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Abstract The average summer temperatures as well
as the frequency and intensity of hot days and heat
waves are expected to increase due to climate change.
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Motivated by this consequence, we propose a meth-
odology to evaluate the monthly heat wave hazard and
risk and its spatial distribution within large cities. A
simple urban climate model with assimilated satellite-
derived land surface temperature images was used to
generate a historic database of urban air temperature
fields. Heat wave hazard was then estimated from the
analysis of these hourly air temperatures distributed at
a 1-km grid over Athens, Greece, by identifying the
areas that are more likely to suffer higher temperatures
in the case of a heat wave event. Innovation lies in the
artificial intelligence fuzzy logic model that was used
to classify the heat waves from mild to extreme by
taking into consideration their duration, intensity and
time of occurrence. The monthly hazard was subse-
quently estimated as the cumulative effect from the
individual heat waves that occurred at each grid cell
during a month. Finally, monthly heat wave risk maps
were produced integrating geospatial information on
the population vulnerability to heat waves calculated
from socio-economic variables.

Keywords Heat wave - Fuzzy logic - Satellite

images - Urban climate

Introduction

Heat waves are extended periods of extremely hot weath-

er that have a major impact on human health, socio-
economics and natural systems. According to the
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European Environmental Agency in the decade between
1998 and 2009, heat waves were the most prominent
hazard in Europe causing more than 70,000 excess deaths
during the extreme summer of 2003 (EEA 2010).
Extreme temperature events are normal features of
inter-annual temperature variability, but their frequency
and intensity have increased both in SW, Midwest and
SE United States, in Western and Central Europe as well
as in Mediterranean regions (EEA 2010; Meehl and
Tibaldi 2004). Furthermore, the Intergovernmental
Panel on Climate Change (IPCC 2007) projected impacts
included a ‘very likely’ increase in frequency of heat
extremes and heat waves in Europe (WMO 2011).
North American ‘cities that currently experience heat
waves are expected to be further challenged by an in-
creased number, intensity and duration of heat waves
during the course of the century, with potential for ad-
verse health impacts’. Increased attention has been drawn
to natural hazards and the European Commission recent-
ly has published guidelines (EC 2010) for risk assess-
ment and mapping for appropriate disaster management
following a Council Conclusions call (Council of the
European Union 2009).

The main purpose of these guidelines was to improve
coherence and consistency among the risk assessments
undertaken in the Member States at national level in the
prevention, preparedness and planning stages and to
make these risk assessments more comparable between
Member States. Coherent methods for national risk as-
sessments will support a common understanding in the
EU of'the risks faced by Member States and the European
Union and will facilitate co-operation in efforts to prevent
and mitigate shared risks, such as cross-border risks. The
guidelines emphasise the need for national assessments to
address the following subjects: (1) hazard analysis, in-
cluding geographical, temporal and probability analysis
and (2) vulnerability analysis taking into consideration
population exposure as well as physical, economic, envi-
ronmental and other social/political factors.

According to the World Meteorological Organization
(WMO 2008), public health outcomes of hot weather
and heat waves depend upon the level of exposure
(frequency, severity and duration), the size of the ex-
posed population and the population sensitivity. Heat
waves and hot weather are potentially fatal and can
aggravate existing health conditions. Health effects can
appear in all age groups; however, some people are
more at risk of heat-related illness and death than others.
Variations in risk are related to individual conditions, the
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level of exposure to hot weather and heat waves and the
ability to adapt to hot weather conditions.

Heat-related health impacts are largely preventable
if populations, health and social care systems and
public infrastructure are prepared (WMO 2008).This
is plausible if past events are studied for which heat
wave risk assessment and mapping are central compo-
nents. Identifying the specific locations where certain
population groups particularly vulnerable to heat
stress live is beneficial for targeting public health in-
terventions. The delineation of high risk zones is crit-
ical for the adaption of effective targeted measures in
areas of public and private activity rather than in the
whole city agglomeration. The evaluation of extreme
events may support decision makers, stakeholders and
interested parties to agree on the preventive measures
to take and to prepare in ways to avoid the immediate
heat wave consequences, most notably in citizens’
health as well as energy demand in future events.

Therefore, in order to answer how severe a heat
wave is, an expert will have to consider the intra-urban
variability of the hazard, as well as the local socio-
economic factors and their geographical variation. In
that context, the present paper proposes a fuzzy logic
methodology to assess heat wave hazard and the as-
sociated risk in the summer months. In this article we
use the term ‘hazard’ to refer to the severity of a heat
wave phenomenon and ‘risk’ to refer to the potential
harm associated with the hazard. A fully automated
system for the classification of heat waves that resem-
bles the common perception of severity according to
intensity, duration and time lag between events has
been developed based on fuzzy logic. Additionally,
the spatial distribution of socio-economic factors at
census block scale is considered to estimate the asso-
ciated risk. The methodology is applied to past events
for the city of Athens, Greece, and considers the
severity of the events at intra-urban scale.

The remainder of the paper is organised as follows:
“Background” gives the necessary background with
regard to heat waves and urban climate modeling,
followed by a presentation of the case study area of
Athens in “Athens Greater Area” and the datasets used
for the development of the methodology in “Data”. The
methods employed for modeling the air temperature and
building the fuzzy logic risk model are introduced in
“Methods”. Finally, the results of the application of the
approach together with a sensitivity analysis are given in
“Application” and the conclusions in “Conclusions”.
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Background
Heat waves

Morbidity and mortality increase during times of un-
usually high ambient air temperatures even in temper-
ate climates (Armstrong et al. 2011). It is also widely
found that the nature of the temperature—mortality
relationship varies between places (e.g. Basu 2009;
McMichael et al. 2008). Heat-related mortality is often
underestimated and may only be indicated when heat
waves occur, resulting in a signal detection bias. The
studies to date are often limited by information from
the death certificates. Other related information, such
as income level, poverty, medicine use, time-activity
patterns or air conditioning use, is not offered on the
individual level, making it difficult to assess socioeco-
nomic and health status of the casualties (Basu 2009).

