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Abstract. This study aims at creating a holistic concep- 1 Introduction

tual approach systematizing the interrelation of (natural) haz-

ards, vulnerability and risk. A general hierarchical risk So far, the international community’s response to disasters
meta-framework presents potentially affected components ohas been mostly reactive, with only limited budget invested
a given system, such as its physical, demographic, socialn prevention. (...) Even if there were a willingness to in-
economic, political or ecological spheres, depending on thevest in prevention, the question would be: where? (Peduzzi,
particular hazard. Based on this general meta-framework2006)

measurable indicators are specified for the system “urban The main challenge within the field of disaster reduction is
area” as an example. This framework is used as an outlinéo change people’s perception so that they can recognize this
to identify the capabilities of remote sensing to contribute tonotion of disasters as the outcome of a development process
the assessment of risk. Various indicators contributing to thevhereby societies have implicitly generated vulnerabilities
outline utilizing diverse remote sensing data and methods arand risks which become evident during the disaster (Villa-
presented. Examples such as built-up density, main infrasgran de Leon, 2006). But, assessing vulnerability and risk
tructure or population distribution identify the capabilities of to natural hazards such as earthquakes can be regarded as
remote sensing within the holistic perspective of the frame-an ill-structured problem (i.e., a problem for which there is
work. It is shown how indexing enables a multilayer analy- no unique, identifiable, objectively optimal solution) (Rashed
sis of the complex and small-scale urban landscape to taket al., 2003). Conceptualizations of the various scientific
different types of spatial indicators into account to simulate communities are inconsistent, causing misunderstanding in a
concurrence. The result is an assessment of the spatial distriesearch field needing multidisciplinary approaches to cope
bution of risks within an urban area in the case of an earth-with the holistic effects. Both humanities (Alwang et al.,
guake and its secondary threats, using an inductive metho®001; Blaikie et al., 1994; Briguglio, 1995; Cannon et al.,
The results show the principal capabilities of remote sens2003) and natural sciences (Chapman, 1994; Brooks, 2003;
ing to contribute to the identification of physical and demo- Turner et al., 2003) define the terms differently and concen-
graphic aspects of vulnerability, as well as provide indicatorstrate on various focal points.

for the spatial distribution of natural hazards. Aspects of so- Vulnerability is a term of such broad use as to be almost
cial, economic or political indicators represent limitations of useless for careful description at the present, except as a
remote sensing for an assessment complying with the holistichetorical indicator of areas of greatest concern (Timmer-
risk framework. mann, 1981)

On this subject Birkmann (2006a), for example, stresses
the need for a paradigm shift from the quantification and
analysis of the hazard to the identification, assessment and
ranking of vulnerabilities. This study proposes a comprehen-
sive and consistent conceptual risk framework using a hier-
archical structure including the hazard and the vulnerability.

Correspondence to: H. Taubeniock The conceptual approach provides a general abstract meta-
BY (hannes.taubenboeck@dlr.de) framework applicable to any system, element at risk, scale
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or time. The concept consistently systematizes the meta-  toward assessing risk and vulnerability in their spatial
framework down to components highlighting various aspects distribution?

of vulnerability and hazards resulting in a set of measurable
indicators. Thus, risk assessment results from a multilayered
analysis of individual indicators, in the ideal case represent-
ing the complete range of components contributing to haz-
ards and vulnerability. With respect to the temporal risk cy-2  Conceptual framework of hazards, vulnerability and

cle, the framework considers the stages of a potential disaster ik

with time-dependent indicators.

In this study the proposed conceptual framework serves aRisk specifies something prospective and imaginary, and thus
an outline to identify capabilities and limitations of remote implies uncertainty. The effect of a natural hazard on the
sensing — as one scientific community — to contribute valuebjects or people of a particular area exemplify the com-
for indicators for the assessment of vulnerability and risk. plex interrelationships and emerging domino effects. The
For the example of an ‘urban landscape prone to an earthtN (1991) and the UNDP (2004) define a conceptual super-
quake threat’ different remote sensing data and methods arstructure as follows:
used to derive precise values of indicators. Using high and

medium resolution optical satellite data, as well as radar dataRiSk= Hazardx Vulnerability 1)

remote sensing products are presented which map the spatial Thus, risk results from a future interplay of a hazard and
distribution of the indicators in the outline. Especially physi- ihe various components defining vulnerability. The concep-
cal indicators characterising the complex arrangement of Urya| superstructure of risk shows an internal and an external
ban objects are shown. Examples are the built-up densityjje (Bohle, 2001): The internal side relates to the capacity
or the street network, .WhiCh specify the spatial di.stribution.t0 anticipate, cope with, resist and recover from the impact
and number of potentially affected houses or their accessiyyy|nerability), and the external side specifies the type and
bility and the ability to evacuate in case of an earthquake.intensity of the hazard. This conceptual meta-framework (1)

