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Biogeophysical and social vulnerability indicators:
Urban case-studies information sheet: Athens, Greece
Summary
· This information sheet is focussed on indicators related to energy demand, forest fire risk, human health and air pollution. All these indicators have direct links to the climate system and are therefore influenced by changes in meteorological parameters, especially temperature. 

· The higher risks in forest fire are direct consequences of increases in maximum temperature and decreases in rainfall and relative humidity during the summer period that favour conditions for peri-urban forest fire. A Forest Weather Index (FWI) ≥15 is used as a threshold to define conditions dangerous for fire outbreaks. 

· Hotter days are associated with greater mortality risk. Heat-related deaths are not discernible below 34°C and substantial heat-related deaths occur at very high temperatures in Athens. The relationship between energy demand and temperature is not linear and presents two maxima and one minimum (~22°C). 

· Ozone exceedance days tend to occur above a threshold temperature of 18°C and there are on average, 30-90 ozone exceedance days per year in Athens.
1. Introduction 

The following biogeophysical and social indicators are selected: 

Peri-urban forest fires: these are highly sensitive to climate change since fuel moisture is affected by precipitation, relative humidity, air temperature and wind speed. Mediterranean Europe in particular has been identified as likely to suffer hotter, drier summers towards the end of the century and hence potentially increased fire risk. We consider the peri-urban forest fire risk in Athens during hot weather conditions.

Health & well-being: Global climate change will have direct impacts on human health, including increased mortality due to heat stress and heat waves. Ambient temperature is an important indicator of mortality (particularly among the elderly) and understanding this relationship provides useful information for healthcare and civil protection planning.

Energy consumption: Weather variability has significant impacts on economic sectors and one of the most sensitive is the electricity market (because power demand is linked to several weather variables; chiefly air temperature). Electricity consumption is particularly sensitive to weather since large amounts of electricity cannot be stored and thus the electricity generated must be instantly consumed.

Ozone exceedance: Day-to-day changes in weather alter the severity and duration of air pollution episodes. As climate changes, faster chemical reactions, increased biogenic emissions, and stagnation could increase the likelihood of ozone pollution episodes.
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A huge forest fire burns at Parnitha Mountain overlooking Athens during a heatwave in 2007. This fire killed two people but many more could die as heatwaves become commonplace in Europe (Photo: Reuters)

2. Impact indicators
Fire Weather Index
What is it?  
The Canadian Fire Weather Index (FWI) is a numerical rating (dimensionless) of fire intensity and is used to estimate the difficulty of fire control (Van Wagner, 1987). The required inputs are: daily maximum temperature, relative humidity, wind, and precipitation. Although FWI has been developed for Canadian forests, several studies have shown its suitability for the Mediterranean basin (Moriondo et al., 2006). Daily fire and meteorological data are available for the period 1983–90. Meteorological data are supplied by the Greek National Meteorological Service. Daily fire frequency and area burnt are supplied by the Forest Research Institute of Athens, and comprise ~1000 fires. The locations of the fires are not available, although all are within ~150 km of the meteorological station. 
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Figure 1: Left panel: Mean number of fires per day against FWI (crosses) for fires near Athens. The crosses merge to form a thick curve, except for high values of FWI for which data are sparse. Right panel: Total burnt surface area per year in Greece since 1955 (red line, right-hand axis) and mean maximum temperature in summer (June-August) in Athens since 1890 (purple line, left-hand axis). Data source: National Observatory of Athens.
What does this show?  
Broadly speaking, fire occurrence is low for FWI < 15 and tends to increase with increasing FWI (Figure 1, left panel). For the Greater Attica area, the threshold for daily fire occurrence is around FWI = 15 and is very much higher for FWI>45. The oscillations at high FWI may be due to lack of data, but could also arise from a change in human activity which tends to reduce during heatwaves. Greece as a whole suffered an average of 56,000 ha area burned per year between 1990 and 2000 (Figure 1, right panel) with human action the cause of most fires (Good et al, 2008).
Why is it relevant?
The destruction of forests is of great concern since it has many direct (loss of property and lives) and indirect (flash floods, soil erosion and consequent loss of fertility) consequences. Peri-urban forests fires play a fundamental role in regulating air temperature and wind circulation in the neighbouring city, and may contribute to an increase of temperature in the city during the summer months and an intensification of the urban heat island. During a serious peri-urban forest fire event, air quality within the city may significantly deteriorate leading to an increase of respiratory problems for the inhabitants. Furthermore, if the fire reaches houses at the city edge, significant loss of property and human life can occur with an associated increase in insurance costs. Moreover, the tourist appeal of an area may be negatively affected especially if a particular fire season has attracted wide media coverage.

All-cause daily mortality
What is it?  
Excessive heat is a well-known cause of heat stress, exacerbated illness and mortality. Empirical-statistical models for heat stress are constructed for the city of Athens in summer (June-August). All-cause daily mortality data for the district of Athens, for the period 1992-2006, were acquired from the Greek National Institute of Statistics, as well as daily climate data (maximum and minimum air temperature, relative humidity, wind, and solar radiation intensity) provided by the National Observatory of Athens, for the same period.
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Figure 2: All-cause daily mortality data for Athens, Greece (blue line, left-hand axis) and daily maximum air temperature (red line, right-hand axis) for the period 1992-2006. The light blue line represents the smoothed 30-day running mean.
What does this show?  
Figure 2 shows a clear seasonal variation of mortality: higher in winter and in summer; lower during the transitional seasons. It is also apparent that there have been considerable heat-related summer deaths in the city of Athens, both from moderate heat events and individual heat waves.
An empirical-statistical model for heat stress is constructed for the city of Athens, for the summer months of the common data period 1992-2006. Heat-related deaths are defined as the number of deaths occurring in excess of the number that would have been expected for that population in the absence of stressful weather. For the calculation of excess deaths, we have used the fixed mean of daily mortality for each summer month, for the period 1992-2006 (79 deaths for June, 81 in July and 79 in August). In each case, daily excess deaths were calculated by subtracting the expected from the observed daily death values. 

