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Abstract.  Estimating flood risks and managing dis- Katrinain New Orleans, USA, in 2005, the cyclone Nargis in
asters combines knowledge in climatology, meteorology,Myanmar in 2008 or the heavy monsoon floods in Pakistan
hydrology, hydraulic engineering, statistics, planning andin 2010. To give an example of the economic impact of
geography — thus a complex multi-faceted problem. Thisthe disastrous flood in the Elbe River basin in August 2002,
study focuses on the capabilities of multi-source remoterough cost estimates are3 billion $ in the Czech Republic
sensing data to support decision-making before, during anénd more than 9billion$ in Germany — the worst flood
after a flood event. With our focus on urbanized areas,ever in Europe (Becker and @Grewald, 2003). Worldwide
sample methods and applications show multi-scale productfiooding is probably the number one cause of losses from
from the hazard and vulnerability perspective of the risk natural catastrophic events, and even though the spatial
framework. From the hazard side, we present capabilitiesmpact is mostly local, regional or sometimes national, the
with which to assess flood-prone areas before an expectedonsequences are often global (cf. Fig. 1).

disaster. Then we map the spatial impact during or after The UN/ISDR (2004) determined that the risk to a
a flood and finally, we analyze damage grades after garticular system has two factors. One factor is the “hazard”
flood disaster. From the vulnerability side, we monitor itself, which is a potentially damaging physical event,
urbanization over time on an urban footprint level, classify phenomenon, or human activity — in our case floods — that
urban structures on an individual building level, assessis characterized by its location, intensity, frequency, and
building stability and quantify probably affected people. The probability. The second factor is the “vulnerability” of a
results show a large database for sustainable developmesystem (e.g. an urban area), which denotes the relationship
and for developing mitigation strategies, ad-hoc coordinationbetween the severity of the hazard and the degree of damage
of relief measures and organizing rehabilitation. caused. Thus, risk results from the future interplay of a
hazard and the various components defining vulnerability —
e.g. physical, demographic, social, economic, ecologic or
political components (Taubebibk et al., 2008). As flood
risk is a function of the flood hazard, the exposed values

The world has suffered from severe flooding over the last2nd thgir vulnerability, the_ increase in flood losses must
decennium. In recent years the huge impact of floods, whicf?€ attributed to changes in each of these aspects (Kron,
include river floods, flash floods, storm surge or tsunamis,2003). Climate change and urbanization are arguably the
has caused hundreds of thousands of deaths, destruction BjoSt dramatic driving forces of global change. The clash

infrastructure, disruption of economic activity and the loss ©f & climatologically driven increase of natural hazards with

of property worth billions of dollars. Prominent examples €XPlosive, uncontrolled urban sprawl and changing urban
are floods due to heavy rainfall in Germany in 2002, thePattérns contains an increasing risk. On the one hand,

tsunami on the coasts of the Indian Ocean in 2004. Hurricanstatistics show a continuous increase of hydrological disaster
events since 1980 (Munich Re Group, 2009). In 2008,

the NatCatService of the Munich Re’s database documented

Correspondence tdi. Taubenbick 750 loss events, with 292 of them floods and landslides
BY

(hannes.taubenboeck@dIr.de) (Fig. 1).

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

432 H. Taubenbck et al.: Flood risks in urbanized areas

Number of natural catastrophes 1980-2008

1,000 Bl Geophysical events
— Earthquake, volcanic eruption

800 BN Meteorological events

e Tropical storm, winter storm,
severe weather, hail, tornado,

500 local storm

Bl Hydrological events

400 Storm surge, river flood,
flash flood, mass movement
(landslide)

200 = i
— Climatological events

Freeze, wildland fire,
0 drought

1980 1984 1988 1992 1996 2000 2004 2008 — Trend

Munich Re Topics Geo 2008

Fig. 1. Number of natural catastrophes since 1980 (Source: Munich Re Group, 2009).

On the other hand, trends imply that almost all the 2 Data sets
expected world population growth until 2030 will be
absorbed by urban areas (UN, 2007). Especially mega citieRemote sensing applications in the field of flood risk
— cities with more than 10 million inhabitants (Mertins, assessment and management can draw from a wide range
1992) — feature an enormous dimension of quantitativeof data sets with differing capabilities. We use active
growth, a high concentration of people, infrastructure, andand passive as well as spaceborne and airborne sensors to
economic power. Furthermore, the synchronism, _COmpleXI'fy,provide a large database for specific flood-related problems.
and interaction of diverse urban processes imply highDepending on the particular spatial resolution and recurrent
vulnerability (Taubenbck et al., 2009a). This high pressure period, different flood-related parameters ranging from
on urban space and hence, fast uncontrolled spatial growtglobal to regional or even local scales can be derived
and densification creates settlements in inappropriate aregSchultz, 1994; Tholey et al., 1997).
most likely to be exposed to natural hazards. We use spaceborne optical sensors like MODIS, Landsat