In addition the derived physical urban structures — building gescribes the general correlation, but displays an abstract ap-
area, building height, building density and land use —are useghroach not reflecting the complex interrelations of both the
to calculate the population density distribution as a demo-components and their various aspects. This study aims at
graphic indicator. Furthermore, a time series of Landsat datg conceptual holistic framework to systematize the abstract
enables the computation of physical urbanization rates angsrms “hazard” “vulnerability” and “risk”. A hierarchical

the assessment of building ages. The digital elevation modedy siematization of the abstract terms results in quantifiable
from the Shuttle Radar Topography Mission (SRTM) is usedsnd thus measurable indicators:

to derive slope maps. The slope is one component used t0 The hazard componentin equation 1 is defined as the prob-
assess the spatial distribution of the secondary threat “Iandabi”ty of a disastrous event happening in a certain period of
slide”, and the surface height information is used as an aptime, with a particular intensity at a particular location (Un-
proximation for modelling potentially tsunami-prone areas. esco, 1973). Examples for hazards are earthquakes, floods,
Recapitulating the results, the conceptual frameworkgroughts, tropical storms or volcanic eruptions, with some of
presents a holistic perspective on hazards, vulnerability anghem causing secondary threats such as landslides, fires or
risk. Using the system “urban area” and the earthquak&sunamis. Depending on the nature of the hazard, indicators
threat, indicators specific to this example are listed to CON-describing the hazard like intensity or duration specify the
cretize the conceptual and generic meta-framework. Thishazard event as well as the condition of the location, which

enables identification of the capabilities of remote sensings gescribed by indicators like soil type, surface height or
to contribute aspects of the holistic concept to support risks|gpe,

management, but also demonstrates the need for multidisci- The second componentin Eq. 1 is the term “vulnerability”,
plinary approaches to satisfy the whole spectrum of the holisyhich shows fuzziness in the interdisciplinary risk research
tic idea. The structure of the study is two-fold: in the first community definitions. “We are still dealing with a paradox:
part a general conceptual risk framework is developed andye aim to measure vulnerability, yet we cannot define it pre-

used as outline in the second part to identify contributions ofcjsely” (Birkmann, 2006a). Generally the conceptual idea of
remote sensing to this developed framework for the model,y|nerability is based on Eq. 2:

case. In particular, this study aims to address several specific
questions: Vulnerability=

— How can the abstract terms in the framework be sam-
pled to quantifiable indicators?

Exposurex Susceptibility
CopingCapacity

(White et al, 2005 (2)

— How can risk, vulnerability and hazards be conceptual- Thus, vulnerability is the interrelation of the exposure and
ized in a general and transferable framework? the susceptibility as stressor of the system with the coping
capacity as the potential of the system to decrease the im-
— What can remote sensing data and methods contributpact of the hazard. Exposure is defined as degree, duration
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and/or extent in which a system is in contact with, or subject
to, perturbation (Adger, 2006; Kasperson et al., 2005). Sus-
ceptibility reflects the capacity of individuals, groups or the
physical or socio-economic system to withstand the impact  Reconstruction
of the hazard. If resistance is low then even a small hazard

can lead to system failure (Pelling, 2003). The coping ca-

pacity is the ability to cope with or adapt to hazard stress.  Reaction
It is the product of planned preparation, spontaneous adjust-

ments and relief and reconstruction made in response to the
hazard. For a comprehensive approatibgel (2005) identi- Information basis
fies four fundamental dimensions to consider for an assess-

ment: 1) the system/region or population group of concern,

2) the type of hazard, 3) the valued attribute, which serve as

indicators threatened by exposure to the hazard, 4) the tem-

poral reference, specifying the period of interest for the as—ig. 1. Risk as result of the interaction of the hazard and the vulner-
sessment. For further general reviews of conceptualizatiorability embedded in the various phases of the disaster management
approaches regarding vulnerability, the reader is referred taycle (modified; ADPC, 2003; DKKYV, 2002; Schneiderbauer, 2007;
Livermann (1990); Cutter (1996); Kasperson and KaspersorWISNER, 2004).

(2001); Cardona 2003; Birkmann (2006b); Schneiderbauer

and Ehrlich (2006); Schneiderbauer (2007) as$el (2007).

The disaster management cycle relates the conceptual idezeptual idea (Table 1). This conceptual idea reflects a meta-
of this study about vulnerability and risk to the timeline. The framework applicable to various systems (e.g., urban areas),
abstract terms of the conceptual idea are reflected in differvarious elements or attributes within a system (buildings,
ent stages of the disaster management cycle (Fig. 1). Fdpeople, environmental services, etc.), various scales (local,
example, coping capacity can be specified as preparednegggional, national, global), and various hazards (earthquake,
before a disastrous event, existing intervention tools duringclimate change, etc.). In general the various components
an event, or capabilities to recover from the hazard stress afdescribed above suggest the complexity of dynamic interac-
ter the event. The cycle highlights various temporal phasedions and interdependencies evolving in a system in case of
where different types of indicators enable assessment of th@ disastrous event. This highlights the need for multidisci-
situation. For example, knowledge about accessibility andplinary scientific approaches to converge on the problem of
evacuation bottlenecks may lead to preventive measures. IRolistic identification of vulnerability and risk.
addition, spatial information on the number and location of To converge on the problem of assessing the complexity of
affected people enables coordination and management of raisk and vulnerability, the rather abstract components of this
action measures during and after the event. These action¥eta-framework need further partitioning. Specifications are
aim to reduce risk before an event, to cope during, and reaadependent on the considered system and the type of hazard.
after the event. In our case, indicators are developed for the example of an

