group of natural hazards specialists we interviewed experts with 
different education (geographers, engineers, geologists, and insurance consultants), 
different tasks in natural hazards management (conducting of hazard and risk 
assessments, risk communication, spatial planning, and defense structure management), 
and different employers (private companies, research institutions, insurance companies, 
and state administration). 

All experts showed interest in interactive systems for their potential to improve the 
communication of natural hazards information. The overall appearance of our prototype 
has been considered appealing; most experts appreciated the clearly structured layout 
without many buttons and menus. 

In general, the suggested interactive functionalities and the offered visualizations were 
found to facilitate the interpretation of natural hazards assessment results. Feedback 
about specific elements of the cartographic information system was provided as follows: 

Base map and thematic content: The included thematic information as well as the three 
available base maps (orthoimage, topographic map and survey plan) met the requirements 
of most experts. Suggested extensions included land-use plans and official survey data. 

Thematic navigation: The individual selection of data was found to be important as 
visualizations should only contain data of interest. The layer tree was considered to be a 
straightforward method. 

Spatial navigation: The offered spatial navigation functionality met the requirements of 
the experts and the usability of the navigation tool was rated as high. 

Visualizations: The option to choose from different visualization methods was appreciated, 
as the maps can be customized according to the task at hand. 

The offered color options (cold colors such as blue, gray, purple for snow deposit heights of 
avalanche events, dirty colors such as brown or olive for debris flow heights, and blue for 
inundated areas) were considered to be suitable. The customization of colors was found 
useful when color-vision impaired users can benefit. Experts with normal color view, 
however, should be able to interpret visualizations irrespective of the offered color scheme. 

The block diagram mode was found helpful as additional visualization method to get an 
overview on the situation. However, all experts would switch to the 2D map mode for 
detailed data analyses. 

Bar charts in the block diagram mode could be interpreted by all experts and were found to 
be a suitable representation method by most experts. Some experts criticized the lack of 
height comparison in steep terrain as well as occlusion caused by the great number of bars. 
Although occlusion is less of a problem with interpolated surfaces, they were rated less 
appealing by most experts, as they imply a continuity that was not calculated but 
interpolated. The application of 2D symbolization on the block diagram, however, was 
considered useful as the topography of the area remains fully visible. 
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Uncertainty visualizations: For the discussion of uncertainty visualizations the six different 
methods presented in section “Visualization of Uncertainties” were rated by the experts. 
All suggested uncertainty visualizations were considered to be interpretable by expert 
users. Even intrinsic visualizations where two visual variables are combined in one raster 
cell were understood and found useful. Preferences for transparency or saturation as 
second visual variable were explained as follows: if the issue of uncertainty is emphasized, 
increasing saturation is preferred as it guides the visual attention towards the uncertain 
areas where raster cells are darker. Increasing transparency on the contrary, channels 
attention to the certain values and leads to an ignorance of uncertain raster cells. 

While some uncertainty visualization methods allow for a quantitative analysis of 
uncertainty measures (e.g. univariate display, intrinsic methods, and proportional circle 
symbolization), others are more suited for an overview on the existing uncertainty 
situation (e.g. density of speckles in texture overlay). It was found important that several 
visualizations are offered in order to be able to choose the method needed for the task at 
hand. Although some experts required more time to interpret certain methods, this extra 
time was accepted in order to gain knowledge on the uncertainty situation. None of the 
experts found the offered uncertainty visualizations overwhelming, confusing, or useless. 

In summary, the integration of uncertainty visualizations into an expert system was 
considered valuable as the knowledge of the spatial variability of existing uncertainties is 
important to reach certain decisions and furthermore to enhance the transparency of the 
decision making process. 

GIS functions: It was agreed that a print option and the possibility to export data are more 
important than sophisticated GIS functionality. If such operations need to be conducted, 
data can always be transferred to a fully functional GIS that is already known by the expert. 

Additional information: All experts found it important to include detailed information 
about assessment methods and uncertainty calculations. A pop-up window was suggested 
to provide this information. 

Discussion 

With the development of our cartographic system we respond to the issues of poor hazard 
visualizations, the need for customized representations, and the lack of uncertainty 
information. The system offers interactive functionality that enables users to select data of 
interest, choose the preferred visualization method, and analyze the displayed data 
(illustrated in Figure 6). The applied Java Web Start technology allows for immediate 
response to the interactive functionality as well as easy data availability, access, and 
update. The used rendering algorithms result in high quality visualizations in 2D and 2.5D. 
All available visualizations were produced according to cartographic design principles and 
are presented in high resolution.  