During the past decades airborne and spaceborne remotg |konos, as well as active sensors like TerraSAR-X
sensing technology along with geographic information 5ng the Shuttle Radar Topography Mission (SRTM). The
systems (GIS) have become the key tool for flood monitoringy1opis sensors acquire surface data from the visible to
(Brivio et al., 2002; Horitt et al., 2003; Mason et al., the near-infrared through mid-infrared wavelengths (with
2007f Nirupama an.d Smonowc, 2007, .Sanyal and Lu,3g spectral bands) with a swath width of 2300 km. Although
2004; Wang, 2004; \Voigt et al., 2007; Zhang et al., the spatial resolution of MODIS data only ranges from
2008). Development_ln this _f|eld has evc_)lved from optical 550 m (2 visible bands), to 500m (5 visible to shortwave
to radar remote sensing, which has provided an all-weathejyfrared bands), and to 1000m (29 visible, near infrared,
capability compared to the optical sensors for the purpoS§ortwave infrared, and mid-infrared bands) (Parkinson and
of flood mapping. As different remote sensing Sensorsgyeenstone, 2000), the sensor allows monitoring the often
have a different ground resolution and varying flood/water|5rge dimensions of flooding events. The capabilities of
detection potential, it is important to be aware of suchhe | andsat systems have allowed monitoring urbanization
limitations \_/vhen processing the_respectlve flood masks iy, urban footprint level since 1972 and provide a swath
GIS operations or when generating flood maps. Our studyyigth of 185 km a large overview on current flood situations.
focuses on the capabilities of multi-source earth observatiorrpe high-end geometric capability of Ikonos enables the
data, techniques and applications to support hazard analysigerivation of highly detailed urban structures or current
vulnerability assessment, flood risk identification, and afy0q masks. Apart from these data sets, many Sensors
more accurate flood risk modelling and the developmentyith similar technical details allow comparable analysis,
of mitigation strategies as a basis to support SUbStam'aéxamples ranging from medium to very high resolution are
decision-making before, during and after a flooding event.gpoT |RS Rapid Eye, Cartosat, QuickBird, GeoEye-1 or
We 'provide insight into multi-sensoral, 'multi'-scale anq WorldView-1 and 1. Satellites from EUMETSAT enable
mgltl-tempo_ral_products as well as continuative analys'smonitoring current weather situations to include predictions
using interdisciplinary approaches — highlighting both, the ot heavy rainfall or cyclones, etc.; however, this field of
hazard and the vulnerability perspective. application is not part of our study. The active sensor

TerraSAR-X allows the continuation of monitoring urban
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Fig. 2. (a) Scenario-based assessment of flood prone areas at the mega-city dbghirbanization on an urban footprint level from 1972
until 2008.

footprints as well as the derivation of flood masks. Forrecovery strategies (Plate, 2002). To a large extent, however,

up-to-date monitoring, radar sensors are preferred due tsuccessful strategies depend on the availability of accurate

their cloud penetrating capability (Brakenridge et al., 2003).information presented in an appropriate and timely manner.

Examples for similar missions are CosmoSkymed, Radarsaln the following we will formulate seven main questions

or ALOS. In addition, an interferometric digital elevation for the decision-making process regarding assessment and

model (DEM) based on X- and C-band data from the SRTMmanagement of flood risks in urbanized areas. These

is used to analyze the terrain situation. It is a surface modefjuestions serve as a guideline to show the capabilities of

with a pixel-spacing of Xk 1arc seconds to a maximum of remote sensing to contribute to this complex task:

3 x 3arc seconds, which are 25—90 m (Marschalk et al.,

2004), and thus enables a rather coarse overview between

the degree of latitude of 60 north and south. Future missions, _ \what would be affected?

like TanDEM-X will provide a global coverage with a higher

geometric detail of about 12 m (Bartusch et al., 2010). — How many people would be affected?

In addition to this, we use an active airborne laserscanning .

system (ALS) which provides LiDAR (Light Detection and Who will be affected?

Ranging) data. ALS is an active remote sensing system — How great will the damage be?

which measures the running time of a laser beam between ) o o )

the sensor and the reflecting surface on ground and back. — What is the current situation and which immediate

By means of GPS (Global Positioning System) and INS reaction is necessary?

