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1 Introduction
Expected changes due to climate change on temperature, rainfall, evaporation, air quality, river
discharges, groundwater levels and sea levels will in many ways have impacts on urban
functions and on people living in urban areas situated in deltas and coastal regions such as the
Netherlands. However, the consequences for urban functions and the public are not yet
adequately understood. A good understanding of how, when and where climate change and its
effects will have an impact on urban areas is of vital importance to take adequate measures
(Albers et al, 2010).
It is assumed though that the effects of climate change on the urban system are poorly
quantified. These effects are described by the sensitivity of the urban system to the different
climate hazards such as rainfall events, droughts, high temperatures and poor air quality.
Sensitivity is defined as the relation between (changes in) meteorological conditions and the
damage that is done to people, buildings, infrastructure networks - such as roads, railroads,
subways, utilities, sewerage – vehicles and also economical disruption, social and ecological
damage (Albers et al, 2010).
Within the context of the project ‘Sensitivity and vulnerability of urban systems’, a literature
review was performed to gain an overview of the current available knowledge and methods on
quantification of urban sensitivity to the different climate hazards. This report describes the
results of the literature review.
1.1

Background to the project
The Knowledge for Climate programme (KfC) is a Dutch research programme which was
initiated in 2008 and will run until 2013. The program’s mission is:
'To develop the scientific and applied knowledge required for climate-proofing the Netherlands
and to create a sustainable knowledge infrastructure for managing climate change.' (Source:
website knowledgeforclimate.climateresearchnetherlands.nl).
Within the context of KfC, the consortium ‘Climate Proof Cities’ (CPC) was started in 2010 and
will run until 2013. Objective of the CPC is to increase adaptive capacity and to decrease
vulnerability of the urban system to climate change through the development of strategies and
policies for adaptation of cities and buildings (Source: brochure CPC). Within the context of
CPC the project ‘Sensitivity and vulnerability of urban systems’ focuses on quantification of
climate change effects on the urban system. The following activities are being addressed within
the project.
1
2
3
4
5

Gaining insight into impacts of climate hazards through literature review and data
analysis;
Development of methods to quantify urban sensitivity;
Development of a method to quantify urban vulnerability;
Testing the methods on pilot areas;
Recommendations on adaptation based on sensitivity and vulnerability.

Sensitivity and vulnerability of urban systems
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1.2

Research questions and objectives
This report focuses on the literature review results. The objective of the literature review was to
gain insight into the state of the art on quantification of climate hazard impact on the urban
environment. The results from the literature review will act as a basis for the further
development of methods to quantify urban sensitivity. For each of the hazards ‘fluvial and sea
flooding’, ‘pluvial flooding’, ‘groundwater flooding’, ‘drought’ and ‘heat and air quality’ the
following research questions were addressed:
•
Which urban assets are susceptible to damage when exposed to the specific hazard?
The urban system is build up of components. The ‘Nota Ruimte’ (2006) introduces the concept
of a three layer approach which describes any environment through three layers: the physical
layer, the infrastructure and the occupation layer. For the assessment of the susceptibility of
urban assets to a specific hazard, this study focuses on the infrastructure and occupation layer.
It is assumed that the occupation layer also includes living beings as well as non-material
assets such as urban functions and social and economic networks. Interruption of these nonmaterial assets can result in economic and social disruption.
•
Which variables determine the magnitude of the impact?
To be able to quantify the impacts resulting from one of the hazards, it will be essential to link
the magnitude of the impact to one or more variables which are related to the hazard intensity.
E.g flood damages are often expressed in relation to the variables ‘maximum reached water
depth’ or ‘maximum reached flow velocity’.
•
Which methods are available for quantification of impacts due to the specific hazard?
At the onset of the literature review, it was already known that for the quantification of impacts
due to fluvial and sea flooding, several methods are already available. For the quantification of
the impacts due to the other hazards the researchers were not aware of available methods.
•

What recommendations can be made for the development of methods to quantify hazard
impacts in the urban environment?
From the literature review results on the first three questions recommendations are made for
the (further) development of the quantification methods. These methods should:
- give general insight into which urban assets of the urban system will encounter the
most impact, thus describe the impact per urban asset;
- aid in identifying the sensitive and vulnerable areas of a neighbourhood/city;
- be applicable for studies assessing current as well as future urban sensitivity;
- be usable in combination with different urban development and climate scenario’s.

1.3

Definitions
For this study where applicable, the definitions as defined by the IPCC and by Samuels and
Goulby (2009) within the context of the FLOODSite project, have been applied. The following
definitions have been used::
Hazard

A physical event, phenomenon or human activity with the potential to
result in harm. A hazard does not necessarily lead to harm. (Samuels
and Gouldby, 2009).

Direct damages

Direct damages are damages caused by direct contact with the hazard
e.g. flood water and heat (Samuels and Goulby, 2009), thus caused
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within the affected area.

1.4

Exposure

Quantification of the receptors that may be influenced by a hazard
(Samuels and Gouldby, 2009).

Indirect damages

Indirect damages are losses that occur due to the interruption of some
activity by the flood, e.g. the loss of production due to business
interruption in and outside the affected area or traffic disruption.
These also include the extra costs of emergency and other actions
taken to prevent flood damage and other losses (Samuels and
Gouldby, 2009).

Intangible damages

Casualties, health effects or damages to ecological goods and to all
kind of goods and services which are not traded in a market are far
more difficult to assess in monetary terms. They are therefore
indicated as “intangibles” (Samuels and Gouldby, 2009).

Sensitivity

Sensitivity is the degree to which a system is affected, either adversely
or beneficially, by climate variability or climate change. (IPCC, 2007)
(depending on the context often also referred to as the vulnerability).

Susceptibility

The propensity of the people, property or other receptors to experience
harm (IPCC, 2007).

Tangible damages

Damages are tangible when they can be easily specified in monetary
terms (Samuels and Gouldby, 2009).

Vulnerability

Vulnerability is the degree to which a system is susceptible to, and
unable to cope with, adverse effects of climate change, including
climate variability and extremes. Vulnerability is a function of the
character, magnitude, and rate of climate change and variation to
which a system is exposed, its sensitivity, and its adaptive capacity
(IPCC, 2007).

Impact

The effects of climate change on natural and human systems (IPCC,
2007).

Structure of the report
Chapters 2 to 6 address the above-mentioned research question for each identified climate
hazard. Final conclusions and recommendations are made in chapter 7.

Sensitivity and vulnerability of urban systems
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2 Urban sensitivity to fluvial and coastal flooding
2.1

Introduction
Climate change predictions show changes in precipitation patterns and intensity, in some parts
of the world these developments increase the risk of fluvial flooding due to high water
discharge in rivers. Furthermore, it is foreseen that climate change results in a sea level rise
increasing the risk of sea flooding. Historically, humans chose locations nearby seas and rivers
to live, work and recreate. In the Netherlands, for example, the majority of people and
economic activity is located in cities that are fluvial and/or coastal flood prone. This section
gives an overview of the susceptible urban assets and damage assessment methods used in
flood risk analysis.

2.2

Susceptible urban assets
Volker and Messner, 2005 give an overview of damage categories that are taken into account
in flood damage estimation projects in several regions in Europe, see Figure 2.1, Figure 2.2,
Figure 2.3 and Figure 2.4. Comparing these categorization gives two insights:
1. Analysis on a micro scale demands a detailed damage categorization
2. Intangible damages are not always monetized, sometimes they are left out of the scope
of analysis in other cases they are only quantified.
These findings are confirmed by the Floodsite study, that states that flood damage evaluation
on a micro level asks for precision and detailed data.

Sensitivity and vulnerability of urban systems
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Figure 2.1 Damage categories England for four case studies each on a different scale ranging from a micro scale to
a macro scale. Depending on the scale, different impacts were considered (Volker and Messner, 2005)

8
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Figure 2.2

Damage categories Standard Methode for the Netherlands HIS-SSM) (Volker and Messner,
2005)

Sensitivity and vulnerability of urban systems
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Figure 2.3:

10

Damage categories Czech Republic (Volker and Messner, 2005)
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Category
Primary

Direct

Indirect

Secondary

Figure 2.4

2.3
2.3.1

Tangible (monetary)
- Capital loss:
o Houses and inventory
o Vehicles
o Capital goods of firms
o Crops and livestock
o Infrastructure
o Spatial design
- Costs of casualties and
injured (medication etc.
- Costs of aid, evacuation,
cleaning and aftercare
- Production losses:
o Damage to delivering
firms and customers
o Substitution by firms
outside the area
o Demand impulse by
reconstruction
o Permanent impact on
productivity and competitive
position
- Costs of cut lifelines: transport
costs etc
Production losses outside of
affected area, unemployment,
migration, inflation

Intangible (non-monetary)
- Immaterial costs of casualties
and injured
- Damage to landscape, nature,
environment and cultural
historical objects

- Costs of cut lifelines: non
priced effects travel time losses,
life comfort etc.

Emotional damage, damage to
ecosystems outside of affected
area

Damage categories WV21 (Kind, 2011)

Damage assessment methods
Direct tangible damage functions
The figures illustrating the damage categories (Figure 2.1, Figure 2.2, Figure 2.3 and Figure
2.4) above we find damage functions for infrastructure, (non)-residential buildings, inventory
and transport exclusively. These categories are often divided in sub categories, for example
houses with storey or basement. For casualties, victims and aftercare there are no examples of
damage functions that estimates monetary damage as a function of the flood characteristics.
This section will give a brief summary of methods that are used to estimate these damage
categories.

Sensitivity and vulnerability of urban systems
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Two approaches can be distinguished:
The absolute damage functions: this functions shows total absolute damage as a function of
inundation depth. Information on the value of assets and on their susceptibility against certain
inundation depths is used to develop absolute damage functions.
The relative damage functions: this functions shows the damaged share of the total value as a
function of inundation depth.
According to Messner et al, (2007) the choice between both approaches depends on the kind
of data available. Advantage of the relative damage function is that they are better transferred
to other regions.
Messner et al., 2007 describe a general and simple total damage formula by:
n

m

Damagetotal

value1,2 susceptibilityi , j

(2.1)

i 1 j 1

With,

susceptibilityi , j

f entity , inundation, socioeconomic characteristics

(2.2)

Inundation characteristics include: Area, depth, duration, velocity, rise rate, time of occurance,
contamination, salt/fresh water. Most damage curves are a function of inundation depth.
Examples absolute damage functions
Merz et al., (2004) study the uncertainty of flood damage estimations. Uncertainty is expected
to be high due to many underlying factors such as flow velocity, duration of inundation,
sediment concentration, flood warning etc. The analysis is built upon the flood damage data set
HOWAS available in Germany. The data set HOWAS contains information about the flood
damage of approximately 4000 buildings. Damages were caused by floods between 1978 and
1994. Damage estimates are reliable because they were the basis of financial compensation.
The analysis only takes direct tangible damage to buildings into account. Buildings are
classified into 6 economic sectors, divided in multiple uses:
1. private households
2. public infrastructure (e.g. trasnfrormer station, schoolhouse etc.)
3. services sector (e.g. supermarkets, restaurants etc.)
4. mining and building industry (e.g. civil engineering, carpentry etc.)
5. manufacturing (beverage industry, metal processing, wood processing)
6. Buildings for agriculture, forestry and horticulture
Based on the data base HOWAS several depth-damage curves were estimated using
regression analysis. The pilot shows an enormous variability, the water depth explains partly
the variability.
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Their conclusion is that absolute depth-damage functions are not very useful in explaining the
variability in the data. The uncertainty around absolute depth-damage functions on a single
building is large. Uncertainty is reduced when the number of buildings increase, because
extremes compensate each other. This is also shown by the graph below (Figure 2.5):

Figure 2.5

Uncertainty around absolute depth-damage curves (Merz et al., 2004)

Sensitivity and vulnerability of urban systems
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Examples relative damage functions
For the coastal zones of the state Schleswig-Holstein (Germany) three methods were
developed to estimate flood damages. One of them focused on a local, micro scale. For six
cities and municipalities a micro-scale damage evaluation was executed. Figure 2.6 show
some of the relative damage functions used in this study.

Figure 2.6:

Damage functions used in the MERK study (Volker and Messner, 2005)

The standard method HIS-SSM (Wagemaker., 2006) describes how damage can be estimated
in the Netherlands (the method also evaluates the number of casualties. This is further
discussed in paragraph 2.3.2). This methods uses several assumptions; e.g. damage function
and maximum damage values are equal for the whole of The Netherlands, the evacuation

14
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costs are not considered, no indirect or unpriced damage is considered with exception of the
number of casualties.
The method uses damage factors as a function of inundation depth. The damage factor
indicates how large the damage to an object is compared to the maximum damage of that
object given a certain inundation depth.

The standard methods developed damage functions for:
- agriculture and recreation
- airports
- roads and railways
- houses (several categories)
- vehicles
- firms
- utility infrastructure

Figure 2.7:

Example damage function HIS-SSM, function for roads and railways ((Wagemaaker, 2006)

FEMA (USA) developed the Multi-hazard Flood Model (HAZUS); a damage model has been
connected to this model. To estimate the economic damage, the damage model connects GIS
data to damage functions. The damage estimation is divided in 5 components:
- Data
- Flood risk
- Direct physical damage
- Indirect physical damage
- Economic impact
Damage functions are estimated for
- buildings
- essential and high potential loss facilities (hospitals, universities)
- Transportation and utilities
- Vehicles

Sensitivity and vulnerability of urban systems
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2.3.2

Casualties and injuries
Jonkman et al., (2008), estimates the loss of life caused by a flood. The number of fatalities is
based on information regarding flood characteristics, the exposed population and evacuation
possibilities and the mortality among the exposed population.
In the analysis, mortality functions are constructed for three locations: the breach zone, the
zone with rapidly rising water and the remaining zone. Mortality is a function of water depth,
see Figure 2.8 for a mortality function for the zone with rapidly rising water.