Again, the abstract terms used in the meta-framework andurban system prone to an earthquake hazard”. A consistent
Fig. 1 do not specify the complex and dynamic interdepen-systematization itemizes the components into a set of mea-
dencies of a myriad of different indicators contributing to the surable indicators contributing to all the various stages of the
concept of vulnerability and risk in a measurable way. There-risk management cycle. An indicator is defined as a vari-
fore this study designs a hierarchical partition of the termsable which is a representation of an attribute, such as qual-
into thematic components establishing a relationship to varity and/or characteristics of a system (Gallopin, 1997). The
ious disciplines (Table 1). Following the definition of the quality of the indicator is determined by its ability to indi-
UN/ISDR (2004) this study aims at a holistic perspective oncate the characteristics of a system which are relevant to the
vulnerability and defines it with direct regard to the concep- underlying interest determined by the goal or guiding vision
tual framework as follows: (Birkmann, 2006b).

Subject to the considered period of time, the geographic The result is an arbitrary number of measurable indica-
location (system) and a scale-dependent reference systertgrs contributing aspects to the associated component and to
vulnerability is defined as the condition determined by phys-the ranking in the holistic conceptual framework. Downing
ical, demographic, social, economic, environmental and po{2004) stresses the fact that indiscriminate use of indicators
litical factors or processes which increase the susceptibilityfor measuring vulnerability must be avoided. The approach
of a community to the impact of hazards. in this study aims at a detailed listing of potential indica-

Components specifying vulnerability include the physi- tors, in order to identify the capabilities of remote sensing
cal, demographic, social, economic, ecological and politi-at various scales, times or objects. Thus, Table 1 presents a
cal aspects contributing and adding up to the holistic con-selection of specific indicators describing the many kinds of

Humanitarian relief inable devel

People,
Hazard Environment,

/

* Type * Exposure
 Intensity * Susceptibility
« Probability « Coping Capacity

Information basis

Prevention

Preparedness

Disaster event
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Table 1. A hierarchical holistic framework conceptualizing hazards, vulnerability and risk to derive a selection of measurable indicators for

a specified system.

General Meta — Framework
|

H. Taubenbck et al.: The contributions of remote sensing to risk assessment

Itemization based on the considered hazard, system, time and scale
|

[

Conceptual Framework Components Causes Indicators / Variables l'ndex
Natural hazard, human Earthquakes, volcanic eruptions, | Magnitude, intensity, spatial exposure, probability of occurrence, :
threat, phenomenon floods, droughts, landslides, | duration, time

cyclones, tropical storms, ;
terrorist attacks, etc. ]
Secondary threats Landslides, tsunamis, fires, etc. Height, slope, orientation, soil type, etc.
s ]
aftereffects :
Physical Vulnerability Location Accessibility, distances, etc.
i =]
Structural exposure Number of structures, built-up density, building height, building ! Q
material and construction type, roof type, building age, : 2
> urbanization rate, sealed areas, open spaces, etc. 5
i «Q
b > Critical infrastructure Street- and infrastructure network, public transport, ] o
S = communication lines, pipelines, supply, lifelines, etc. 1 "
— '_E 1 =]
— = é‘ Demographic Vulnerability || Population structure Total population, population density distribution, day- and night- Qo
% o time distribution, age pattern, etc. 8
0 3l 9
] g © Population development Population growth rates, migration rates, etc. 2
(] [
1 S 2 o Social Vulnerability Social status Education, public awareness, health, social network, gender, etc. |
c ]
(M} © S Accessibility to and supply of | Hospital, schools, fire brigade, shelters, etc.
c a 8 local facilities
o
— % Economic Vulnerability Individual financial potential Per-capita income, insurance, property, unemployment rate, etc.
=) w Governmental potential Local relief budget, gross national product, help programmes and !
> organisations, inflation, Human Poverty Index (HPI), etc. :
Political Vulnerability Decision structure Political system, willingness, early warning systems, crisis and
information management, etc.
Ecological Vulnerability Natural resources Water supply and balance, agriculture, forests, etc.

vulnerability and risks at different scales and points of time.3 The capabilities of remote sensing data and methods
The example in this study specifies the four fundamental di-  to contribute to the risk framework
mensions (Bssel, 2005) such as an urban landscape, prone

