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Abstract 

Population exposure mapping forms an important part and is usually considered 
the starting point for the assessment of the social dimension of vulnerability. 
Integration of social structure would then further differentiate situation-specific 
vulnerability patterns on a local scale. Census data available in inhomogeneous 
spatial reference units are still considered the standard information input for 
assessing potentially affected people, e.g. in case of an emergency. There is a 
strong demand on population data that are independent from administrative 
areas. Raster representations meet this demand but are not yet available for all 
European countries. In this paper we will present an approach of spatial 
disaggregation of population data for a European transect referring to current 
population statistics and anticipated future prospects. A recently published new 
data set providing the degree of soil sealing for the EU27+ countries is applied as 
basic proxy for population density in the spatial disaggregation model. In order 
to assess future patterns of climate change related vulnerability, results of a 
European regional climate model are considered for projecting the situation in 
the year 2030. Various variables such as ‘heat wave frequency’ and ‘number of 
hot nights’ will be accounted for in that regard featuring conditions regarded 
especially strenuous for elderly or physically weak persons. Integrated analysis 
of the population and climate prospects data enables identification of hot spots in 
the examined European transect, i.e. regions of high population density and 
particularly demanding projected climatic patterns. In the context of climate 
impact mitigation as well as for the assessment and management of future risks 
and emergencies, integrated and consistent spatial analyses on European scale 
are of utmost importance for decision making processes as well as for risk 
communication and future safety and security considerations. 
Keywords:  social vulnerability, population exposure, spatial disaggregation, 
climate prospects, regional climate model, heat wave. 
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1 Introduction 

Climate change and associated consequences are very likely to have substantial 
implications for human health. Climate change does not exist as a separate, 
single variable, but is rather characterized by a multitude of influencing 
parameters that are relevant for human well-being [1]. The assumption that many 
important environmental determinants of disease will be exacerbated is well 
supported by scientific evidence, but there has been a lack of research about the 
effects on human systems and how population and environmental factors interact 
to increase climate change induced vulnerability [2]. 
     Based on evidence from epidemiological studies, Kovats and Akhtar [3] list a 
set of known health effects of weather and climate variability. Heat stress, for 
example, includes heat-related illness and death due to heat waves as well as 
associated deaths from cardio-respiratory disease. An increase in heat waves is 
considered one of the most certain impacts of climate change. Temperature 
extremes do generally affect all classes of population, but studies show that heat 
mortality risk varies with several social factors such as age in particular [4]. 
However, if heat exposure is severe enough, even healthy people are seriously 
susceptible to heat stroke. 
     For assessment of the social dimension of vulnerability, population exposure 
mapping forms an important part and is usually considered the starting point. 
Integration of social structure would then further differentiate situation-specific 
vulnerability patterns on a local scale. In this paper we will present an approach 
of spatial disaggregation of population data for a European transect referring to 
current population statistics and anticipated future prospects. In order to assess 
climate change related future patterns of vulnerability, results of a European 
regional climate model are considered for projecting the situation in the year 
2030. Integrated analysis of the population and climate prospects data enables 
identification of hot spots in the examined European transect, i.e. regions of high 
population density and particularly demanding projected climatic patterns. 

2 Study area and input data 

The study was carried out for a North-South transect of Europe, covering 
Southern Sweden, Denmark, Germany, Poland, the Czech Republic, the Slovak 
Republic, Austria, Hungary, and Italy. Population counts on aggregated NUTS 3 
level (dated 2006) were used as basic input data. Population prospects for 2030 
including relevant structural information (e.g., elderly people) on a coarser 
spatial level of detail (NUTS 2) were obtained from the “EUROPOP2008 - 
Convergence scenario, regional level” provided online by the statistical office of 
the European Union Eurostat [5]. 
     As shown by Steinnocher et al. [6] spatial disaggregation of the available 
population distribution data are performed based on the recently published EEA 
Fast Track Service Precursor on Land Monitoring [7]. This is a newly available 
raster dataset for built-up areas featuring the degree of soil sealing for the EU27 
and neighboring countries (a total of 38). 
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Figure 1: Sample of the EEA Fast Track Service Precursor on Land 
Monitoring core product (20 m resolution) which forms the basis 
for the aggregated 100 m layer used in this study showing the 
degree of soil sealing (imperviousness) for the city of Vienna, 
Austria. 