Figure 2.8

Observed and fitted mortality functions for the zone with rapidly rising flood waters (Jonkman,
2008)

Some studies monetize the number of casualties. In the cost benefit analysis WV21 the value
of a statistical life is estimated on 6.7 million Euro.

2.3.3

2.4

Indirect costs
The estimation of indirect costs of floods is complicated. In Jonkman et al., (2008) the indirect
economic costs of in the case of a flood simulation in central Holland by a breach in the dike
east of Rotterdam are estimated using a three step input output analysis. Depending on the
economic recovery scenario, the indirect damage varied between 2,5% and 5% of GDP.
Another methodology that is frequently used to estimate indirect effects of floods is general
equilibrium modeling.

Conclusions and recommendations
Meyer and Messner, (2005) give a review of national flood damage estimation methods in
England, the Netherlands, the Czech Republic and Germany. This study shows that flood
damage estimation methods change depending on different spatial scales; on the local scale,
most detailed approaches are applied.
The question on which categories of direct tangible damage should be included in a study is a
trade off between accuracy and costs. A criterion for including or excluding a category is the
importance of a category as a percentage of total damages. Less important categories can
also be included in a more simple way, for example in post-estimation.
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3 Urban sensitivity to pluvial flooding
3.1

Introduction
Precipitation unable to infiltrate into the ground or stormwater drainage network leads to
surface runoff. Because of extensive built-up areas in cities, pervious areas facilitating natural
infiltration are limited. The stormwater drainage network is therefore often the main system to
discharge rainwater into canals, rivers or other surface water bodies. In the Netherlands, the
standard capacity for stormwater drainage networks is based on a design storm with a return
period between 2 and 5 years (e.g. RIONED, 2004). Events beyond this return period could
lead up to surface runoff and result in the consequent flooding of urban areas. The actual
drainage capacity in a city depends on the local distribution of impervious areas, soil
composition, saturation, morphology as well as on the specifications of the stormwater
drainage network. Generally, the Dutch eastern and northern cities are built on sandy soils,
giving them a larger natural infiltration capacity. Especially after extensive periods of rain
which saturate the soil, the clay-based Dutch cities in the western part are more susceptible
to surface runoff during heavy rainfall (Van de Ven et al, 2010). Much of the infiltration
capacity is dependent on the ground water table, which in the Dutch western polder areas is
carefully maintained at a stable level by a comprehensive system of pumping stations.

Channel Network

Figure 3.1

3.1.1

Schematization of part of the water cycle showing the mechanism leading to surface runoff.

Increased rainfall

Sensitivity and vulnerability of urban systems
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Although a detailed coverage of the projected climate change scenarios is beyond the scope
of this report, a few key figures should be discussed to gain some basic insight into the
consequences of climate change for the current rainfall predictions in The Netherlands. All
climate change scenario’s developed by the Royal Dutch Meterological Institute (KNMI) show
an increase of peak precipitation during summers (KNMI, 2006). This increase is expected in
both intensity as well as frequency. The average figures have been collected in Table 3.1
(Buishand et al, 2009). Depending on the scenario, rainfall will increase between 11% and
23% per hour and between 6% and 24% per 24 hours. The higher figures are found in the
extreme W and W+ scenario for a 100-year event. Although this increase is substantial, it
does not reach figures often found in cities in for instance Southern Europe, let alone in
tropical regions.
Table 3.1

Expected precipitation for a 1, 10 and 100 year event different climate scenarios (Buishand et al,
2009).

Return
Period
1 year
10 year
100 year

1 hour
Current
14
27
43

G
15
30
48

G+
-

W
17
33
53

W+
-

24
hours
Current
33
54
79

G
36
60
88

G+
35
57
84

W

W+
39
66
98

36
60
88

Finally, it is important to note the regional differences in expected precipitation. Generally,
coastal areas in The Netherlands are experiencing significantly more severe rainstorms than
inland areas. This difference can reach up to 14% in the province of Zuid-Holland when
compared to the centre of The Netherlands (De Bilt) and 21% to the most Eastern areas.
Although seemingly limited, the consequences of climate change for changes in surface
runoff should not be underestimated. Depending on local conditions, the capacity of the
stormwater drainage network will be exceeded more often. The current design standard for
the stormwater drainage network is generally based on processing 19.8 mm/hour which
corresponds with a return period of 2 years. Depending on the climate scenario, this return
period might be reduced to about 1 year. This increases the exceedance probability of about
100%. Furthermore, an increased yearly average rainfall will increase saturation of the soil
and raise corresponding groundwater levels. While this can be limited by increasing the
pumping volume in polders, natural drainage capacity will remain stable at best but might
decrease.
Increased precipitation over longer periods can also result in fluctuations in the groundwater
table. In principle, the bigger the distance to surface water or a subsurface drainage system,
the stronger the groundwater table will increase during longer periods of precipitation.
Combined with subsidence, this will cause additional stress on the pumping stations draining
the highly urbanized polder areas in the western part of The Netherlands.
3.1.2

Effects of increased rainfall on the urban system
In urban areas, the probability of surface runoff having negative consequences is large.
Because of the large concentration of assets and people, these range from minor
disturbances (e.g. small traffic interruptions) to serious impacts (e.g. damages due to
inundation). Note that the severity of these consequences depends on socio-economic
interpretation; a flooded basement can be interpreted as a minor disturbances by one
individual while being perceived as a serious event by another. In this first case the flooding is
evaluated as ‘nuisance flooding’ while in the latter one might speak of an actual flood event.

18

Sensitivity and vulnerability of urban systems

1202270-008-BGS-0004, 4 October 2011, final

In The Netherlands, extent of pluvial flooding is limited. The intensity of rainfall events is
limited while the relative ‘flatness’ of the country prevents severe channelling of surface runoff
into potential flash floods. Nevertheless, this doesn’t mean that the consequences of pluvial
flooding should be neglected. Severe rainstorms occurred for instance in 1988 when the
northern part of The Netherlands was struck by a 125-year event (Jak and Kok, 1999)
resulting in more than 75mm of precipitation in 24 hours. Yet, individual direct damages to
households were in 80% of the cases below €2200 which seems insignificant when compared
to damages associated to fluvial flooding. Nevertheless, the accumulated damages caused
by pluvial flooding should not be underestimated (Ten Veldhuis, 2010). In the past decades
these were substantial but are often neglected in the National Water policy. This is partly due
to the fact that homeowners are often compensated by private insurers, therefore drawing
only limited attention. The Dutch Union of Insurers estimates the damages related pluvial
flooding about €10 million in 1988, which is in between 3% and 7% of the total claims for
residence contents insurance (Ririassa and Hoen, 2010).
Much of these damages and other impacts are determined by the sensitivity of urban areas to
pluvial flooding. Building characteristics, neighbourhood layout as well as a range of other
factors not only determine the potential exposure to flooding but also the actual impact once a
flood reaches assets and infrastructure.
An important difference between pluvial flooding and groundwater flooding is found in the
extent of the flood and the frequency of occurrence. Pluvial floods in The Netherlands are
often very local events. Typically, a rainstorm floods a small amount of blocks and roads
during the course of a few hours. Van Nieuwkerk et al (2011) show that pluvial flooding can
basically occur in any Dutch city. This is mostly due to the high level of imperviousness and
the relatively uniform standards for stormwater drainage. Ten Veldhuis (2010) claims that
pluvial flooding causes many small scale events, with a substantial level of aggregate
damage. Often though, groundwater flooding and pluvial flooding are related: a high
groundwater table increases the changes of pluvial flooding during strong precipitation.
3.2
3.2.1

Susceptible urban assets
Assets susceptible to pluvial flooding
The main urban asset groups, their susceptible components to pluvial flooding as well as a
basic characterization of the consequences have been summarized in Table 3.2. What can
be easily perceived from this table is that the consequences are often limited to nuisance or
(minor) damages. Apart from this characterisation additional comments can be made:
Generally, the expected inundation depths are too limited to hamper vital public
services (e.g. police department, fire department, power supply, telecom networks
etc.) from functioning;
In some cases, museum depots could be vulnerable to local flooding. Especially since
collections embody a considerable cultural value, these might need special
consideration. Recent floods in Paris and Prague showed this;

Sensitivity and vulnerability of urban systems
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Table 3.2

Group
Buildings

Susceptible urban assets to pluvial and groundwater flooding

Asset
Housing
Retail
Distribution
Offices
Public Buildings
Museums

Infrastructure

Roads

Public Space

Sewer
Paved (e.g.
squares)
Unpaved (e.g.
parks)

3.3

Exposure
flooded basements
flooded ground floor
flooded ground floor
flooded ground floor
flooded ground floor
flooded ground floor
flooded depots
flooded ground floor
flooded top layer
flooded road base
overflow

Consequence
nuisance/damages
nuisance/damages
nuisance/damages
nuisance/damages
nuisance/damages
nuisance/damages
damages
nuisance/damages
traffic interruptions
damages/traffic interruptions
nuisance/health problems

flooded top layer
flooded base
Tree rot, root rot, root
suffocation

nuisance
damages
damages

Damage Assessment methods
Limited inundation of urban assets generally causes direct damages composed of cleaning
costs, repair costs and in some cases replacement. Indirect costs consist of traffic interruption
due to flooded roads or tunnels and short time business interruption. Obviously, the extent of
these costs depends on the individual characteristics and function of the asset; traffic
interruption on a local road has far lesser consequences than on a major highway. This also
touches upon the temporal dimension: How long does it take to regain prior functionality.
Since severe rainstorms often last less than an hour, the recovery period (e.g. the time it
takes to pump water out of a tunnel or basement) is relatively important.
Before being able to characterise and assess the sensitivity of urban areas to pluvial flooding
it might be important to identify the differences compared to fluvial or coastal flooding. After
all, in all 3 cases water reaches an asset and causes an impact to this asset. This indifference
is reinforced when studying the methodologies to assess damages caused by rainfall events.
These hardly differ from those used for fluvial or coastal flooding. Stage-damage curves are
used to relate inundation depths to suffered costs for cleaning, repair and replacement of
assets. These do not discriminate between different types of flooding. A major difference
between pluvial flooding and fluvial or coastal flooding in The Netherlands though is the
difference in expected flood inundation depths and durations. Except in local depressions
(e.g. tunnels), pluvial flooding generally causes minor local inundation often in the order of 20
cm or less while fluvial and coastal flooding could lead to widespread economic disruptions
and casualties. The duration of pluvial flooding is in the order of hours, while it can take
months to drain an area hit by a fluvial or coastal flood.

3.3.1

Direct tangible damage functions
Ex-ante urban flood damage estimation is a research field which is highly volatile and still in
development (e.g. Wind et al., 1999; Merz et al., 2004). As already noted earlier,
determination of the sensitivity of urban assets to pluvial flooding does not fundamentally
differ from other types of flooding. For the estimation of direct damages, stage-damage
20
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functions are used which relate inundation depths to suffered economic losses (e.g Thieken
et al, 2005; Büchele et al., 2006). While these often are developed on regional scale by
applying land-use classes (e.g Kok et al., 2002), they have been significantly refined to
express the differentiation found in urban areas. Currently they are applied on individual
feature level (e.g. building, street) which makes them ideal for identifying hotspots in urban
vulnerability to flooding (e.g. Veerbeek et al, 2008). Typically, stage-damage curves look
similar to those presented in Figure 3.2 (adapted from Flood Hazard Research Centre, 2003).
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Figure 3.2

Stage-Damage curves for detached housing for different construction. Different lines represent
different building years, construction types and social classes (Flood Hazard Research Centre,
2003).

The shape and associated damage levels can vary substantially though. In Figure 3.3 the
stage-damage curves for the Dutch Urban Flood Management Dordrecht (Veerbeek et al,
2008) project and those from the multi coloured manual (Flood Hazard Research Centre,
2003) semi-detached and terraces houses have been compared. This comparison shows
substantial differences between damage progressions (i.e. shape) as well as damage levels.
The cause of these differences can be stemming from regional differences in housing
typologies, construction methods, assessment methodologies, etc. The differences also
indicate that it is futile to develop and apply ‘universally applicable’ damage curves. Yet in
practise some level or generalization is inevitable. Given that there are only a limited set of
stage-damage curves available, actual application of stage-damage curves becomes a
classification problem: Which reference asset (e.g. housing type, road type) with an
associated stage-damage curve resembles the actual inundated asset most likely? This is
especially the case when no empirical data is available for the flood prone area in question.
Validation and verification of estimations is in that case impossible.
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and semi-detached housing (inundation in meters, damage in euros).