to an earthquake, causing secondary threats, like tsunamipne conceptual framework displayed in Table 1 establishes a
a_nd Iandslldes._The valued attributes are the components dgj,sis for various research communities to identify their po-
fined above using as temporal reference for the assessmepiyiia| contributions. A consistent continuation of this study
the forefront of a disastrous event. In :_:lddltlon, the Cons'd'provides results which use remote sensing data and methods
ered system, urban landscape, determines the needed scalg,contribute indicators to the proposed theoretical, concep-
which is a consequence of small-scale heterogeneous urbg{j| framework. It is shown how various data types enable
characteristics. , ) ) ) both the assessment of indicators related to the hazard and
The conceptual hierarchical framework is shown in Ta- e assessment of indicators related to vulnerability. The test
ble 1, specifying a selection of relevant indicators for the gjte for the study is the working-class district Zeytinburnu,
fundamental dimensions. Risk is split up into the compo-|4cated on the European side of the earthquake prone megac-
nents of equation 1. The consistent systematization leads tRy Istanbul. The enormous risk for the megacity Istanbul
a selection of indicators, in this case describing the examplqS shown by the magnitude 7.4 earthquake which struck on
system, “urban area’. The holistic approach aims at an inte 7 o,gust 1999 in the Kocaeli province about 150 km south-
grative concept for involving various research communitiesg gt of |stanbul. The dimension of this past catastrophe is re-
in the conceptual framework. In this study Table 1 serves agjacted in more than 18 000 deaths, 49 000 injured 16 400 de-

the basic outline to identify capabilities and limitations of re- stroyed buildings and 60 000 people homeless (Erdik, 2001).

mote sensing data and methods to contribute to the approach. .
For an adequate assessment of the values of these indi-

cators contributing to the conceptual framework, high and
medium spatial resolution optical satellite data (IKONOS
and Landsat) as well as an interferometric Digital Elevation
Model (DEM) based on X- and C-band data from the SRTM
are used. IKONOS data feature a geometric quality of one

Nat. Hazards Earth Syst. Sci., 8, 409—420, 2008 www.hat-hazards-earth-syst-sci.net/8/409/2008/
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meter panchromatic, four meter multispectral and one meter
pan-sharpened imagery. Thus, these remote sensing data pr(fE s
vide the ability to cover the small-scale and heterogeneous
urban morphology. In addition, the use of data from Landsat
satellites, available since 1972, enables on a lower geometric &
resolution of 15 m a temporal analysis of urban development.
The DEM provides pixel spacing of 25 m and a height accu-
racy of about six meters. Figure 2 displays lkonos imagery
recorded in 2005 showing a spatially diverse and heteroge-
neous urban structure. The quarter is characterized by many
different building types, built-up densities and structural pat-
terns, all of which imply a diverse spatial distribution of vul-
nerability and risk.

Four different locations in the Zeytinburnu district are ex-
emplarily displayed in Fig. 2 to show in the course of the
analysis how different land cover and locations affect spatial
patterns of vulnerability and risk. Location 1 is a multi-storey ; = Location 3
building in a dense residential area, located at the edge of the o '
settlement near the coastline on low terrain. Similar charac-
teristics apply for location 2, except for its location on higher =
terrain. Location 3 shows a 5-6 storey building typical for = 4/ Location2
the building stock of Istanbul and located in the heart of Zeyt- e . -
inburnu. The area is characterized by narrow alleys, highly
dense built-up structures and a block by block alignment. In
comparison, location 4 is an open space, more precisely a
vegetated public park.

B Location 4

3.1 Hazards

Due to missing ancillary earthquake data the spatial effect & ' ™™ Km

of an earthquake hazard is assumed to be constant for the

whole test site Zeytinburnu. Using a Digital Elevation Model _ _ _ o
(DEM) from the SRTM a spatial distribution of possible ar- Fig. 2. IKONOS imagery from the test site, Zeytinburnu district in
eas for the occurrence of secondary threats is derived. Thistanbul, Turkey.

assessment of indicators — landslide and tsunami prone areas

— influencing the spatial distribution and probability of the 3.2 Vulnerability

occurrence of earthquake after-effects is assessed.

The inclination of the slope is computed with a tangent gase on high resolution satellite data (Ikonos), the complex
equation taking neighbouring pixel height values into ac-gnq heterogeneous urban landscape has been classified au-
count. The result projects the spatial distribution of the Steep'{omatically using an object-oriented, fuzzy-based approach
ness of slopes, which serve as one component to identify arith accuracy higher than 84%. The methodology has been
eas at high risk for landslides in the case of an earthquake. Offresented using a hierarchical guideline utilizing spectral,
course, steepness is not solely decisive for the occurrence %fhape and contextual image information (Taulimkband
landslides, but it does provide a spatial containment to POSReth, 2007). Based on this land cover information, which
sible areas. The height information in combination with the provides seven basic classes — buildings, streets, grassland,
orientation of the slopes calculated from the DEM is used t©0yrges/hushes, bare soil, shadows and water — analysis leads to

approximately model affected areas in case a tsunami wavggicators describing the physical and demographic compo-
hits the urban coastline. The calculation is based on the noryant of the vulnerability framework (Table 1).

mal coastline extracted from a land cover classification based 1o spectral and structural characteristics of the data and
on lkonos data. Using assumed wave heights, the DEMpg cjassification result are used to distinguish building char-
allows a coarse identification of areas prone to a pOte”t'alacteristics, in particular the built-up density (Fig. 4) and
tsunami wave. Figure 3 displays the spatial distribution of 1, building height. The built-up density is based on a
areas at risk of se_condary threats in the earthquake case f?ﬁoving window approach taking the neighbourhood of the
the district of Zeytinburnu. particular house into account (Taubéck et al., 2006).
The assessment of building heights is calculated using the

www.nat-hazards-earth-syst-sci.net/8/409/2008/ Nat. Hazards Earth Syst. Sci., 8, 409-420, 2008



414 H. Taubenbck et al.: The contributions of remote sensing to risk assessment

use — allow an indirect assessment of the population distri-
bution within the urban landscape with accuracies of around
90% (Taubenbck et al., 2007). Using the assessment of the
location of commercial and residential areas, even the dy-
namic spatial shift of the population as a function of the time
of day is computed.