     It provides continuous degree of imperviousness ranging from 0-100% on a 
100m spatial resolution consistent on a European scale. An intermediate non-
validated layer featuring a 20 m resolution exists as core data product for 
national and local-scale analyses (see figure 1). The data set is based on 
orthorectified high resolution satellite imagery (SPOT-4 and IRS LISS-3), 
acquired in two time windows selected by the countries for the years 2006+-1. 
Supervised classification techniques were used for automatic mapping of built-
up areas, followed by visual improvement of the classification results. The 
degree of soil sealing for the classified built-up regions was derived from 
calibrated NDVI (normalized difference vegetation index). According to the data 
description on EIONET (European Environment Information and Observation 
Network), the classification accuracy of built-up and non built-up areas (based 
on the 100m grid) for the European product should be at least 85% [8]. 
     Critical future environmental conditions intensified through climate change 
are modeled based on the consortial-simulations of the regional climate model 
COSMO-CLM performed by the Model and Data group (M&D) of the Max-
Planck-Institute for Meteorology which operates as the data management 
division of the German Climate Computing Center (DKRZ). The CLM (Climate 
Local Model) evolved in the early 2000s as a climate-application of a newly 
developed high resolution non-hydrostatic local weather forecast model (less 
than 10km). Local-scale weather and climate models were eventually integrated 

Safety and Security Engineering IV  221

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on the Built Environment, Vol 117, © 2011 WIT Press



into the unified limited area model for operational weather forecast and regional 
climate modeling COSMO4. 
     COSMO-CLM is the special setup of this model for climate simulations with 
the Consortium for Small-scale Modeling (consisting of two large groups of 
several European National Weather Services and the CLM-Community) 
currently working on further developments [9]. The CLM consortial-simulations 
are driven by the global climate model ECHAM5/MPI-OM1 (i.e., being a 
coupled atmosphere-ocean model [10]) and consist of two climate scenarios 
(A1B and B1, as defined by IPCC [11]) with two realizations each for the time 
period 1960-2100 [12]. Spatial resolution of the output geographical raster 
representations is approximately 18 km. 

3 Methods 

3.1 Modeling population distribution 

Census data available in inhomogeneous spatial reference units are considered 
the standard information input for assessing potentially affected people, e.g. in 
case of an emergency. However, there is a strong demand on population data that 
are independent from administrative areas. Raster representations meet this 
demand but are not yet available for all European countries. Re-allocating 
aggregated population counts from administrative areas to a regular grid requires 
spatial interpolation methods such as dasymetric mapping. This method applies 
ancillary data do disaggregate coarse population data to effective residential 
areas on a finer resolution. Land Use/Land Cover (LULC) maps are often used 
as a basis for the disaggregation process in that regard [13–15]. 
     On a European scale CORINE land cover data (CLC) have been applied as 
basis for spatial disaggregation of population data, by 1) either estimating 
population density weights for the CLC classes [16] or 2) strictly considering 
mere residential CLC classes [17]. Both approaches are limited to the rather 
coarse spatial resolution of the CLC data set which leads to over- or 
underestimation of sparsely populated areas respectively. Applying the above-
described new high resolution soil sealing layer as a proxy for population (or 
rather housing) density the spatial interpolation can be improved significantly. 
Disaggregation for the reference year 2006 is performed for each NUTS 3 input 
region (basic reference unit), with an output grid featuring a defined spatial 
resolution of 1 km. More detailed information on the applied disaggregation 
methodology, including preprocessing steps such as the elimination of non-
residential sealed surfaces for more accurate representation of distinct populated 
areas, is provided by Steinnocher et al. [6] who worked on an even finer output 
resolution of 500 m. 
     Population prospects are taken into account for modeling future states of 
population distribution. Predicted changes in population counts available on 
NUTS 2 level from the “EUROPOP2008 - Convergence scenario, regional level” 
are disaggregated based on the assumption that the relative distribution patterns 
remain constant, i.e. reallocating population to those grid cells already populated 
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in the 2006 reference year. Population densities for 2030 are thus again 
calculated based on the 2006 high resolution soil sealing layer for lack of 
available future prospects in that regard. 
     The EEA Fast Track Service Precursor on Land Monitoring has just recently 
been updated in the frame of the geoland2 project for the reference year 2009. 
This will allow extrapolations to the short to medium time scale in the near 
future. Structural population information inherent in the Eurostat population 
convergence scenario is used for additionally calculating the change of the 
proportion of elderly people (60+ years of age). These changes are again 
proportionally applied to the populated grid cells. 