An important factor which discriminates the use of stage-damage functions for pluvial flooding
from other types of flooding is the range of needed stage-damage functions. While
considerable inundation depths associated to fluvial or coastal flooding leads to a
generalization of stage-damage curves, stage-damage curves for pluvial flooding are
extremely sensitive to specific characteristics of urban assets. This was shown by Merz and
Thieken (2005) and Apel et al. (2004, 2006, 2008 and 2009) who showed that uncertainty in
depth-damage functions dominate all other uncertainties for frequent flooding, i.e. floods with
low inundation depths. This can be easily illustrated. For example, the height of the doorstep
is a crucial factor for a flooded ground floor when the flood stage is only several centimetres.
Similarly, ventilation gaps in masonry might enable water to penetrate into walls and saturate
insulation materials. In other words, the dimension and composition of small construction
details might determine if the asset is flooded or not. Contrary to for instance Eastern Europe,
the variability in building types in The Netherlands is relatively large. To assess the sensitivity
of these buildings to pluvial flooding would require a massive and highly detailed inventory of
the Dutch building stock. This raises a fundamental question:
If small characteristics determine the sensitivity to flooding of urban assets, the construction
of (synthetic) stage-damage curves to express the sensitivity to pluvial flooding might be

22

Sensitivity and vulnerability of urban systems

1202270-008-BGS-0004, 4 October 2011, final

inconceivable on a local scale. These curves can be applied though to estimate the
magnitude of damages when taking a large number of events into account.
Ten Veldhuis (2010) argues therefore that stage-damage functions are not applicable to
quantify damages caused by pluvial flooding. This extents to the application of other damage
functions related to flooding. For instance high flood velocities could lead to structural
damage or building collapse (e.g. Roos, 2003). Long periods of flooding lead to additional
damages because of deterioration of applied construction materials (e.g. Floor Hazard
Research Centre, 2010). Yet these factors are absent in pluvial flooding since neither flash
floods or massive, long term inundation from pluvial flooding are expected.
Note that road construction methods are somewhat more standardized. This makes the
construction and application of stage-damage curves to determine damages to the
infrastructure network somewhat simpler. This also extends to the stormwater drainage
network in case of sewer overflow. Here the question is different though. The stormwater
drainage network does not suffer damages from pluvial flooding by itself, Yet, it serves as a
pathway that, in case of a combined sewer system, causes wastewater to become overland
flow and possibly contaminate urban public space. Ten Veldhuis (2010) argues that
anthropogenic factors (e.g. poor maintenance) substantially increases the probability of sewer
overflows; the capacity of the stormwater drainage network is often significantly reduced
because of blocked gully pots, debris or other factors that keep the network from functioning
according to its original design standard.
Actual data about the damages related to pluvial flooding in The Netherlands comes from the
Dutch insurance industry which keeps a record of individual claims (Ririassa and Hoen,
2010). The individual claims cover damages to private buildings and interior. It should therefor
be kept in mind that business damages or damages to infrastructure and networks are not
included in this analysis. The results show that actual average claims vary between
provinces. These range from €718 (Groningen) and €1254 (Limburg). Note that these
damages only comprise of damages to furnishing. In the same report, a function has been
defined that relates the precipitation level to the actual damage claim ratio; i.e. the ratio of
people that will file a claim. These outcomes are presented in Figure 3.4. The figure suggests
large regional differences.
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Figure 3.4

Expected ratio of people who file a claims related to damages from pluvial flooding for all Dutch
provinces.

Although these relations tells us a lot about the spatial distribution of damages caused by
pluvial flooding, the actual conditions remain unclear. Although the actual weather events can
be traced back by checking meteorological data, the specific conditions that made the
household sensitive to the flooding event are unknown. Further inspection of the individual
claim-records might shed more light on this issue. In combination with call records, this might
also provide some insights on the ‘claim thresholds’; i.e. the minimal amount of suffered
damage for which people actually make an insurance claim.

3.3.2

Indirect damages
Indirect damages caused by business interruption are calculated using regional input-output
models or more sophisticated general computable equilibrium models (GCE)(e.g. Veerbeek,
2007). Generally though, the level of detail in these models is too coarse to evaluate the
consequences of local flooding. Yet, business interruption of just a few businesses for a very
limited period is not expected to have severe consequences on a city, let alone regional level
but could cause substantial losses. The indirect damages associated to short-time traffic
interruptions are also expected to be limited. Traffic models might be of use to estimate
consequent congestion on substitute routes. The associated economic consequences are still
difficult to estimate because of behavioural aspects; e.g. employees might work till later to
compensate additional commuting times, therefore limiting loss of productivity. More
information is expected to be available on the costs due to a power or telecommunication
failure.

3.3.3

Nuisance (social impact)
The appraisal of ‘nuisance’ as a result of pluvial flooding seems difficult; while direct and
indirect damages can easily be applied in any risk framework, cost-benefit analysis or any
other comparative methodology, the evaluation of ‘nuisance’ seems problematic. Yet, in the
UK an elegant method has been developed to solve the problem of translating ‘nuisance’ into
a monetary value: the willingness to pay (WTP). This method simply evaluates the amount of
money people would spend to eliminate flood related problems. Obviously, this method has
its flaws: socio-economic conditions limit or extend people’s spending opportunities and
therefore create a bias in the outcomes. Nevertheless, the method does create applicable
outcomes that can be used in the evaluation of adaptation options preventing pluvial flooding
(e.g. DEFRA, 2004).
Yet, it maintains difficult to verify the actual validity, severity and frequency of ‘nuisance’
caused by urban flooding. Ten Veldhuis (2010) uses call records from actual complaints by
citizens calling the fire department about local flooding. Although a high correlation was
identified between the number of calls and the actual severity of floods, the information in the
actual call records were too limited to make extensive conclusions about the sensitivity of the
actual urban asset.
In the case of traffic interruption (especially on local roads) ‘nuisance’ is quite likely related to
the recovery period; i.e. the period it takes to drain the water from the obstructed road.
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Literature about this topic is unavailable. Further investigation of call records or interviews
with the responsible authorities (i.e. fire department) might provide further insight in this issue.
Finally, Huizinga et al (2011) developed a metrics called ‘societal disruption’. This mehod
primarily identifies the service area of specific functions prone to flooding and relates these to
flood hazard and impact. This method might be especially usefull for developing an indirect
damage function for traffic interruption due to local flooding. Depending on the road
classification (e.g. local, regional, highway) the affected area can be defined. Yet, since road
networks often offer alternative routes, a traffic flow model needs to be in place to assess the
actual effect on traffic disruption.

3.4

Conclusions and recommendations
As mentioned in paragraph 3.3.1, development of stage-damage functions for pluvial flooding
might be a futile exercise. Although these are fairly easy to generate, the differentiation in
urban assets (building types, road types, etc.) in combination with the sensitivity to small
differences (e.g. height of the doorstep) seems too large for feasible development to apply on
a scale of individual buildings. Applying averages can however allow for first estimates over a
large number of cases. Furthermore, basic stage-damage curves used for estimating the
effects of fluvial or coastal flooding can be used with the addition of a threshold value that
determines at what stage the water enters the building. Yet, this is a hypothesis. Various,
sometimes unorthodox, indicators and methodologies might be available for further
exploration.
Buildings:
Automatic identification of entrance heights by using Google Street View ™. Since
Google Street View ™ .) currently covers most of the Dutch urban extent, an
algorithm might be developed that automatically detects the height of entrances,
ventilation gaps or other factors that might be crucial for water entering buildings.
Google™ provides an extensive application programming interface which might make
street level imagery available for processing. Nevertheless, this option is extremely
experimental and has not yet been tried out anywhere.
Inspection of the building codes for various years. The Dutch building code might
provide clues about accessibility to buildings that can be traced back to the building’s
construction date. Especially for recent buildings that comply with the Dutch codes for
accessibility for the disabled might prove valuable;
Web Crawling real estate sites. Dutch cadastral information is limited and not easily
assessable (large datasets cannot be derived or given since this is prohibited by law).
An alternative to acquire information about individual buildings might be by processing
data available on real estate websites. Special computer programs called ‘web
crawlers’ can automatically send requests to real estate sites and process the
acquired information. Often real estate sites offer significant amounts of data about
the building type, price, year of construction, size, etc.
Examination Street profiles. While much research is needed about the receptor of
urban flooding (buildings, roads, etc.) to assess potential damages, the actual
pathway of potential floods might also provide information about the sensitivity of local
areas. A deep street profile in a neighborhood is an essential ingredient of flood
protection during floods. The detailing of building-sidewalk-road transitions might
strongly correlate with the sensitivity of the streets and adjacent buildings to flooding.
Sensitivity and vulnerability of urban systems
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Inspection of municipal guidelines and design standards might offer valuable
information on this topic.
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4 Urban sensitivity to groundwater flooding
4.1

Introduction
Flooding problems caused by groundwater can occurs in different settings. Because of interflow and groundwater runoff, groundwater moves to lower areas where the water table
reaches the surface and causes groundwater flooding. In addition problems are encountered
in the controlled water table situation familiar in the polder areas where the groundwater level
lies close to the surface. Groundwater flooding can occur in urban areas located on the creek
drained sandy soils, along rivers or canals or due to deeper layers of clay which prevent interflow and ground-water runoff which can lead to a higher water table.
An important difference between pluvial flooding and groundwater flooding is found in the
extent of the flood and the frequency of occurrence. Groundwater flooding often occurs after
extensive periods of rain covering weeks or months. The actual rising of the water table is a
slow process which can be monitored and often controlled. Nevertheless, the extent of
groundwater flooding is often large which creates a different risk profile. Although no literature
has been found on the damages associated with groundwater flooding, the problem seems
substantial. Some literature is available on health issues caused by dampness due to high
groundwater levels. Currently, about 260.000 residential buildings in The Netherlands are
estimated to suffer from groundwater problems (KPMG and Grondmij, 2001). Often though,
groundwater flooding and pluvial flooding are related: a high groundwater table increases the
changes of pluvial flooding during strong precipitation.

4.2

Susceptible urban assets
The occurrence of actual groundwater flooding is not the only cause for damages from
subsurface water; simply a heightened water table might lead to structural failure in
foundations of buildings and infrastructure. Basements and underground spaces might shear
because of buoyancy. Less severe but still causing damages is the penetration of
groundwater into basements. This causes damages to furnishing but also might lead to the
growth of fungi on construction parts which lead to degradation, nuisance (smell) and health
problems. Fisscher and Verhoeff (1989) report that inhabitants of humid homes show 1.5
times the amount of respiratory related health effects (e.g bronchitis) when compared to those
in ‘dry’ homes. This applies especially to buildings constructed prior to the 1970s. From this
period on, foundations, basements and floors are constructed from concrete which makes
them more resistant against the growth of fungi. The typical crawl spaces, used for ventilation
of wooden ground floors,
were no longer required. But due to traditional building technology many post 1970 buildings,
and even post-millennium buildings, are build with crawl space and thus are susceptible to
problems with groundwater flooding. Infrastructure can be damaged due to high groundwater
levels due to changes in supporting capacity of the soil Finally, trees and other vegetation
found in urban green zones might suffer from high groundwater levels. This can suffocate the
root system of the vegetation. Often a shallow root system is developed which causes trees
to easily fall over during a storm. The main urban asset groups and their susceptible
components to groundwater flooding do not differ from those for pluvial flooding (Table 3.2).
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4.3

Damage Assessment methods
No methods were encountered in the literature for the quantification of damages due to
groundwater flooding.

4.4

Conclusions and recommendations
Estimating the sensitivity to groundwater flooding might be somewhat easier then for pluvial
flooding. Again, stage-damage curves can be used to estimate damages caused by
inundation. For buildings, additional information is required about basements and construction
materials. These are necessary to estimate the costs of material degradation and public
health costs. To gain a general estimate of which buildings are susceptible, a similar strategy
can be followed as for the pluvial flooding indicators. Construction period, typological
information derived from real estate sites and the inspection of building codes can be vital for
estimating the extent and severity of the problem. For a detailed insight, it will be necessary to
research different locations as specific aspects such as the local groundwater situation are of
great influence on the actual vulnerability to groundwater flooding. This also applies to the
construction (e.g. foundation method) of roads and public space (e.g squares). The effects
on urban vegetation are described in literature but needs to be further studies to draw
extensive conclusions.

28

Sensitivity and vulnerability of urban systems

1202270-008-BGS-0004, 4 October 2011, final

5 Urban sensitivity to drought
5.1

Introduction
Extensive periods of shortage in precipitation, inter-flow and groundwater runoff leads to
drought. Especially during summer periods, drought will lead to an increased decline of the
groundwater table. A structural decline of precipitation (i.e. a decline which cannot be
compensated during the wetter winter season) will lead up to lower groundwater levels. Apart
from a precipitation deficit, other sources of drought in The Netherlands are lower river
discharges, physical restraints on supply options and a suboptimal distribution of water
resources.
Apart from the major rivers which supply most of the water to the provinces of West and
South of The Netherlands, additional supplies are drawn from the IJsselmeer. Higher areas
(e.g. De Veluwe, De Achterhoek and parts of Brabant) are almost exclusively dependent on
precipitation since little or no infrastructure for water supply exists. During the summer,
precipitation shortages occur in 90% of the years ranging from an average 163mm to 300mm
in an extremely dry year. Significant periods of drought in The Netherlands were recorded in
1911, 1921, 1959, 1976 and 2003 (RIZA et al, 2005).
On an urban level, drought affects the built environment as well as urban vegetation areas
(i.e. parks, gardens, recreation areas), surface water quality and in some cases the
availability of drinking and industrial water. A lower groundwater level leads to an accelerated
soil subsidence. Apart from declining ground water levels, the absence of precipitation also
leads to an accumulation of surface and airborne particles (air quality).