Figure 4 displays three vulnerability indicators in their
spatial distribution. This illustrates the location-based in-
teraction of various indicators influencing vulnerability and
thus, risk. The indicator built-up density provides informa-
tion on the spatial distribution and quantity of potentially
endangered structures within the urban landscape. The in-
dicator distance to inner city highway enables a geospatial
assessment of accessibility. In addition the distance analysis
to open spaces delivers insight into accessibility of areas of
security. It also enables the assessment of potential areas for
shelters. In terms of the time flow of the risk cycle these in-
dicators regarding locations of and distances to infrastructure
and open spaces, respectively, enable identification of highly
vulnerable areas as well as coping capacity during and af-
ter the event. The population distribution is projected on
the building mask spatially specified by the characteristics
height, floor area and usage. It shows the number of endan-
gered people in their spatial distribution. Here, the night-time
population distribution shows low density in the large com-
mercial areas in the northeast of the district, while during the
day a shift to these areas takes place. Thus, the temporal di-
mension is also included in the assessment of vulnerability
and risk, resulting in a dynamic spatial relocation of poten-
tially affected people.

Height  Slope Wave height 3.3 Indexing to quantify risk relatively in its spatial distri-
1som [CJ5-7° EM3-16° O | meter bution
OJ7-10° M=16° [l 3 meter
om  Bho-13 Il 5 meter Vulnerability and risk are dynamic phenomena often in a
continuous state of flux, as the various components that shape
Fig. 3. Spatial distribution of potential secondary threats. local conditions and the ability to cope are themselves dy-

namic (O’Brien et al., 2004). The reviewed research strug-
gles to objectively find metrics for vulnerability. The transla-

corresponding shadow lengths of houses. An interpolatiorfion of a complex set of heterogeneous indicators into a quan-
method enables assessment of three height classes with acdifative metric in many ways reduces its impact and hides its
racy higher than 90%. The property of building roofs to have complexity (Alwang et al., 2001). But, quantitatively com-

a brighter side facing the sun and a darker side turned awa{ining the available indicators aims at deeper insight into
from the sun is used to derive gable roofs and, as the casgomplex processes of interrelation, and thus it enables a gen-
may be, flat roofs. This information in combination with the eral and more holistic view on vulnerability and risk than the
size of the buildings and their location is used to assess thésolated assessment of single indicators.

predominant usage — residential or commercial. In addition, This study proposes a mathematical quantification that
using a temporal series of Landsat data, post-classificatioprovides a standardized range making indicators compara-
change detection enables the assessment of building ages ble across time and location. This mathematical quantifi-
well as urbanization rates (Tauberdk, 2008). The street cation of heterogeneous impact indicators enables approxi-
network extracted from the land-cover classification is usedmation of the complexity of their interrelations. In order to
as the basis for analyzing accessibility based on distancanalyse interactions of the various types of indicators derived
functions (Fig. 4). Furthermore, the structural characteristicfrom remote sensing data, an indexing system is proposed
of the houses — building heights, building density and landfor a standardized classification of thematic information as

Nat. Hazards Earth Syst. Sci., 8, 409—420, 2008 www.nhat-hazards-earth-syst-sci.net/8/409/2008/
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a) Built-up density b) Distances c) Night time population distribution

b

Built-up density Thematic class Distances . Population in 1000 / km?
Il High density == |nner-city highway [_] 0-100 m B 0-1 15 [ s-10
5 Medium density Open spaces [ 100-500 m [J10-20 [J]20-30 [ 30-40
Low density [ >500m
Open space [ 40-50 [ 50-60 HH60-100

Fig. 4. Indicators contributing to the holistic concept of risk and vulnerability.

to vulnerability. The standardized scale enables the providednhdividual indicators into a standardized range. The parame-

indicators to be combined. terization should be based on historical or empirical informa-
In general the index system is expected to bring benefitdion with respect to the considered event. If these data sets
by: are missing, it is proposed to parameterize the information

of the various derived indicators using a theoretical (contin-
— Systemising and harmonising the presentation of riskuous) function, based on expertise.
information Due to missing historical information the parameterization
o ) .. inthis study uses S-functions to convert thematic information
— Providing - comparative parameters_ for MONItoring i, jndex values. The advantage of S-functions converging
changes to evaluate the effects of policies to the minima (0=not vulnerable) or the maxima (1=100%
vulnerable) of the index enables differentiation of even ex-
treme values. In addition, the requirement for the S-shaped
function is a low gradient, in order to achieve little index dif-
ferences for similar thematic values. The inflexion point of
the curve (Index value 0.5) reflects a thematic value of the

— Measuring key elements of vulnerability and risk and
identifying their spatial distribution (Bollin et al., 2006).