(Inertial Navigation System), the absolute position of the

reflecting object in x, y and z-direction can be detected

(HOfmann, 2005) The surface model used in this Study31 Where are exposed areas?

features a geometric resolution of 1 m, enabling highly

detailed extraction of urban objects or flood-prone areas.  Problems involved in hazard identification, risk assessment,
and developing mitigation solutions are inherently spatial

3 The capabilities of remote sensing to assess and in nature. In our first example we use a DEM based on

manage risk and vulnerability SRTM data to assess the spatial distribution of potentially

endangered flood areas at the mega-city of Cairo, Egypt.

Well-founded decisions are a prerequisite for the formulationThe course of the river is derived from the Landsat ETM+

of successful mitigation, response, preparedness, andensor using an object-oriented approach combining spectral

— Where are exposed areas?

— Which damage grades can be classified?
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information with shape and context infprmation (Abeler.1, Table 1. Flood risk in and around the Gorakhpur urban center.
2010). Subsequently, the surface height values relative
to the river elevation are calculated. Using the relative

height differences between the river and its surroundings in Land use class Lower Rapti River Basin (LRRE)

combination with neighbourhood information and a surface (1998) (2007)

height dependent region growing algorithm starting at the Area (k)

river Nile, we identify endangered lowland areas. The —

limitations of the approach, however, lie in the constricted ~ Rapti River 266.30 266.30

accuracy of the SRTM data set. Nonetheless, with a relative ~ '00d-affected areas  1394.58 1115.96

horizontal accuracy of 6 m and better (Rabus et al., 2003) the Urban settlement 46.68 40.68
. o Agricultural land 2383.25 2667.87

straight-forward approach lets us assess scenario-based flood Total area LRRB 4090.81 4090.81

prone areas to obtain a first basic and coarse overview on the
hazard perspective (Fig. 2a).

From the vulnerability perspective, especially areas with  the map of flood-affected areas has been superimposed
progressive _urbanlzatlon increase the risk of ropdmg CON-on the land use map of LRRB derived from remotely sensed
siderably (Nirupama and Simonovic, 2007). Multi-temporal jjages to visually show and quantify the past spatial impact
data sets enable monitoring urbanization over time to providey, gifrerent land use classes of floods in 1998 and 2007

insight on the vulnerability perspective. We used Landsa)t{,:ig_ 3). The results in Table 1 show that more than 40% of
data from the years 1972, 1984 and 2000 and TerraSAR-Xpe yrhan settlements were submerged and about 2590 km

stripmap data from the year 2008 to monitor urbanization agricultural land was destroyed in the floods of 1998

over time. Our main goal was to identify the urban built-up 44 2007. The main railway lines connecting Gorakhpur to
areas in order to measure the changes in extent, direction,,cknow and Varanasi City were flooded and the area was
speed and pattern of the urban extensions over the time off from other parts of India. The National Highways
interval. For that purpose the classification methodology iS(NH) Nos. 28 and 29 were washed away in many places and
based on an object-oriented hierarchical approach (Abelenag traffic stands halted for many days. The 2007 flood
2010; Thiel et al., 2008). The object-oriented, fuzzy-basedy | RRB was a record-breaking flood which affected about
methodology was implemented to combine spectral featureévery part of the basin and major parts of Gorakhpur city.
with shape, neighbourhood, context and texture features. Thgg g8 kn? out of 67.75 kiR of total urban area was under the
capabilities of these data sets enable an area-wide, Up-t9jo04 water for a few days. This urban center is one of the
date and continuous long-time monitoring of urbanization 3rgest in the Eastern Uttar Pradesh, India, which has a very
onoan urban footprint level with accuracies of more thanpigh density of population in the basin as a whole: thus, the
90% (Taubenbck et al., 2009a). Our example shows the ppyical and economic losses due to flooding were very high.
highly dynamic process of spatial urbanization from 1972 o aqditional survey during 2007 and 2009 resulted in 250
until 2008 at the mega-city of Cairo, giving insight into ;s of total 777 households with reported loss of food crops at
spatial expansion of potentially vulnerable areas (Fig. 2b).the | RRB due to flood. In monetary terms, the loss was more
Overlapping the scenario-based spatial hazard impact and th&an 220 US-Dollars per household and few times even more
detection of vulnerable areas on urban footprint level enableg, 5, 1 100 US-Dollars. In a country in which the average
usto ide_ntify vv_here potgntially affected areas are located angj,.ome per person and year was 800 US-Dollars in 2006, this
to quantify their dimensions. o _impact is of high significant. Overall, this clearly shows the
In our second example we present a spatial risk analysignmense local, regional and even national impact of the past

using past sample flood events for the city of Gorakhpurﬂooding events around the Gorakhpur urban center.
in India. Gorakhpur lies in the Lower Rapti River Basin