5.2
5.2.1

Susceptible urban assets
Direct damages
One of the major sensitivities in urban areas to drought is the potential damage to the
foundations of buildings (Ven et al, 2010). Up to the 1950s, the foundations of buildings in
clay and peat areas (Western and Northern part of The Netherlands) are resting on wooden
foundation piles. Generally these piles are submerged below the groundwater table, which
prevents them from soft-rot decay (Savory, 1954). Although bacterial decay of these piles
have been reported when permanently under water (Klaasen, 2007), fluctuations in
groundwater levels lead to the temporal availability of oxygen. This gives rise to the growth of
fungi which in turn leads of to soft-rot decay. Soft-rot will reduce the load-bearing
performance of the piles which, depending on the distribution of forces, might lead to shearing
of the foundation beams, walls or even collapse of the entire building. Soft-rot and
subsequent mechanical failure will not occur immediately. SBR (2006) estimates that
foundation piles can endure a cumulative period of drought of 10 to 15 years. The associated
damages of soft-rot are substantial. Klaasen (2008) estimates that 800 thousand houses in
The Netherlands are built using wooden piles.
A second problem created by a lower groundwater table is subsidence, which also typically
occurs in clay and peat soils. Connections between constructions built on piled foundations
Sensitivity and vulnerability of urban systems
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and those without foundations (e.g. pavement, streets) can fall apart resulting in cracks and
gaps. Furthermore, subsidence can cause increased stress on subsurface infrastructures
(e.g. sewage pipes) or stress on foundation piles. Ven et al (2010) identify (i) differential land
subsidence, (ii) negative shear stresses and (iii) pluvial and groundwater flooding because of
a lowered top surface level. Note that subsidence not only occurs because of low
groundwater tables due to drought; ground water extraction and artificial drainage can also
lead to subsidence.
(Differential) subsidence also causes substantial damages to infrastructure and networks.
Road construction can be damages, pavement can fail and cables and pipes (including gas)
can become damaged. The subsidence is partly solved by adding a layer of soil onto private
gardens, entrance ways, streets and public space. Street furniture, pipes and other objects
are replaced. Land subsidence is thus a very costly problem in The Netherlands.
Drought also causes damages to trees and other vegetation found in privately owned gardens
and urban green zones. The tolerance of trees to drought periods differs depending on the
specie. Furthermore the root-canopy ratio (storage) and the leaf area (evaporation) determine
if the plant or tree survives a relatively long period of drought. Finally drought can result in
water quality problems due to concentration of nutrients and salts. Water quality problems
cause degredation of ecological life and stench. Higher salinity levels can have an impact on
the vegetation.

5.2.2

Indirect effects
The electricity sector in the Netherlands depends on sufficient cooling water. This extents to
the manufacturing industry. Currently, the maximum permitted temperature of water into
which they can discharche is 30 C. Since long periods of drought during summer are often
accompanied by heat waves, a portion of the Dutch power plants might not be able to keep
electricity production up. Consequently, electricity has to be imported which might lead to
higher costs. Currently this occurs once every 2 to 5 years (RIZA et al, 2005). Apart from
industrial sectors, cities are major consumers of electricity and could be faced with increasing
costs when dry periods become longer and occur more frequently.
While most water-related recreation is located outside the main cities, drought related inferior
water quality in smaller recreational surface waters might lead to minor economic
consequences. Swimming and water sports during these periods is often discouraged or even
prohibited due to poor water quality which leads to a decrease in consumption in the
recreation related food/non-food sectors.

5.3

Damage Assessment methods
Currently, damage assessment methods for drought are mainly focussed on agriculture. For
estimating drought related damages in the urban environment, standardized methods do not
exist. The damages to foundation piles caused by soft-rot are often based on the replacement
costs or upgrading of individual foundations. These vary between €40k and €200k per
building, but are on average estimated at about €60k (SPFN, 2005). Yet, a damage function
that relates soft-rot of pile-types, mechanical performance, drought duration and frequency
has not been found in literature. This is confirmed by Van Etten et al (2007) who state that
information and knowledge about damages and costs resulting from soft-rot are often implicit
(i.e. distributed among experts) and no real figures exist for making an assessment. Often,

30

Sensitivity and vulnerability of urban systems

1202270-008-BGS-0004, 4 October 2011, final

the cumulative period of drought is used to determine if damage is likely to occur, but an
actual assessment of that damage is performed by individual building inspection. A general
assessment of the exposure of polderized urban areas to lower ground water levels and
subsequent soft-rot is presented by Ven et al (2010). Although this report assesses
susceptible areas, no actual assessment was made of the sensitivity and the subsequent
damages.
Monitoring results of urban land subsidence are rarely available. Information on damages due
to urban land subsidence is not available yet. Results of a first quick scan are to be expected
by the end of 2011.
Damages to natural vegetation are equally difficult to assess. The individual characteristics of
trees (canopy size, root size, etc.) are dominant factors in determining the sensitivity of
vegetation to drought. While the effects of drought on vegetation can be identified manually
(e.g. curling, bending, rolling, mottling in deciduous trees), long term damages depend on a
multitude of factors.
Increased level of nutrients and salt caused by limited availability of fresh water supply in
urban surface waters are difficult to predict. These can be estimated by application of
empirical data (samples)(e.g. Bengraïne and Marhaba, 2003) and analysis of actual urban
water bodies. Unfortunately, monitoring of water quality in urban areas is still limited. This
prevents reliable predictions.

5.4

Conclusions and recommendations
As mentioned earlier, the sensitivity of urban areas to drought is difficult to determine. While
most of the physical processes are well understood (e.g. soft-rot in foundation poles, land
subsidence, degradation of vegetation, etc.), differentiation in individual characteristics make
the development of ‘classic’ damage curves an endeavor. Furthermore, the determination of
the exposure (i.e. extent) of the problem is often still unclear. The soft-rot problem is currently
only mapped extensively in the city of Rotterdam (Gemeentewerken Rotterdam, 2009). Since
no extensive loss of urban vegetation has been recorded as a result of drought, in particularly
not for private gardens, the replacement of trees or other vegetation is mostly dissolved in
municipal maintenance statistics.
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6 Urban sensitivity to heat and air quality
6.1

Introduction
Climate change is bringing more heat into the cities. The KNMI (2006) scenarios predict an
average temperature increase in the Netherlands between 0.9 - 2.3ºC in winter and 0.9 - 2.8 º
C in summer by 2050. Periods of high temperatures are indicated by the number of summer
days (maximum T 25 degrees) and tropical days (maximum T 30 degrees). A heat wave is
defined as a minimum of 5 consecutive summer days, of which three are tropical days. In 105
years of recording, there have only been 38 heat waves in the Netherlands. Six of them were
recorded in the period of 2001-2006 (KNMI, 2008). According to the recent IPCC reports
(2007) there is a high probability that the frequency and duration of heat waves will increase
due to climate change. In the Netherlands, an average of 7 – 15 tropical days per year is
expected in 2050.
The European heat wave of 2003 is used in a lot of studies in heat stress. It probably caused
more than 80.000 heat-related deaths. According to Stott et al. (2004) the probability of the
occurrence of heat waves like in 2003 has been doubled due to human activities. It is very
difficult to predict the changes in occurrence, duration and intensity of heat waves in detail
(Huynen et al. 2008).

6.1.1

Urban Heat Island
The projected temperature rise due to climate change will intensify the urban heat island
(UHI) effect, which causes significantly higher temperatures in cities than in their surrounding
rural areas (Figure 6.1). An increased urbanization adds to the effect. The impact of heat due
to climate change is therefore more severe in cities than in rural areas.
The UHI effect is caused by higher solar radiation absorption by buildings and paved
surfaces, local heat production (buildings, traffic, industries) and reduced cooling through
wind and evapotranspiration due to presence of less vegetation and surface water in cities.
The UHI effect is largest at night, when the city retains its heat and cools much slower than its
surroundings. (e.g. Rahola et al. 2009; Van de Ven et al. 2010; Klok et al. 2010)
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Figure 6.1

The urban heat island effect: variation in air and surface temperature between urban and rural
areas, at day and night time (source: http://www.epa.gov/heatisland/about/index.htm).

References on international studies to the UHI effect can be found in Rahola et al. (2009).
Until recently there was little information about the UHI effect in the Netherlands;
measurements documenting the urban heat island effect date back to 1970-1971 (Conrads,
1975). This study showed that for the city of Utrecht the average temperature difference
between the city centre and the rural surroundings was 1.9°C in winter and 2.7°C in summer.
New studies have recently started in the Knowledge for Climate program. Measurements by
Heusinkveld et al. (2010) show a temperature difference between the city of Rotterdam and
its surrounding areas up to 7 ºC. Klok et al. (2010) studied the spatial distribution and
possible causes of the UHI for the city of Rotterdam. More research on the UHI effect will be
done by the Climate Proof Cities consortium.

6.2

Susceptible urban assets
Comprehensive overviews of knowledge and knowledge deficiencies regarding the UHI effect
and heat stress in Dutch cities (including options for mitigation) is given by Rahola et al.
(2009) and in a recent CPC report “Kennismotage hitte en klimaat in de stad” (Döpp et al.,
2011).
In assessing the impact of heat to the urban system, people are considered as the most
important susceptible ‘element’. Temperature rise and the occurrence of more heat waves
affect human beings in various respects, e.g. health, comfort, sleep, productivity. However,
also other elements, the actual physical objects of the urban system, are affected by heat
such as buildings and infrastructure. Table 6.1 provides an overview of all susceptible
elements for heat impact due to climate change. It includes a short description of the direct
and indirect effects of heat on the particular element (groups), and the type of potential
‘damage’ (tangible and intangible).
Table 6.1: Susceptible urban assets, groups and elements

‘Asset’
group
People

Buildings

Susceptible
groups / elements
Elderly
Specific diseases/
medicine use
In public space
Building envelope
Roof
Housing

Infrastructure

Offices
Hospitals / nursery
homes
Schools
Shops
Roads
Railway / tramlines
Bridges

34

Exposure

Consequence
Health risk/discomfort
Health risk

High outdoor T

Discomfort

Material degradation
High surface T
expansion
High indoor T

Damages
Damages

High indoor T
High indoor T
High indoor T
High indoor T
Top layer melting,
rutting
Rail buckling
Top layer expansion

Health risk/discomfort/sleep
quality
Low productivity/discomfort
Health risk
Low performance
Discomfort/ less shoppers
Damage
Damages/traffic interruptions
Damage/traffic interruptions
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Water

Recreational water
Industrial cooling
water
Drinking water
Ecological water

High T surface water
High T surface water

Pathogenic microorganisms
Lower cooling capacity

Bacteria and other
micro-organisms7
High T surface water

Health risk
Damage to ecosystem

For each ‘Asset’ group a general description of the (different types of direct or indirect) impact
of heat on the specific elements is given, followed by literature on quantitative data,
vulnerability / risk factors or groups and existing method for impact assessment or predictions
if literature available.
6.2.1

People
Most literature on the consequences of more heat in cities due to climate change is related to
the impact on human health. A detailed description of the effects on human health and wellbeing is given by Daanen et al. (2010). They make a distinction in different types of human
related impacts due to climate change:
-

Health
o

o

Direct impact:
Heat stress
Illness
Mortality
Indirect: pathogenic micro-organisms, allergens

-

Wellbeing
o Thermal comfort
o Sleep quality
o Aggression

-

Human performance & safety
o Labour productivity
o Learning performance

Most topics are considered in this literature study as well, based on literature availability. The
impact of air pollution on human health is added, because of its close relation to climate
change and heat stress problems.
6.2.1.1

Health
Direct impact; heat stress and illness
“The impact of climate change on health is complex and involves interactions between the
physical attributes of the settlement and precursors for the direct effects of heat stress and
disease” (IPCC, 2001). Huynen et al. (2008) presents a detailed overview of the effects of
climate change on human health. In a short paper Huynen and Van Vliet (2009) summarize
the effects that are relevant for the Netherlands. The main health effects are heat stress, air
pollution, allergies, vector-borne infectious diseases, and food- and waterborne diseases.
The effects of high temperatures on the human health and well being does not only depend
on climate factors, but also on local conditions like building density, shade, water and green
etc. Variation in human condition (health, age, behaviour) that affects human vulnerability to
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the effects of heat are even more important. Kovats and Hajat (2008) give a clear
representation of risk factors that may operate at many stages along the causal chain from
high ambient temperature to death (Figure 6.2).

Figure 6.2

Points along the causal chain from heat exposure to heat death (source: Kovats and Hajat
(2008))

Heat stress arises when temperatures affect people not only psychologically but also
physiologically (Rahola 2009; Daanen et al. 2010). At extreme temperatures – sometimes in
combination with high solar radiation and high humidity - the regular cooling control
mechanisms of the human body to release heat may fail and heat stress occurs.
Four types of heat related diseases occur as short–term effects (reviewed in detail by Howe
and Boden, 2007):
- Heat rash: long-lasting wet skin causes skin rash of granular vesicles, often
accompanied by a burning and itching.
- Heat cramps: painful cramps, especially in the leg and abdominal muscles that are
used during exercise. There is disagreement about the cause; low salt seems to be
Heat exhaustion: caused by a combination of fatigue by exertion and
part of it.
significantly increased body temperature. The blood circulation system has problems
in getting enough blood to the muscles (work), brains and skin (cooling). Sudden stop
of exertion may cause fainting due to a rapid blood pressure decline. Signs of heat
exhaustion are: paleness, wet face, dizziness, nausea, headache and unstable
walking.
- Heat stroke: Heat stroke is the most severe heat related disease and may result in
death. Symptoms are: sign of heat exhaustion, high body temperature (above 40 º C),
abnormal behavior (poor accountable, confusion, anxiety, aggressiveness, irritability,
etc.), hot dry skin, cramps and convulsions, and loss of consciousness
Extreme heat exposure could also have long term effects like low birth weight and birth
defects (De Joode and Brand 2006). Detailed studies have not been done.
Risk groups and numbers
The most sensitive population groups for heat strokes are elderly, people that use particular
medicines, people with obesity, and people with heart or blood pressure problems. Children
do not seem to be more sensitive to heat compared to adults (Rowland, 2008).
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People are able to acclimatize to increased temperatures in the long term. The impact of heat
stress is most serious when heat waves occur after relative cold periods. Even though the
average temperature in the Netherlands will slightly increase, acclimatization to the increased
number of thermal extremes will probably be limited.
Detailed numbers on any of the heat related diseases were not found in this study.
Data on incidence of heat strokes are hard to analyse because criteria to relate illness of
death to heat vary (Bouchama and Knochel, 2002). Furthermore, many victims during heat
waves like the one in 2003 die at home (e.g. 58% in France). Autopsy is usually not being
done. Severe medical problems and increased mortality during heat waves could be caused
by organ failure due to heat strokes, but not recognized as such.