In particular, the indexing aims at a holistic projection to
identify interactions of the hazard and the diverse indica- ) M . - .
tors describing vulnerability with spatial reference. In our part|Ct_J!ar indicator cons@ered as C”t'C&.ll .W'th respect to yul—
case it enables embedding of very different types of spatiaperab"!ty' Tr:e”mathemaUc functlo_n foritis displayed, using
information influencing vulnerability and risk. Thus, differ- the variable *a” to control the gradient of the curve.

ent indicators like population or distance to highways can be

incorporated in the same assessment to simulate interdepelp(t _ 1 ©)
dencies. For that purpose, the indexing converts values of the 1+ elax=m)

www.nat-hazards-earth-syst-sci.net/8/409/2008/ Nat. Hazards Earth Syst. Sci., 8, 409-420, 2008



416 H. Taubenbck et al.: The contributions of remote sensing to risk assessment

Built-up density Distance to inner city highway and riSk assessment.

The procedure of indexing has to be arranged regarding
the specific hazard, and a weighting has to be found and ap-
plied (Bollin et al., 2006). The highest risk for the population
in case of an earthquake emanates from buildings (Bakir et
al., 2002). Based on this premise, a need emerges for giving
the highest weighting to the indicators buildings and popula-
tion. In our case the buildingd.{,) derived in the land cover
range range classification and the populatio®(; P;) are weighted four-

fold. Thus, the risk index for an area without houses cannot
Fig. 5. Parameterization of vulnerability indicators on a uniform be higher than an area covered by a house.
scale. Further indicators derived from remote sensing data (see
Figs. 4 and 5) are weighted equally due to missing empiri-
) o _ calinformation on the effects. The inclusion of indicators in

Consequently, using the normalization of vulnerability in- general requires non-redundancy. But as an example shows,
dexes, opposed areas can still be compared based on the safpg built-up density ;) does show redundancy to the in-
scale. dicator housesI(;). However, in addition it also specifies

Below, the parameterization of example indicators on athe information needed to achieve surplus value. The combi-
Standardized indeX translating thematic Values intO the Vul'nation reflects a h|gher Vu|nerabi|ity for a house in a h|gh|y
nerability index from O to 1 is displayed. The gradient is dense built-up area compared to a house standing in a low
suggested to be low to achieve significantly different vulner-gensity built-up area. Thus, the combination of both indica-
ability indices for different thematic values. The indicator tors allows for the integration of physical aspects like higher
built-up density provides information on the spatial distri- propability of bouncing effects for neighbouring houses in
bution and its quantity of potentially endangered structurescase of an earthquake, or higher probability for lower acces-
within the urban landscape. The indicator distance to innersibility in highly dense built-up areas. The physical aspects
city highway enables a geospatial assessment of accessibian even be specified using information about the height of
ities. Figure 5 displays an S-function based on equation 3ne puilding ), the age B,) or the urbanization rate{)
attributing index values for the particular range value of theof an area. The indicators describing distances, “Distance
individual indicator. to infrastructure ;)" and “Distance to open spaceB/)”

The indexing allows the combining of different kinds of enable assessment of the accessibility of areas, carrying ca-
thematic information resulting in a synergistic surplus value. pacities of the street network, the chances to reach safe areas
An open space at a distance of 500 m to the inner city high-n a certain amount of time, and the potential for campsites
way offers with a high probability a higher accessibility than after an event. They thus specify physical vulnerability be-
does a highly dense built-up area at the same distance. Thiere an event as well as coping capacity during and after the
combination is therefore essential, to assess risk from a morgvent. The demographic indicators (night- and daytime pop-
holistic perspective. On the lines of these two examples, theulation density) enable inclusion of the dimension “time of
indicators derived from remote sensing data and methods argay” in the assessment process. Vulnerability is manifest in
converted to the index as well. specific places at specific times. It allows for the dynamic

The indiscriminate use of indicators for measuring vulner- spatial shift of the population distribution in the course of a
ability and risk — pick any that seem to be relevant and/orday and thus, a spatial shift of vulnerability and risk. Equa-
available — must be avoided; rather, it is important to definetion 4 shows the assessment of vulnerability using indicators
and develop at least an implicit model to serve as a systemderived from remote sensing dafég(s) using aspects of the
atic basis for indicator development and selection (Downing,framework in Table 1.

