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Abstract. Effects of climate change are particularly strong 1 Introduction
in high-mountain regions. Most visibly, glaciers are shrink-
ing at a rapid pace, and as a consequence, glacier lakes are
forming or growing. At the same time the stability of moun- High-mountain systems worldwide are changing at a rapid
tain slopes is reduced by glacier retreat, permafrost thawPace as a result of climate change (WGMS and UNEP, 2008;
and other factors, resulting in an increasing landslide hazClague etal., 2012). Glacier shrinkage is the most visible in-
ard which can potentially impact lakes and therewith triggerdicator of change (Gardner et al., 2013) but permafrost thaw
far-reaching and devastating outburst floods. To manage riskas similarly been observed in many regions (Harris et al.,
from existing or future lakes, strategies need to be developed009). For the Alps a drastic reduction of glacier extent and
to plan in time for adequate risk reduction measures at a locayolume is projected for the 21st century (Zemp et al., 2007;
level. However, methods to assess risks from future lake outk-insbauer et al., 2013). Climate-induced changes involve a
bursts are not available and need to be developed to evaluatdimber of hazards, including unstable slopes resulting in
both future hazard and future damage potential. landslides, avalanches and debris flows which might impact
Here a method is presented to estimate future risks rehigh-mountain lakes and therewith trigger outburst floods
lated to glacier lake outbursts for a local site in southernfrom recent or new glacier lakes (Stoffel and Huggel, 2012;
Switzerland (Naters, Valais). To generate two hazard scenaftiaeberli, 2013). Many events in the past several decades
ios, glacier shrinkage and lake formation modelling was ap_have demonstrated the impact of glacier lake outburst floods
plied, combined with simple flood modelling and field work. (GLOFs) on people and assets. Single events killed up to sev-
Furthermore, a land-use model was developed to quamif)gral thousand people and caused damages of the order of tens
and allocate land-use changes based on local-to-regional st@f Millions USD (Carey, 2005; Huggel et al., 2011).
rylines and three scenarios of land-use driving forces. Re- In Switzerland new glacier lakes are of particular concern,
sults are conceptualized in a matrix of three land-use and tw@s many lakes are currently forming or will form in the future
hazard scenarios for the year 2045, and show the distribul? Some glacially carved topographic depressions parallel to
tion of risk in the community of Naters, including high and glacier retreat (Kiinzler et al., 2010). Models of ice thickness
very high risk areas. The study underlines the importance ofind glacier shrinkage indicate potential sites of future glacier
combined risk management strategies focusing on land-ustke formation over large parts of the Swiss Alps (Frey etal.,
planning, on vulnerability reduction, as well as on structural 2010; Haeberli and Linsbauer, 2013). Many of them will be

measures (where necessary) to effectively reduce future risk'@cateq _in an unstable environment, e.g. underneath steep,
related to lake outburst floods. destabilized slopes, and are therefore prone to impacts from

mass movements which could trigger a GLOF. In the densely
populated Swiss valleys, large damage potential would face
such an event. To adequately handle these situations, the new
lakes should be included into risk management as early as
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possible, given that planning of mitigation measures oftenuse change, similar to Alcamo (2001). Rule-based modelling
requires a lot of time. provides transparency in the allocation of land-use change.

Statistical and empirical methods have been developed télere a high degree of thematic differentiation within the set-
evaluate the probability and intensity of glacier lake outburststled area is aimed at. This degree of differentiation is highly
for the hazard estimation (Huggel et al., 2004; McKillop and desirable for local risk assessment, as it improves indications
Clague, 2007). To more accurately estimate the spatial disen future values and persons at risk (BAFU, 2011).
tribution of the outburst flood and the aggregated inunda-
tion intensities, numerical models have been proved useful
in several case studies (Osti and Egashira, 2009; Wornietal2 Study area and data
2012). First rough-scale modelling of outburst floods have al-
ready been performed for future lakes in Switzerland (Frey etNaters is a municipality in the canton Valais in Switzerland
al., 2010), but there is a lack of assessment of future damagat an altitude of 673 ma.s.l. It is a typical Swiss dormitory
potential and related risks of GLOFs. town; most of the people work in bigger towns nearby. In

One of the challenges of anticipatory risk managementthe last decade a considerable increase in population has
is to integrate future physical hazards with future damagetaken place, as Naters has become a zone of attraction, espe-
potential, given future socio-economic conditions. In fact, cially to people from adjacent small villages. About 90 % of
potentially exposed assets such as mountain communitie§\aters’ 8300 inhabitants live in the valley bottom where also
tourism or energy structures undergo changes and continuextensive agriculture is conducted. The valley is crossed by
ous development. To project socio-economic conditions andhe rivers Rhéne and Massa and surrounded by steep slopes
exposure into the future, land-use modelling is typically ap- (Swisstopo, 2010; Fig. 1a). The Massa flows to Naters from
plied, following a number of storylines (e.g. Bouwer et al., the reservoir lake Gibidum, which retains the melt water of
2010). In Switzerland, land-use scenarios have been genethe Aletsch Glacier.
ated at the national scale (e.g. Wissen Hayek et al., 2011), Potential locations and approximate volumes of future
yet downscaling to the local scale remains challenging (e.glakes in the Aletsch glacier area are based on recent studies
Walz et al., 2013). investigating glacier bed topography and simulating glacial

Reduction of important existing gaps was attempted inretreat over the next several decades (Linsbauer et al., 2013).
this study with respect to local-scale future risks from lakesThese data were available in GIS format and represented the
in deglaciated areas concentrating on the case study of thstarting zones for potential GLOFs. As outlined in Fig. 1a,
Grosser Aletsch Glacier region and therein on the commuthe risk study area concentrates on the Massa River channel
nity of Naters. The objective of this study was (1) to develop and the flat part of Naters, where most people live. It is de-
a feasible methodology for the evaluation of future risks re-fined by the intensity maps of potential GLOF, including out-
lated to GLOF hazards for a local Alpine setting by assessingurst scenarios of 4 million f(Fig. 1b) and 20 million rA
changes in hazards and land use; and (2) to apply the methodFig. 1c).
ology to the case study of Aletsch/Naters (Valais, Switzer- Interviews with local authorities were conducted in July
land). Both the methods and the results should be of use foR011 to better understand the processes and limitations of
medium- to long-term planning, and allow anticipating risk land-use changes in the municipality of Naters. Interviewees
reduction. Accordingly, the two time horizons addressed areepresented the local planning department and the govern-
the years 2021 and 2045. ment of Naters.