Regarding spatial patterns, Henschel et al. (1969)
and Schuman (1972) are among the first to investigate
the spatial distribution of heat-related mortality rates.
Recently, Johnson and Wilson (2009) commented that
the spatial analysis of vulnerability to heat waves at
intra-urban scale has been limited, with some excep-
tions including Harlan et al. (2006) and Smoyer
(1998) that developed a multiple linear regression
model using the Urban Heat Island (UHI) intensity
and vulnerable population characteristics to predict
heat-related mortality. Later Ruddell et al. (2010) il-
lustrated that temperatures vary significantly within
the same urban area, and that some residents are at
significantly greater risk of exposure to threshold tem-
peratures than others. They simulated a heat wave
event of 4 days in Phoenix, AZ, using the WRF model
(Shamrock et al. 2005) together with an urban surface
energy balance model and showed marked contrasts in
temperature across neighborhoods.

Urban agglomerations are especially vulnerable to
heat waves in terms of increased mortality due to the
so-called urban heat island effect (Dousset et al. 2011).
Many factors contribute to this effect (Oke et al.
1991): Construction materials typically have a high
heat storage capacity, causing prolonged heat release
during night time; lack of evaporating surfaces yields
a reduced latent heat flux and therefore an elevated
sensible heat flux which causes an increased heating
of the atmosphere; urban morphology plays a signifi-
cant role as well, where the geometry of street canyons
reduces the effective albedo of an urban surface as

well as decreases the long wave radiation loss due to
the screening of the skyline.

Heat wave hazard varies within a metropolitan area
due to different topography, land cover/ land use,
meteorological conditions (e.g. sea breeze) and the
presence of UHI. On the other hand, population vul-
nerability to heat waves varies with age—with elderly
people and infants being more vulnerable to high
temperatures—and it is higher in urban areas due to
higher population numbers and density (EEA 2010).
On top of that, air pollution exacerbates the adverse
health effect of higher temperatures, by stressing the
respiratory and circulatory systems. It was recently
shown (Dousset et al. 2011; Laaidi et al. 2011) using
data from Paris 2003 that elderly people’s mortality
risk is significantly associated with exposure to the
elevated minimum temperatures averaged over
2 weeks and averaged on the day of death and the
six preceding days. Poverty and isolation are also
influential factors. Housing characteristics (e.g. lack
of thermal insulation) plays an important role as well.
In addition to elevated mortality, serious illnesses,
such as heat stroke, heat exhaustion, cardiovascular,
and respiratory problems, rise during the warmest
spells of the year (Semenza et al. 1999). Deaths and
illnesses from air pollutants and infectious diseases
also increase during extremely hot weather (Easterling
et al. 2000; Patz et al. 2005).

Urban climate models

Typical modeling exercises employ regional climate
models coupled to an urbanised surface module to
account for the presence of cities. Several models exist
to compute the surface heat fluxes (De Ridder and
Schayes 1997; Grimmond and Oke 2002; Masson
2000; Kusaka et al. 2001; Ca et al. 2002; Martilli et
al. 2002; Dupont and Mestayer 2006; De Ridder
2006). Nevertheless, such fully coupled modeling ap-
proaches tend to be computationally prohibitive to
generate the required urban air temperature fields at
the spatial resolution of ~1 km during the course of
multiple summer seasons. As an alternative, studies on
urban climate may employ statistical techniques typi-
cally involving methods like regression analysis or
kriging in which satellite-derived land surface temper-
ature (LST) retrievals are used as in situ estimations of
the urban temperature fields (Gallo and Owen 1999;
Jarvis and Stuart 2001a, b; Choi et al. 2003). In this
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paper, we propose the modeling approach developed
by VITO, the Flemish Institute for Technological
Research in Belgium (Maiheu et al. 2010; Manunta
et al. 2010a; Keramitsoglou et al. 2012) which is based
on a simple urban climate model constrained by satel-
lite LST retrievals via data assimilation and embedded
in the coarse resolution European Centre for Medium-
Range Weather Forecasts (ECMWF) Interim re-
analysis data (ERA-Interim, see “Ancillary data”).

Athens Greater Area

Athens is the capital and largest city of Greece.
According to the recent census paper of Eurostat
(http://epp.eurostat.ec.europa.eu/), the Athens Larger
Urban Zone (LUZ) is the eighth most populated
LUZ in the European Union with a population of
about 4,000,000. Athens is characterised by a warm
thermo-Mediterranean climate with mild and relative-
ly wet winters and warm dry summers. The average air
temperature of the warmest month (July) is 28 °C. The
City of Athens is the central municipality with a pop-
ulation density of 20,467 people/km?®. Athens is a
coastal city at the south-easternmost edge of the
Greek mainland (Fig. 1) which sprawls across a cen-
tral basin bound by Mount Egaleo to the west, Mount
Parnitha in the north, Mount Penteli in the northeast,
Mount Hymettus in the east and the Saronic Gulf in
the southwest. The basin is bisected by a series of
small hills. These specific topographic characteristics
make Athens an example of a coastal city located in
very complex terrain.

Analysis of 9 years of MODIS acquisitions
(Keramitsoglou et al. 2011) revealed three areas that
consistently appeared warmer than the city centre in
the daytime images. These areas are Megara, Elefsina-
Aspropyrgos and Mesogeia which were mainly cov-
ered by sparse low vegetation and bare soil (negative
heat island). On the other hand, the city centre of
Athens was characterised by a strong surface Urban
Heat Island phenomenon of 5.7 °C in average, which
was observed later in the day and mostly at night-time
spatially coinciding with the dense urban fabric.

With air temperatures often rising above 37 °C in
Athens, heat waves are not seldom episodes. A major
heat wave in Athens in 1987 was associated with more
than 2,000 deaths (Katsouyanni et al. 1988). The com-
bination of large-scale subsidence and horizontal
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movement of air masses from southern parts is the
typical cause of the heat wave phenomenon over
Greece (Theoharatos et al. 2010).

