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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 haz-

ards 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 uncer-

tainties need to be quantified. This challenge is addressed 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 imple-

mentation in an interactive cartographic information system are discussed.

Keywords Natural hazards � Uncertainties � Visualization � Interactive cartographic

information system � Snow avalanches

1 Introduction

Natural hazards assessments often comprise estimations of trends, frequencies, and

intensities of potential future events. These estimations are based on hypotheses and
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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, 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 2006; 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 illus-

trated 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 are 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 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 reso-

lution and can be presented in maps on a local scale (called large-scale maps in cartog-

raphy) 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, an exemplary method to

quantify parameter uncertainty of a deterministic snow avalanche model is suggested,
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followed by the presentation of cartographic visualizations of the results and a discussion of

advantages and weaknesses of the suggested methods. The potential of interactive maps is

demonstrated in the sixth section: the advantages of interactive systems are summarized and

it is shown how the interpretation and comprehension of uncertainty visualizations can be

facilitated. The seventh section finally contains concluding remarks.

2 Uncertainty inherent to natural hazards assessments

2.1 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 Science (GIScience) 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 har-

monized terminology exists in the context of general geospatial uncertainty. As a conse-

quence, 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 based on the spatial data transfer standards (SDTS,

overview by Fegeas et al. 1992) have persisted.

In the context of this research, the focus lies on epistemic uncertainties and the term

uncertainty is used in accordance with the framework of MacEachren et al. (2005) as

according to Roth (2009) this typology is an appropriate model of uncertainty categori-

zation 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 components

of data quality (accuracy/error, precision, completeness, consistency, lineage, and cur-

rency) as well as key elements from intelligence information assessment (credibility,

subjectivity, and interrelatedness).

2.2 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. The sources of uncertainties in

a typical gravitational hazard assessment according to this framework can exemplarily be

ordered as follows:

2.2.1 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
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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 intro-

duced. 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), 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). 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 con-

straints. 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).

2.2.2 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, transfor-

mations 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.

2.2.3 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 the form of different approaches in volume ren-

dering or in-between-frame-interpolation for animated visualizations (Pang 2008).

2.3 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 2006; 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).
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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 of 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 assess-

ment 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 deter-

ministic models is standard practice, it is not to be expected that a transition toward the use

of probabilistic models will take place anytime soon.

3 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 (But-

tenfield and Beard 1991). According to Pang et al. (Pang et al. 1997), uncertainty visu-

alization 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 symboli-

zation. 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 Morrison 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.

Buttenfield and Ganter (1990) were among the first researchers who categorized the

components of data quality with focus on uncertainty visualization; they matched the five

SDTS categories to three data types (discrete, categorical, and continuous) and considered
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which visual variables are most suitable for the representation of the resulting categories.

However, uncertainty visualization techniques not only include the modification of visual

variables. Some methods also make use of added geometry in the form of glyphs (com-

pound point symbols), isolines, or other shapes (including simple point symbols).

3.1 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 represen-

tations (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).

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, it is suggested to keep the displayed visualizations to the depiction of scalar

values of the most critical uncertainty information. Further components can be presented in

the form of textual specifications in special windows or tooltip information.

4 Expert survey

In order to find out if the theoretically presented solutions of addressing uncertainty are

reflected in practice, the opinions of natural hazards experts on uncertainty inherent to

Fig. 1 Overview on the visual variables color hue, color value, color saturation, shape, size, orientation,
texture, transparency, and clarity (Illustrations: Schnabel (2007))
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natural hazard assessments and their visualizations were collected. An online questionnaire

was sent 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 one-third was more engaged in the 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. It is obvious 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 Fig. 2.

In summary, it can be concluded 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 the results of our expert survey are compared with 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/

Table 1 Visual variables and
visualization techniques for the
depiction of uncertainty in natu-
ral 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 Three-dimensionality

Clarity (blurriness) Shading

Dazzling

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

Slicing

Animation (blinking, moving,
zooming, sliding)
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uncertainty visualization research and practical realization as observed by Roth (2009) is

confirmed by our expert survey.

Concerning this survey, it has to be mentioned 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

How large do you consider the
uncertainties associated
with hazard assessments?

Is it necessary to include
quantitative information of
uncertainty in hazard maps?

Is it possible to determine
hazard zones accurate enough
for a single lot?

How should uncertainty
information be presented?

Would you welcome the presentation of 
hazard related data and uncertainty in a
digital interactive system?