The assessment of future conditions and risks inherently Spatially explicit storylines of future land-use changes
implies uncertainties, including those related to hazards andvithin the region were modelled on the basis of national
land-use changes. The assessment of future GLOF hazardsssirvey data from the two survey periods 1979-1985 (BFS,
carried out based on glacier modelling, indicating sites andl986) and 1992-1997 (BFS, 1998). The Swiss land-use
volumes of future glacier lakes (Linsbauer et al., 2013) andstatistics differentiate between 45 categories, which were re-
flood modelling after Huggel et al. (2003) combined with classified into nine classes (Table 1) identified as most rel-
field work. To model spatially explicit, local land-use scenar- evant for risk assessment within this study, hamely “multi-

ios for 2045 a scenario analysis in combination with quan-family house”, “single-family house”, “mixed use” (such as
tification and allocation of potential land-use storylines wasbusiness buildings or parks), “industry”, “railway”, “roads”,
employed. This is a common approach (e.g. Cammerer et al‘agriculture”, “forest”, and “unproductive area” (such as wa-
2012; Walz et al., 2007), which combines the advantages ofer bodies or bedrock).

both explorative scenario analysis and, the more formal, rule- The Swiss land-use statistics were complemented up to
based land-use change modelling. Explorative scenario anaR009 through mapping of land-use changes based on a field
ysis covers the principal storylines in socio-economic devel-survey, the interviews with local authorities and the most re-
opment and addresses directly the crucial drivers of land-useent topographic maps (Swisstopo, 2010).

change in the study regions. To quantify land-use changes for Estimation of economic values of the different land-

each scenario, changes are related directly to drivers of landdse classes were adopted from the official Swiss platform
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Figure 1. (a) Location of the risk study area in Naters, Switzer-
land and of modelled overdeepenings in the glacier beds in the
Aletsch Glacier area, which are assumed potential sites of future
lake formation (Linsbauer et al., 2013). Integration of the inten-
sity maps elaborated for the outburst scenarios of 4 milliér(hx),

and 20 million n? (c). DEM25 reproduced with permission of Swis-

stopo (BA110005).
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Table 1.Reclassification of the land-use classes by BFS (2011). The
abbreviations will be used further on in the document. To simplify,
MFH, SFH, and Mix will also be merged to settlements.

@€ High intensity (inundation >2m)
Low intensity (inundation <2m)

Reclassified
land-use classes

Description
(original land-use class number)

129'000 130'000 131'000

Multi-family house
(MFH)
Single-family house
(SFH)

Mixed use
(Mix)
Settlements
Industry
(Ind)

Railway
(Rail)
Roads
(Road)
Agriculture
(Agri)

Forest
(For)
Unproductive area

Multi-family houses, backyards
(27, 47)
Single-family houses,
agricultural buildings,
backyards, allotment gardens
(25, 28, 45, 52)
Mixed use, backyards, sports areas
(29, 49, 51)
MFH, SFH, Mix
Industry, industrial railways,
repositories, diggings
(21, 41, 64, 65)
Train station area, railways, green areas
(35, 36, 67)
Roads, parking lots, green areas
(33, 34, 68)
Sparse orchards, gardenings,
meadows, pasture lands
(77,78, 81, 82, 83, 84, 85, 86, 87, 88, 89)
Open and closed forests
(11, 12, 13, 14, 15, 16, 17, 18, 19)
Glaciers, water, rocks, open vegetation

natural hazards “EconoMe” (BAFU, 2011). The visualiza-

. ) . s (Unprod) (90, 91, 92, 95, 97, 99)
tion of the socio-economic scenarios and the GLOF mod-
elling rested upon the digital elevation model with 25 m ac-
curacy (DEM25), provided by Swisstopo (2010).
3 Methodology
sceizcri‘s-jgsglzr;r‘wﬁent Land-use modelling Risk estimation
In order to estimate the risk of a GLOF in Naters under future

conditions, a three-step methodology was developed (Fig. 2).
First, socio-economic scenarios were generated and differen
driving forces were identified and quantified. This informa-
tion was implemented in a second step into the land-use sce

integrate
Modelled scenario Risk estimation
nario modelling. Finally, scenario-based land-use transitions

were combined with flood hazard to risk estimations. Figure 2. Simplified overview of the methodology.

customize

Scenarios and
driving forces

3.1 Socio-economic scenario development for land-use
changes in Naters

The exploratory scenarios (see Carter et al., 2001) were de-
veloped (Fig. 3) following the approach of Wissen Hayek et 2010; OcCC, 2007; BUWAL, 2003; IPCC, 2012; Voigt et
al. (2011). The goal of the present scenario development waal., 2010), as well as on interviews with representatives of
to elaborate plausible land-use storylines for the municipal-the local planning authority and government (Michlig, 2011;
ity of Naters until 2045 which cover a wide range of fun- Holzer, 2011). The driving forces and the development path-
damental uncertainties in regional socio-economic developways were then combined into three land-use scenarios.
ment and associated land-use changes. Extrapolation of thEhe scenario storylines could per se not be validated, but
current state of land use served as a baseline scenario. plausibility checks were performed by cross-checking the
The most relevant drivers of regional development, land-scenarios with other scenarios for Swiss mountain regions
use changes and the potential development pathways fQfARE and UVEK, 2008; Leitungsgruppe des NFP 48, 2007,
Naters were identified based on a literature review (CIPRA ,Wissen Hayek et al., 2011; Walz et al., 2007).
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@ constraints. A constant building density was assumed for all
cells of the settlement related land-use classes.

3.2.2 Interaction between land-use classes
Identification o@

Y

_ _ _ other one. “Agriculture” and “settlements” (including “multi-

‘ Plausibility check Socio-economic scenarios famlly hOUSES”, “Single-family hOUSGS” and umixed Use”)
as an example interacted strongly with each other. “Forest”

‘ loauiusadiata interacted with “agriculture” while “industry” and “roads”

: partly interacted with “settlements”. Within “settlements”
the increase of “mixed use” areas was highly dependent

Allocation of land-use change . « . . ” s .

on the increase of “multi-family houses” and “single-family

houses”: An increasing number of inhabitants also requires
e.g. more businesses, schools or retreat homes.