During the last 10 days of June and July 2007,
Athens experienced two extreme heat events. Those
heat waves became front page news in all Greek news-
papers, and the Public Authorities took preventive mea-
sures. The National Health’s Operational Centre
(NHOC) declared a state of national alert from June 22
to June 28 and from July 23 to 27 (Theoharatos et al.
2010). During the first 2 weeks of June 2007, daily
maximum air temperature in Athens varied within its
normal values (from June to August daily maximum
temperature at Athens is 31.6 °C, with reference to
1961-1990 period; Founda and Giannakopoulos 2009;
Theoharatos et al. 2010) and started to rise gradually
above normal during the third week, when the area was
affected by the first and most severe heat wave of the
summer from 24 to 28 June 2009 (Founda and
Giannakopoulos 2009) reaching air temperatures as
high as 46 °C. Two night-time MODIS LST images
depicting the LST distribution before and during the
event using the same color scale are indicative of the
severity of the June heat wave (Fig. 2a and b). Due to
high temperatures coupled with strong winds, several
fires raged across central and southern Greece, and
Athens was covered in a cloud of thick black smoke as
a large fire on Mount Parnitha caused significant parts of
the National Park to be destroyed. The fire is identifiable
on the LST image of 28 June, north of the centre of
Athens (Fig. 2c¢).

Data
Thermal infrared satellite data

An important ingredient for the heat wave risk assess-
ment and mapping is the availability of hourly and
spatially explicit urban air temperature data. The avail-
ability of dense measurement networks would be in-
dispensable to capture the spatial distribution of
temperature and humidity in urban environments.
However, the existing urban meteorological networks
only cover limited areas—often away from the city
centres—and are therefore not adequate to capture the
spatial variability of the temperature within a complex
urban environment. Satellite sensors of ~1 km spatial
resolution can provide a few images of LST per day
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Fig. 1 Athens, Greece, with
areas of interest on the map.
The red mark denotes the
location of the National
Observatory of Athens

in Thission

both during day- and night-time. The most commonly
used instruments with thermal infrared bands at this
resolution include NOAA/AVHRR (National Oceanic
and Atmospheric Administration/Advanced Very High
Resolution Radiometer) and Terra, Aqua/MODIS
(MODerate-Resolution Imaging Spectroradiometer).
Envisat/(A)ATSR (Advanced Along-Track Scanning
Radiometer) data are available until 8 April 2012 when
communication with Envisat satellite was lost.
Although rich in spatial detail for the scale under con-
sideration here, the limited revisit time of these sensors

is still not sufficient for monitoring the diurnal variation
at any given area. One therefore has to rely on modeling
approaches.

In the present study, we analysed a 3-year time
series of MODIS summer images (from May to
October 2007-2009) acquired over Athens.
Specifically, 415 daytime MODIS-Terra LST maps
and 319 MODIS-Terra and Aqua LST maps were
produced and archived as part of the requirements of
Urban Heat Islands and Urban Thermography project
(21913/08/1-LG) funded by the European Space

Fig. 2 Sequence of satellite-derived LST maps from
MODIS 1 km spatial resolution images around midnight
local time depicting one of the most intensive heat wave
events of the recent history: a typical LST image of Athens
acquired 1 day before the event started (21 June 2007); b

the night with highest temperatures at the peak of the event
(27 June 2007); and ¢ Parnitha National Park of Greece
destructive wildfire due to high temperatures and strong
winds (28 June 2007) [Data Source: ESA UHI Project
Grant No. 21913/08/I-LG]
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Agency (‘the UHI project’ hereafter; Manunta et al.
2010b; http://www.urbanheatisland.info). The original
MODIS data used in the present study were procured
at no charge from the Warehouse Inventory Search
Tool (WIST web site) repository. MODIS is a key
instrument on board the Terra (EOS AM) and Aqua
(EOS PM) satellites. Terra’s orbit around the Earth is
timed so that it passes from north to south across the
equator in the morning, while Aqua passes south to
north over the equator in the afternoon. MODIS has 20
infrared bands; however, two of them are suitable for
LST retrievals, namely, bands 31 and 32 at 11.0 and
12.0 pum, respectively. The spatial resolution of TIR
bands is approximately 1 km at nadir. The production of
LST images is described in Keramitsoglou et al. (2011).
These LST images were subsequently assimilated into
the Urban Climate Model (Urban Climate Model).

Ancillary data

The lateral boundary conditions for the urban cli-
mate model are given by the ECMWF ERA-
Interim dataset (Dee et al. 2011), thereby account-
ing for the large scale temperature and wind field
variations. Down-welling long- and shortwave sur-
face radiation fluxes needed for the urban energy
budget are interpolated from the corresponding
Land Surface Analysis Satellite Applications
Facility datasets (LSA SAF 2010; 2011). These
data are given at the spatial resolution of the
Meteosat Second Generation Spinning Enhanced
Visible and Infrared Imager (SEVIRI) instrument,
typically 4-5 km resolution at the latitude consid-
ered. Land cover information was derived from the
CORINE land cover dataset by the European
Environmental Agency (EEA; www.eea.europa.cu).
More specifically, we derived the fraction of sealed
(urban) surface and the fraction of water content in each
model grid cell from this dataset. The vegetation fraction
was derived from the 10-day syntheses SPOT-
VEGETATION Normalized Difference Vegetation
Index data made available through the VITO
VEGETATION archive (http://free.vgt.vito.be). The
model thereby accounts for the change in vegetation
cover during the course of a summer period.
Terrain elevation data at 1 km resolution were
derived from the US Geological Survey (USGS)
GTOPO 30 dataset, available from the USGS
Earth Resources Observation and Science Center.
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Note that all ancillary data needed in the urban
climate modeling approach are freely obtainable.

Census data

Vulnerability of population was estimated at the finest
available level using census block datasets from the
general population census of 2001. This was the most
recent one at the time of methodology development. In
particular, population density and percentage of non-
proper dwellings were the two variables from the
census. A vector file containing the geographic bound-
aries of the census blocks of the study area was
employed to illustrate the data (Fig. 3). The vector
dataset were joined with the population living in the
blocks and the number of non-proper dwellings. These
include sub-standard dwellings made of inexpensive
construction materials without a predetermined design
plan. This information was provided by the Hellenic
Statistical Authority (www.statistics.gr).

In situ data

A ~20-year time-series of air and dew point tempera-
tures was collected from the Meteorological &
Actinometric Station of the National Observatory of
Athens (NOA), located on the Hill of Nymphs at
Thission area in the centre of Athens (Fig. 1; position,
38° 0.00" N, 23° 43.48' E, height above sea level
110 m; operated by the Institute of Environmental
Research and Sustainable Development). A long time
series is necessary to calculate meaningful statistics
for the city under consideration and establish dynamic
thresholds that characterise that particular city (see
Identification and extraction of Hot Days; Table 1).