Heat death
Both climate change and the UHI effect will contribute to higher night-time temperatures.
Research indicates that the most important factor in urban heat deaths is variability in
summer night-time minimum temperatures, combined with a lack of acclimatization, high
humidity and poorly ventilated and insulated housing (Chestnut et al., 1998). Furthermore, a
part of the excess mortality could be attributed to increased degrees of air pollution during
periods of heat (see paragraph on air quality).
Risk groups and numbers
Bouchama et al. (2007) conducted a meta-analysis of observational studies on risk and
protective factors in heat wave–related deaths. Daanen et al. (2010) summarized their
findings in table 6.2. Their conclusions on prognostic factors of heat-related deaths:
Social precariousness and poor general health, ie, being confined to bed, unable to
adequately care for self or to leave home daily, or having a preexisting cardiovascular,
pulmonary, or psychiatric condition, are significantly associated with death during a heat
wave.
Having working air-conditioning is the strongest protective factor, followed by access to an
air-conditioned place for some hours and participating in social activities during a heat
wave. Extra showers or baths and use of a fan during a heat wave reduced the risk of
dying, although trends were not statistically significant.
Extra morbidity and mortality during heat wave is mainly related to elderly groups, over the
age of 75 (Daanen et al. 2010; Fouillet et al. 2006).
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Table 6.2: Prognostic factors on heat related deaths (source: Daanen et al. 2010)

Various studies have been done to quantify the effect of heat on mortality, by combining
temperature variation data with mortality data. It appears there is a V-shape relation between
temperature and deaths, with different optimum temperatures for different geographical
locations. In the Netherlands the optimal temperature is 16,5 ºC (Figure 6.3); mortality
increases under and above this temperature (Huynen et al., 2001). Results show that the
average mortality during heat waves increased by 12.1%, equivalent to around 40 deaths a
day. The CBS estimated between 1400 and 2200 deaths in the summer of 2003 in the
Netherlands due to higher temperatures than usual (Garssen et al, 2005). During the heat
wave in that year an estimated 500 additional people died from July 31 to August 13, about
10% of the total mortality over this period.
A part of this mortality increase might be explained by a shift forwards in time, the so called
‘early harvesting effect’. People with a weak health may die sooner due to extreme heat,
which results in period of decreased mortality immediately after a heat wave. However, in
studies of the 2003 European heat wave for example, this early harvesting effect was
neglegible and did not cause the extra deaths (e.g. Garssen et al. 2005; Daanen et al. 2010).

38

Sensitivity and vulnerability of urban systems

1202270-008-BGS-0004, 4 October 2011, final

Figure 6.3

Relation between mean day T and extra deaths in the Netherlands, based on six heat waves in
the period between 1979 – 1997 (source: Huynen et al. 2001)

Other numbers that have been found in studies to heat death:
Gill et al. (2004) report an estimated 800 ‘heat-related’ deaths occur per year in the UK. It
is estimated that these deaths are accompanied by about 80.000 days of additional NHS
hospitalization (Donaldson et al, 2002)
Hübler et al. (2007) listed the impacts of the 2003 heat wave in the different European
countries in terms of increased mortality numbers and increased emergency hospital
admissions (Table 6.3).
In a study for the USA, SEMENZA et al. (1999) found 11 % more hospital emergency
admissions during the heat wave 1995 in Chicago in general and 35 % more admissions
in the age group 65 years and more. The next step they suggest would be to consider the
number of visits in medical practices, but there is a lack of data.
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Table 6.3 Estimated impacts of the European heat wave in 2003 (source: Hübler et al. 2007)

Indirect effects on human health
Indirect effects of heat on the human health are described in more detail by Huynen et al.
(2008).
-

-

-
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Allergies: Increased risk of aggravating allergies by enhanced pollen production.
Approximately 15-20% of the Dutch population has a form of allergic rhinitis
(hooikoorts), most caused by pollen. Meteorological conditions influence timing and
duration of the pollen season and number of pollen. The pollen season is getting
longer due to climate change and southern species are moving northwards causing
more and other types of allergies.
Vector-borne diseases: Warm weather will probable increase the incidence of
vector-borne diseases, by its effect on insect development, and indirectly through its
effect on host plants and animals (Rogers et al. 2002; in Gill et al. 2004). “Cities
provide standing water, rubbish dumps and sheltered areas, which are suitable
habitats for disease vectors and organisms (IPCC, 2001).” In the Netherlands, the
number of tick bites increased from 23.000 – 73.000 in the period of 1994-2005. The
number of Lyme disease cases tripled as well in this period. Ongoing temperature rise
due to climate change will probable grow this number even further (Van Lier et al.
2007).
Water- and food-borne diseases: Climate change will probably influence the
introduction, spread and grow of pathogenic micro-organisms in water and food, and
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consequently the number of infections, diseases and deaths caused by these
diseases.
Exposure to UV radiation: Increased risk on skin cancer due to increase in outdoor
activities, especially for children who are most vulnerable group.

Risk groups and numbers
Poor ventilation can lead to condensation and mould problems, as well as increased
concentrations of pollutants. This could link with respiratory health problems. Risk groups
include allergy patients and children.
Detailed data (on local / regional scale) on these diseases and translation into health costs
were not found in literature.

Air quality
Air pollution or smog is a complex mixture of many different air pollutants. The two air
pollutants of most concern for public health are surface ozone and particulate matter (PM).
Evidence exists that for humans the pollutants can result in shortened lifetime, for instance
due to respiratory problems, lung disease and cancer, but also immediate death (Ebi and
McGregor, 2008; in Van Dijk et al. 2009).
Besides emissions, air quality strongly depends on meteorological conditions and therefore is
sensitive to climate change. Climate change may impact air quality through changing
emissions, chemistry, ventilation rates, precipitation scavenging and dry deposition (Van Dijk
et al. 2009). The effect of climate change on particulate matter (PM) is more complicated and
uncertain than for ozone. Jacob and Winner (2009) show the dependence of surface air
quality on meteorological variables in Table 6.4. Temperature is the most important predictor
variable for ozone.

Table 6.4: dependence of ozone and PM on meteorological variables (source: Jacob and Winner, 2009)

Studies find that climate change alone will increase summertime surface ozone in polluted
regions by 1–10 ppb over the coming decades, with the largest effects in urban areas and
during pollution episodes. Stable, stagnant weather conditions are thought to become more
frequent in the Netherlands in the future; during summer these conditions are associated with
more frequent heat waves (Van Dijk et al. 2009).
Ventilation is an important process in the transport and dilution of particulate matter, and the
removal of particulate matter is mainly governed by wet deposition. Due to the expected
increase in stagnation in the Netherlands and partially associated fewer rain events an
increase of PM levels in a future climate is therefore expected (Van Dijk et al. 2009).
Sensitivity and vulnerability of urban systems
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Timmermans et al. (2008) studied the interactions between air quality and climate change,
based on a case study of the harbor of Rotterdam. They estimated air quality in 2050 using
the meteorology of the ‘warm’ 2003 summer, in comparison with the ‘normal’ 2005 and
translated results in health impact. Results show increased levels of air pollution (ozone, NOx
and PM2,5) in the Netherlands and around the harbor of Rotterdam for the summer of 2003.
Draft results using ‘exposure response functions’ (ERFs) show that especially the increase of
PM2,5 and NOx contribute to adverse health effects. Roughly speaking the average
inhabitant of the Rotterdam area will loose one day of healthy life over a period of five years.
The number of air quality related hospital admissions in the Rijnmond area was 25 % larger
compared to 2005. The excess mortality in 2003 compared to 2000 in the same area was 60
persons during the summer smog period.
Huynen et al. (2008) also mention the interaction between temperature and air quality as an
important aspect of temperature related health effects of climate change. According to
calculations for the Netherlands, potentially 25-40% of the extra deaths in the summer of
2003 might be caused by increased air pollution (Fischer et al. 2004).

6.2.1.2

Wellbeing
Thermal comfort
High temperatures have an impact on the thermal comfort in various types of indoor
environments (housing, offices, shops etc.) and outdoor environment (public space) in cities.
The concept of thermal comfort is also described as “that condition of mind which expresses
satisfaction with the thermal environment” by the American Society of Heating, Refrigeration
and Air-Conditioning Engineers (ASHRAE 1966). This means both physiological and
psychological aspects are involved.
Research focuses on parameters that influence thermal comfort, physically and
psychologically, models to thermal comfort, and the development of design guidelines for
building construction and urban planners. Most research concerns modeling the indoor
environment.
Heat outside is being translated to the indoor environment to some degree, unless air
conditioning is used. The increase of indoor temperature due to high outdoor temperatures
depends on various factors like building characteristics (isolation, thermal capacity, albedo
values), surrounding buildings (height, distance), behavior of users etc. In a study by Coley
and Kershaw (2010) a ‘climate change amplification factor (CCA-factor) was introduced, to
quantify the outdoor - indoor temperature relation of different building types. However, these
CCA-factors still need to be defined for Dutch building types.
Depending on its function, overheating in buildings may affect its users. For housing, indoor
overheating may result in discomfort, sleeping problems (6.2.1.5) and/or heat stress (6.2.1.1).
Hospitals and nursery homes face extra risks from overheating, due to its vulnerable
inhabitants. Offices and schools may have to deal with problems in concentration or
productivity of people (see 6.2.1.6). Shops, big stores and other commercial building may be
visited less in periods of heat and therefore suffer revenue losses. No literature has been
found on these kinds of commercial losses due to heat.
For the outdoor thermal comfort, heat has potential negative effects on the attractiveness to
work, live of recreate at specific locations. It is more complicated to apply indices and
thermophysiological models on thermal comfort for the outdoor environment compared to
indoor, due to greater variability in conditions. Besides that, there are a lot of different
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activities that people are engaged in outdoors. Various urban conditions define microclimatic
conditions within cities that influence thermal comfort, which depend on elements like spatial
conformation, roughness, porosity, construction density, building height and dimensions, land
use, orientation of the sun and wind, soil permeability, thermodynamic properties of
construction materials and green cover (Santos and Boas, 2000 in Gill et al. 2004).
Measurements in Rotterdam show that the difference between the apparent temperature
(gevoelstemperatuur) in and outside the city can reach 15 degrees at a summer day (Daanen
et al. 2010). At shadow-less and windless places the apparent temperature is highest, and in
districts with many low buildings and green temperatures are relatively low (Heusinkveld et al.
2010).
A recent study on thermal comfort in Dutch public spaces is done by Sanda Lenzholzer
(2010). This study focused on the quality of urban squares depending on factors like thermal
comfort and microclimate perception, and resulted in a set of design guidelines. Her
dissertation Research and design for thermal comfort in Dutch urban squares gives an
overview of (urban) thermal comfort research.

Sleep quality
At night, the outdoor temperature cools much less compared to the rural surrounding due the
the UHI effect; the city absorbs a lot of heat during daytime which is released to the air at
night. The relatively warm night temperatures may cause problems for sleep quality. A small
change in skin temperature of less than 1 ° C has a major impact on sleep quality, especially
for elderly (Raymann et al, 2008).
In a study to heat perception among elderly in Tilburg in summer of 2010, 60% of
respondents suffered from sleep disturbance due to heat. People with a bedroom where little
or no direct sun shine experienced least sleep disturbance, and people with sun shine in the
bedroom in the morning or afternoon most. Sleep disturbance during heat waves can not only
cause malaise and fatigue, but can also contribute to the onset of diseases and worsen
existing chronic diseases such as heart failure.

6.2.1.3

Human performance
A quantitative review of the effect of thermal stressors on human performance was done by
Hancock et al. (2007). Their analyses show a significant negative effect on performance
associated with thermal stressors, like lower working pace and more mistakes in various
tasks. Psychomotor and perceptual task performance are most affected by thermal stressors,
and cognitive performance to a lower degree. The most important variable on how thermal
conditions affect performance is the type of task, followed by exposure duration and intensity.
Daanen et al. (2006) states that efficiency of movements decreases with increasing body core
temperature; 1 degree temperature increase results in about 1% less efficiency.
Research also showed that heat stress can lead to more accidents, errors and adverse
effects on mental functioning. Stern and Zehavi (1989) found the risk of road accidents
increased in hot weather, as a result of heat stress on driver concentration. A survey found
that 9% of drivers thought warm weather induced drowsiness when driving (Gill et al. 2004).
One of the main adjustments to heat is the reduction of work rate or ‘selfpacing’. Selfpacing
occurs naturally; people reduce their working pace in order to stabilize the heat balance of
their body. Productivity decrease is the net effect. Mairiaux and Malchaire (1985) observed
Sensitivity and vulnerability of urban systems
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that older workers reduced their working with 25% in order to remain thermally acceptable
conditions. This might have significant impact on labour productivity. (Daanen et al. 2010)
Risk groups and numbers
Heat stress at the workplace is not simply a question of ambient temperature. An equally
important factor is the degree of effort associated with the work in question, since this can
result in the production of considerable amounts of body heat.
Referring to previous research by TNO, FNV bondgenoten (2006) indicates that an estimated
39% (2.5 million) of employees in the Netherlands occasionally deals with extreme heat in
working situations. www.arbobondgenoten.nl/redarbowet/factsheets/factsheet_klimaat.pdf.
Seppänen (2006) focused on the effects of temperature on performance at office work. The
results show that performance increases with temperature up to 21-22 oC, and decreases
with temperature above 23-24 oC. The highest productivity is at temperature of around 22 oC.
For example, at the temperature of 30 oC the performance is only 91.1% of the maximum i.e.
the reduction in performance is 8.9%.”
Hübler et al. (2007) estimated numbers on the reduction of labor output for climate scenarios
in Germany for the period 2071 to 2100. They estimated an output loss of between 0.12 %
and 0.48 % of GDP due to reduced work performance related to heat.