The plausibility of the resulting transition rates was tested
by comparing the defined rates of change to recent studies of
3.2 Land-use modelling: quantification and allocation Swiss land-use changes (Walz et al., 2007; BUWAL, 2003;

of changes ARE and UVEK, 2008; Leitungsgruppe des NFP 48, 2007;
OcCC, 2007; CIPRA, 2010). These studies were also con-
Similar to other studies (Walz et al., 2007), land-use mod-sulted to determine the transformation rates between certain
elling was performed by first quantifying land-use transition land-use classes (e.g. from “agriculture” to “mixed use”).
rates and then allocating the changes in space.

‘ Literature analysis

Land-use classes interacted with each other where expan-
sion of one land-use class happened at the cost of an-

‘ Stakeholder interviews

Scenario development

Modelling

Figure 3. Procedure for generating scenarios.

3.2.3 Allocation of land-use change

3.2.1 Quantification of land-use changes ) )
The final step of the land-use modelling was to allocate land-

Methods to quantify land-use changes based on socio%S€ transition across the landscape based on the following:

economic scenarios are manifold. Approaches include for
instance participatory processes (e.g. Walz et al., 2007),
economic-based modelling (e.g. Britz et al., 2011, Briner et

al., 2012), agent-based modelling techniques (e.g. Fontaine
and Rounsevell, 2009) and conditional extrapolation of re-

cent trends (e.g. Soares-Filho et al., 2006). In the present
study, the three socio-economic scenarios were translated t0 _ certain land-use classes were assumed constant (ie.

land-use change rates by (a) extrapolation of the observed “unproductive areas”, “roads”, “railways” or “bridges”)

— Only cells within the current legally defined construc-
tion areas could be transformed to any kind of settle-
ment because of legal constraints (ARE and UVEK,
2008) and because no adaptation of these construction
areas was assumed for the future (Michlig, 2011).

changes for the trend scenario ['0”] and (b) by conditional due to topography and lifetime restrictions, and certain
adaptation of these rates based on the quantification of driv-  |34d-use classes could only be changed into one direc-
ing forces in the two further scenariosH{’] and [*—"]. tion, i.e. “agriculture” to “settlements” and one type of
These scenarios will be explained in more detail in Sect. 4.1.  «gattiements” into another type of “settlements” (e.g.
This approach combined the advantages of explorative and “multi-family houses” to “single-family houses”). Ex-
rule-based approaches. ception were “roads” and “unproductive areas” within

Here, land-use transition rates were estimated for two 12- areas with housing settlements, where an aggregation of
year steps (1997-2009 for validation and 2009-2021) fol- the buildings provoked a change within the “roads” or

lowed by a 24-year step (2021-2045). Because uncertain-  «ynproductive area” cells transforming them into “set-
ties increase in future, a 24-year step was chosen instead  {jement’.

of two 12-year steps. For this purpose, the observed transi-
tion rates from paSt Changes between the two available land- _ The transition into certain land-use classes was deter-
use data sets were first extrapolated for the trend scenarios  mined by the land use of the neighbouring cells to sup-

‘0" (BFS, 1986, 1998). These rates were limited to the legal  port clustering of same land use in line with the federal
planning constraints in particular relevant for settlement ex- land-use planning guidelines (ARE and UVEK, 2008).
pansion (Michlig, 2011). For the two further scenarias’

and “—", rates of land-use change were estimated by quan+or validation the simulated trend scenario between 1997 and

tifying driving forces based on the assumption in the socio-2009 was compared with the most recent topographical maps
economic scenarios. Again, these rates were limited to legabased on 2009 aerial photographs (Swisstopo, 2010).
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3.3 Risk estimation to the impact in Naters. Calculations are based on published
GLOF flow velocities (Cenderelli and Wohl, 2001; Schneider

The UNISDR (2009) defines risk as the combination of theet al., 2014) considering a flow travel distance of 14 km.

probability of an event and its negative consequences. For

assessment of natural hazards in Switzerland, this conce[®.3.2 Damage

was defined as the product of the frequency of a hazardous

scenario and the damage potential (Briindl et al., 2009). InAccording to Brindl et al. (2009) the damage potential con-

the following, the definition of the involved parameters and sists of the product of four parameters: (1) the exposure

the risk assessment approach are outlined. probability of an object/person while a scenario is occurring;
(2) the spatial probability that an object/person is directly af-
3.3.1 Hazard fected by the scenario; (3) the loss, consisting of the value of

the object/number of persons exposed; and (4) the vulnera-

Recent studies indicate that new lakes with volumes of upbility of an object/the lethality of a person against the impact
to 170 million m? may form in the area of Grosser Aletsch of the event. For the future-oriented risk estimation approach
Glacier over the next 100 years as a result of glacier retreapresented here, the parameters were treated as follows.
(Linsbauer et al., 2013). For the purpose of the present study The exposure probability of objects and even more of per-
an outburst of a potential new lake, which is expected to havesons depends on the exposure situation. It would be neces-
reached a volume of about 20 milliorfray 2045 (Linsbauer  sary to define several exposure scenarios, such as an outburst
et al., 2013), was assumed (Fig. 1a). The exact lake outflood during a football match in the sports ground next to
burst mechanisms obviously cannot be predicted, but bothhe river Rhéne. For scenarios in the future a detailed expo-
evidence of existing landslides (Strozzi et al., 2010) and arsure analysis would introduce an unreasonable level of addi-
expected further destabilization of slopes due to glacier retional uncertainty, and therefore a constant exposure situation
treat (Haeberli et al., 2010; Huggel et al., 2012; Schaub etvas considered, with all objects and persons expected to be
al., 2013) suggest that impacts from landslides into the lakepresent (e.g. during daytime of a regular working day).
and thus-produced displacement waves and outburst floods The spatial probability is more variable for other processes
may be a realistic scenario. than floods, such as snow avalanches or rock falls. Here, the