Although the interviewed natural hazard experts preferred 2D maps as tool for detailed 
spatial analyses the addition of a block diagram mode is considered a useful supplement. 
This visualization of hazard data on an elevation model opens new options for the visual 
analysis of natural hazard assessment results. 

The offered uncertainty visualization methods were well received by the experts who 
appreciated the provision of uncertainty information. They are confident that such 
visualizations will facilitate their natural hazards management tasks. 
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As the issue of uncertainty location and quantification in the field of natural hazards still 
presents a research challenge, the uncertainty visualization methods implemented in our 
cartographic system are a non-exhaustive selection. They are, however, examples of how 
uncertainties inherent to natural hazards assessments can be communicated and can 
serve as basis for uncertainty discussions among experts. An interesting point that has 
been observed is that the majority of the interviewed experts responded well to intrinsic 
visualizations (making use of color saturation and value to map uncertainties) although 
intrinsic methods seem to be more complicated. This was also observed by Drecki (2002) 
who evaluated different uncertainty visualization methods. However, Drecki (2002) as well 
as (Buttenfield and Beard, 1994) revealed that although the use of saturation is a preferred 
method, users seem to have difficulties in interpreting the visualizations and the color 
saturation method performs weakly in the evaluations. As we only use few different 
classes and support the data analysis with interactive query functionality, we believe that 
users will be able to interpret the offered uncertainty visualizations, even if the color 
saturation method is used. In order to validate this assumption and to assess our 
suggestions in general, future research endeavors will aim at gaining more feedback about 
the usability of the systems and at evaluating the effectiveness of the suggested 
visualizations. Usability tests will also clarify whether or not the lean GUI of our system 
that was so well received by the experts can allow for all interactivity necessary for the 
accomplishment of natural hazards management tasks. 

Conclusions 

Natural hazards experts welcomed the idea of interactive cartographic information 
systems for the distribution and communication of natural hazards data. For efficiency and 
usability reasons a lean GUI without many buttons and menus is appreciated. 

The method of basing the GUI design as well as functionality considerations and 
visualization options on assessments conducted by cartographers proved to be successful 
in this case; only minor changes were suggested by the interviewed natural hazards 
experts. 

The availability of different visualization methods allows experts to first gain an overview 
on the hazard situation and subsequently switch to 2D representations where a more 
detailed analysis is possible. Experts especially valued the integration of uncertainty 
visualizations. Although some of the offered methods are complex, experts were willing to 
invest some time for their interpretation. The gained knowledge on the uncertainty 
situation is believed to support their natural hazards management tasks, including 
decision making processes. 

Overall, the presented interactive cartographic information system provides an innovative 
tool for the user specific visualization of natural hazard assessment results. In addition, the 
included uncertainty visualizations can render the system into a tool to assist in the 
current issue of uncertainty communication. 
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Abstract Natural hazards assessment results are often presented in form of cartographic 
visualizations. Due to the advantages of interactive systems hazard representations are increasingly 
integrated in web-based information systems. Advantages for general users include the easy access of 
available data as well as thematic and spatial navigation. Natural hazards experts, however, require 
more detailed data as well as advanced functionality to carry out their tasks. In this paper we give an 
overview on functionality and included data of freely accessible Swiss Geoportals, compare them to an 
expert system, and finally present how this expert system can facilitate natural hazards management 
tasks. 

Background and objectives 

Cartographic visualizations have proved effective tools for the presentation and 
assessment of spatial data (Merz et al., 2007). The implementation of such visualizations in 
digital cartographic information systems adds value through the potential of interactive 
functionality. Strengths include thematic and spatial navigation, customization of 
visualizations and querying of spatial data. In case web-based technologies are applied, 
many users can be reached and provided with information. These advantages led to a quick 
spreading of such systems and consequently to uncountable versions of graphical user 
interfaces (GUIs) with varying levels of interactivity. 