Methods
Concept

According to the International Organization for
Standardization (ISO 31010), indices can be used for
classifying different risks associated with an activity if
the system is well understood. They permit the inte-
gration of a range of factors which have an impact on
the level of risk into a single numerical score for level
of risk. The inputs are derived from analysis of the
system, or a broad description of the context. This
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Fig. 3 Indicative subsets of
census data showing the
population near Athens cen-
tre (on the /eff) and the ratio
of non-proper dwellings
over all residences per cen-
sus block in an agricultural
area (on the right) [Source:
Hellenic Statistical
Authority]

requires an adequate understanding of all the sources
of risk, the possible pathways and what might be
affected. Tools such as fault tree analysis, event tree
analysis and general decision analysis can be used to
support the development of risk indices. Once the
system has been defined, scores are developed for
each component in such a way that they can be com-
bined to provide a composite index. Cumulative ef-
fects can be taken into account by adding scores.
Uncertainty can be addressed by sensitivity analysis
and varying scores to find out which parameters are
the most sensitive.

Based on the above understanding, the methodolo-
gy adopted here is illustrated in Fig. 4. MODIS acqui-
sitions in the infrared electromagnetic spectrum
(“Thermal Infrared satellite data”) were processed so
as to derive LST images. These LST instances (two to
three per day) were then assimilated into an urban
climate model (“Urban climate model”), which also
took into account other ancillary data (“Ancillary data”),
to reconstruct the air temperature 3D field for three
summers (2007-2009). The two-dimensional spatial
grid (latitude—longitude) was 1 km, whilst the temporal
step represented hourly intervals. In situ data (“In situ
data”) from a long ground station record (~20 years)
was used to dynamically define relevant statistical
thresholds, which were then used to extract the hot days

Agricutural Area

from the 3D air temperature grid (“Identification and
extraction of hot days). Subsequently, heat wave events
were identified, and relevant parameters were calculated,
including their intensity, duration and time lag between
two consecutive events. Artificial intelligence fuzzy logic
was then used to characterise each heat wave event from
mild to extreme (Classification of heat wave events). The
accumulated monthly result was the monthly spatial dis-
tribution of heat wave hazard (“Monthly heat wave risk”).
This information was then convoluted with the spatial
distribution of population vulnerability to heat waves
(“Population vulnerability to heat waves” using census
data presented in “Census data”) to provide the final
product, namely the monthly spatial distribution of heat
risk.

Urban climate model

The air temperatures used for the heat wave risk model
were generated by an urban climate model developed
at VITO (Maiheu et al. 2010). The main criteria for
model selection were: (1) speed, as the model had to
produce long historic time series of urban air temper-
atures for ten European cities and (2) usage of freely
available ancillary data.

The model consisted of two separate components,
namely a surface module that computes spatially

Table 1 1991-2009 Air tem-

perature statistics using ground Month Tppmax-p90 Tppmax-P95 Tippmax-median Tmin-p90 Tnin-p95

measurements in the centre of

Athens, where Typpmax: the max- May 30.4 32.0 25.4 20.4 21.2

gnum apparent temperature, June 36.6 37.9 31.6 25.2 26.2

min: Minimum air temperature,

p90: 90th percentile, p;)S: 95th July 39.9 41.9 349 26.8 27.4

percentile August 39.4 40.7 34.7 26.7 27.7
September 34.1 355 29.6 232 24.0
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Fig. 4 Conceptual flow-
chart of the methodology

Calculation of
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Urban Climate
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"
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Census / >}
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Calculation of population
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explicit sensible heat fluxes and a second, atmospheric
component which ingests these fluxes as a lower
boundary condition and computes the vertical diffu-
sion and horizontal advection of the air temperature.
The surface model consisted of a two-layer prognostic
force-restore soil temperature model (Garratt 19922).
Here, the soil heat flux was replaced in the urban
environment by the storage heat flux computed by
the objective hysteresis model (OHM; Grimmond
and Oke 2002), taking into account the net radiation
balance at the surface using downwelling radiation
fluxes provided by LandSAF. The relationships given
by Grimmond and Oke (2002) which were based on
the parameterisations by de Bruin and Holtslag (1982)
were used to compute the turbulent sensible and latent
heat fluxes. The surface module uses CORINE land
cover to derive sealed surface fraction and water con-
tent in every grid cell; vegetation fraction is derived
from 10-day SPOT-VEGETATION composites in or-
der to allow for seasonal effects in NDVIL.

OHM coefficients were derived based on Grimmond
and Oke (2002), Rigo and Parlow (2007) and Roberts et
al. (20006); however, as they are typically expressed for
material types, it proved rather difficult to specify ap-
propriate values for generic urban environments due to
the large variation of the coefficients in literature.
Therefore, an additional constraint was built into the
model via ensemble data assimilation. In a sequential
Monte Carlo (Doucet et al. 2001) method, the MODIS
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LST observations were compared with the model’s
surface temperature fields. The model fields were
subsequently adjusted via importance sampling to
better match with the observed LST retrievals. In
this technique, an ensemble of model states was
generated and propagated in time using the model’s
dynamic equations.

At times when MODIS LST retrievals were avail-
able, weights were assigned to each of the model states,
reflecting the conditional likelihood for that particular
model state given the observation. During the assimila-
tion or analysis step in the procedure, model states were
drawn from the ensemble available at that time, taking
into account the relative likelihoods. A new ensemble of
model states which better reflected the satellite-retrieved
LST patterns was thereby constructed.

The atmospheric module used wind speed and di-
rection as well as air temperature derived from
ECMWF ERA Interim reanalysis as lateral boundary
conditions. A single wind vector and temperature val-
ue was applied to the whole domain on an hourly basis
in order to calculate horizontal advection and vertical
diffusion of the air temperature. The sensible heat
fluxes from the surface module described above were
used as lower boundary conditions. The model was
able to run relatively fast but did not allow local
circulations such as an urban-breeze to develop. It is
important to mention that the air temperature model
does not take into account microscale effects and can
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therefore be thought to be representative for the iner-
tial sublayer above a certain blending height in which
the effects of individual roughness elements and street
canyons are aggregated (Oke 2006). A more detailed
description of the air temperature modeling approach
can be found in Maiheu et al. (2010), Manunta et al.
(2010a) and Keramitsoglou et al. (2012).