3.2 Modeling future climate change related critical conditions 

In order to assess future patterns of climate change related vulnerability, results 
of the European regional climate model COSMO-CLM are consulted for 
projecting the situation in the year 2030. For the present study the IPCC scenario 
A1B is considered, projecting medium increase in CO2 concentrations for the 
time period 1960-2100. Various variables are calculated in that regard annually 
averaged over a 10-year reference period, such as ‘hot night’ and ‘heat wave’ 
counts. Hot nights are defined as nights with minimal temperatures not dropping 
below 20°C while heat waves are extended periods of several days featuring 
extremely hot summer weather. In a Central European context the heat wave 
definition after Kysely et al. [18, 19] proved to be most adequate, consisting of 
three requirements imposed on the period under consideration: ‘Heat waves’ are 
thus defined as 1) “consecutive periods of at least 3 days during which the daily 
maximum temperature (Tmax) is higher than or equal to 30°C”, 2) “the mean Tmax 
over the whole period is at least 30°C”, and 3) “the Tmax must not drop below 
25°C”. In the Eastern Alps such heat waves do not occur every year, but 
nonetheless have been observed several times in recent decades. Also in 
historical data series an increase in frequency and duration is noticed. Referring 
to episodes rather than single (hot) days allows for more robust statements 
regarding meteorological characteristics in future decades. 

3.3 Data integration and vulnerability classification approach 

Exposure to extreme weather (both hot and cold) has been associated with 
increased morbidity and mortality. Extreme meteorological conditions like heat 
waves and associated effects such as increased air pollution (in particular 
elevated concentrations of ozone and PM10, particulate matter of diameter less 
than 10µm) are regarded especially strenuous for elderly and physically weak 
persons while additional gender-stratified analysis showed women to be more 
vulnerable [20–23]. Integrated analysis of the regional-scale population and 
climate prospects data enables identification of hot spots in the examined 
European transect, i.e. areas of high population density and particularly 
demanding projected climatic patterns as described and defined above. Results of 
the calculated climate variables are spatially overlaid on modeled future 
population distribution patterns and jointly analyzed also considering structural 
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population information (i.e., elderly people). Differences to the present state are 
highlighted, thus enabling a first spatial assessment of future patterns of climate 
change induced vulnerability on European scale. 

Table 1:  Vulnerability classification matrix featuring 5 classes of 
vulnerability: zero (-), low (LV), medium (MV), high (HV), very 
high (VHV). 

Vulnerability 
Index 

Average annual number of heat waves 

0 < 1 1 - < 2 2 - 3 > 3 

E
ld

er
ly

 p
op

. (
60

+
 

y.
) 

1 - < 100 - LV LV MV HV 

100 - < 500 - LV MV MV HV 

500 - < 1000 - LV MV HV VHV 

1000 - 2000 - MV MV HV VHV 

> 2000 - MV MV VHV VHV 
 

     In order to come up with a specific measure of vulnerability patterns, a 
vulnerability index is created and applied to the spatial domain. Table 1 shows 
the vulnerability classification approach using a correlation matrix of two 
selected variables, 1) the average annual number of heat waves, and 2) the 
absolute number of elderly people (60+ years of age) associated with the area 
under consideration. 
     Both input parameters are re-sampled to 5 categories which are then 
integrated to 4 distinct classes of vulnerability: low (LV), medium (MV), high 
(HV), and very high (VHV). In case an area does not feature any (predicted) heat 
waves the vulnerability index is set to 0. The conceptually developed 
classification scheme is applied to both the present state and future conditions, 
thus enabling an illustration of trends driven by changing climatic characteristics. 

4 Results 

4.1 Population distribution: present state and future prospects 

Resulting from the applied spatial disaggregation approach described above a 
refined output population raster is derived. Figure 2 shows the population 
distribution within the North-South European transect for the reference year 
2006. On the left the input population counts on NUTS 3 level are shown, 
compared to the disaggregated 1 km raster product on the right. 
     Figure 3 shows the modeled future population distribution for the North-
South European transect, disaggregated based on the Eurostat population 
prospects for 2030 [5]. On the left the absolute density numbers for the year 
2030 are illustrated, which at first glance do look pretty similar to the present 
state shown in figure 2. However, the right-hand part of the figure highlights the 
absolute population change over the period under investigation (2006–2030). It  
 

224  Safety and Security Engineering IV

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on the Built Environment, Vol 117, © 2011 WIT Press



 

Figure 2: North-South European transect showing the population distribution 
for 2006 on 1) NUTS 3 level (left) and 2) on a 1 km resolution 
disaggregated population grid (right). 

