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1 ABSTRACT 

For disaster risk management and risk-based urban planning, time-dependent knowledge on the spatial 
distribution of various social groups is of critical importance. However, in a highly dynamic urbanizing 
world data are mostly outdated, generalized, not area-wide, not reliable or even not existing. This paper 
explores the potential of interdisciplinary integration of social science and remote sensing to deal with the 
problem of area-wide and up-to-date information derivation of the spatial distribution of population, and 
especially the vulnerable groups. The integration of conventional socio-economic data (census and 
household survey data) with the structural information of the urban landscape extracted from remotely 
sensed data aims at assessing dynamic exposure of various social groups. The analysis was done for the case 
study in the tsunami and earthquake prone coastal city of Padang, West Sumatra, Indonesia. The information 
generated is particularly useful for giving an additional insight for urban planners, how land use and urban 
development shape the exposure of various social groups to natural hazards. 

2 BACKGROUND AND RATIONALE OF THE STUDY 

In light of global environmental change, building a safe environment for urban areas should be more 
emphasized. Two decades ago, an analysis of the world´s 100 most populous cities found that 78% were 
exposed to one of four major natural hazards-earthquakes, tsunamis, volcanoes, and windstorms (not 
including flooding)- and 45% faced being struck by more than one. In developing countries alone, 86% face 
more than one threat (Degg, 1992). For development of effective disaster risk reduction measures, 
vulnerability assessment is crucial. It should consider exposed, susceptible elements (e.g. population or 
various social groups) and coping capacities, which determine the expected harm resulting from a given 
hazardous event (Birkmann, 2006). 

An exposure analysis that provides accurate and detailed information about distribution of population and 
various social groups in relation to the existing hazards is an important initial phase in vulnerability 
assessment. It serves as a basis for planning disaster risk mitigation, e.g. evacuation planning (short- to 
medium-term) or exposure reduction by means of land use planning (medium- to long-term). Due to the 
dynamic in urban activity pattern, spatiotemporal variation of population is a crucial component regarding 
vulnerability. A time-geography approach to spatial behaviour has long been developed by researchers 
(Hägerstrand, 1970; Pred, 1981). Presently, it has already been operationalized using various highly 
developed GIS-tools and methodologies and used in planning, e.g. development of transportation network, 
access to public services and infrastructures. 

Since the 1970s, remote sensing estimation of residential population has been applied more frequently, as an 
increasing amount of spaceborne satellite data have become available (Elvidge et al. 1997; Lo, 2001; Sutton 
et al., 1997, Harvey, 2002; Li & Weng 2005; Taubenböck, Roth & Dech, 2007; Liu & Herold 2007; Lo, 
1986; Lu et al., 2006; Schneiderbauer & Ehrlich, 2007; Mesev, 2003). The most recent study of 
Khomaruddin et al. (2008) shows the potential of Census data to derive weights for population distribution 
day and night by land use type, which is suitable for broadscale analysis (e.g. nation-wide). On the other 
hand, Taubenböck et al. (2008) presents capabilities of high resolution satellite data (Ikonos) to assess day 
and night urban population on building level which is suitable for the small-scale and heterogenous urban 
context. The method used is an object-oriented, hierarchical classification methodology, on very fine 
resolution. However, the result has not yet indicated the spatial distribution of the vulnerable social groups. 
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The study presented in this paper attempts to further develop the methodology used by Taubenböck et al. 
(2008) and Khomaruddin et al. (2008), emphasizing more on the socio-economic characteristics and daily 
activity pattern of the individuals / households. Analysis of conventional census data and household survey is 
conducted to build a model of population distribution that is combined with spatial data. In doing so, the 
identification of vulnerable social groups in various building - land use types is made possible. 

3 STUDY AREA AND DATASETS 

The study area is the coastal city of Padang, West Sumatra, Indonesia. Padang city with almost one million 
inhabitants is highly exposed to various natural hazards, especially earthquake and tsunami (Borrero et al., 
2006; McCloskey et al., 2010). This city represents coastal urban areas in developing countries, which was 
initially developed through historical intensive trading activities at the coast during colonial times, and 
therefore, remains having central activities and densely populated areas at the coastal region. The recent 
strong earthquake events, of which the most recent one occurred in September 2009 with a magnitude of 
7.5M (USGS, 2009), and their potential in generating tsunamis have triggered the city to revise their current 
urban plan and develop the city towards less-exposed areas, moving away from the coast. As one of the 
baseline information, it is important to show how the current urban structure has influenced the exposure of 
the population and various social groups to tsunamis. The required information should encompass the 
quantity of population and its spatiotemporal dynamic, as well as identification of vulnerable social groups, 
such as women, elderly and children. Presently, spatial data on population are only available at village level 
and contains no information on the temporal aspect. Therefore, analysis of ancillary data from remote 
sensing as well as additional surveys are conducted. 