As the model generated long historic time-series of
urban air temperatures, statistical analyses became
possible. An example of the 90th percentile for the
UHI effect in Athens during June 2007 is shown in
Fig. 5. The map represents for that particular month
the local temperature increment of the urban area
compared with the rural background temperature at
20:00 UTC, roughly corresponding to the time of the
day when the UHI effect is most pronounced. The
UHI intensity was then defined as the air temperature
offset in each pixel with reference to the median of the
air temperature in the rural pixels. Note that both
temperatures were corrected for altitude using the
standard lapse rate of —6.5 K/km. We clearly see the

Fig. 5 Urban climate model- 12

most extreme urban temperature increments, up to 6 °C
(90th percentile), over the denser urban fabric.

Heat wave hazard and risk
Identification and extraction of hot days

Due to the fact that heat waves are defined relatively to
the usual weather conditions in a given area, there is
no universal definition of a heat wave (EEA 2010),
e.g. in terms of a fixed temperature threshold that has
to be reached for a number of consecutive days.
Nevertheless, suggestions for a generic definition do
exist. In the present work, such a universal definition
was adopted as proposed by the EuroHEAT project
(Improving Public Health Responses to extreme
weather/heat-waves). According to it, a day is
characterised as a ‘hot day’ based on values of maxi-
mum apparent temperature (7,,,) and high night-time
temperatures through minimum temperature (7in)-
is a discomfort index based on air (AT) and dew
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point (74eyw) temperatures, thus accounting for the
physiological impact of heat on health. It is calculated
using the following formula:

Tapp = —2.653 + 0.994AT + 0.0153 Ty, (1)

Hot days were then defined (D’Ippoliti et al. 2010)
as days with either (1) T,ppmax €xceeding the 90th
percentile of the monthly distribution or (2) days in
which T, exceeds the 90th percentile and Tppmax
exceeds the median monthly value. In addition, we
further adopted empirical rules for Athens, where a hot
day is defined as a day during which the air tempera-
ture exceeded 37 °C for more than 3 h (Hellenic
National Meteorological Service, HNMS, personal
communication; Founda and Giannakopoulos 2009;
Metaxas and Kallos 1980).

In order to calculate the above-mentioned dynamic
thresholds necessary for the identification of hot days,
a 20-year time series from NOA station at Thission
was used. The climatological values that were used for
the extraction of hot days and the estimation of heat
wave intensity (see next in Classification of heat wave
events) are shown in Table 1.

Following the extraction of hot days, the identifi-
cation of heat waves was straightforward, as a se-
quence of two or more hot days. In the case that a
series of hot days was interrupted by one non-hot day,
then this was treated as one heat wave event.

Classification of heat wave events

One of the innovations of this analysis is the classifi-
cation of the severity of the heat wave event resem-
bling common perception based on several characteristics
of the event using artificial intelligence fuzzy logic.
Fuzzy logic theory has emerged over the last years as a
useful tool for modeling processes which are too complex
for conventional quantitative computing techniques to
solve or when the available information from the process
is qualitative, inexact or uncertain. Zadeh (1965) intro-
duced the fuzzy logic theory, which only recently became
a popular technique for developing sophisticated models
and systems with numerous applications. The reason for
this rapid development of fuzzy systems stems from some
unique and powerful characteristics of fuzzy logic. It
addresses qualitative information perfectly as it resembles
the way humans make inferences and take decisions in a
‘natural’ way; ‘natural’ generally means in the language
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of'the expert or the user. It fills an important gap in system
design methods, which is between purely mathematical
approaches (e.g. system design) and purely logic-based
approaches (e.g. expert systems). While other approaches
require accurate equations to model real-world behaviors,
fuzzy design attempts to accommodate the ambi-
guities of real-world human language and logic. It
provides an intuitive method for describing sys-
tems in human terms and automates the conversion
ofthose system specifications into effective models. The
fuzzy logic was used in this study to build a model for
the classification of a heat wave event from mild to
extreme based on important influencing factors. The
Mamdani model was selected (Mamdani 1974), which
describes process states by means of linguistic variables
and uses these variables as inputs to control rules. The
development of the system was completed in three
steps:

The first step was the selection of input parameters
to be included in the knowledge base of the expert
system, a repository of human knowledge drawn from
experience, published work or communication with
experts. This was made so that all the important
influencing factors were considered, while maintaining
the system at a reasonable size. The parameters consid-
ered are presented below and were based on D’Ippoliti
et al. (2010).

» Intensity: Heat wave intensity can be estimated in
different ways, one approach being to consider the
maximum air temperature, as a straightforward
attribute routinely measured in every city and di-
rectly appreciated by non-experts. For Athens, we
selected the ‘psychological’ air temperature
threshold of 40 °C, above which almost all activ-
ities paralyse (Founda and Giannakopoulos 2009;
HNMS personal communication). However, air
temperature is clearly city-specific, therefore a
more general statistical threshold was used as well,
namely the deviation of 7,,p,max from the monthly
Tippmax-P95 calculated using the 20-year station
data (see Table 1). This attribute is of course more
complicated to calculate, needs a long past record,
but it is independent of the city. These two inten-
sity attributes refer to the maximum daytime air
temperature. It is noted that this threshold differs
from the Hot Day definition one of T,,pmax-p90, as
it addresses ‘how hot is a hot day’. Additionally,
recent publications provided evidence that it is
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actually unusually high night temperatures that
have the most significant health impact (Dousset
et al. 2011); therefore, we also considered the
deviation of the T,,;, from the T},;,.p95 as a mea-
sure of the heat wave intensity (see Table 1).

e Duration: Heat wave duration is the number of
consecutive hot days. D’Ippoliti et al. (2010)
showed results that give evidence for duration to
play a more important role than intensity. Heat
waves of long duration had the greatest impact
on mortality and resulted in 1.5 to 3 times higher
daily mortality than for other heat waves.

* Timing: It refers to the time lag since the previous
event. The first heat wave of the season (starting
on May Ist) is considered separately. Following
that, any event occurring 3 days or less after a
previous heat wave is considered to have an accu-
mulative effect on the population.