(LRRB) and is a highly flood-prone and vulnerable urbanized3 2 \what would be affected?

area with its dynamic urban growth and currently 3.8 million

inhabitants. The inundation events for the years 1998 andVith a higher geometrical resolution of remotely sensed
2007 were extracted using MODIS data to analyze the spatiaimagery, a higher level of detail for vulnerability analysis
extent of flood-affected areas. Furthermore, for the particular especially within urban areas — can be achieved. Very
time-steps we used Landsat data to extract a thematicalljigh resolution optical satellites — such as Ikonos, Quickbird,
higher resolved land-cover map than in our first exampleWorldView | and 1l or GeoEye — provide a geometric
(cf. Fig. 2). The National Remote Sensing Agency (NRSA) detail of up to 41cm which makes it possible to identify
classification scheme of 1995 for urban areas (level 1) wagven small urban structures — such as single buildings
adopted to prepare the land use/land cover maps for ther streets. Nonetheless, monoscopic spaceborne satellite
years 1998 and 2007 using a maximum likelihood algorithmimagery is mostly limited to two-dimensional analysis of
with an overall accuracy of 81% for 1998 and 83% for 2007 its content. In combination with DSMs (Digital surface
(Shukla, 2009) (cf. Fig. 2). models) obtained by airborne laserscanning or stereoscopic
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Fig. 3. Spatial impact of flood events at Gorakhpur, India.

technigues, detailed information about the third dimensionintersection of physical building structures with possibly
can be integrated. flooded areas leads to a quantification and localization

An object-oriented image segmentation and classificatior?! POSsibly affected structures.  Additional knowledge of

approach was developed to retrieve such information on a{lOOd d(_apths (ct. 3.7), together with building heigh_t ”!a."es
very high level of detail based on VHR optical satellite it possible to assess possible damage to the individual

imagery and ALS data (Esch, 2006; Taubedk et al., _building or to assess possibilities for vertical evacuation of
2010; Wurm et al., 2011). The methodology was its dyvgllers (cf. Sect. 3.5). Furthermore, land-cover classes
implemented as a modular-based solution, which allows the Puildings”, “streets’, “water”, “trees/woods”, “grassland")
user to analyze either single or combined data sets. wit1Ve @ detailed impression of the physical furnishing of the
subsequent processes of segmentation optimization, multi2'€2:

level classification, region-growing and fuzzy-based decision A combined analysis of the 3-D city model and the land-
fusion based on shape, hierarchical, contextual and spectrabver classification may lead to a sophisticated assessment
information of the image data, highly detailed land-cover of impervious surfaces within the city (Esch et al., 2009).
information can be extracted. Further differentiation of the This parameter can be of high importance to model the
urban morphology is achieved by utilization of 3-D data. run-off during a possible flood-event. Figure 4 shows a three-

The height information in the ALS data, with a geometric dimensional view of the digital elevation model, the riverbed
resolution of 1m, makes it possible t,o delineate clearand the building structures overlaid with a predicted flood

building boundaries in the first place and to enhance then‘?Cenario (EHQ=Extreme run-off scenario) for a quarter of

with three-dimensional information in the second place. € City of Dresden, Germany.

This leads to a proper representation of the urban fabric Accuracy assessment has been performed on the land
in terms of a 3-D city model (Fig. 4). Together with the cover classification, revealing 81.2% correctly detected
size (area, elevation) and the shape of a building, it isbuildings and an overall accuracy of the land cover
possible to classify it as one of the various building types, classification of 88.93%. Building floors are derived by the
such as “semi-/detached”, “building blocks”,“row houses” mean elevation of each building divided by a mean floor-
or “high-rise buildings” just to name a few. A spatial height, which was estimated as 3.35 m. The overall accuracy
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Fig. 4. Overlapping of flood scenario (EHQ) with structures of the city of Dresden.

of floor estimation shows that 91.40% of Dresden’s buildingssensing data.  Therefore, the ratios of the areas of
have been estimated with a maximum deviation of one floorcorresponding homogeneous zones are calculated to relate