The frequency of a hazardous event is usually expresseflood is assumed to appear over the entire area considered
as the probability of occurrence or the return period (Briindlin the intensity maps, therefore a spatial probability of 1 is
et al., 2009). Indicating a return period is not possible forassigned to every object/person, and the parameter is not dis-
non-stochastic events, such as a lake outburst flood. Moreussed further.
feasible is an approximation of probabilities by using out- The different categories of variable loss (humber of ob-
burst scenarios, as suggested by Schneider et al. (2014). Agects and persons) were not monetized but were classified
cordingly, two outburst flood scenarios were defined on theindependently of each other. The values were assigned to
basis of two different outburst volumes for the same lake,each cell of an ArcGIS raster, applying the four-level scale
4 and 20 million ni, representing partial (higher probability) 1 = “low”, 2 = “medium”, 3 = “high”, and 4 = “very high”
and full drainage (lower probability), respectively. In a first (Table 2). Scores for the object values were defined accord-
stage a simple flow-routing model was applied (Huggel eting to the EconoMe database (BAFU, 2011). For persons the
al., 2003) to assess the approximate extent of downstrearacores were estimated as a function of the population density
flooding for a lake outburst from the identified lake (Fig. 1a). per land-use class. Mortality was not considered in this ap-
This GIS-based model distributes flow and mass movementgroach, as it is too variable to be adequately implemented for
downstream according to geometric and topographic criteriathis purpose.
and thus makes it possible to assess areas potentially affected The definition and use of vulnerability varies substantially
by an outburst flood. in the literature, but recent major references define it as the

Layers with different flood height intensities were then propensity to be adversely affected, or the characteristics of a
evaluated in the field and in GIS for each outburst scenarioperson or system that make it susceptible to damaging effects
based on the calculation of the maximum flood runoff after of hazards (UNISDR, 2009; IPCC, 2012). When it comes to
Huggel et al. (2002) and the flow capacity of open channelghe implementation of vulnerability in a risk assessment and
and overspill after Henderson (1966). Two different intensity mapping study it is useful to distinguish between different
classes were distinguished for each outburst flood scenaridypes of vulnerability, namely between physical and social
These classes build on the official Swiss guidelines (Loat andrulnerability (Bara, 2010; Hegglin and Huggel, 2008).
Petracheck, 1997), which differentiate between high inten- Social vulnerability can be understood as the ability of a
sity for an inundation height of 2 m and medium intensity person or a group to cope with loss (Cutter et al., 2009). To
for inundation heighk 2 m (Fig. 1b and c). Eventually, sim- estimate the social vulnerability in Naters the following fac-
ple flow dynamics were assessed, in particular flow velocitiesors were considered: economic conditions (wealth), age, na-
and flow travel times from the initiation of the outburst flow tionality and insurance cover. The classification into different
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Table 2. Allocation of the assessment variables into a four-level scale. Intensity is defined by the inundation depth. Allocation of the land-use
classes differs between object value and number of persons present for loss, and between physical and social vulnerability respectively. Fo
explanation of the abbreviations see Table 1.

Scale Intensity Loss Vulnerability

inundation  Object value Persons Physical Social
1=low Agri, For, Unprod Agri, For, Unprod Mix, Ind Agri, For, Unprod
2=medium <2m Mix, Ind, Road, Rail Ind, Road, Rail Road Road, Rail
3 =high SFH SFH, Mix SFH, MFH, Ralil SFH, Mix, Ind
4=veryhigh >2m MFH MFH Agri, For, Unprod MFH

vulnerability classes was done based on available literatur@.3.3 Risk

(Nothiger et al., 2002; Kantonsforstamt St. Gallen, 2011;

Burgerschaft Naters, 2011; BFS, 2011; OcCC, 2007) andRisk is a function (product) of hazard and damage poten-

interviews with community leaders (Michlig, 2011), which tial as outlined above. In this study all variables were classi-

were also used to eventually assign social groups to the landied qualitatively into an ordinal scale ranging from “low” to

use categories. According to that, “multi-family houses” are “very high”, which basically inhibits a mathematical multi-

more vulnerable than “single-family houses”. Uninhabited plication of the values. Instead a matrix-based risk estimation

land-use categories such as agricultural or forest areas wes suggested by Mergili and Schneider (2011) was applied.

classified as low social vulnerability (Table 2). In addition =~ Three matrices according to the first example in Fig. 4

to the area-wide social vulnerability classification, specific were composed for vulnerability (axes: social and physical

and particularly vulnerable locations were flagged in the finalvulnerability), loss (axes: value of objects and number of

risk map (Fig. 7) such as schools, churches or sports groundgersons) and damage potential (axes: vulnerability and loss).

(Bara, 2010). Each matrix thus spans a space of 4 by 4 cells, with each
Physical vulnerability was defined as the degree of physi-axis ranging from 1 (low) to 4 (very high). The allocation of

cal impairment an object experiences when affected by a parvalues for each cell in the matrix is based on the average of

ticular hazard process (BAFU, 2011). The values for physi-the corresponding axes values, but actually involves a subjec-

cal vulnerability are related to the hazard magnitude accordtive decision. Therefore, two versions of the final risk matrix

ing to Briindl et al. (2009). These values were derived from(axes: hazard and damage potential) were defined (Fig. 4),

EconoMe (BAFU, 2011) for each land-use class with re-that should demonstrate the effect of matrix definition on the

spect to high-intensity debris flows. In consideration of thefinal risk resuilt.

unknown development of the physical vulnerabilities in the

future (e.g. through variations in construction techniques), a

simplified approach was applied using only one set of valuet Results

independent of the hazard intensity. This definition resulted, ) _ _

for instance, in high physical vulnerability values for land- 4-1 Socio-economic scenarios

use categories such as “agriculture”, “forest”, and “unpro-_l_h lassified land d ¢ 1997 sh q .
ductive land use”, even though they are located at the mar- e reclassified land-use data set from showed an In-

gin of potentially flooded areas. Specifically, the values for Crease in “settlem_ents“ 6£63% or 12ha and a decrease in
o o o the category “agriculture” o-18% or 14 ha as compared