2004). Table 1 shows a holistic approach specifying a wide

selection of potential indicators which are at times partly re- 1

dundant. To develop scientifically sound indicators it is nec-Vrs = — x (w1ly + wz2By + w3By +w4D; + U

essary to formulate goals that serve as a starting point for the
identhéi/cation of rele\?ant indicators (Birkmann, ZgOpGa). Con- V5P T wetwrBa+ we i) @)
sequently, using the two example indicators from Fig. 5, the n=number of indicators and their weights
indicandum describes physical vulnerability with spatial in-
formation at the same scale. An inductive method is imple-
mented, using the available indicators derived from remote In the following, indicators describing the spatial distri-
sensing without consideration of missing indicators of thebution of the earthquake hazarfi)(and its potential after-
holistic approach. This enables the identification of the ca-effects like landslidesy) and tsunami aread"j are calcu-
pabilities of remote sensing to contribute to the vulnerability lated. Due to missing data on the spatial distribution of the

Open spaces
< 100 meter

low density
100 — 500 meter

05T 05

Vulnerability index
Vulnerability index

medium density

500 — 1000 meter

w1—g=individual weighting factor for each indicator
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earthquake stress, this Stgdy. assumes . Co_nStant earthquaﬁ\%le 2. Combination of vulnerability and hazard defining indica-
effect. The hazard stress is differentiated using remote sengps for four example locations.

ing results Hrs) approximating potentially occurring after-
effects in their spatial distribution.

Vulnerability indicator ‘ Location 1 | Location 2 | Location 3 | Location 4
1 Land cover (Ly) 0.00
Hgrs = — x (w1E + w2S + wsT) (5) Built-up density (By)
n Building height (Bp,)
. R R . Distance to infrastructure (D;)
”l:number Of IndlcatOI‘S and thelr Welg hts Distance to open spaces (D) 0.15 0.29 0.77 0.00
Urbanization rates (U) 0.10 0.50 0.10 0.00
w1—3=individual weighting factor for each indicator Building age (B.) __ 075 025 075 0.00
Population density (night) (P,) 0.16 0.22 0.44 0.00
Population density (day) (Pq) 0.44 0.54 _E

In the following the inductively calculated vulnerability

. . Vulnerability index (night) 0.48 0.51 0.68 0.01
and hazard index based on products derived from remote

sensing data are combined based on the interrelation sug{Yulnerability index (day) e &0 0o

gested in Eq. 1. Thus, the risk indeRgs) results from Slope (S) 0.65 0.43 0.05 0.15
indicators representing the abstract terms of Eq. 1. The math-uamexosve D 000 0.1 0.0
ematical operation of Eq. 1 symbolizes the dependencies of| Risk index (day) 0.51 0.46 0.60 0.02

both components, but ?s here chan_g(.ad.tq addition to gain_re— Risk index (night) e oy - o

suIts_ bgtwgen 0 and 1 instead of minimizing the values using = eme—a———————e—————
multiplication.

Rrs = > x (V+ H) (6) built-up density, low accessibility, and high population den-

sity. Thus, the location in the heart of the district with narrow

Table 2 lists the indicators derived from remote sensing@!€ys, in a highly dense built-up area leads to higher vulner-
data to analyse the spatial distribution of vulnerability as well 2Pility compared with locations 1 and 2, which show similar
as of hazards. The available indicators show in comparisorlPU”d'ng characteristics, but a better connection to infrastruc-
with the framework of Table 1 the capability of remote sens-turé or open spaces. Locations 1 and 2 show more or less
ing to contribute aspects to the general holistic idea. It showdN€ same building characteristics as well as the same relative
a clearly arranged listing of available indicators and displayslocation to secure areas or infrastructure, which results in a
their relative vulnerability to each other. This method en- Very similar vulnerability index. In comparison, location 4
ables a comparison of locations based on these individuafMerges as a low risk open space area qualifying as a rescue
indicators, identification of risk-determining indicators, and @réa in case of an earthquake.
eventually assessment of risk based on the available aspects The course of the day influences the spatial distribution of
of the holistic concept. The four sample locations have beervulnerability and risk. Zeytinburnu is a working-class district
presented in Fig. 2. featuring a higher population density during daytime. This

Recapitulating, the performed indicators are aspects of thés reflected in the higher vulnerability index of the example
risk framework of Table 1, and thus enable identification of locations during daytime. The time dimension not only in-
the capabilities of remote sensing, but also its limitations.fluences the vulnerability and risk index, but also shifts the
The comparison of provided indicators and suggested indicaspatial distribution of risk from commercial to residential ar-
tors in Table 1 shows the potential of remote sensing contri-as and vice versa.
butions. The assessment using derived remote sensing prod- The combination of hazard indicators with vulnerability
ucts clearly highlights the capabilities for physical and de-indicators shows an interesting effect. While location 2 re-
mographic indicators describing vulnerability as well as thesults in a higher vulnerability index compared to location 1,
spatial distribution of aspects of after-effects. The limitationsthe high hazard index of location 1 — being prone to land-
of remote sensing to contribute to the comprehensive frameslides and tsunami — results in a contrary risk index for both
work of vulnerability and risk are shown in the missing as- locations. This shows the importance of a holistic integrated
pects of social, economic and political indicators. approach to identify key indicators, and thus, derive types