(Wurm et al., 2009). living space to the total population. This enables a
proportional spatial interpolation of the total population.
3.3 How many people would be affected? In the other case, punctual population information derived

from fieldwork is the starting point. A bottom-up approach
Static urban morphology gives insight into the physical USeS & chronologically permuted methodology using the
perspective of vulnerability. Correlating the static element of S&Me structural characteristics of the urban environment.
physical urban structures with the dynamic element of spatiall "€ result is a local distribution of the generalized total
and temporal behaviour of the population data distinguishe©Pulation information based on the spatial unit of a whole
a demographic perspective on vulnerability (Tautigkbet dlstr!ct. The benefit appears |n_the S|gn|_f|_cant tlme-(_dep_e_ndent
al., 2007). The highly detailed 3-D city model derived by sp_atl_al dlfferenc_es_of popu_lat|_0n densities on an individual
means of multi-source high resolution remote sensing dat®uilding level within the district. In our example of the
(cf. Fig. 4) is used as basis for inferring time-dependent™ega-City of Istanbul, Turkey, the total population of the
population distribution on individual building level. Besides district Zeytinburnu is resolved into smaller units, resulting

the physical characteristics of urban morphology — size and" & SPatial coexistence of maximum extremes from open
height of the buildings — three different land use classesSPaces with no inhabitants to more than 60000 inhabitants

“commercial’, “residential” and “mixed use”, were assessed.P€r km’a in_high density residential built-up areas with
Structural characteristics, in particular roof type, building Puildings containing more than 7 floors. This provides more
size and alignment, percentage of sealed areas and locatioRP€Cific and systematic knowledge for time-dependent risk
were used for this purpose. Thus, land use can be integrate@anagement (Fig. 5).
to consider the dynamic spatial shift of population between An accuracy assessment has been carried out based on
daytime and nighttime. population data within a 500 500 m raster in Zeytinburnu
Different external input data determine the two different (Erdik, 2002). For residential areas the accuracy assessment
methodologies for calculating population distribution. On shows a consistent underestimation of 3.8% to 9.3%, while
the one hand, statistical population data are based on thir mixed and commercial areas a consistent overestimation
coarse spatial unit of administrative districts. A top- of 20% and more has been identified. The absolute values
down approach distributes the total population accordingin the corresponding test raster are consistently of the same
to urban structural characteristics derived from remotedimension. Hence, the results of the accuracy assessment
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day 4. Night | Legend the complex urban morphology and the socioeconomic
\ Population [Pop/km?] .. . s .
© | 11000 characteristics of people residing there. The terminology
47 |8 soor10000 of the semantic classes is based on housing quality and
, = | & 20001 30000 location. The housing quality is assumed to be higher with
. L | s rising building size or height and lower built-up density. We
t b = | I So0oz-100000 classify five different semantic classes — “slums (or informal
&é settlements”), “suburbs”, “low class areas” (LC), “middle
5 - 4 o class areas” (MC) and “high class areas” (HC). For every
semantic class we assume typical physical conditions. UN-
- Habitat (2007) defines e.g. slums as a household lacking
S » gL at least one of the following: durable housing protecting
1 - - against extreme climate change, sufficient living space, easy
- N & 47 access to safe water and sanitation or security. As these
A j-‘"""*““?"”.‘%? A parameters can not be integrated using earth observation data

and methods, we use a definition based solely on physical
parameters: highest built-up density measured within the
urban environment with mostly one storey buildings, with the
smallest buildings sizes. With the nomenclature “slum” the
classification by solely physical parameters sets a first hint in
the direction of assumed socioeconomic relevance.
support the hypothesis that population distribution correlates To verify the hypothesis stated above, a field survey
directly with the structural characteristics of the urbanwas conducted in the city of Padang (1000 buildings were
environment. sampled) to obtain information on the socioeconomic
This demonstrates the capabilities of remote sensing tparameters of the population. In our example we tested
spatially distribute demographic input parameters based omvhether a basic correlation with the classification based
an analysis of urban structural characteristics. Of coursepn the physical parameters and its subsequent semantic
remote sensing cannot accurately map cadastral data, bakssumptions exists or not for the indicator “income”.
it can provide a fast assessment of the correct dimensioffor this, we used the average values for socioeconomic
of a population based on a correspondence to the dynamiparameters for every semantic class as well as the standard

Fig. 5. Dynamic population distribution on an individual building
level, mega- city of Istanbul, Turkey.

development in an urban area. deviation as a measure of homogeneity within one semantic
class. In a second step we analyzed whether certain
3.4 Who would be affected? semantic classes, like slums or low class areas, although

located at different areas of the urban environment (e.g. at

A city is the physical and architectonic reflection of the the coast close to the city centre or at a suburban area),
society that created it. Thus, the detailed knowledge onshow homogeneous socioeconomic parameters. For this we
urban morphology implies not only information on how used location-based analysis of the same semantic classes
many people are living there, but also on who is living therefor testing homogeneity. The results reveal a trend that
(Taubeniack et al., 2009c¢). In the context of vulnerability, basically confirms the hypothesis stated above for the sample
spatial information on social or economic questions is of parameter “income”. In detail, the analysis shows that
crucial importance. the classified slum areas as well as the classified suburb