is clearly visible that large parts of Germany are likely to experience massive 
population decrease. The region of Bavaria is an exception from that rule, being 
more in line with the Southern European regions such as the Po-Region and 
generally large parts of Italy that feature strong increases. 
     Regarding the future distribution of elderly people, which are considered one 
part of the total population particularly vulnerable to extreme climatic 
conditions, predicted structural population developments were considered in the 
disaggregation process. Figure 4 illustrates the distribution patterns of an 
increasing number of aged people (60 or more years of age) in the future. The 
left part shows the current (2006) situation for a sample region in Eastern 
Austria, compared to the predicted future (2030) patterns on the right. 
     The spreading of population older than 60 years of age is particularly 
manifest in the highlighted three largest cities of Austria (Vienna, Graz, and 
Linz). According to the Eurostat scenario of 2030 [5] the relative share of elderly 
people in the total population will be increasing most vigorously in countries like 
the Slovak Republic and Poland, as well as in some parts of Germany. In the 
analyzed North-South European transect only one small region located in the 
Northern part of Germany (around the city of Hamburg) is likely to experience a 
relative decrease in the proportion of aged people. 
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Figure 3: North-South European transect showing 1) the predicted population 
distribution for 2030 (left) and 2) the absolute population change 
from 2006–2030 (right), both on a 1 km resolution population grid. 

  

Figure 4: Sample region in Eastern Austria showing 1) the distribution of 
60+ population for 2006 (left) and 2) the distribution of 60+ 
population for 2030 (right), both on a 1 km resolution population 
grid. 
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Figure 5: North-South European transect showing 1) the predicted average 
annual number of heat waves for the period 2030–2040 (left) and 
2) the relative change in heat wave frequency comparing 2030–
2040 to 2000–2010 (right), both calculated only for populated 1 km 
grid cells. 

4.2 Future patterns of vulnerability 

Several critical climatic variables were calculated using the climate prospects 
based on the COSMO-CLM regional climate model. The left part of figure 5 
illustrates the future patterns of heat wave frequency in populated areas, 
averaged for a 10-year reference period spanning 2030-2040 to come up with a 
mean annual heat wave count number. 
     As expected, the Southern and Eastern parts of the North-South European 
transect including Italy, Hungary, the Slovak Republic, and Austria are likely to 
be most affected with more than three heat waves per year predicted for large 
parts of the populated regions. However, looking at the relative change in heat 
wave frequency (right part of figure 5), comparing the 2030-2040 prospect 
period to the present state (2000-2010), a rather strong increase is detected 
particularly in the Northern countries such as Denmark, Germany, and the Czech 
Republic, while for example Italy is likely to feature stable conditions or even a 
slight relative decrease in heat wave frequency in the future. 
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     Applying the newly developed vulnerability index classification scheme to 
the modeled results of population distribution and climate conditions enables a 
first consistent spatial assessment of future vulnerability patterns on European 
scale. 
     Figure 6 shows the climate change induced changing patterns of (heat-related) 
vulnerability considering elderly people the main focus due to their specifically 
high sensitivity to extreme meteorological conditions and associated effects. The 
left part of the figure illustrates the present state (2006) which is compared to the 
modeled future prospects (2030) on the right. It is evident that the areas of 
medium to high vulnerability are spreading towards the North. Regions of very 
high vulnerability are primarily found in major metropolitan areas, mostly driven 
by the increasing density of elderly population. 
 

 

Figure 6: North-South European transect showing vulnerability index results 
for 1) the present state in 2006 (left) and 2) the predicted future 
state in 2030 (right), both on a 1 km resolution population grid. 

5 Conclusions and outlook 

Climate change entails an increase in problematic conditions for human health. It 
is thus considered a potential threat for all different kinds of population classes 
with elderly people highlighted as being particularly susceptible to extreme 
climatic conditions. Kovats and Lloyd [2] explain that in the near term, many of 
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the mechanisms affecting human health are known, although magnitude of 
impacts and effectiveness of prevention are highly uncertain. Involving 
ecological shifts or emerging infections many changes are likely to occur that are 
not anticipated at present. Consideration of higher emission scenarios further 
increases uncertainty which involves unknown implications to social systems. 
     The concept of vulnerability has various dimensions applicable in the context 
of climate change research [24]. The presented approach of assessing and 
classifying vulnerability makes no claim to be complete. Particular selected 
parameters have been modeled and integrated in order to come up with prospects 
of future patterns. Nonetheless, in the context of climate impact mitigation as 
well as for the assessment and management of future risks and emergencies, 
consistent spatial analyses on European scale are of utmost importance for 
decision making processes as well as for risk communication and future safety 
and security considerations. The combination of changing demographic and 
climatic patterns introduces increased stress on local social networks that have 
long been critical to climate adaptation [25]. Climate change vulnerability hot 
spots are thus considered potential conflict areas. Community preparedness and 
strengthening coping capacity is essential for mitigating risks in that regard. 
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