Interactive systems, however, are only effective when they are adapted to the needs of the 
users (Cooper and Reinmann, 2003). Hence, a thorough identification of user needs stands 
at the beginning of every development of an interactive information system. A key point 
that has to be considered in such assessments of user needs is the amount of offered 
interactive functionality. Technically, interactive systems can be provided with dozens of 
functionalities that could be of some use for some users. In practice, however, such a 
wealth of functionality can become overwhelming for users and decrease the usability of 
the system. GUI design and the selection of offered functionality are therefore essential 
tasks during the development of interactive systems. Cron (2006) investigated existing 
functionality in interactive atlases and presents a structured grouping of these interactive 
functions as well as suggestions about their implementation in a GUI. 

In this paper we focus on interactive systems for the visualization and communication of 
natural hazards data. Many natural hazard management tasks are based on assessments 
of potential natural processes (Kienholz, 2005). As these results have a spatial relation, the 
above mentioned advantages of interactive systems can facilitate the interpretation of 
hazard related data and are therefore often used in the field of natural hazards 
management (Kunz et al., 2010). In order to illustrate the variety and the different 
functionality of existing systems the next section gives an overview and presents a ranking 
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of the offered functionality as well as the included data of selected Swiss systems. After a 
subsequent discussion of strengths and weaknesses an interactive cartographic 
information system that has been developed for natural hazards experts is presented and 
compared to the existing systems. 

Overview of ten Swiss Geoportals 

The federal structure of Switzerland with its 26 cantons that are responsible for the 
acquisition and management of official survey data of their territory led to the 
development of many different solutions of so called Geoportals. Geoportals are web-
based interactive systems for the visualization of spatial data, often serving as basis for the 
purchase of official data. Apart from official survey data these portals often encompass 
data about other topics such as nature and water conservation, forests, spatial planning, 
noise protection, natural hazards, and many more. 

In order to illustrate the variety of interactive systems for the visualization and exploration 
of natural hazards data we selected ten Swiss Geoportals from the cantons of Aargau (AG), 
Bern (BE), Fribourg (FR), Lucerne (LU), Obwalden (OW), St. Gallen (SG), Solothurn (SO), 
Schwyz (SZ), Zug (ZG), and Zurich (ZH). 

In Table 1 available functionalities of the selected Geoportals are summarized and ranked 
according to the frequency of implementation. 
 
Table 1 Interactive functionality of ten Swiss Geoportals (ranked according to frequency of 
implementation) 

Functionality AG BE FR LU OW SG SO SZ ZG ZH 

Zooming x x x x x x x x x x 

Panning x x x x x x x x x x 

Choice of base map x x x x x x x x x x 

Search x x x x x x x x x x 

Print option x x x x x x x x x x 

Export maps as images x x x x x x x x x x 

Help x x x x x x x x x x 

Measurement tool x x x x x x  x x x 

Display of detailed information x   x x x x x x x 

Back to last view x x x  x x x x x  

Back to total view x x x  x  x x x  

Redlining  x x  x x     

Superimposition of layers     x      
 
In general, all systems offer a high level of interactivity including interactive zooming, 
panning, choice of different base maps, a search function, print and export options, a help 
menu, as well as a layer structure for individual data selection. Some systems even 
encompass the option of redlining or the superimposition of several map layers. 
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Apart from interactive functionality the amount and type of available data is relevant for 
the effectiveness of a system: while some cantons offer detailed intensities and 
frequencies for hazardous processes, others classify them into hazard levels (hazard map), 
and some only provide information about the general hazard situation (in form of hazard 
index maps). 

Table 2 lists the data included in the selected Geoportals. 
 
Table 2 Available data 

Data AG BE FR LU OW SG SO SZ ZG ZH 

Hazard map 
(hazard levels) 

x x x x x x  x x x 

Hazard index map x  x x   x x x  

Frequencies x x  x  x   x x 

Intensities 
(classified areas) 

x   x  x   x x 

 

The two presented lists (Table 1 and Table 2) do not allow for any kind of usability or quality 
statement, as these strongly depend on end users and their tasks. As different hazard 
management tasks require different levels of interactivity as well as different levels of 
information, each Geoportal might be optimal for a specific task. Our intention was to 
provide an overview on openly available Geoportals. 

Interactive cartographic information system for natural hazards experts 

The above presented Geoportals are freely accessible for the general public (URLs are 
provided in the reference list). Some natural hazards management tasks, however, require 
functionality and features that are adapted to the needs of experts. Kunz et al. (2010) 
suggested functionalities needed by expert users for natural hazard management tasks. 
Apart from offered functionalities also other map elements contribute to the usefulness 
and quality of an interactive system; Kunz and Hurni (2011) analyzed hazard 
representations in general and identified crucial map elements that have to be of high 
quality in order to provide comprehensible and visually appealing maps. 