We use the hypothesis that populations living in urbanareas reveal lowest income values independent of their
areas showing almost similar physical housing conditionslocation within the urban landscape. We also find consistent
will have homogeneous socioeconomic and demographicising income levels to the semantic classes “low class”,
characteristics (Anas et al., 1998; Hoffmeyer-Zlotnik, 2000). subsequently to “middle class” areas, and for the “high class”
For our example — the tsunami-prone city of Padang,in the southern area of Padang (Fig. 6) — thus confirming the
Indonesia — we combine the area-wide available statisticalnitial hypothesis. In the central area we have no high class
physical parameters describing the building stock of Padandpuildings, but in the northern area we observed unexpected
per sector. These parameters — built-up density, averageariances — lower income of ‘high class’ areas compared to
house size, average building height, location (cf. 3-Dthe “middle class” area.
city model Fig. 4) derived from multisensoral remotely Thus, remote sensing enables us to add the spatial
sensed data, enable us to identify physically homogeneousomponent of socioeconomic vulnerability area-wide in an
areas. Using these physical parameters, we then performarban environment — answering the question ‘who’ would
a semantic classification for the urban environment. Thebe “where” potentially affected by a flood event. In detalil,
idea of semantic classification aims at a first assumedhe results allow information on whether affected areas are
interrelation between physically homogeneous sectors withiramong the poor or notin its correct dimension. This indicator
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—as one of many — defining socioeconomic vulnerability €.9.gjg 7. |dentification of scenario-dependent stable structures

reveals insight into the coping capacity of the people living combining the capabilities of civil engineering and remote sensing.
there.

3.5 How large will the damage be?
the structure. In the third step the correlation between the

In more dynamic flooding events like tsunamis or storm expected deformation and the probability of an expected
surges, the physical stability of the structures most likelydamage grade is derived.
hit are of critical importance. The highly dynamic urban Leone et al. (2007) correlated physical parameters of
systems, their large extensions as well as their unmanageablaiildings visible from space with damage grades surveyed
amount of structures make surveying the complete buildingafter the 2004 tsunami in Banda Aceh, Indonesia. In
stock for civil engineering out of reach for time- and cost our example, a field survey based on 500 sample houses
reasons (Ninich et al., 2006; Taubebbk, et al., 2009b). was conducted from civil engineers to analyze building
Interdisciplinary approaches show value-adding, providingstability. Physical tests like the hammer test as well as
correlations between punctual field surveys to assess buildingurveying physical parameters such as building material,
vulnerability with civil engineering methods and area-wide height, etc. has enabled a detailed assessment of building
and up-to-date extrapolation on homogeneous building typestabilities with respect to different wave impact intensities.
by remote sensing techniques. The 3-D city model derived from multi-source remote

Taubenkick et al. (2009b) used the capacity spectrumsensing data (similar to Fig. 4) enabled correlation of
method to correlate building types derived by remote sensingunctual knowledge on building stability to area-wide
with building stability for an earthquake impact. The existent physical parameters of the building stock like height,
capacity-spectrum method was developed in the 70s rootedize, floor plan or roof type. Thus, extrapolation enabled us
in John A. Blume's “Reserve Energy Technique” (RET) to identify safe structures and highly vulnerable structures
(Freemann, 2004). The capacity-spectrum method is &s well with a probability of 86%. Figure 7 shows highly
simplified, nonlinear, static methodology. The capacity- vulnerable as well as stable buildings at the coast-line of
spectrum method was enhanced for example in the HAZUShe tsunami-prone city of Padang, Indonesia (Taubehlet
program (Fema, 2007) and standardized for California in theal., 2009b; Kass et al., 2007). These data sets enable the
ATC 40 report. The capacity spectrum method is divided assessment and quantification of probable damage depending
in three main steps: in the first step the seismologicalon the particular tsunami-scenario. They are the basis for
impact is calculated using a response-spectrum. Secondlyleveloping mitigation strategies like evacuation planning.
the physical characteristics of various building types, in
our case derived from remote sensing data, show their
global load capacity resulting from the specific strength and
deformation characteristics of the different components of
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Fig. 8. Flooding of the megacity of Dhaka: rapid mapping result produced at DLR-ZKI to derive up-to-date spatial information for relief
operationsvww.zki.dlr.de