“mixed use”, “roads”, “industry”, “railway”, and “unproduc- ) b | firmed by findi

tive area” were estimated by averaging the EconoMe value 0 1935 (Fig. 5). T ese resu'ts were confirmed by findings

of similar land-use classes (e.g. values for streets (0.7) wer om field surveys, thE_’ Interviews \_N'th the local auth_ormes

represented in EconoMe by values for motorways (0.45),6‘nd recent topograph|c maps (Swisstopo, 2010), which cor-
roborated the increase of settlements and decrease of agricul-

municipal roads (0.65), and rural roads (0.95)). To be con- ﬂ ) q his. the following f
sistent with the other semi-quantitative input grids to the fi- U"€ after 1997 in Naters. Based on this, the following factors

nal risk assessment, the assigned scores had to be reclassifi§'© |dent|f|gd as exerting the strqngest mfluence on land-
to a four-level semi-quantitative scale, with EconoMe valuesYse changes in settlements and agriculture in Naters and were

of low (0) to very high (1) vulnerability where 0 means no _thus defined as driving forces of the socio-economic scenar-
impairment and 1 means total destruction. The final classifi-°%:

cation of land-use classes is provided in Table 2. _ Agriculture: the steep slopes in Naters with exten-

sive agriculture are currently subsidized by the govern-
ment. A cutback of the subsidies would lead to aban-
donment of the agricultural land what would imply

Nat. Hazards Earth Syst. Sci., 14, 16111624 2014 www.nat-hazards-earth-syst-sci.net/14/1611/2014/
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Damage Potential

X8l 4 =very high
S

Score

3 =high 4 very high °
2 = medium 2| (2+2)/2 high 5
1 =low (1+1)/2 2 2 medium g
l1=low  2=med. 4=v.h. low §
Vulnerability §
o
Risk (a) 2/4
g 2 =medium 2 2 3 3 very high
£ | 3]high o
= (b) 1/3 medium _§
e —— REC d
£ 1 =medium 1 2 2 3

w2 meo. [EEREMITETEN

Damage Potential

Figure 4. Matrix-based definition and weighting of risk classes. The
risk parameters loss, vulnerability and the resultant damage poters ‘
tial were assessed according to the first matrix, which illustrates the i
example of damage potential derivation. Risk was assessed accord-

ing to the matrices (a) and (b) considering the damage potential anffigure 5. Reclassified land-use data sets of 1985, 1997 and 2009
two quantifications of the hazard. The scores are a result of the meait Naters (upper row). Modelled land-use scenarios for 2045

of the value of both axes (rounded), as illustrated by means of fourlower row). DEM25 reproduced with permission of Swisstopo
cells in the first matrix. (BA110005) and BFS (1986, 1998). For explanation of the abbrevi-

ations see Table 1.

delled land-use scenarios in 2045

growing forest areas as well as an unattractive landscape

(Hunziker, 1995), resulting in less tourism in the area. ~ Scenario “+" is marked by a strong increase in building
constructions until 2045, particularly within “single-family

— Economic situation: Naters has experienced an ecohouses” and “mixed use”, as a consequence of a stable and
nomic upturn during the last 15years which, amongstprosperous economic situation. The growing tourism sector
other effects, led to strong and increasing constructionwill benefit from winters with less snow, since parts of the
works in the area. A possible stagnation of the nationalmunicipality Naters include high-elevation winter tourism
economic situation would slow down the construction areas, which are likely to attract tourists who used to visit
activities, and a downturn would highly constrain them. skiing destinations located at lower elevations. This devel-

opment will lead to an increase in business constructions, as

— Tourism: tourism and economy are closely linked in well as in new public buildings, such as schools or retirement
Naters. An upturn in tourism would imply a strong in- homes. The area within the current construction zone not yet
crease in businesses; a downturn would imply aban-covered with buildings will be developed on a constant rate
doned businesses. until 2045.

Scenario =" is characterized by a decrease in construc-
The driving forces and their interactions refer to implications tjgn activities from 2021 on due to an economic downturn.
for land use (Table 3), which can be consolidated in the threqqgwever, a few settlements will still be built, such as pub-
scenarios “0”, %", and “—" summarized in the following jic puildings and “single-family houses” by people not neg-
storylines: atively affected by the economic crisis. The tourism sec-

Scenario “0” is a business-as-usual scenario. It representgor will decrease, implying abandonment of businesses loca-

the continuation of the current trends of land use until 2045tj5ns. Furthermore, subsidies to agriculture will no longer be
and is considered the most likely scenario by stakeholders Obrovided by the government. As a consequence, forest areas

Naters. There are no radical changes foreseen in any land-Usg|| increase and landscape may lose attractiveness, which
class. The trend of an increase in the category “settlementszgain might result in a decrease in tourism.

at the expense of “agriculture” in the legally defined zone of

construction, which was observed in the past, will continue4.2 Land-use modelling: quantification and allocation

for the next 10 years. Especially “single-family houses” will

rise in numbers, whereas in “mixed use” a moderate growthAll simulations showed an increase between 3 and 40 % in
is expected. In “multi-family houses” the least increase in “settlements” (consisting of “multi-family houses”, “single-
settlements is predicted due to compaction of the construcfamily houses” and “mixed use”) for all scenarios over the
tion. After 2021 the rate of building construction will corre- entire time span. The increase of these change rates, how-

late with the rate of economic development. ever, slowed down after 2009 (Table 4). In all scenarios
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Table 3. The development pathways of major driving forces and their implications for land use within the three scenarig$ aoi “—".

Driving forces Scenario “0” Scenarie” Scenario "
Subsidization agriculture  business as usual business as usual cutbacks

Implications for L/U decreasing agriculture decreasing agriculture abandoning agriculture,

increasing forest area

Economic situation stagnation and downturn stable downturn

Implications for L/U moderate increasing construction  strong increasing construction  decreasing construction
Tourism business as usual increasing decreasing

Implications for L/U moderate increasing businesses strong increasing businesses abandoning businesses

Table 4. Changes in land use for each scenario as a result of quantified driving forces; bold indicates a decrease and italic an increase of the
area. Each value in every time period relates (a) to the total number of cells of the previous time span and (b) to the percentage of land-use
class of the total area per time span. For explanation of the abbreviations see Table 1.