The second step was the development of the data-
base, where fuzzy sets were defined for all input param-
eters, as well as for the only output variable, namely, the
severity of the heat wave event. The fuzzy sets
appointed to each input or output variable are as follows:

e Input:

— Intensity: Three triangular fuzzy sets, namely
‘Low’, ‘Medium’ and ‘High’ were defined on
the input space which measured the maximum
air temperature and compared it with the ‘psy-
chological’ threshold of 40 °C to characterise
the intensity. The example shown in Fig. 6a
illustrates that using fuzzy sets seems more
appropriate than the use of crisp thresholds.
The linguistic variable ‘Intensity’ consisted of
the terms ‘Low’, ‘Medium’ and ‘High’. Other
parameters (€.8. Toppmax, Tmin) Were also consid-
ered using the same concept.

—  Duration: The variable ‘Duration’ was described
by three terms, namely ‘Short’, ‘Long’ and
‘Extra Long’ depicted by two triangular and

one trapezoidal function, as presented in Fig. 6b.

— Timing: In this case, two fuzzy sets (terms) were
defined on the input space. One triangular named
‘High effect’ and one trapezoidal named ‘No
effect’.

* Output: heat wave hazard: The only output vari-
able was the characterisation (classification) of the

a
1
fow
=— medium
----- high
0
30 32 34 36 44 46 48 50
1
short
= long
----- wlong
o
2 3 8 9 10
Cc
mild = mild-t = moderate e == exireme

0 1 2 3 4 5
Heat Wave Wizard

Fig. 6 Fuzzy sets defined for a input value “Intensity based on
the psychological threshold of 40 °C”, b “Duration”, ¢ output
value heat wave hazard (severity)

severity of the heat wave event, and it was mea-
sured from O to 5. The higher the number, the more
extreme the event. Simple 5- or 6-integer category
classifications exist for a number of hazards. These
classifications can help the general public to un-
derstand the magnitude of the event. Five triangu-
lar fuzzy sets were defined on the above-
mentioned output space, namely ‘Mild’, ‘Mild to
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moderate’, ‘Moderate’, ‘Moderate to extreme’ and
‘Extreme’. This is appropriately depicted in Fig. 6c.

The third step consisted of the development of the
rule base. During this step, the experts developed a
number of fuzzy rules, based on their intuition and
experience. The rules connected the input variables with
the output variable (heat wave hazard) and were based
on the fuzzy state description that was obtained by the
definition of the linguistic variables. The number of
linguistic variables and the number of terms of each
variable determined the number of rules. They were
constructed in simple language terms and can be under-
stood at a common sense level. At the same time, these
rules yield specific and repeatable (same inputs gives
same output) results. An example is given below:

If a heat wave event is very long and the inten-
sity is high and it happened soon after another
heat wave, then the event is characterised as
EXTREME.

The above three-step procedure defined the knowl-
edge base of the fuzzy system. When the fuzzy model
was to be applied to the set of input parameter values
(crisp input values, e.g. AT« is 43 °C, duration is
5 days and the events starts 2 days after the previous
heat wave), the information flowed through the
fuzzification—inference—defuzzification processes in
order to classify the heat wave hazard. First, the
fuzzification process transformed the crisp values into
grades of membership for the participating fuzzy sets.
Subsequently, fuzzy inference process combined the
facts obtained from the fuzzification with the rule base
and conducted the fuzzy reasoning process. Finally,
defuzzification computed the final heat wave classifi-
cation. The centroid defuzzification method (Driankov
et al. 1993) was used, where the crisp value of the
output variable was computed by finding the centre of
area below the combined membership function.

Population vulnerability to heat waves

Age has been found (Basu 2009) to modify the asso-
ciation between ambient temperature and mortality.
The elderly and children have been reported to be at
greater risk from mortality following heat waves, as
well as ambient temperature. Nevertheless, different
studies have given the age thresholds of 75 years, or
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65 years of age, children under 15 years, 5 years and
younger, and infants 1 year of age and under to be at
increased risk for mortality from high ambient temper-
ature (see review in Basu 2009). As the number of
infants, young children and the elderly is highly cor-
related with population density, a variable routinely
provided from census data in cities, we took into
consideration the latter to estimate population vulner-
ability. Another independent variable is the percentage
of non-proper dwellings made of inexpensive mate-
rials without heat insulation.

The census datasets corresponding to population and
housing were firstly joined with the vector census blocks
dataset. Subsequently, they were mapped appropriately
to the same 1-km grid as the hazard output. A fuzzy
model was then developed for mapping the population
vulnerability to heat waves taking into consideration two
independent variables: (1) population density and (2)
non-proper houses. The fuzzy sets appointed to each
input or output variable are as follows:

e Input:

— Population density: Three triangular fuzzy sets,
namely ‘Sparse’, ‘Medium’ and ‘Dense’ were
defined on the input space which measures the
population density depicted by two triangular
and one trapezoidal function. ‘Sparse’ is a grid
point corresponding to population density less
than 150 inhabitants per km?, ‘Medium’ from
100-1,500 inhabitants/km” and ‘Dense’ above
1,000 inhabitants /km”.

— Ratio of non-proper dwellings over total
number of residences: Essentially, this
characterises the grid point as ‘proper’ if the ratio
is below 0.5, i.e. more than half of the residences
are proper.

e OQutput: heat wave population vulnerability: The
only output variable was the characterisation of the
population vulnerability to heat wave events, and
it was measured from 0 to 20. The higher the
number, the more vulnerable population is. Four
triangular fuzzy sets were defined, namely
‘Negligible’, ‘Low’, ‘Medium’ and ‘High’.

The resultant 1-km resolution vulnerability map for
the case study area is presented in Fig. 7. Apart from
the evident densely built-up centre, the other settle-
ments around Athens as well as the coastal settlements
are shown.
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Monthly heat wave risk

In order to calculate the heat wave hazard of a partic-
ular month, the event scores (see “Classification of
heat wave events”) for that month were added, yield-
ing the monthly spatial distribution of heat wave haz-
ard. This information was then multiplied by the
spatial distribution of population vulnerability to heat
waves to provide the final product, namely the month-
ly spatial distribution of heat risk.