3.6 What is the current situation and which immediate  produced by the DLR-ZKI (Center for Satellite Based Crisis
reaction is necessary? Information), mapping only the maximum spatial extension
of flooding by a combination of Landsat and lkonos data
With an increasing availability of manifold space- and acquired at the available different times.
airborne sensors sets (cf. Sect. 2) and the improvement of The automatic algorithms for mapping water bodies or
image analysis techniques, remote sensing enables accurdteods (Martinis et al., 2009) from earth observation data
and timely analysis of satellite data recorded during orshow limitations e.g. in areas of shallow water bodies,
shortly after a flooding event to obtain current information of vegetation masking the water or in urban areas with
on de facto impacts (Domenikiotis et al., 2003; Voigt et al., occlusion effects (Hahmann et al., 2008). Figure 8 shows the
2007). dimensions and locations of flooded areas of the megacity of
Delineation of flooded areas in various optical data setsDhaka, Bangladesh during the heavy monsoon floods in 1999
is commonly based on the assumption that water has vergnd provides the capability to assess and quantify affected
low reflectance in the near-infrared portion of the spectra.buildings, infrastructure and people.
Classification algorithms for water areas in radar data sets Accurate and spatially precise information on the damage
commonly use the low backscatter signal. In any case, floodaused is of vital importance for rescue and relief operations
is a wave phenomenon, where different inundated areas ar@nd for mobilizing resources for repair and recovery
presented on the satellite images taken at different time¢Pesaresi et al., 2007; Saito et al., 2004). Thus, critical
during the flood. The time of acquisition of satellite data information for coordinating and directing rescue and
does not generally coincide with the time of flood peak or recovery operations as a basis for supporting, managing and
maximum inundated area (Islam and Sado, 2000). Thus, theoordinating relief activities is promptly available.
example in Fig. 8 shows an up-to-date multi-source product
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Fig. 9. lllustration of the IKONOS flood mask overlaid on the LIDAR DEM for a section of the Elbe River southeast of Dresden. The
cross-section profiles are arranged perpendicular to the centerline of the river. The color represents the lateral shift of the cross-section flooc
profiles in relation to the underlying terrain (green = shift to the left, red = shift to the right). Additionally, the longitudinal profile of the river
reach is depicted showing the mean elevation of the individual cross-sections in red. The smoothed yellow line serves as reference water
level for the flood depth delineation.

3.7 Which damage grades can be identified? order to achieve this task, a high resolution DEM (e.qg.
from LiDAR) and accordingly high resolution satellite data
Flood depth is considered as the most important indicator okuch as from TerraSAR-X, COSMO-SkyMed or the optical
the intensity of the hazard (Islam and Sado, 2000; Islam ekensors (cf. Sect. 2) are required. However, it must be
al., 2001; Townsend and Walsh, 1998; Wadge et al., 1993}onsidered that each flood mask carefully derived even from
and is often used as the main input parameter for damaggigh resolution satellite data still includes some residual
models (Thieken et al., 2005). Based on a flood mask derivegeometric and/or thematic classification errors. Such errors
from earth observation data or hydraulic modelling, flood have to be minimized when the flood masks are intersected
depths can be theoretically derived and categorized wheRyith high resolution DEM (Zwenzner and Voigt, 2009).
the flood extent is combined with elevation data. However, The technique presented here is based on the concept
the mapping of flood depth is much more realistic whenof |ocally fitting a carefully processed flood mask into
data from a real flood event is used instead of a statisticallhigh resolution digital elevation data sets (Meinel et al.,
derived HQ100. To demonstrate the flood depth delineation2003; Zwenzner and Voigt, 2009). For the initial

we used a high resolution Ikonos image taken one dayharameterization of the flood plain, cross sections were
after the peak of the Elbe flood 2002 together with a highestablished perpendicularly to the river centerline. Each
resolution DEM derived from LiDAR. cross section was then intersected with the flood mask and
Earth observation satellites are an important instrumenthe flood profiles were derived as shown in Fig. 9. These
for flood mapping and monitoring. However, the temporal flood profiles display a simplified representation of the flood
and spatial constraints of the satellite sensor must be takemask and allow the incorporation of the vertical component
into account with respect to the dynamic characteristics ofwhich is added from the DEM. On the basis of the 3-D
a flood. A satellite image of a sun-synchronous polar-representation of the flood mask, it can be checked and
orbiting satellite (such as TerraSAR-X, Radarsat or Ikonos)adjusted in reference to the underlying terrain. Displayed in
is only a snapshot of the time of satellite overpass. Therig. 9 is the lateral shift of each individual flood profile. This
ground resolution and the water detection capacity are highlys based on the assumption that the water level on the left
influenced by the spatial and spectral characteristics of theind the right river bank is equal. A systematic shift for all
sensor. Due to the complex interaction of the active (fromprofiles would be an indicator for a geometric displacement
SAR) or passive (optical) radiation and the earth’'s surfaceof the entire water mask. In this case the geo-referencing of
which is recorded by the satellite sensor, a number ofthe satellite image would have to be improved or methods

uncertainties may be inherent in the data. For the adequatgpplied that improve the positional accuracy of the satellite
estimation of the water level, it is necessary to determinederived flood mask (Schumann et al., 2006).