High resolution remotely sensed data from the Ikonos sensor, a Digital Surface Model (DSM) and a Digital 
Terrain Model (DTM) were used to provide area-wide, up-to-date and accurate information on the urban 
land cover and its spatial structural pattern in a 3-D city model. Additionally, data derived from field work 
on urban land use are available (Taubenböck et al., 2009a). The information on daily activity pattern 
obtained from household survey data 2008 (UNU-EHS Household Survey in Padang, 2008) cover an activity 
diary of about 800 respondents representing different gender groups, main activities and occupations. 
Additionally, data from the last population Census (BPS, 2000), and additional statistical data of year 2005 
from Padang in Figures (BPS, 2006a), Padang`s Sub-Districts in Figures and Village Potential Survey (BPS, 
2006b) are available for calculation of population number by social groups as well as concentration of 
economic activities and public facilities within the study areas, from which the weights for various land use 
types are derived. 

4 CONCEPTUAL FRAMEWORK & METHODOLOGY 

An analysis framework was developed to enable estimation of spatial distribution of exposed social groups 
and was applied for the case study. The starting point of the analysis is the assumption that exposure of 
social groups to tsunamis varies and influenced by the urban land use. Based on this assumption, the 
parameters were defined and analysed: 

• classification of social groups with regard to vulnerability to tsunamis 

• main activities that compose daily activity pattern & particular time of the day to show the temporal 
dynamic 

• linkage between building-land use and daily activity 

4.1 Vulnerable Social Groups and Daily Activity Pattern 
With regard to tsunamis, the following social groups have been revealed as more vulnerable: women, elderly 
and children (See e.g. Birkmann et al., 2007). This particularly relate to lower physical capability of these 
groups to evacuate themselves during an emergency or tsunami events, i.e. low running (evacuation) velocity 
and stamina. It is important to analyse the population distribution disaggregated for these social groups. 
Aside from demographic characteristics, there are other parameters to be considered in assessing 
vulnerability, e.g. households with lower income and marginalized social groups are most likely to have 
lower access to disaster preparedness interventions such as early warning and training activities, as well as to 
face more difficulties during recovery process after a disaster event. In this case study, however, the linkage 
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between such parameters with the dynamic spatial distribution have not been explored sufficiently, thus, not 
integrated yet. 

The time geographic model of society potrays individuals and households as following a series of daily paths 
through time and across space, with their movement at such settings as home, office, school, shops, and sites 
of discretionary activities such as the church or community center (Pred, 1981). Time-budget studies, in 
which respondents are asked to keep an activity diary specifying the duration and location of activities, are 
permitting to emerge a fine-grained picture of the temporal and spatial use of the city (Anderson 1971, 
Chapin 1974). 

In this study, the daily activity was derived from an activity diary from the household survey. It was 
summarized in three main categories: working activities (occupation in built areas: service, trade, industry), 
education (school and higher eduction), and other activities (care and social activities). The daily activity 
pattern was found to be different particularly between women and men, with main activity of working and 
non-working (Figure 1). 

 

For the exposure analysis, three different times over the course of a day were selected to show the temporal 
dynamic of the daily activities: 9-12 am (morning), 3-6 pm (afternoon), and 12-6 (night). 

4.2 Urban Morphology and Daily Activity 
Urban morphological analysis seeks to identify distinctive regions in the city according to the functions of 
tangible land use types and to some extent show the social urban segregation. For the detailed extraction of 
the small-scale and heterogeneous urban morphology, Ikonos imagery with 4 spectral bands (blue, green, 
red, nir) and a geometric quality of 1 meter were used. The Digital Surface Model (DSM) and the Digital 
Terrain Model (DTM) are also available. Additionally, data derived from field work on urban land use were 
surveyed. The combination of the various data sets provides information on the physical urban morphology 
of the city, building use and available space for living and working (Figure 2). 

Regionalisation is performed to classify areas that contain homogeneous urban morphology parameters (See 
Taubenböck et al., 2009b). Areas with similar built-up density, building sizes, building heights and building 
usage are combined citywide as homogeneous sectors (Figure 3). Particularly areas with low built-up 
density, big building sizes, and high height are mostly representing public buildings. 
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The correlation between the static elements of physical urban structures with the socio-economic parameters 
of the people was tested. The findings proved that socio-economic characteristics like household income 
level and price of housing correlate to some extent with physical urban patterns and thus enable extrapolation 
on the complete urban landscape (See Taubenböck et al, 2009b). The classification of the physical urban 
structures are particularly used for the residential buildings. For the working activities, the building-land use 
is summarized in several main categories which match the activities of the population from the Population 
Census and Household survey data, namely office, commercial, and industrial buildings. 
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4.3 Development of weighting 
Similar with the methodology used by Khomaruddin et al. (2008), weights are derived from the available 
socio-economic data to calculate population distribution in the study area, but putting more emphasize on the 
social groups and their daily activity pattern. The important parameters are the main activity, occupation of 
the social groups and their mobility (to what extent the individuals travel to conduct their daily activities). 
For the purpose of our analysis, mobility is defined as whether or not the daily activities are performed at 
home/neighbourhood (in the residential buildings) or in public facilities and buildings where economic and 
business activities are concentrated in the city. The overall analysis framework is presented in a simplified 
manner in the following figure (Figure 4), showing the example of the activities of female population. 