Timespan 1985-1997  1997-2009 2009-2021 2021-2045
Scenarlos “O"/‘i|—"/“ _H HOH/H +"/H _H HOH " +" 113 _H HOH 3 +77 13 _ll
ven @ +13% +19% +13% +13% +10% 18% +17% -

b 7.1% 81% 95% 95%  89% 102% +11%  8.9%
ey @ +33% 140% 4+29% +29% +18% +14% +33% +9%

b 5.3% 74%  95% 95%  8.7% 10.8% 12.6% 9.5%
Vi a +17% +18% +15% +15%  +9% +11% +16% +3%

b 7.4% 87%  10%  10%  95% 11% 116% 9.7%
nd a —8% 8% —18% —18% - 8% —8% -

b 3.2% 29% 23% 23% 2.9% 21% 21% 2.9%

. a - ~11% - - - - - -
Rail b 2% 21%  21% 21%  2.1% 21% 21% 2.1%
road @ +13% 6% 4+7% +7% - - _19% -

b 3.5% 32% 35% 35% 3.2% 35% 27% 3.2%

A a —18% —20% —33% —33% —24% _37% —37% -36%
9 b 18.2% 147% 102% 102% 11.5% 69% 5% 7.9%

For a +<1% +<1% +<1% +<1% +<1% 2% - 47%
b 35.2% 355% 357% 357% 357% 36.2%35.7% 38.3%

Unorod. 2 - 3% 2% 2% - - - -
prod 18.1% 175% 172% 17.2% 17.5% 172% 17.2% 17.5%

“agriculture” was modelled to lose even larger areas in future The results of the allocation of the scenarios for the year
time spans than during past decreases. Correspondingly, 18045 are shown in Fig. 5 and compared with land use
37 % of the new settlement development took place on for-in 2009. All scenarios implied changes in similar land-use
merly agricultural land. “Industry” was projected to decreaseclasses, mainly in “settlements”. The changes mainly oc-
in the scenarios “0” and-+" until 2045. “Forest”, “unpro-  curred at the expense of “agriculture”. The strong increase in
ductive area”, “railway” and “roads” did not experience im- “single-family houses” occurred in the eastern and the north-
portant changes between past and future time spans in argrn parts of Naters, where construction was legally approved
scenario. Generally, the rate of increase in specific land-usafter 1997. Particularly in the scenarig-™ the total number
classes slowed down with time due to the absolute growthof cells increased by about 29 and 33 % up to 2021 and 2045,
of their respective areas. The scenarios “0” and fintro- respectively, while “multi-family houses” expanded and ag-
duced the same changes in all land-use classes until 202%regated in the area along the river Rhéne at the southern
afterwards their development started to differ. Scenaxid “*  border of Naters. This development was similar for all sce-
developed independent characteristics from the beginning ofarios up to 2021, where the total number of cells increased
the modelling (2009) as it is the only scenario including eco-by about 10-13%. After 2021 however, this development
nomic downturn. only continued in the scenarios “0” and-" (8 and 17 %),
while “multi-family house” construction stopped in scenario
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—". The same development was also modelled for “mixed o= e Yo e 5.5
use”, where already existing zones expanded along the rive | %3

in addition to increasing “mixed use” areas in the centre of '
the village. Change rates were least in the scenario(“+9 .
and+3 %) and highest{15 and+16 %) in the scenario{”

in both time steps.

Socio-economic

4.3 Risk estimation

The flood intensity estimations showed (Figs. 1b and c) that
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case of a GLOF, independent of the outburst scenario (¢
or 20 millionnP). The height of the flood varies between
1m and approximately 14m in narrow passages. In botts
GLOF scenarios a maximum estimated retention volume 01§ e
2milionm?® by the barrier lake Gibidum was considered. o
Thereby, a 1.5 million  flood draining through Gibidum
lake would cause high flood intensities (inundation heightsFigure 6. Spatial allocation of the assessment variables loss and
> 2m) in Naters. Accordingly, high flood intensities were Vulnerability following. the fogr-lgvel scalg defined in Table 2.
mapped for half, and for most of the area affected in theDPEM25 reproduced with permission of Swisstopo (BA110005) and
case of an outburst flood of 4 and 20 milliod nespectively. BFS (1986, 1998).
GLOF travel times were calculated based on a range of 3-
6ms ! average flow velocity (Cenderelli and Wohl, 2001; :
Schneider et al., 2014), depending on factors such as sed;
ment concentration and flow volume, resulting in 40-80 min
travel time. .
In all scenarios, the highest values for the factor loss wereg
mostly modelled in the central part of Naters, where most?
“settlements” are located (Fig. 6). The most striking differ- &
ence between values for persons and for objects can be sel
in “mixed use”, which varied between high (persons) and in- *
termediate (object value) according to the classification pre-
sented in Table 2. .
Only very few areas showed low or intermediate physi-
cal vulnerability against a GLOF in any scenario. Very high
physical vulnerability, however, was predominantly presentg$
at the marginal areas of the case study area, as it mostly be ° .
longs to “forests”, “agriculture” and “unproductive areas”. - e
The allocation of high vulnerability levels to the above land- 5 =
use classes is not made consistently through the internationi
literature but here it was done in the sense of the definitions
(impairment of an object as affected by a hazard process)3
and because it is in line with the official government guide-‘é
lines in Switzerland, i.e. the platform EconoMe (BAFU, 4 ¥ ’ o
2011). “Multi-family houses” also featured very high phys- e et
ical vulnerability and were located in the areas very closerigure 7. Risk for Naters in 2045 for lake outbursts considering the
to the river Rhone. Furthermore, virtually the entire centrerisk matrix (a) in Fig. 4. The three rows indicate the socio-economic
of Naters showed high physical vulnerability, as it consistedscenarios “0”, %" and “—", the two columns the lake outburst sce-
mainly of “single-family houses” and “mixed use”. narios with 20 and 4 million M Arrows indicate hotspot locations
H|gh and very h|gh social Vu|nerabi|ity clusters in the cen- of social vulnerability. Reproduced with permission of Swisstopo
tral part of Naters, which is basically due to the high density (BA110005) and BFS (1986, 1998).
of “multi-family houses” and “single-family houses” in this
area. matrices (Fig. 4). The first risk map (Fig. 7) was based on the
According to the approach outlined in Sect. 3 two risk matrix (a) in Fig. 4, representing intensity values of 2 and 4,
maps were generated, based on the two versions of the risknd showed high to very high risk in each socio-economic

mic

[ intermediate [ righ Bl very high weto0 643000

Lake outburst scenario “20 Mill. m3”

Lake outburst scenario “4 Mill. m
R 3 . gy

o LT
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mic scenar

10-eCconomic scenario

Very high risk
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Table 5. Affected area per risk category as well as per land-use and intensity scenario. Total case steds.88dar?. Values in percent
only refer to the affected area. The upper and the lower part of the table refer to the risk matrices (a) and (b) applying the intensity values 2
and 4 and 1 and 3 respectively.