The four different locations displayed in Fig. 2 and used and locations of preventive measures.
in Table 2 enable a location-based analysis of risk and an Referring to these results the simulated mathematical com-
identification of key indicators. Basically, locations 1, 2 and bination of various aspects of risk and vulnerability results
3 show high vulnerability and risk due the fact that the high- in deeper insight of processes and their interaction and thus
est vulnerability for the population emanates from structuresadds up to surplus value. At the same time, the combination
Comparing the three endangered locations, location 3 disef very different indicators contains an artificial simulation
plays the highest vulnerability, with the key indicators high of interdependencies and can only approach reality.
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In addition the limited amount of available indicators using example, land cover, built-up densities, accessibility, popu-
solely remote sensing data can lead to misinterpretation. Afation density, building age, urbanization rates or even the
example, a building in a highly dense built-up area with low approximation of the spatial distribution of after-effects like
accessibility may be constructed very stable which would reHandslides or tsunami prone areas in the case of an earth-
duce its vulnerability and risk in comparison to a building in quake. Using an inductive method, available indicators are
an opposite area that may be constructed unstable. Thus, tleembined with an indexing approach to assess aspects of
vulnerability and risk of the latter may be higher although risk and identify key indicators as well as their spatial dis-
differently indicated in our assessment. Hence, we sum ugribution. Indexing simplifies the complex problem of multi-
that remote sensing can only illuminate a part of vulnerability indicator interactions, but enables modeling the impact of
and risk, and an assessment must consider potential impactie various aspects. It is useful to prioritize certain indica-
of not available indicators. tors based on historic observations or expert knowledge, but
The results present the spatial distribution of risk within weighting always contains subjectivity and to some degree
the complex urban landscape as well as changes dependingcertainty. The result emphasizes the capabilities of remote
on the time of day. Using this inductive method the risk as-sensing to assess aspects of physical and demographic vul-
sessment shows aspects of the holistic framework based omerability as well as aspects defining the spatial distribution
remote sensing. The combination of indicators using index-of after-effects in case of an earthquake. Limitations of re-
ing enables the identification of “where” and “what type” of mote sensing to date are how to derive reliable values on
preventive measures is needed. socio-economic and political components.
The presented capabilities and limitations of remote sens-
ing with respect to a certain threat and a certain system also
4 Conclusions show potential for different scenarios. Whether the threat
is a volcanic eruption, a flood, or whatever threatens peo-
The many kinds of vulnerability and risks can indeed only ple, man-made structures or natural landscapes, the structural
be understood with sophisticated information managementharacteristics of the system, the locations and the population
systems. This study focuses on a holistic approach for a condistribution will have importance in mapping spatial vulner-
ceptual framework of hazards, vulnerability and risks. Theability and risk patterns.
conclusion addresses the three questions defined earlier in Concluding, it becomes evident that there is no panacea
the introduction. How can risk, vulnerability and hazards for risk management and decision-making. In fact, this
be conceptualized in a general and transferable frameworkapproach supports the identification of risk and its spatial
What can remote sensing data and methods contribute towar@istribution, but to have a bearing on reality: it must lead
assessing risk and vulnerability in their spatial distribution?0 Precise supporting measures. ~ So, in reference to the

How can the abstract terms in the framework be sampled tgluotation from Peduzzi (2006) in the introduction, the
i . analysis of where to implement supporting measures is
quantifiable indicators?

supposed to become a driver to raise the awareness of the

The presented meta-framework aims at a consistent COnzaqple at risk and of the political decision makers of the
cept applicable to provide complementary quantitative andzeed to invest in prevention.

qualitative insights into outcomes and perceptions of risks.
Depending on the considered hazard, system, time angdited by: T. Glade

scale-applicable indicators specify the general abstract meteReviewed by: three anonymous referees
framework. The hierarchical structure systematizes the ab-

stract terms to measurable indicators. Along the holistic ap-

proach, it becomes evident that the interactions in the case Ol?eferences

a disastrous event are very complex. Hence, the approach tf@ppc (ASIAN DISASTER PREPAREDNESS CENTRE): The
assess vulnerability and risk must focus on complementary Role of Local Institutions in Reducing Vulnerability to Recur-
multidisciplinary analysis. The circumstantial listing of po-  rent Natural Disasters and in Sustainable Livelihoods Develop-
tential indicators aims at an identification of possible contri- ment in High Risk Areas, Report submitted to FAO, source,
butions of various research communities, but also to identify ftp:/ftp.fao.org/docrep/nonfao/ad695e/ad695e00.pdf, 2003.
their limitations. Adger, W. N.: Vulnerability, Glob. Environ. Change, 16, 268-281,
Following the outline of this study, the capabilities and 2006. _ i
limitations of remote sensing data, methods and resulting'a"9: J. Siegel, P. B., and Jorgensen, S. L. Vulnerability: A
view from different disciplines, Discussion Paper Series No.

products have been presented and discussed. Remote S€NSH115. Social Protection Unit, World Bank, Washington D.C.,

ing allows analysis of indicators regarding exposure, SUSCep- 401

tibility and coping. Based on the example system “urbangaiir, p. and Boduroglu, H.: Earthquake Risk and Hazard Mitiga-
landscape”, indicators derived from various remote sensing tion in Turkey, Earthquake Spectra, 18(3), 427—447, 2002.
data are displayed. Products derived from high and mediungirkmann, J.: Measuring vulnerability to promote disaster-resilient
resolution optical satellite data as well as radar data are, for societies: Conceptual frameworks and definitions, in: Measuring
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