6.2.2

Buildings
Most studies on the impact of climate change at buildings do not specifically focus on heat,
but look at all potential effects of climate change in a qualitative way (e.g. Crawley 2008;
Jentsch et al. 2008; Roberts 2008). Impacts of temperature rise and higher frequency of
thermal extremes on buildings that are mentioned in literature:
- higher indoor temperatures: overheating and thermal comfort
- higher energy use due to mechanical cooling
- degradation of building materials
The main impact of heat at building level is the increase of overheating within buildings.
Higher outdoor temperatures result in a decrease of cooling potential of traditional building
ventilation. Consequences of higher indoor temperatures are effects on human comfort and
health, and higher energy use and costs due to mechanical cooling (air conditioning).
Consequences for human health and comfort are described in chapter 6.2.1. Some studies
included the effect on energy cost (e.g. Gaterell and McEvoy 2005; Frank 2005; Crawley
2008; De Wilde and Tian 2010), but no clear quantified relations between temperature and
energy use have been found yet.
Besides effects on the indoor climate, heat related to climate change may have a negative
effect on the durability of building parts and materials. In general, it seems that average
temperature rise due to climate change has little or no effect on the lifespan of buildings.
However, short term temperature changes and extremes like heat waves might have a
significant negative impact (Brimblecombe and Grossi 2007), particularly in combination with
higher degrees of humidity (more microorganisms) and air pollution. Qualitative descriptions
of thermal degradation of buildings and building materials due to climate change is given for
example by Nijland et al. (2009), ENBRI (2002); Bonazza et al. (2009), Berdahl et al. (2008)
and Brimblecombe and Grossi (2007). Little or no quantitative data on the effects are
available yet.
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6.2.3

Infrastructure
A general description of the effects of climate change on infrastructure in the Netherlands,
including those related to heat, is given by Van Oostrom et al. (2008) and De Wit et al.
(2009). Similar studies have been done for other countries like the USA (TRB 2008), Australia
(Evans and Peck 2009) and Scotland (Galbraith et al. 2005),
Potential negative consequences of higher temperatures for infrastructure include damage to
rail and road (material), and traffic and transport disturbance due to material damage or
jamming of bridges due to expansion for example.
Damage to infrastructural elements has been studied, but not in great detail.
Climate change effects on railroads was studied by Rossetti (2002). ‘Track misalignments as
a cause of train derailments with the potential of injuries, fatalities, property damage, and
release of toxic hazardous materials. In addition to the direct effect of solar radiation, railroad
tracks may also be exposed to uneven thermal expansion, thereby posing the risk of warp
and misalignment to freight traffic.’ In the frequency and distribution of rail infrastructure
failures due to adverse weather conditions in the Netherlands in 2003 are reported. Weather
appears to cause approximately 5% of all rail infrastructure failures (i.e. 5% of 8279 failures in
The Netherlands in 2003). In general, climate change likely causes an increase in heatrelated disruptions but a decrease in ice-related disruptions, making the net impact
ambiguous and region-specific.
Softening / melting of the top layer of asphalt roads might cause more ruts in roads and
decrease of road durability (Austroads 2004). No quantitative data estimates of damage can
be given. According to Galbraith et al. (2005) softening of asphalt roads will not cause
significant problems,
The relation between weather, traffic accidents and congestion is intertwined and therefore
complex. Direct empirical evidence on the complex set of relationships is scarce, Most
studies in this area focus primarily on the partial relationships between weather and accidents
and weather and congestion, where precipitation is considered the main weather variable.
Stern and Zevahi (1990) conclude that the risk of an accident increases with increasing heatstress conditions, but there are no clear empirical data.

6.2.4

Water
Higher air temperatures will cause higher temperatures of urban water. “For shallow Dutch
lakes, it could be concluded that there is a very tight coupling between air and water
temperatures, irrespective of their size, resulting in highly similar patterns of lake temperature
and a direct translation of climate warming into lake warming (Mooij et al., 2008)” in Roda
Husman (2010). The higher water temperatures (combined with higher nutrient
concentrations in dry periods) encourage increased primary production (including algal
blooms), eutrophication and deoxygenisation of the water (LCCP, 2002).
The impact of climate change and recreational water related infectious diseases is recently
studied by Roda Husman et al. (2010). Major climate factors that determine the number, type,
virulence and infectivity of pathogens in recreational waters, and thus may have an impact on
diseases transmitted through recreational water, include temperature, UV radiation,
precipitation patterns and water availability. They identify both emerging and known
waterborne infectious diseases, related to recreational water. Infectious diseases that are
most relevant for urban environments:
Sensitivity and vulnerability of urban systems
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Legionella species also do proliferate at elevated water temperatures. Legionella grows to
high levels in drinking water distribution systems that also provide water for showers and
whirlpools in swimming pools. High Legionella numbers in showers, whirlpools, interactive
water features and fountains pose health risks through inhalation of aerosols. Warm, humid
and showery summer weather was found to be associated with a higher incidence of
Legionella disease in the Netherlands (Karagiannis et al., 2009; Roda Husman et al. 2010).
Rising temperatures favour cyanobacteria (blauwalgen) in several ways. Cyanobacteria
generally grow better at higher surface water temperatures (often above 25 °C). as a result of
global warming, water temperatures may be higher for prolonged periods, thus lengthening
the period for explosive growth of cyanobacteria resulting in extended periods of nuisance
blooms that affect recreational water quality.
No quantitative data or information was found on the impact of high temperature urban water
on human health.

6.3

Damage assessment methods
Based on this literature study, it can be concluded that quantitative data on the impact of
(climate change related) heat to the urban system and on the sensitivity of different urban
assets is scarce. This holds particularly for damage to buildings, infrastructure and
watersystems. Since the main interest of municipalities to heat related climate impacts in
cities concerns human health and comfort, these will be the most obvious topics for
developing damage assessment methods. No such methods have been developed yet.
Former studies that may provide input in developing damage assessment methods regarding
heat and human health / thermal comfort are described below.

6.3.1

Human health
Kinney et al. (2008) reviews three types of approaches that are being used in projecting
future public health burden of temperature-related health effects:
- Calculating heat-related mortality under a changing climate to estimate upper and
lower bounds of heat-related deaths based on historical exposure–response functions
for the same city or region (upper bound), or an ‘‘analogue’’ city or region with a
climate similar to the projected climate for the city of interest (lower bound).
- Evaluating adaptation using the minimum mortality threshold (MMT) temperature (i.e.,
the temperature with the lowest mortality rate or lowest point of the U-shaped
temperature-mortality curve). Similar to the first method, the MMT approach does not
account for trends in the underlying factors driving trends in vulnerability to heat
stress.
- Estimating the impact of modifiers (e.g., air conditioning, population density, green
space) on the temperature and mortality relation, and then predicting a range of
effects based on plausible estimates for the future values of these parameters in a
given city.
They conclude that all approaches have their limitations, but collectively they can provide
information regarding the impacts and can give insight into possible responses.
Kirch et al. (2005) analysed a risk assessment framework for studies of regional impact of
and adaptation to climate change, and assessed the potential impact of high temperature
events on humans in southern Quebec. An assessment of biophysical vulnerability to climate
change, based on combined climate and social indices. Climate hazard was characterized by
2 indices:
(1) Mean number of days with Tmax > 30°C, for weather stations with data for at least 16
yr between 1971 and 2000 (272 stations).
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(2) Mean number of episodes per year with at least 3 consecutive days with Tmax > 30°C
and Tmin > 22°C.
Social vulnerability was estimated using 4 social subindices:
(1) Age index: frequency of people older than 65.
(2) Poverty index: frequency of low-income
(3) Social isolation index: frequency of single person households.
(4) Education index: frequency of people older than 20 with less than 13 yr of education.
In order to estimate the present and future potential human impact, climate hazard and social
vulnerability were combined using a weighted sum in a geographic information system (GIS),
resulting in present and future public health risk maps (Figure 6.4).

Figure 6.4

(a) Present and (b) future public health risk due to climate change in Quebec region (source:
Kirch et al. 2005)

Hübler et al. (2007) conducted a study to quantify climate induced health risks for Germany.
Based on high resolution climate scenarios for the period 2071 to 2100 they forecast the
number of days with heat load and cold stress. Referring to empirical studies on heat induced
health effects they estimate an average increase in the number of heat induced casualties by
a factor of more than 3. Heat related hospitalization costs increase 6-fold not including the
cost of ambulant treatment.
Their approach includes:
- temperature scenarios based on climate models
- approximations of resulting increases in mortality (not translated into economic costs)
- estimation of costs on non fatal heat risks focusing on the costs of hospitalization and
reduction in labor output
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Figure 6.5

6.3.2

Calculation of heat induced mortality by Hübler (2007)

Thermal comfort
The most commonly used indices for thermal comfort are ‘Predicted Mean Vote’ (PMV) and
‘Standard Effective Temperature’ (SET). Both indices were developed by Fanger for indoor
climate and introduced in one of the most influential books in thermal comfort research
Thermal Comfort (1970). These indices combine air temperature, air-movement conditions,
relative humidity, mean radiant temperature and person-related factors like metabolism rates
and clothing degree.
PMV was later supplemented by with more specific standards for outdoor thermal comfort
such as the ‘Physiological Equivalent Temperature’ (PET), an index derived from the human
energy balance which expresses thermal stress on people (Mayer and Höppe, 1987). Its
dimension is ºC. “This index requires information about wind speed, temperature, moisture,
and global radiation and a clothing index and activity value and estimates the thermal stress
for differing groups of people (e.g. an ‘average European male’, 35 years old, 1.7 m tall and
weight 75 kg). ‘Comfortable conditions’ (when the body does not experience any thermal
stress) are represented by 18-23ºC on the PET scale (Matzarakis et al., 1999). PET values
have been shown to be higher within densely built-up urban environments, and values on a
clear and calm occasion were higher than those on a cloudy and windy occasion (Svensson
& Eliasson, 2002). This demonstrates how wind affects how people experience temperature
(Svensson & Eliasson, 2002).” From Gill et al. 2004
According to Honjo (2009) a Universal Thermal Comfort Index (UTCI) is being developed but
much more measurements and considerations of additional aspects will be necessary.
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Table 6.6: Ranges of PMV and equivalent PET (source: Honjo 2009)

The BMBF funded joint project KLIMES investigated human thermal comfort within urban
spaces, combining human-biometeorological measurements with interviews of pedestrians
and state of the art microclimate and multi-agent modeling (Huttner et al. 2009). The project
attempted to identify the human-biometeorological fundamentals and ventilation patterns in
cities, necessary for the development of mitigation strategies. The project also developed
guidelines for planning on to how to deal with heat islands in face of global climate change.
Experimental investigations and interviews with people on human thermal comfort, simulation
of thermal human comfort under present and future climatic conditions and development of
thermal index were carried out. Thermal comfort was expressed with the index of
Physiological Equivalent Temperature (PET). The model used GIS methodologies whereby
the building maps, landuse, topography and meteorological data form the various layers. The
layers present the urban heat load and dynamic potentials, which together form the Urban
Climate Map for the area. The project presented preliminary results to help develop
guidelines for enhancing human thermal comfort, both outdoors and indoors. The study also
found that, apart from temperature as an indicator for thermal comfort, it is necessary to
consider the heat balance in reaction to radiation and wind. Also humidity complicated the
balance as well. Hence, PET was proposed as a more appropriate index for human comfort.