Risk category Scenario “0” Scenarig-" Scenario "

4milionm3 20 million m3 4milionm3 20 million m3 4millionm3 20 million m3

%  km?® %  km? %  km?® %  km? %  km? % kP

(a) risk matrix

1=low 0 0 0 0 0 0 0 0 0 0 0 0

2 = medium 2.1 006 O 0 1.7 0.05 0 0 2.8 0.08 0 0

3 =high 240 069 184 0.53 229 066 16.7 0.48 23.3 0.67 19.1 0.55
4=veryhigh 104 0.30 285 0.82 11.8 034 30.2 0.87 104 0.30 27.8 0.80
No value 635 183 53.1 1.53 635 183 53.1 1.53 635 183 53.1 1.53
(b) risk matrix

1=low 0 0 0 0 0 0 0 0 0 0 0 0

2 = medium 9.0 026 1.4 0.04 5.9 017 1.7 0.05 115 033 14 0.04
3 =high 219 063 323 0.93 247 071 26.4 0.76 21.2 061 37.2 1.07
4 =veryhigh 5.6 0.16 13.2 0.38 5.9 0.17 18.8 0.54 3.8 0.11 8.3 0.24
No value 63.5 183 53.1 1.53 635 183 53.1 1.53 63.5 183 53.1 1.53

and intensity scenario for a large area of Naters. For the
larger scenario, i.e. a GLOF of 20 milliorPmthe affected
area equalled approx. 47 % of the total study area (Table 5) Lake outburst soenario 20N i CAOIGIRSESE 4 Ml
No low or intermediate risk was modelled; between 16 andw : A i
20 % of the total study area was assumed to be affected b
high and around 30 % by very high risk. In the case of the 3
smaller scenario, i.e. a GLOF of 4 milliorfvery high risk
affected around 11 % of the entire study area, whereas th §
total affected area only equalled around 37 % of the entire§
study area. Some limited areas were found to feature in:
termediate risk, which was not found for the 20 millioA m
scenario. While for the smaller scenario very high risk ar-
eas mostly accumulated along the river, the highest risk clas §
covers substantial areas of the municipality for the larger sce £ |
nario. The objects of special interest and of particular vulner-
ability are highlighted in Fig. 7 and include a church, school
and hotel which are found in areas of high to very high risk.
Itis interesting to note that for this version of the risk map :
the socio-economic scenarios do not exert an important in- . 2
fluence on the final risk estimate. This is different for the iz '
second version of the risk maps (Fig. 8) in which intensity
values of 1 and 3 according to matrix (b) were implemented.
Here, risk maps substantially differ depending on the socio-¢ |
economic scenario used. For the larger hazard scenario (i.e.® 2 AG
GLOF of 4 million n®) very high risk was only modelled for o o i

those parts of the city centre which were close to the river,

amounting to about 5% of the case study area Considelj-:igure 8. Risk for Naters in 2045 for lake outbursts considering the

able parts of Naters (9, 6, and 12 % for the Socio-economicnSk matrix (b) in Fig. 4. The three rows indicate the socio-economic

—— p . Scenarios “0”, 4", and “—”, the two columns the lake outburst sce-
scenario "o, +_’ and ! res.pectlvely) were modelled 10 arios with 20 and 4 million A Arrows indicate hotspot locations
be affected by intermediate risk. In the case of a GLOF off gocial vulnerability. Reproduced with permission of Swisstopo
20 million m® only small areas (of around 1.5 %) of interme- (BA110005) and BFS (1986, 1998).

diate risk were distinguished, contrary to the first risk maps

nomic

nario “+”