The suggestions provided in Kunz et al. (2010) and Kunz and Hurni (2011) have been 
implemented in an interactive cartographic information system for natural hazards 
experts. The GUI (see Figure 1) is kept lean and contains as few buttons and menus as 
possible in order to allow for an efficient use without time-consuming training. 
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Figure 1 Graphical user interface of our cartographic information system for natural hazards 
experts (orthoimage reproduced with the authorization of swisstopo (JD100042)) 

In order to keep the GUI as lean as possible, only the most important standard functionality 
such as spatial navigation (possible with the help of the navigation tool or mouse and 
keyboard interactions), thematic navigation (by a layer structure), print and export options 
and a help menu were implemented. 

The main differences between the openly available Geoportals and our expert system can 
be found in the visualization, the query functionality as well as the option to retrieve 
information about uncertainties associated with assessment results. 

In addition to commonly available 2D maps our system features 2.5D visualizations in form 
of block diagrams that are supplemented with 3D symbolization such as bar charts (see 
Figure 1) or interpolated surfaces. These views help to get an overview on the affected area, 
the terrain as well as the intensities of the processes. If 3D symbolizations cause occlusions 
that hinder detailed analyses of the data users can switch to 2D mode with only one mouse 
click. Unlike in most Geoportals, the superimposition of multiple layers is possible. In 
addition, different visualization methods are available in order to satisfy different user 
needs. This customization is extended by the provision of different color schemes that can 
be applied to the visualizations.  

Another important feature for expert users is the option to interactively query the data: as 
original assessment data is integrated in the system, detailed information can be provided. 
This information is available in form of tooltip windows that appear next to the cursor 
whenever it is moved over symbolization. 
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Despite the necessity to communicate uncertainty associated to natural hazards 
assessment results (e.g. Bezzola and Hegg, 2008), hardly any hazard representation 
encompasses information about uncertainty. The option to include uncertainty 
visualizations is therefore another feature that cannot be found in any of the above 
mentioned Geoportals. Figure 2 shows an example of available uncertainty visualization. 

 
Figure 2 Combined visualizations of snow avalanche impact pressures (depicted in a blue color 
scheme) and uncertainty information (variation coefficients; illustrated by proportional point 
symbols) 

Conclusions and future plans 

The overview of freely available Geoportals presented in this paper gives an overview on 
existing functionality for interactive systems in the field of natural hazards management. 
While the provided interactivity of the selected Geoportals is generally high, the 
information level of available data differs widely. In order to make such interactive system 
suitable for expert users more detailed data as well as further functionality is necessary. 
We presented an example of such an expert system. Its main features are cartographic 
visualizations in high quality (available in 2D and block diagram mode), the possibility to 
interactively query the data and retrieve detailed information, as well as the visualization 
of uncertainty inherent to natural hazards assessment results. If the inclusion of additional 
functionality will be required to optimally support natural hazard specialists will be 
determined by detailed user tests. 
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Links to mentioned Geoportals: 
AG:  Geoportal Aargau – AgisViewer, http://www.ag.ch/geoportal/de/pub/index.php 

(accessed  9.2.2011) 
BE:  Geoportal des Kantons Bern, http://www.geoportal.sites.be.ch/site/geo/geo 

(accessed 9.2.2011) 
FR:  FR.ch – Geoportal des Kantons Freiburg, http://geo.fr.ch/ (accessed 9.2.2011) 
LU:  Geoportal Kanton Luzern, http://www.geo.lu.ch/ (accessed 9.2.2011) 
OW:  Geografisches Informations-System Obwalden, http://www.gis-ow.ch (accessed 

9.2.2011) 
SG:  geoportal.ch, http://www.geoportal.ch/ (accessed 9.2.2011) 
SO:  SO!GIS® - GIS Kanton Solothurn, http://www.so.ch/departemente/bau-und-

justiz/sogis.html (accessed 9.2.2011) 
SZ:  WebMap SZ, http://webmap.sz.ch (accessed 9.2.2011) 
ZG:  Geoportal des Kantons Zug, http://www.zugmap.ch (accessed 9.2.2011) 
ZH:  GIS-Browser Kanton Zürich, http://www.gis.zh.ch (accessed 9.2.2011) 
 
All cantons: http://www.bafu.admin.ch/gis/02915/07203/index.html?lang=de (accessed 
10.2.2011) 
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6 CONCLUDING REMARKS 

Synopsis of results 

The interdisciplinary challenge of presenting multivariate data and associated uncertainties to 
support natural hazards experts was met in this thesis; the developed recommendations for an 
interactive cartographic information system allow for the provision and query of high quality 
cartographic visualizations of multivariate hazard data as well as of associated uncertainties. 