the accurate position of the flood water boundary. In
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the elevation of the terrain from the elevation of the water

Flood Depth [m] surface, the flood depth could be calculated as shown in
e — b Fig. 10. In comparison to the derived flood depth, the original
iy flood mask is drawn in red.

— i — e The proposed semi-automatic method has been developed
— el — 1 within the context of the rapid mapping of flood parameters,

such as flood extent and flood depth, as a contribution to
disaster management operations or to the rapid estimation
of flood damage. The requirements of such applications
are fulfilled by the fact that computation time is negligible.
However, the limitations in a rapid mapping case are data
requirements on remote sensing data and high resolution
topographic data. The proposed method stands in contrast to
hydrological modeling approaches which are more complex
with respect to data requirements, parameterization and
computation time.

[ Original Flood Mask

Fig. 10. Flood depth map of the Elbe River region southeast of
Dresden showing the result of the computed flood depth and thes Conclusion and stakeholder outreach
resulting flood extent at the time of the lkonos satellite overpass
compared to the original flood mask. Conventionally, flood emergency management, both public
and private, usually responds to crises rather than being
concerned with the broader issues of vulnerability and its
The variability in the lateral shift of the flood profiles management (Shrubsole, 2001). One reason for this is the
shown in Fig. 9 is mainly caused by minor classification lack of information available to assess future flood events.
errors due to vegetation or urban structures on either thehe outline of this study showed the manifold capabilities of
left or right river bank (Horrit et al., 2003). Small residual multi-source remote sensing to support decision making in
geometric displacements or residual errors in the DEM maythe fields of risk and vulnerability assessment, sustainable
also be the cause for the lateral offset of some flood profilesdevelopment, ad-hoc coordination and management of
For each of the cross-section profiles, the elevation of theaehabilitation before, during and after flood events.
water level can then be extracted from the DEM at the The results show the capability of remote sensing to
position of the left and the right border of the flood (Matgen provide multi-scale and multi-temporal products for specific
et al., 2007). The mean water level for each individual flood guestions. A synoptic area-wide overview shows the
profile is then plotted versus the longitudinal profile of the assessment of potentially flood-prone urban areas, based
river reach as it is illustrated in Fig. 9. on a DEM and spatial urbanization over time increasing
The significant variation of the flood levels (shown in red) vulnerability for the mega-city of Cairo. Furthermore,
can be attributed to the above-mentioned minor geometrigpast inundation events are mapped and overlapped with
and classification errors within the flood mask. Dependinga higher thematic detail of urban land cover resulting
on the slope of the terrain, a slight horizontal error canin a quantification of land-cover specific flooding impact
cause a significant variation in vertical direction. In order for the dynamic Indian city of Gorakhpur.  Another
to reduce the variation of the water levels and to eliminateexample presents the current mapping of flooded areas
outliers, a moving average was applied on the sequencat monsoon time for the mega-city of Dhaka. Future
of all cross sections over the longitudinal profile. The impact of potential tsunami waves is presented using an
resulting smooth water surface, depicted by the yellow lineinterdisciplinary approach combining methods from civil
in Fig. 9 (longitudinal profile) looks much more realistic engineering and remote sensing. The assessment of damage
and is used as the reference water level. If availablegrades is modelled by flood depth analysis in a post-disaster
water gauge or ground truth data should be used for theease. And in highest thematic and geometric detail, we
validation of the reference water level. In the next processinghave provided a vulnerability analysis overlaying a 3-D city
step, each of the individual flood profiles were adjustedmodel with river flood scenarios as well as a quantification
according to the modified reference water level from theof probably-affected people on an individual building level.
longitudinal profile. This means that the flood profiles Remote sensing is often the only independent, area-
were trimmed or extended to achieve coherence with thevide and up-to-date data source due to dynamic changes
underlying topography. The resulting flood profiles were or inaccessibility of areas in today’s mega cities, and thus
then transformed into a Triangular Irregular Network (TIN) indispensable. However, a knowledge gap between the stake-
and a 3-D water surface could be derived. By subtractingholder’s data requirements or operational procedures and
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