Socio-econ

0OCIo-economic scenario
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(Fig. 7) which did not feature any intermediate risk. Across diction (Holzer, 2011; Michlig, 2011). Agriculture, economy
all socio-economic scenarios in the larger hazard scenaricand tourism were assessed to be related to those drivers, but
very high risk was mainly concentrated in the city centre andon the other hand also drive land-use changes in Naters. The
amounted to 13, 19, and 8 % of the study area for the sociosocio-economically driven land-use scenarios were backed
economic scenarios “0” A", and “—", respectively. by literature-based findings, interviews with local authorities
and plausibility tests. Therefore, they were assumed to rep-
resent a relatively robust range of possible future outcomes,
5 Discussion and conclusions including the extrapolation of current development. As de-
velopment in all scenarios remained restricted to the cur-
In this study a method was developed to assess local-scalent planning zones, even the scena#é has to be consid-
damage potential as defined by changing land-use condiered relatively conservative. More “extreme” scenarios and
tions, and consequent future risks related to floods fromtime horizons beyond 2045 were not considered as the corre-
GLOFs. An extensive review of existing methodologies re- sponding assumptions would have been more speculative and
vealed that there was no adequate approach available whidhe respective time horizon less relevant for policy makers.
could directly be applied for the purpose of this study. An Based on the assessment of driving forces and development
important body of research on land-use modelling includingof scenarios, land-use transformation rates were quantified
the assessment of driving forces, scenario development anand changes in space allocated, using a rule-based model,
allocation of change in space is available. Existing land-useand considering constraints such as legally defined construc-
models explore the possible changes in the future and at #on zones.
range of scales but rarely with the primary objective of quan- Land-use scenarios were calculated semi-quantitatively
tifying damage potential related to natural hazards. while hazard and risk estimations were based on qualita-
Regarding hazard assessment, recent studies on GLOfive matrices. The resulting risk maps included the spatial
processes and GLOF modelling mainly focus on already ex-distribution and the variability of different risk categories.
isting lakes (e.g. Osti and Egashira, 2009; Worni et al., 2012) Two risk matrices were applied to demonstrate the effects
Studies on the assessment of local-scale hazards from floods (subjective) definition of risk class distribution in the ma-
from future lakes are currently a research gap. Therefore, on&ix. Results showed that the definition of risk matrices can
of the main challenges of this study was to develop, adapt anthave a substantial effect on risk results. A risk matrix more
apply methods from two different scientific fields, i.e. land- strongly weighted towards high risk classes (matrix a) can
use change and GLOF research, to achieve the assessmentexfert a dominant effect over socio-economic, while a more
associated future risks. balanced risk matrix (b) quite obviously reduces the pro-
The assessment of hazards related to outbursts of futurportion of (very) high risk areas and gives higher weight to
glacier lakes involves substantial uncertainties. However, rethe effects of socio-economic development. Based on this
sults from models of glacier shrinkage and lake formation areanalysis, a balanced risk matrix would probably be prefer-
relatively robust for a glacier of the size of Grosser Aletsch. able; however, it should be underlined that the definition and
As confirmed by multiple model runs, the exact location of choice of risk weighting is ultimately a task of policy and
a future glacier lake (as subject to uncertainty) does not haveociety and not science (Klnzler et al., 2012).
a critical effect on flood intensities in Naters. Uncertain- In the context of integrated risk management, a risk anal-
ties related to GLOF volume were accommodated by definysis is not an endpoint but forms an input for risk reduc-
ing different outburst scenarios, an approach that is also aption measures. The results of this study indicated the im-
plied for present-day lake outburst flood hazards (Schneideportant difference between smaller and larger GLOF sce-
et al., 2014) and that is generally recommended in situationsarios in terms of risks encountered in Naters. Accordingly,
of problematic knowledge on probabilities (Stirling, 2007). authorities may also consider investments to prevent large
GLOF travel times can also vary by about a factor of 2 or GLOFs reaching the urban areas of Naters, such as by struc-
more. Larger flood scenarios tend to show higher flow ve-tural measures. However, structural measures might not al-
locities, and thus shorter travel times, which translates intoways be applicable or legally feasible due to various rea-
shorter lead time for warning (Schneider et al., 2014). sons such as costs involved, environmental protection areas
Uncertainties are also substantial with respect to futureor private property. Therefore, strategies to reduce risks of
damage potential, the second component of the risk asseskss of lives by increasing the people’s preparedness, once
ment. Similarly to the hazard assessment, scenarios werthe new glacier lakes form, may be of relevance (e.g. IPCC,
defined to cover a range of different land-use trajectories2012). Experiences have shown that early warning systems
Definition of scenarios is to some degree arbitrary, therefor GLOFs can be effective to achieve risk reduction (e.qg.
fore an approach that increases consistency was pursued. Tikattelmann, 2003), mainly by decreasing the number of per-
most important driving forces of land-use change of this casesons exposed. The GLOF travel time estimates indicated
study were local, regional, national and international econ-warning lead times of about 40-80 min, where smaller and
omy, and decisions taken by civil society, policy and juris- larger flood scenarios again make a difference. This range of
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warning lead time is considered feasible for an operationaBAFU: Wirtschaftlichkeit von Schutzmassnahmen gegen Naturge-

early warning system and confirms the potential to reduce fahren: EconoMe 2.1, Bundesamt fiir Umwelt (BAFU), available

risks to future GLOF hazards. at: www.econome.admin.ch/index.phpst access: 4 June 2014,
While the value and physical vulnerability of objects pos-  2011. ) . _

sibly affected will typically remain unchanged with an early Bara,_ C Factsheet: Social Vulnerability to disasters, QRN Report,

warning system, the exposure probability of people should be Crisis and Risk Network (CRN), Center for Security Studies

substantially reduced with such risk reduction measures. The (Zcuﬁf% azngilgwuss Federal Institute of Technology Zarich (ETH),

exposure probability in the case of early warning is related togrs. GEQSTAT, Arealstatistik 1979/1985, Bundesamt fir Statistik
people’s preparedness, and thus could be considered in terms ggs) Neuchatel, 1986 (in German).

of social vulnerability. Research (e.g. from Hurricane Katrina grs: GEOSTAT, Arealstatistik 1992/1997, Bundesamt fiir Statistik
in 2005) indicates that social aspects such as welfare and so- (BFS), Neuchatel, 1998 (in German).

cial class exert an important effect on response to disaster&FS: Erhebungen, Quellen — Arealstatistik der Schweiz: Steckbrief,
including evacuation timing (Elliot and Pais, 2006). For this  Bundesamt fir Statistik (BFS), available at:

study an early warning system in place has not been con- http://www.bfs.admin.ch/bfs/portal/de/index/infothek/

sidered in the scenarios but may be integrated in future re- erhebungen\quellen/blank/blank/areal_statistik/Ol.htmI

search. Avoidance of high-loss and high-vulnerability assets_ 'astaccess: 27 February 2014, 2011 (in German). .

in flood-prone areas is most important to reduce high an Oil;]W]?J{u:_é ?ll'c;’o dBlI{ibST(CEuE”thngi mAaethé r}]d iévilo%ﬁei?ﬂg?
very h.lgh r!sks (e.9. CIP.R.A’ .2010; ARE and .UVEK’ 2008), Dutch polder area, Global Environ. Chang., 20, 463-471,
espgmally if struc?ural mitigation measures might not be VerY  40i10.1016/j.gloenvcha.2010.04.0@D10.

feasible. The avoided damage can be estimated from the riskiner s Eikin, C., Huber, R., and Grét-Regamey, A.: Assess-

analysis based on the different scenarios. ing the impacts of economic and climate changes on land-use
Overall, this study corroborates the fundamental impor- in mountain regions: A spatial dynamic modeling approach, Agr.

tance of land-use policies and governance for risk reduc- Ecosyst. Environ., 149, 50-63, 2012.

tion (e.g. BUWAL, 2003; OcCC, 2007). In the case of high- Britz, W., Verburg, P., and Leip, A.: Modelling of land cover and

development trajectories a main challenge for policy will be  agricultural change in Europe: combining the CLUE and CAPRI-

to counteract certain driving forces. This study can represent SpPatapproaches, Agr. Ecosyst. Environ., 142, 40-50, 2011.

a contribution for local, rural development planning, if addi- Brindl. M. (Ed.): Risikokonzept fur Naturgefahren Leitfaden, Na-

tional information on risks related to other natural hazards as tonae Plattform fir Naturgefahren (PLANAT), Bern, 2009 (in

s . German).
well as the goordlnatlon. with further development plans OfBurgerSChaft Naters: Walder, available  athttp:/mww.
the community are considered.

burgerschaft-naters.ch/?ids22last access: 4 June 2014,
2011 (in German).
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