Application
Results

The methodology presented in “Methods” was applied
to three summers (2007-2009). The methodology and
heat wave event classification was then applied to every
grid point of the 3D air temperature field ‘latitude—
longitude-time’ (grid step of ‘1 x 1 kmx 1 h’). The month-
ly hazard and risk maps of the summer months (June,
July, August) from 2007-2009 are shown in Fig. 8.
Figure 8 shows the distribution of the heat wave
hazard within the study area exhibiting remarkable

23"24'0°E 23°36'0°E 23°48'0°E 24*0'0"E

differences spatially mostly evident in the hot summer
months of 2007. In the June 2007 map, the area of
higher severity is more extended. The July 2007 map
shows overall lower severity values than June. Recent
investigation in the cause of the two exceptional
events of June and July 2007 (Theoharatos et al.
2010) has provided evidence that the two heat waves
had distinctly different thermo-hygrometric character-
istics at the surface level, the event of June being hot
and damp whilst the event of July hot and dry.
Evidently, the hot and wet characteristics of the June
event led to higher values of T, (see Eq. 1). The
pattern of hazard shows higher values in the central
low-altitude municipalities in the Attica basin. The
mountains surrounding the basin are shown as
expected as low-hazard areas, due to the lower air
temperatures.

Figure 9 shows the corresponding risk maps for the
same months. A very interesting result is that the
somehow familiar pattern of temperature (see also
Fig. 2) is altered once the population vulnerability is
convoluted to the hazard maps. The resulting risk
maps show that the City of Athens and the areas
around the centre with high population density are
exposed to much higher risk than the adjacent

@ Springer



8252

Environ Monit Assess (2013) 185:8239-8258

2007

2008

2009

Fig. 8 Overview of heat wave hazard maps for Athens Greater Area for the summer months of 2007-2009 (6: June, 7: July, 8: August)

municipalities due to their high population vulnerabil-
ity. The settlements around Athens are identifiable in
the warmest months of June and July 2007 as areas of
slightly increased risk. This pattern is evident due to
the corresponding population. Another interesting fea-
ture at this scale is the relatively high values of risk at
Elefsina-Aspropyrgos due to increased number of
non-proper houses (Roma dwellings). The risk values
are higher in June than in July.

At this stage, it is interesting to cite the health
effects reported for the same period (published in
Theoharatos et al. 2010). During the June event,
NHOC reported 146 emergency department visits for
heat exhaustion and heat stroke in Attica region and
six deaths from excessive heat exposure. In July, there
were a limited number of patients affected by the heat
wave (46 patients and 1 death). The health data are not
location-specific and therefore cannot be used for
quantitative validation of our approach; nevertheless,
they provide evidence that our overall result about the
risk in June being higher than that of July is correct.

@ Springer

Validity of model’s individual components

The accuracy of the heat wave risk and hazard maps in
terms of spatial distribution can only be judged by
taking into account the validity of the individual com-
ponents used for the model and also by testing the fuzzy
model itself in a number of ways. As far as the input
components are concerned, the output of the urban
climate model has been extensively validated within
the framework of UHI project. The results for Athens
using 15 months of hourly data from ten meteorological
stations show that the model overestimated ground-
based temperatures by an average of 1 °C (standard
deviation 2 °C), whilst the mean temporal correlation
coefficient for the entire validation dataset was equal to
0.911 (Manunta et al. 2011). In Keramitsoglou et al.
(2012), results are presented of a validation using data
from the THERMOPOLIS campaign (July 17, 2009-
August 2, 2009; Daglis et al. 2010) using 26 monitoring
sites spread out over the city. It was shown than the
model was able to explain 85 % of the spatial variance
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2007

2008

2009

Fig. 9 Overview of heat wave risk maps for Athens Greater Area for the summer months of 2007-2009 (6: June, 7: July, §: August)

of the average air temperatures measured during the
campaign. During this period, the RMS difference be-
tween the average modeled and observed air tempera-
ture was 0.55 °C.

Socio-economic census data are considered accu-
rate; however, since they are updated every decade,
they are potentially up to 9 years out-of-date. For
a growing city, this is an important factor of
underestimating the population vulnerability. In addi-
tion, the fuzzy model has been extensively checked
and fine-tuned using a long record of NOA station
data. The model scored 100 % in detecting hot days
and heat waves. The ultimate validation exercise is to
compare the output hazard and risk maps against spa-
tially distributed morbidity and mortality data; at the
stage of publication and to the knowledge of the
authors, such dataset is not available for Athens.

The system response was exhaustively tested re-
garding its ability to identify heat wave events and
calculate correctly its attributes (duration, intensity,
starting day, time lag between events) on the 20-year

series from NOA station. The two heat waves of June
and July 2007 were appropriately identified and clas-
sified as ‘extreme’ (hazard score: 4.7/5.0). A subset of
the results is presented in Table 2.

Sensitivity analysis

There are often considerable uncertainties associated
with the analysis of risk (ISO 31010). An understand-
ing of uncertainties is necessary to interpret and com-
municate risk analysis results effectively. An area
closely related to uncertainties is sensitivity analysis.
Sensitivity analysis involves the determination of the
size and significance of the magnitude of changes in
the risk estimates with respect to changes in individual
input parameters. It is used to identify those data
which need to be accurate, and those which are less
sensitive and hence have less effect upon overall ac-
curacy. Sources of uncertainty have to be identified
whilst parameters to which the analysis is sensitive
and the degree of sensitivity must be stated.
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Table 2 A subset of the model output that shows that it iden-
tified and appropriately characterised the June and July 2007
heat wave events as extreme in the 1991-2009 NOA station
database

Start Tappmax- Tmax Duration Hazard Heat wave
date Tappmax-P95 (days) score  classification
(out of
5.0)
20 June 11.19 438 10 4.7 Extreme
2007
19 July  7.61 412 9 4.7 Extreme
2007

Four parameters were altered (increased and de-
creased) to investigate the sensitivity of the hazard mod-
el: (1) the empirical temperature threshold of 37 °C for
Athens, for identifying ‘hot days’(Identification and
extraction of hot days), (2) the ‘psychological’ air tem-
perature threshold of 40 °C, which determines the heat
wave intensity, (3) the air temperature field from the
urban climate model (Urban Climate Model) which
carries an uncertainty of approximately 1+£2 °C
(Manunta et al. 2011), and (4) the relative humidity field
with an estimated 10 % uncertainty. The experiments
were carried out for the warmest month in the dataset,
namely June 2007. During the sensitivity analysis, one
factor at a time was changed to see what effect this
produces on the output heat wave hazard map. We
started from the nominal values for the four parameters;
then one input parameter was adjusted keeping others at
their nominal value; subsequently, the value is returned,
and the second parameter is deviated.