 

During the analysis, some additional assumptions for the weights had to be made due to inexistence of 
information e.g. activities in the mosques and in public facilities. However, this involved relatively small part 
of the total population and did not change the results significantly. 

5 RESULTS 

Basically we observe and quantify high concentration of people in the urban center during morning and 
afternoon, while at nighttime the people are more equally distributed. During daytime we measure higher 
exposure of the total population due to the fact that more people linger in the urban core near the coastline. 
The analysis results of population distribution show that there is an immense spatial shift in population 
distribution for non residential areas between day- and nightime, and slightly less during the afternoon time 
(Figure 5). The non-residential areas are mostly located in the city center and along the main roads, where 
the economic and business activities are concentrated. Thus, the spatial pattern of vulnerability transforms 
significantly over the course of a day and e. g. with immense impact on the situation for evacuation in case 
of tsunami events (Lämmel et al., 2008). 

Disaggregated analysis on vulnerable social groups show in general similar pattern with the total population, 
nevertheless different weighting in activities of various social groups show noticable variation. Overall, the 
activities outside house (residential buildings) of the vulnerable groups is lower due to the fact that the 
proportion of working female (29.4%) and working elderly population (40.3%) is much less than the 
working male population (63.9%). Additionally, the household survey showed that the proportion of working 
activities of the working vulnerable population that are conducted at home is higher compared to of the male 
population. This variation has implication on the population shift during the day of vulnerable and male 
population, as well as difficulties that these social groups would face in evacuation during emergency events. 
More vulnerable population stay in residential areas during the morning and afternoon time, while increasing 
male population are concentrated in the non-residential areas during the day. In terms of evacuation, it 
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indicates difficulties lower access of the vulnerable population to the main roads (evacuation routes) in the 
dense residential areas with mostly narrow street networks, while the concentrated population in the city 
center and along the main roads might already initiate traffic jam Moreover, some punctual variations in 
different building – land use types are also visible for the vulnerable groups as can be seen in Figure 6 below. 
In this example, the low proportion of vulnerable groups working in the industrial sector (20.5%) show 
variation in changes during the day, compared to changes in university, where participation of vulnerable 
groups is higher (55.1%). Such disaggregated information of vulnerable groups is also significant in e.g. 
hospital buildings, that consist of almost 90% vulnerable people. 

 

To check the accuracy of the basis population (night population in the residential areas) of our calculation, 
the results were compared with the available population data of year 2005 in the villages, where the study 
area is located (BPS, 2006b). The total population in the study area coverage within the selected villages is 
summed up to 428,452, including 275,845 vulnerable population, while the total population in the residential 
buildings based on our calculation is 387,450, of which 257,682 are vulnerable population. The comparison 
shows that a difference of about 10%, nevertheless, our calculation generated the same magnitude of 
population as well as vulnerable population. Comparison was also done using single household data from the 
household survey, showing that the proportion of vulnerable population at building level is on average 
similar, but vary at the building level with the standard deviation of 20%. This also conforms to variations at 
the household level from the analysis of Census Population Data (BPS, 2000). Accuracy analysis of the 
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population distribution in the morning and afternoon time at the building level was not possible, since there 
is no validation data available. 

 

6 CONCLUSION AND OUTLOOK 

The study presented above shows that detailed analysis on population distribution for high resolution 
exposure analysis is made possible through the combination of remote sensing analysis and conventional 
socio-economic data of census and household surveys. In spite of high level of details of the information, the 
analysis method can be easily understood and implemented for continuous updating by the local risk 
managers and urban planners, in contrast to complex modelling analysis. It provides an overview of “who”, 
“when”, “where”, as a basis information for risk managers and urban planners to develop effective mitigation 
strategies such as evacuation planning. Moreover, the analysis results can easily be linked and overlayed 
with data on tsunami as well as other hazards to assess exposure. For longer-term urban development 
planning, it would also be interesting to develop a set of scenarios for the analysis, e.g. how the population 
distribution would change if urban activities would be intensified in areas away from the coast. In case more 
comprehensive and detailed data on mobility or transportation pattern would be available, such analysis can 
be further developed and include more complexity. However, this also implies assessment on how much 
added-value it would bring and its applicability. 
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