6.4

Conclusions and recommendations
The most susceptible elements in the urban environment to heat are the people living and
working in it. Decrease of thermal comfort, extent of heat stress and number of deaths are not
only determined by variables like temperature, duration of heat waves and local conditions in
the urban environment (little green, no shade, no wind, poor air quality), but to even greater
extent by human conditions. Factors that affect sensitivity of people to heat stress include
age, health, behavior and social conditions.
Heat mortality numbers available in literature are mostly on a national level and related to
temperature variables only. Quantitative data on heat related illness is scarce. Apart from a
few local studies on thermal comfort, there is also very little general data on thermal comfort
and wellbeing related to heat. There is no data on the consequences for the attractiveness of
cities to work, live and other activities, and possible economic impact as result.
Buildings, infrastructure and water systems in the city might also be affected by heat.
However, quantitative data on effects is lacking and damage appears to be not significant.
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Experiences with stakeholders in the Climate Proof Cities consortium learn that municipalities
are mostly interested in the effects for human health and thermal comfort when it comes to
heat related effects in cities. Considering the lack of quantitative data on thermal comfort, it is
recommended to continue with exploring methodologies for quantifying the effects of human
health. Detailed meteorological data and data from local health care might be combined in
order to get a grip on variation of heat stress and mortality on regional or city scale in relation
to heat and other variables. It will be virtually impossible to develop damage-curves, because
of the complex relationships between variables and because human impacts are difficult to
translate into economic values. However, with the use of climate scenarios and possibly
demographic scenarios it might be possible to indicate vulnerability to heat related health
impacts on a regional level.
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7 Conclusions and recommendations
7.1

State of the art on sensitivity analysis, general conclusion
The literature review was performed to gain an overview of the current available knowledge
and methods on quantification of urban sensitivity to the different climate hazards (fluvial and
coastal flooding, pluvial flooding, groundwater flooding, drought, heat). The following
questions were addressed per hazard:
•
Which urban assets are susceptible to damage when exposed to the specific hazard?
•
Which variables determine the magnitude of the impact?
•
Which methods are available for quantification of impacts due to the specific hazard?
•
What recommendations can be made for the development of methods to quantify
hazard impacts in the urban environment?
It is seen from the results that the research and insights on quantification of fluvial and coastal
flooding is the furthest developed to a point where methods are already available. Knowledge
on impacts focuses mainly on material damages and for Heat on casualties. For the hazards
groundwater flooding and drought it is seen that little knowledge on magnitude of impacts is
available and no methods have been developed yet.
The Dutch Quantification methods for coastal and fluvial flooding have been developed to
apply on a scale larger than the urban scale and for water depths exceeding approximately a
half to one meter. This is in line with the extent of a potential fluvial or coastal flood in the
Netherlands. It was not required to determine the impact of a fluvial or coastal flood on an
urban scale as policy decisions and responses to fluvial and coastal flooding are likely to be
taken for a larger than urban scale as well.
For pluvial flooding it is seen that some methods have been developed for the urban system,
but due to differences with Dutch conditions (hardly any gradients) these methods can not be
applied to Dutch cities. The methods for quantification of the fluvial and coastal flood impacts
were not developed for the water depths caused by pluvial flooding as encountered in Dutch
cities (generally less than 0.5 meter). For fluvial flooding of areas not protected by flood
defenses, more detailed methods have been developed which take smaller water depths into
account and could prove to be useful for pluvial flooding as well. Such an extrapolation of the
method to pluvial flooding has however not been made and verified yet.
The study on heat impact focusses mainly on the heat effects on human beings as this is the
asset for which the largest impacts are expected. From data analysis the relation between
increase of temperature and increase of number of casualties have been made available.
This relation is generally evaluated on a national scale. The question arrises if there is a need
to be able to quantify number of casualties and other heat related impacts on an urban scale.

7.2

Urban assets susceptible to climate hazards
A list of urban assets has been derived from the literature results (Appendix A). It is seen that
different hazards require a different approach to the assets, e.g. for pluvial flooding the
building style is of importance (basement,yes/no) while for drought not only information on the
building style is required (foundation yes/no) but also the building age (built before/after
1950). Heat and air quality problems focus mainly on people and the urban functions while
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groundwater problems (drought and groundwater flooding) have their effects on soils,
constructions and people. Pluvial flooding has an effect across all the defined categories. This
broadness results in a complexity of the topic. Certain impacts are caused by a combination
of hazards, e.g. combined influence of drought and heat on air particles or water quality.

7.3

Quantification variables
Insight into the variables which determine the impact magnitude is sparsely available. The
quantifying methods for coastal and fluvial flooding link the impacts to the water depths
although velocity and duration (recovery time) are also of great influence on the impact. This
multi variable relation to the impact increases the complexity and is encountered for the other
hazards as well. In addition the impact is not only determined by physical characteristics of
the hazard, but also by the characteristics of the different assets. If variables can be
identified, these are not always easily measurable which results in a lack of data. The
complexity increases when the number of asset types hit by a hazard, increase. Also of
influence is the cause – result ‘route’. This route can be one on one, e.g. heavy rainfall at a
specific location resulting in a water depth which influences the damage to a house, or it can
be a more elaborate route e.g. temperature in the street influencing the temperature in a
house which in turn has an impact on the inhabitants. The temperature in the street is often
known as is the influence of temperature on a human being, but the relation between the
outside and inside temperature is lacking, resulting in a gap.

7.4

Recommendations on development of sensitivity functions
For each hazard a further detailing on impacts is required. Per hazard it will be determined
which assets are expected to cause high impacts or are experienced as important (public and
political interest). For these assets the data availability will be determined. This will result in a
short-list of assets for which further detailing of impacts will be explored through data
analysis. If this does not result in sufficient results, a theoretical approach will need to be
followed.

52

Sensitivity and vulnerability of urban systems

1202270-008-BGS-0004, 4 October 2011, final

8 Literature
Literature general
Albers R. et al (januari 2010); Full proposal Climate Proof Cities appendix 2
IPCC (2007); Climate Change 2007: Synthesis Report.,Annex II Glossary; Contribution of
Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel
on Climate
KNMI (May 2006); KNMI Climate Change Scenarios 2006 for the Netherlands; KNMI
Scientific Report WR 2006-01
Merz, B., Kreibich, H., Thieken, A. H. and Schmidtke, R. (2004); Estimation uncertainty of
direct monetary flood damage to buildings; in: Nat. Hazards Earth Syst. Sci., 4:1(153-163)
Samuels, P and Gouldby, B. (april, 2009); Language of Risk project definitions (second
edition); FLOODSite report T32-04-01
Ven F. van de, Nieuwkerk E. van, Stone K., Veerbeek W., Rijke J., Herk S. van, Zevenbergen
Ch. (2010); Building the Netherlands Climate Proof:, Urban Areas, Deltares and IHE for
Klimaat voor Ruimte and the Netherlands environmental assessment agency (PBL),
1201082-000-VEB-003

Literature fluvial and coastal flooding
Jonkman S.N., Bockarjova M., Kok M., Bernardini P., ( 2008); Integrated hydrodynamic and
economic modelling of flood damage in the Netherlands; Ecological Economics, 66: 77-90
Kind, J., (2011); Maatschappelijke kosten-batenanalyse Waterveiligheid 21e eeuw; Deltares,
Delft, 1204144.006.
Merz B., Kreibich H., Thieken A., Schidtke R., (2004); Estimation uncertainty of direct
monetary flood damage to buildings; Natural Hazards and Earth System Sciences, 4: 153163
Messner F., Penning-Rowsell E., Green C., Meyer V., Tunstall S., van der Veen A. (2007);
Evaluating flood damages: guidance and recommendations on principles and methods;
FLOODsite Prject Deliverable D9.1, Contract No: GOCE-CT-2004-505420
Volker en Messner, (2005); National flood damage evaluation methods: A review of applied
methods in England, the Netherlands, the Czech Republic and Germany; UZF-Discussion
Papers
Wagemaker J., (2006); Inventarisatie schadefuncties en maximale schadebedragen ten
behoeve van de doorontwikkeling van HIS-SSM; HKV PR1190.10

1202270-008-BGS-0004, 4 October 2011, final

Literature pluvial flooding
Büchele, B., Kreibich, H., Kron, A., Thieken, A., Ihringer, J., Oberle, P., Merz, B., and
Nestmann, F. (2006); Flood-risk mapping: contributions towards an enhanced assessment of
extreme events and associated risks; Natural Hazards and Earth System Sciences, 6, pp
485-503
Defra (2004).The appraisal of human related intagible impacts of flooding. Defra, Flood
management dividion, R&D Technical Report FD2005/TR, London UK
Flood Hazard Research Centre (2003); The Benefits of Flood and Coastal Defence:
Techniques and Data for 2003; Middlesex University (known as Multi Coloured Manual
(MCM)).
Huizinga, J., Nederpel, A., De Groot, K. and Batterink, M. (2011) Risicomethode buitendijks:
Methodiek ter bepaling van risico's als gevolg van hoogwater. Technical Report PR1200.26,
HKV Lijn in water
Jak, M. and Kok, M. (1999); A database of historical flood events in the Netherlands; In Flood
Issues in Contemporary Water Management, 139-146. Proceedings of the NATO Advanced
Research Worksop o Coping with Flash Floods: Lessons Learned from Experience,
Malenovice, Czech Republic, May 16-21, 1999. Series: NATO Science Partnershi SubSeries: 2:, Vol. 71. Marsalek. J.; Watt, W. E.; Zeman, E.; Sieker, F. (Eds).
Klein Tank. A. M. G. and Lenderink G. (eds) (2009) Klimaatverandering in Nederland;
Aanvullingen op de KNMI'06 scenario's, KNMI, De Bilt, NL
Kok, M., Huizinga, H.J., Vrouwenvelder, A.C.W.M. and Eck, V van.(2002); Standard method
2002: damage and casualties due to flooding; joint report of HKV and TNO for Ministry of
Public Works, Road and Water Management (in Dutch)
Rioned (2006) Stedelijke Wateropgave; Vergelijking normen voor water op straat en
inundatie. Ede, NL
Ririassa, H.A., Hoen A.R. (September 2010); Neerslag en Schade, Onderzoek naar het
verband tussen neerslag en de schadelast voor brandverzekeraars met het oog op de
klimaatverandering; Verbond van Verzekeraars, Rapportnummer: 2010/rap/1112/SJANK
Roos, W. (2003);.Damage to buildings; Technical report, Delft Cluster report DC1-233-9, Delft
Ten Veldhuis, J. A. E. (2010) Quantitative risk analysis of urban flooding in lowlands areas.
PhD Thesis. TUD Technische Universiteit Delft, Gildeprint Enschede.
Thieken, A. H., Müller, M., Kreibich, H. and Merz, B. (2005); Flood damage and influencing
factors: New insights from the August 2002 flood in Germany; in: Water Resources Research,
41:W12430(1-16)
Van de Ven, F., Van Nieuwkerk, E., Stone, K., Veerbeek, W., Rijke, J., Van Herk, S. and
Zevenbergen, C. (2010) Building the Netherlands Climate Proof: Urban Areas. Technical
Report Deltares, 1201082-000-VEG-003

1202270-008-BGS-0004, 4 October 2011, final

Veerbeek, W. (2007); Flood Induced Indirect Hazard Loss Estimation Models; In: Advances in
Urban Flood Management. Ashley, R., Garvin, S.,Pasche, E., Vassilopoulos, A. and
Zevenbergen, S. (Eds.). Taylor and Francis. ISBN: 978 0 415 43662 5.
Veerbeek, W., Gersonius, B., Zevenbergen, C., Puyan N., Billah M. M. M., Fransen R.
(August, 2008); Proceedings of workpackage 3: resilient building and planning; UFM report
UFMWP301
Wind, H. G., Nieron, T. M., de Blois, c. J. and Kok, J. L. de, (1999); Analysis of flood damages
from the 1993 and 1995 Meuse floods; Water Resources, 35(11), 3459-3465

Literature groundwater flooding
KPMG and Grondmij (200 1) Grondwateroverlast in het Stedelijk Gebied; Een bestuurlijkjuridische en technische analyse als basis voor een structurele aanpak van een al jaren
spelend vraagstuk. Technical Report. http://www.waterland.net (accessed August 2011)
Verhoeff, A. P., Van Strien, R. T., Van Wijnen, J. H. and Brunekreef, B. (1994) Damph
Housing and Childhood REspiratory Symptoms: The Role of Sensitization to Dust Mites and
Molds, American Journal of Epidemiology 141 (2), pp 103-110

Literature drought
Bergraïne K. and Marhaba, T. F. (2003); Using principal component analysis to monitor
spatial and temporal changes in water quality; Journal of Hazardous Materials, 100:1-3, pp
179-195
Gementewerken Rotterdam (2009) Inventarisatie Fundertingsproblematiek Rotterdam,
Technical Documentation 2006-047, Gemeente Rotterdam Ingenieursbureau, Rotterdam,
Netherlands
Klaassen, R. K. W. M. (2008); Bacterial decay in wooden foundation piles – Patterns and
causes: A study of historical pile foundations in the Netherlands; International Biodeteriation &
Biodegradation 61, pp 45-60
Klaassen, R. K. W. M. (2008); Some specific Dutch wood end use problems and chances;
COST E53, 29-30 October 2008, Delft, Netherlands
RIZA, HKV, Arcadis, KIWA, Korbee en Hovelynck Druk Klopstra, Versteeg, R., Kroon, T.
(2005); Droogtestudie Nederland, Aard, ernst en omvang van watertekorten in Nederland;
RIZA-report 2005.016, RIZA, Lelystad, Netherlands
Savory, J. G. (1954) Breakdown of timeber by Ascomycetes and fungi imperfecti. Annals of
Applied Biology 41, pp 336-347
SBR Rotterdam (2006) Invenarisatie Funderingsherstel, Technical Report, SBR 117

1202270-008-BGS-0004, 4 October 2011, final

SPFN (Stichting Platform Fundering Nederland) (2005) Verhoging Grondwater in
Iniltratiegebieden, Technical Report, http://platformfundering.nl/docs/20050404verhoging.pdf
(accessed September 2011)
Van Etten, B. D.., De Jong, J. D. and De Richemont, S. A. J. (2007); Inventarisatie van
hersteltechnieken bij problemen met houten funderingen; TNO-rapport 2007-D-R0607/A,
TNO Bouw en Ondergrond, Delft, Netherlands