The sensitivity analysis results are shown in Fig. 10.
The central map is the one with nominal values of (1) /
(2)/(3)/ (4), i.e. 37/40/AT/RH. It is noted that AT and
RH are the fields for the whole study area. Red font
denotes the deviation from the nominal values of the
central panel. To assist readers, blue arrows mark the
adjustment in the temperature threshold used in the
definition of hot days (+1 °C), the red ones the adjust-
ment in the ‘psychological’ threshold (1 °C), the green
ones the uncertainty in AT field (1£2 °C) and finally the
purple arrows show the deviation in RH field (£10 %).
The analysis revealed the following interesting findings:

* The empirical temperature threshold for the iden-
tification of hot days is critical to define the pat-
terns of the areas affected by a heat wave within
the greater study area. Lowering the threshold
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results in larger areas being affected (upper left
panel of Fig. 10). In the centre, the hazard level
is unchanged (average hazard is increased by 0.2
out of 5, i.e. 4.6 %) while in the whole image the
average hazard is increased by 0.4, i.e. 8 %, there-
fore one has to be careful as to which threshold is
to be used for a specific city as a low value will
result in false alarms. Increasing the threshold has
less effect on the patterns (lower right panel) and
average city centre and whole area values; howev-
er, it lowers the hazard of high altitude areas.

e The ‘psychological’ air temperature threshold of
40 °C, which determines the heat wave intensity, is
a parameter entering the fuzzy model to determine
the intensity of an event. It affects less the distri-
bution of heat wave hazard compared with the
empirical temperature threshold, making the fuzzy
model robust in the characterisation of severity of
heat waves. Increasing the threshold from 40 to
41 °C (upper right panel) gives larger areas a lower
severity, yet in relative change numbers this is
negligible (of the order of 3 %). The city centre
is not much affected in 1-degree fluctuations of the
threshold (less than 1 %).

e The air temperature field was not deviated sym-
metrically from its nominal value in order to take
into account a systematic bias of 1 °C (Manunta et
al. 2011) against in situ measurements. The resul-
tant maps (vertical middle panels) on heat wave
severity are indeed very sensitive to the air tem-
perature field, as expected. In particular, increasing
the AT by 1 °C results in a 4.6 % increase in
hazard, whilst decreasing it by 3 °C decreases the
hazard by 30 %. This was by far the feature to
which the model is most sensitive.

* Finally, the RH field can alter the heat wave hazard
patterns as it is related to the dew point temperature
and the apparent temperature thus accounting for the
physiological impact of heat on health (see Eq. 1).
The patterns of high hazard are altered (horizontal
middle panels): A decrease of 10 % in RH results in
a decrease of hazard in the city centre (remaining
high along the western coastline) and the increase of
10 % results in more areas being under high hazard.
It is important to note that neither of these changes is
more than 1.5 % when the whole area is considered.

Given the sensitivity of the approach to the air
temperature, it is fair to state that having accurate
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36/40/AT/RH 37/40/AT-3/RH

37/39/AT/RH 0.9

37/41/AT/RH

Fig. 10 Sensitivity analysis of the heat wave hazard model. The
central panel represents the nominal values for June 2007. Blue
arrows mark the adjustment in the temperature threshold used in
the definition of hot days (+1 °C), the red ones the adjustment in

and reliable air temperature estimates is very impor-
tant. In Validity of model’s individual components, we
already discussed in more details the validation of the
urban climate model. However, it is quite important to
be aware of the difficulties in validation of urban air
temperatures (Oke 2006) due to microscale effects,
especially when comparing in situ measurements
against 1x 1-km?” grid values.

Conclusions

Studies of past events in terms of distribution and as-
sessment of risk are important tools to support decision
makers, stakeholders and interested parties to agree on
the preventative measures to take and to prepare in ways
to avoid the immediate heat wave consequences, most
notably in citizens’ health as well as energy consump-
tion of buildings for air-conditioning purposes. This
article introduced a novel approach for mapping at

the ‘psychological’ threshold (£1 °C), the green ones the uncer-
tainty in AT field (1£2 °C) and finally the purple arrows show
the deviation in RH field (10 %). Modifications in the nominal
values are shown with red fonts

intra-urban scale the heat wave hazard and risk based
on a fuzzy logic concept. The methodology utilised a
combination of state-of-the-art technologies, such as sat-
ellite remote sensing, urban climate modeling, artificial
intelligence and advanced computing to produce monthly
hazard and risk maps of past years. These maps show the
hazard severity and the spatial distribution of risk within a
city agglomeration and prove that there is a strong poten-
tial in the analysis for risk zoning.

The importance of the findings of this article is two-
fold: First, they give spatially distributed information on
the heat wave severity and risk experienced in specific
areas in Athens, Greece, during two severe events. This
can be useful for targeted prevention measures (short-
term planning) or even UHI mitigation planning at city
level (long-term planning). In addition, the results are
useful to energy providers. Secondly, the approach shown
here offers a repeatable methodology that can be
customised for other cities. The methodology does not
need expensive or proprietary data to be applied.
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Following Meehl and Tibaldi (2004) results, priority
should be given to application to areas already experienc-
ing strong heat waves (e.g. southwest, midwest and south-
east United States and the Mediterranean region) but also
to other areas (e.g. northwest United States, France,
Germany and the Balkans) where increases of heat wave
intensity could have more serious impacts because these
areas are not currently as well adapted to heat waves.

As extreme heat events continue to cause preventable
human mortality, approaches such as the classification
scheme proposed in this study will be adopted as a
foundation to understanding heat wave hazard and risk
spatially for the purposes of saving lives and reducing
economic losses. In collaboration with Civil Protection
authorities, city planners and/or energy providers a major
future task lies in the application to other cities and the
downscaling to census block level. The latter holds espe-
cially for the air temperature modeling approach in which
currently no microclimatic effects are taken into account.
The combination, however, with producing long historic
time series of urban air temperature fields makes this task
rather challenging from a computational point of view.
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