As a first step, in order to identify commonly ignored cartographic principles and to develop 
suggestions to improve hazard visualizations, an extensive analysis of existing visualizations 
was conducted (Paper 1). The provided design principles allow mapmakers to design hazard 
maps of enhanced cartographic quality even with limited resources. As the occurrence of 
several hazardous natural processes in one location poses an additional cartographic challenge 
due to the multivariate nature, suggestions for multi-hazard representations were developed 
and presented in Paper 2. 

The issue of visualizing uncertainties associated with natural hazards assessment was 
addressed in Paper 3; several cartographic methods for the depiction of the spatially varying 
uncertainties of natural hazards assessments were presented. Their application to a real data 
set of model uncertainties of a snow avalanche simulation allowed for a discussion and the 
disclosure of advantages as well as shortcomings of the single methods. 

Ultimately, advantages of interactive functionality of cartographic information systems were 
considered and adapted to enhance the presentation and communication of hazard related 
data among the heterogeneous user group of natural hazards experts (Papers 4 & 5). Apart 
from effortless access over the Internet, the system offers interactive functionality that allows 
for selecting data of interest as well as for choosing among several available visualization 
methods. These visualizations can further be customized and interactively queried, allowing 
users to retrieve information on different levels of detail. 

Altogether, the presented cartographic recommendations and techniques combined with the 
advantages of interactive functionality can enhance the presentation and communication of 
hazard related data even for heterogeneous user groups (research question 1) by providing 
customizable and queryable maps of high cartographic quality. Apart from multivariate data 
sets of hazard assessments, the developed system offers selected uncertainty visualization 
methods in order to support transparent and sound decision making (research question 2). 

Scientific relevance 

Access to and communication of natural hazards data is crucial for the mitigation of natural 
hazards. The presented innovative system that unites visualizations of high cartographic 
quality with advantages of interactive functionality supports natural hazards experts in several 
ways: 

• The web-based technology allows for effortless data access over the Internet providing 
experts with information regardless of office hours. 

• The suggested interactive visualizations in 2D and 2.5D help to understand and 
interpret complex hazard data. 

• The information system represents a tool to lift the overload on hazard maps by 
offering customizable visualizations for users of heterogeneous users groups. 
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• The system provides a platform for the inclusion and discussion of uncertainty 
associated to natural hazards assessments. 

Interviewed natural hazards experts appreciated these advantages and recognize the potential 
of this innovative system to increase the transparency and quality of decisions with the goal to 
prevent severe consequences of wrong decisions. 

Outlook 

The most challenging task for future research endeavors will be the proper quantification of 
uncertainty associated with natural hazards assessment results. The sensitivity analysis 
presented in this thesis provides measures for uncertainties of the used numerical model. 
These uncertainties, however, are only a subset of the total uncertainty associated to the 
complex task of hazard assessment. How all single parts can be located and expressed in a 
comprehensive measure and in an economically affordable way remains subject to future 
research agendas. This task poses an even greater challenge if interactions and influences 
between multiple hazards occurring in one location are considered. Research about 
sophisticated uncertainty quantification and communication can be supported by further 
psychological studies about the perception of visualizations as well as insight on decision 
behavior. However, the visualization methods suggested in this thesis can be applied to all 
scalar uncertainty measures and can therefore serve to visualize the process as well as results 
of future research. 

On the political level structures and procedures have to be adjusted in order to allow for 
discussions and consistent consideration of uncertainties in hazard management. Fortunately, 
a shift in attitude could be observed during the time of this thesis; while in the beginning a lot 
of experts had been skeptical and often emphasized the incurring costs and other obstacles 
connected to uncertainty assessments (see Pappenberger and Beven, 2006), the topic of 
uncertainty gained in relevance and experts are showing increasing interest. This is reflected in 
well attended workshops or the effort to include uncertainty at least in a qualitative manner by 
means of checklists (Romang, 2008). If this development continues at this speed, the 
integration of uncertainty information in hazards visualizations will soon become more than a 
vision. 
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