Literature heat and air quality
ASHRAE , American Society of Heating, Refrigerating and Air-Conditioning Engineers (1966);
Thermal comfort conditions; Standard 55-66, New York.
Austroads (2004); Impact of Climate Change on Road Infrastructure
Berdahl P., Akbari H., Levinson R., Miller W. (2008); Weathering of roofing materials – An
overview; Construction and Building Materials 22 423–433
Bonazza, A.; Messina, P.; Sabbioni, C.; Grossi, C. en Brimblecombe, P. (2009); Mapping the
impact of climate change on surface recession of carbonate buildings in Europe; Science of
the total environment 407 2039 – 2050
Bouchama (2007); Prognostic Factors in Heat Wave–Related Deaths; A Meta-analysis;
(REPRINTED) ARCH INTERN MED/VOL 167 (NO. 20), NOV 12, 2007
Bouchama A, Knochel JP. (2002); Heat stroke; N Engl J Med 346(25):1978-1988
Brimblecombe, P. en Grossi, C. (2007); Damage to Buildings from Future Climate and
Pollution; Association for Preservation Technology International
Chestnut, L. G., Breffle, W. S., Smith, J. B. and L.S. Kalkstein, L. S. (1998); Analysis of
differences in hot-weather-related mortality across 44 U.S. metropolitan areas; Environmental
Science and Policy, 59, 59–78. (cited by IPCC, 2001)
David Coley*, Tristan Kershaw (2010); Changes in internal temperatures within the built
environment as a response to a changing climate Centre for Energy and the Environment;
School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, UK Building and
Environment 45 89–93
Conrads L.A. (1975); Observations of meteorological effects; The heat Island of Utrecht; PhD
Crawley,
D
(2008);
Impact
https://www.cibse.org/pdfs/4bcrawley.pdf

of

climate

change

on

Buildings

Daanen et al. (2010); De invloed van hitte op de gezondheid, toegespitst op de stad
Rotterdam; TNO-DV 2010 D248
Daanen, H.A.M., Van Es, E., De Graaf, J. (2006); Heat strain and gross efficiency during
endurance exercise after lower, upper, or whole body precooling; in the heat. Int. J. Sport
Med. 27: 379-388

1202270-008-BGS-0004, 4 October 2011, final

De Joode EA, Brand T (2006) ; Fysische werkfactoren en de zwangerschapsuitkomsten; TBV
14 (9): 410-411
De Wilde, P. en Tian, W. (2010); Predicting the performance of an office under climate
change: A study of metrics, sensitivity and zonal resolution; Energy and Buildings 42 1674 –
1684
De Wit, S.; Jonkhoff, W.; Immink, I.; Roos, W.; Nelisse, M. en Reijs, T. (2009); Kennis voor
Klimaat 008/09 – Verkenning Klimaatverandering en infrastructuur
Dopp, S. (Ed). (2011); Kennismontage Hitte en klimaat in de stad; Report TNO-060-UT-201101053. TNO, Delft, Nederland
Dijk. J. van, Koenders, M., Rebel, K., Schaap, M., Wassen, M. (2009); State of the art of the
impact of climate change on environmental quality in The Netherlands A framework for
adaptation; KfC report number KfC 006/09
Donaldson, G. C., & Keatinge, W. R. (2002); Excess winter mortality: Influenza or cold
stress? observational study; British Medical Journal, 324(7329), 89-90.
Duinmeijer, A.G.P., Bouwknegt, R., (2004); Betrouwbaarheid Railinfrastructuur 2003;
(Reliability Rail Infrastructure 2003). Prorail, Utrecht.
Ebi K.L. & G. McGregor (2008); Climate change, tropospheric ozone and particulate matter,
and health impacts; Environmental Health Perspectives 116, p1149-1455
European Network of Building Research Institutes (ENBRI) (2002); Impacts of Climate
Change on Building Performance; (ICCBP)
Evans & Peck (2009); Synthesis Report: Climate Change and Infrastructure Expert Summit
Infrastructure; Partnerships Australia, Mallesons Stephen Jaques, Zuricht
Fanger (1970); Thermal comfort
Fischer, P., Brunekreef, B., Lebreta, E. (2004); Air pollution related deaths during the 2003
heat wave in the Netherlands; Atmospheric Environment 38, 1083–1085
FNV Bondgenoten (2006); Gezond werk, goed geregeld; Facsheet klimaat: temperatuur,
tocht, ventilatie. www.arbobondgenoten.nl/redarbowet/factsheets/factsheet_klimaat.pdf
Fouillet A, Rey G, Laurent F, et al. (2006); Excess mortality related to the August 2003 heat
wave in France; International Arch Environ Occup Health 80: 16–24
Frank Th. (2005); Climate change impacts on building heating and cooling energy demand in
Switzerland; Energy and Buildings 37: 1175–85.
Galbraith, R.; Price, D. en Shackman, L.(2005); Scottish road network Climate Change Study,
Scottish Executive

1202270-008-BGS-0004, 4 October 2011, final

Garssen J, Harmsen C, Beer J de. (2005); The effect of the summer 2003 heat wave on
mortality in the Netherlands; Eurosurveillance 10(7)
Gaterell M, McEvoy M. (2005); The impact of climate change uncertainties on the
performance of energy efficiency measures applied to dwellings; Energy and Buildings 37:
982–995.
Gill (2004); Literature review: Impacts of Climate Change on Urban Environments; Draft by
the Centre for Urban & Regional Ecology, University of Manchester, as part of the ASCCUE
project
Hancock PA, Ross JM, Szalma JL (2007); A meta-analysis of performance response under
thermal stressors; Hum Factors; 49(5): 851-877
Huynen, M. M. T. E., & Van Vliet, A. J. H. (2009); Climate change and health situation in the
netherlands. [Klimaatverandering en gezondheid in Nederland]; Nederlands Tijdschrift Voor
Geneeskunde, 153(50), 2425-2429.
Heusinkveld, B.G., L.W.A. van Hove, C.M.J. Jacobs, G.J. Steeneveld, J.A. Elbers, E.J. Moors
and A.A.M. Holtslag, (2010); Use of a mobile platform for assessing urban heat stress in
Rotterdam; Proc. BIOMET 7, Freiburg, 12-14 April 2010, 433-438.
Honjo, T. (2009); Thermal Comfort in Outdoor Environment
Howe AS, Boden BP. (2007); Heat-related illness in athletes; American Journal of Sports
Medicine 35 (8):1384-1395
Hübler et al. (2007); Costs of Climate Change The Effects of Rising Temperatures on Health
and Productivity; Kiel Working Paper No. 1321
Huttner, S., Bruse, M., Dostal, P., Katzschner, A. (2009); Strategies for mitigating thermal
heat stress in central European cities, the project KLIMES; The seventh International
Conference on Urban Climate, 29 June - 3 July 2009, Yokohama, Japan
Huynen (2001); Relatie temperatuur en sterfte, hittegolven NL, relatie met andere
aandoeningen
Huynen MMTE, Hollander AEM de, Martens P, Mackenbach JP (2008); Mondiale
milieuveranderingen en volksgezondheid: stand van de kennis; Bilthoven: RIVM
IPCC (2001); Climate Change 2001 - Impacts, adaptation and vulnerability; UNEP, WMO
IPCC Confalonieri, U., B. Menne, R. Akhtar, et al. (2007); Human health. In Climate Change
2007: Impacts, Adaptation and Vulnerability; Contribution of Working Group II to the Fourth
Assessment Report of theIntergovernmental Panel on Climate Change, ed. M.L. Parry, O.F.
Canziani, J.P. Palutikof, P.J. van der
Jacob, Darrell A. Winner (2009); Effect of climate change on air quality; Atmospheric
Environment 43 (2009) 51–63

1202270-008-BGS-0004, 4 October 2011, final

Jentsch, M.; Bahaj, A. en James, P. (2008); Climate change future proofing of buildings;
Generation and assessment of building simulation weather files, Energy and Buildings, 2008
Karagiannis I, Brandsema P, van der Sande M. (2009); Warm, wet weather associated with
increased Legionnaires' disease incidence in the Netherlands; Epidemiology and Infection
137(2):181-187
Klok et al. (2010); Ruimtelijke verdeling en mogelijke oorzaken van het hitte-eiland effect;
TNO rapport, Kvk project Rotterdam
Kirch W, Menne B, Bertollini R. (2005) Extreme weather events and public health responses.;
Springer-Verlag. Darmstadt. Book online: http://www.springerlink.com/content/978-3-54024417-2#section=592941&page=3&locus=0
LCCP (2002); London’s Warming: The Impacts of Climate Change on London; London
Climate Change Partnership
Lenzholzer S. (2010); Research and design for thermal comfort in Dutch urban squares
Dissertation
Matzarakis, A., Mayer, H. and Iziomon, M. (1999); Applications of a universal thermal index:
physiological equivalent temperature; International Journal of Biometeorology, 43: 76-84.
(cited by Svensson & Eliasson, 2002)
Mayer and Höppe (1987); Thermal comfort of man in different urban environments;
Theoretical and applied climatology, 38(1), 43-49
Mooij WM, De Senerpont Domis LN, Hülsmann S. (2008); The impact of climate warming on
water temperature, timing of hatching and young-of-the-year growth of fish in shallow lakes in
the Netherlands; Journal of Sea Research, 60(1-2):32-43
Nijland, T.; Adan, O.; Van Hees, R. en Van Etten, B.; TNO (2009); Evaluation of the effects of
expected climate change on the durability of building materials with suggestions for
adaptation; HERON Vol. 54 2009
Kovats R. S. and Hajat S. (2008); Heat Stress and Public Health: A Critical Review
Mairiaux P, Malchaire J. (1985); Workers self pacing in hot conditions: a case study; Applied
Ergonomics 16(2): 85-90
Patrick L. Kinney a,, Marie S. O’Neill b, Michelle L. Bell c, Joel Schwartz d (2008);
Approaches for estimating effects of climate change on heat-related deaths: challenges and
opportunities
Rahola (2008) (KNMI (2008) uit Rahola (2008)); Hittegolven
www.knmi.nl/klimatologie/lijsten/hittegolven.html (16th February 2008)

sinds

1901;

Rahola (2009); Heat in the city, an inventory of knowledge and knowledge deficiencies
regarding heat stress in Dutch cities and options for its mitigation

1202270-008-BGS-0004, 4 October 2011, final

Raymann RJEM, Swaab DF, Van Someren EJW (2008); Skin deep: enhanced sleep depth by
cutaneous temperature manipulation; Brain 131: 500-513.
Roberts, S.(2008); Effects of climate change on the built environment; Energy Policy
Roda Husman | F.M. Schets (RIVM) (2010); Climate change and recreational water related
infectious diseases; http://www.rivm.nl/bibliotheek/rapporten/330400002.html
Rogers, D. J., Randolph, S., Lindsay, S. and Thomas, C. (2002); Vector-borne diseases and
climate change. In Health Effects of Climate Change in the UK; Department of Health,
www.doh.gov.uk
Rossetti, M. (2002); Potential Impacts of Climate
climate.dot.gov/documents/workshop1002/rossetti.pdf

Change

on

Railroads;

Rowland, T. (2008); Thermoregulation during exercise in the heat in children: old concepts
revisited; J Appl Physiol 105: 718-724
Santos, R. and Boas, M. (2000);.Urban morphology and thermal comfort conditions in the
central area of Belo Horizonte;.Architecture, City, Environment, Proceedings of PLEA 2000,
Cambridge, UK, July 2000, pp. 630-631.
Semenza, J.C., McCullough, J.E., Flanders, W.D., McGeehin, M.A., Lumpkin, J.R., (1999);
Excess hospital admissions during the July 1995 heat wave in Chicago; Am. J. Prev. Med.
16, 269–277
Stern and Zehavi (1989). (cited by LCCP, 2002, no reference)
Stern, E., Zehavi, Y. (1990); Road safety and hot weather: a study in applied transport
geography; Transactions of the Institute of British Geographers 15, 102–111.
Stott, P. A., Stone, D. A. & Allen, M. R. (2004); Human contribution to the European
heatwave of 2003; Nature 432, 610–-614
Seppänen, Fisk, Lei (2006); Effects of temperature on task performance in office environment
Svensson, M. K. and Eliasson, I. (2002); Diurnal air temperatures in built-up areas in relation
to urban planning; Landscape and Urban Planning, 61: 37-54.
Timmermans (2008); Interaction between air quality and climate change with respect to the
harbour of Rotterdam
Transportation Research Board (TRB) Special Report 290 (2008); Potential Impacts of
Climate Change on U.S. Transportation; National Research Council for the National
Academies
Van Lier EA, Rahamat-Langendoen JC, Van Vliet JA. (2007); Staat van infectieziekten in
Nederland; Rapport RIVM Bilthoven
Van Oostrom, H.; Annema, J. en Kolkman, J. (april 2008); Effecten van klimaatverandering
op verkeer en vervoer – Implicaties voor beleid; Kennisinstituut voor Mobiliteitsbeleid

1202270-008-BGS-0004, 4 October 2011, final

1202270-008-BGS-0004, 4 October 2011, final

A

Overview susceptibility of urban assets to climate hazards

Urban assets
Buildings

Impact by the hazards:
Pluvial
Fluvial
flooding
flooding
By function:
Residential - low-rise
Residential high-rise
Buisenesses - industrial

By …
Age, value
Age, value
Chemical buisiness
Nucleair institute

Public buildings

Hospital
Medical clinic
Crisiscentre
School and university
Police
Fire brigade
Army station
Zoo
Nursing home
Home for the elderly
Housing unit for disabled people
Penitentiary facility
Museum
Library
Church
Sporting facility

Offices

Groundwater
air
flooding
drought heat quality
?
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Impact by the hazards:
Fluvial
Pluvial
flooding
flooding

Urban assets

Groundwater
air
flooding
drought heat quality

Shops

Water

Public space
(green)

Drinking
water
stations
Sewage plants
Sewage systems
Open water
Ground water

pumping
?

Park
Sport fields

Roads and other
infrastructure
Roads
Railroads and stations
Pumping stations
Bridges and viaducts
Public service

Central power stations
Local power stations (e.g. wind
energy, heat power plant)
Elektricity
switch
boxes
(schakelstation)
Gas measuring and regulator
station
Emergency power station

?
?
?
?
?
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Impact by the hazards:
Pluvial
Fluvial
flooding
flooding

Urban assets
ICT centre (service hubs)
Radio and television stations
Money transfer centre
Urban functions
Dwelling
Working
Recreation
Transport
Public services
Living creatures
Human beings
Animals
Ecology, nature

Age

Groundwater
air
flooding
drought heat quality
?
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