12%

18%

29%

38%

No, not for all
processes

No,
never

Yes, every-
where and for
all processes

No, not
everywhere Serious

Small

Considerable

12%

24%

62%

Yes

No

50% 50%

15%

71%

Different
form

32%
Graphs,
tables, etc.

38%
Visualizations

Text

24%

9%

62%
Yes

No, I prefer paper
maps

No, static
maps are
better

very important important rather
unimportant

unimportant

Task 1: Improvement of the
communication among 
natural hazards experts

Task 2: Provision of qualitative
uncertainty information

Task 3: Incorporation of 
quantitative uncertainty
information

Task 4: Visualization of
uncertainties

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

0%

How important dou you consider the following tasks?

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

5 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 suitable approaches for the visu-

alization of uncertainties 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. Consequently, a potential way to generate quantitative measures for the

model uncertainty inherent to natural hazard simulations is presented.

5.1 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, a sensitivity analysis was conducted for a snow avalanche simulation in the

Stampbach gully in Blatten VS, Switzerland. The RAMMS:avalanche model was cali-

brated 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 1 m (moderate input uncertainty assumed) and 10 m (strong uncer-

tainty) and fracture depth by 10% (moderate uncertainty) and 50% (strong uncertainty).

This variation resulted in 25 parameter combinations. The resulting 25 output parameters
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(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, min–max spread, standard deviation, and variation coefficient were estimated

for each output parameter and each 5 9 5 m 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 0.5 m might be acceptable for a raster cell where

the total snow height is 10 m, while the same standard deviation is quite large for a snow

height of 0.2 m). In case of the variation coefficient (ratio of standard deviation to mean),

this comparison is included in the measure. Due to this advantage, variation coefficients

were used for all subsequent visualizations.

5.2 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 suit-

ability 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, different methods have been applied to the data set of the Stampbach avalanche.

Following Trau and Hurni’s (2007) approach, it was distinguished 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 Fig. 3b, pressures

are mapped to the same color hues as in Fig. 3a, however, uncertainty is mapped to color

saturation (70, 40, and 15%).

In general, any visual variable presented in Table 1 can be used for the visualization of

uncertainty in intrinsic approaches. Table 2 lists these visual variables and offers com-

ments about their use for uncertainty visualization.

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 Fig. 4, impact pressures and variation coefficients are displayed using bivariate

approaches. Impact pressures are mapped to a blue color scheme (light blue = low pres-

sures, dark blue = high pressures), overlaid by the variation coefficients (extrinsic

approach). In Fig. 4a, this overlay consists of a red point symbol (small diameter = low

variation coefficient, large diameter = high variation coefficient) for each raster cell.

Fig. 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 Fig. 4c where uncertainty is

added in the form of isolines.
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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.

In Fig. 5, impact pressures and variation coefficients are displayed using univariate

methods. Fig. 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 Fig. 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).

Fig. 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

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

Visual variable Comments

Color hue Data are 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 are 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
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Variation coefficients are shown on the right, also mapped to bar charts and color satu-

ration (orange color scheme).

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, it is discussed how the interpretation and comprehension of

uncertainty visualizations can be facilitated by interactive functionality within a carto-

graphic information system.

Fig. 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)

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 with 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

Three-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
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6 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 interpretation and

understanding of complex data, including uncertainties (Kunz et al. 2011).

In order to make the aforementioned advantages available for natural hazard manage-

ment tasks a cartographic information system for the exploration and visualization of

natural hazards assessments and associated uncertainties has been developed. The GUI of

the system is based on the Swiss World Atlas interactive (Cron et al. 2009) and is char-

acterized by its lean layout without many buttons or menus.

Figure 6 shows the graphical user interface of this system.

Fig. 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)]
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Apart from choosing among different cartographic methods for the visualization of the

assessment results as well as the inherent uncertainties, users can customize these visu-

alizations 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. A complete decision structure of

the system was provided by Kunz et al. (2011).

Opinions of natural hazards experts concerning the integrated interactive functionality

and visualization methods have been gathered by expert interviews (Kunz et al. 2011);

overall, the system was well received by the experts and the suggested functionalities as

well as the offered visualizations were found to facilitate the interpretation of natural

hazards assessment results.

7 Conclusions

The various existing uncertainty definitions and typologies in the field of natural hazards

hinder a clear communication and consequently the understanding about existing uncer-

tainties. 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

Fig. 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)]
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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, it was shown 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 imple-

mented in a cartographic information system that has been developed for natural hazards

experts with the purpose of exploring and visualizing assessment data including uncer-

tainties. 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.
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