The calculated daily summer excess deaths (i.e., heat-related mortality) for each maximum air temperature interval in Athens are presented in Figure 3. The frequency of occurrence of the temperature intervals is also included, indicating the percentage of days in a year that this temperature interval occurs. For example a 0.10 frequency of temperature interval of 35°C means that 10% of the days in a year (about 36 days) will experience temperatures between 35°C and 35.9°C. A fairly linear increase of mortality with increasing temperature is observed - with hotter days associated with greater morality risk. There is some evidence of flattening out at very high temperatures. Heat-related deaths are not discernible below 34°C. 

Another study (Dilaveris et al., 2006) showed that the total annual number of deaths caused by acute myocardial infarction (AMI: heart attack) is 3126 (1953 men from a population of nearly 2.7 million). Seasonal variation in deaths is significant, with the average daily AMI deaths in winter (10 deaths) being 32% higher than in summer (7 deaths). The monthly variation is more pronounced for older people (mean daily AMI deaths of people >70 years is four in June and seven in December) and is of only marginal significance for younger people. 

Why is it relevant?
Heat waves have readily discernible health outcomes because they result in a large number of deaths and affect relatively large, heterogeneous areas simultaneously. However, not all heat waves have a similar impact on mortality. In addition to the intensity of a heat wave, the duration and the timing of the event are particularly important. Illnesses recognisable as the direct results of exposure to prolonged periods of high environmental temperature are heatstroke, heat exhaustion, and heat cramps. The observed mortality increases during heat waves disproportionately affect the elderly, the young, people with pre-existing illness and low-income groups, especially in large urban areas such as Athens.
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Figure 3: Daily excess summer deaths (green bars, left-hand axis) in Athens by maximum air temperature interval for the years 1992-2006. The frequency of occurrence of each temperature interval (right-hand axis) is shown using orange bars.

Energy consumption
What is it?  
Energy consumption data for the Greater Athens Area are available from the Strategy and Planning Department of the Public Power Corporation of Greece. These data refer to total hourly domestic and commercial electricity consumption (GWh) spanning the nine-year period from January 1993 to December 2001. Additionally, meteorological data (hourly temperature values) are used for the same period from the National Observatory of Athens (NOA). 
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Figure 5: Gross National Product (GNP, green line, left-hand axis), daily air temperature (blue line, right-hand axis), and daily energy consumption (red line) in Greater Athens (Attica), 1993–2001. Solid black lines: trends 
What does this show?  
Daily variation in air temperature, gross national product (GNP) for the Greater Athens area (Attica) and energy consumption for the period 1993–2001 are shown in Figure 5. Energy consumption shows a clear upward trend that is largely due to economic growth but the peaks in summer demand are mostly due to greater usage of air conditioners in domestic and commercial settings as GNP increases. Similar results are obtained when monthly mean energy consumption and air temperature are plotted. There are two components to energy load variations: seasonal and yearly. The former is mainly influenced by the prevailing weather conditions and the latter by longer-term trends in economic, social and demographic factors.
Variation in daily energy consumption and mean daily air temperature for the years 1997-2001 is shown in Figure 6. Energy consumption is closely linked to mean daily air temperature; the maximum values of the former coincide with extremes of the latter. In January, energy consumption peaks during the lowest temperatures. In the transitional season (March–April) when air temperatures are constantly rising but remain comfortable, energy consumption levels are approximately constant. Energy use is greatly reduced during weekends and holidays compared to working days. The lowest values of energy consumption occur during the long Easter weekend (Good Friday to Easter Monday) and other fixed holidays (15 August, Christmas), irrespective of daily mean air temperature. 

The relationship between energy consumption and air temperature is not linear, but presents a single minima (about 22°C) and double maxima. The minima temperature is used for the calculation of heating and cooling degree-days. Above this temperature, energy consumption increases with higher temperatures (due to air conditioning). Below this temperature, energy consumption increases with lower temperatures (due to space heating). There are also temperature limits beyond which energy consumption shows no further increase. This may be due to the limiting power and availability of air conditioning systems and to the insulating capacity of buildings (Giannakopoulos and Psiloglou, 2006).

Why is it relevant?
There are important industry and policy implications, particularly in relation to energy conservation. Government and local authorities may establish policies to encourage users to replace old electrical equipment with more energy efficient equipment. The use of renewable energy sources may be more actively encouraged, as demand for energy increases in a changing climate and economy. 
There are also implications for generation capacity, maintenance scheduling and pricing. For example, the peak in the demand for cooling energy falls in the dry season. A reduced water supply limits energy production from hydroelectric plants and conventional power plants which require water for cooling and for driving the turbines. As a consequence, the energy demand may not be met in dry periods. Additional capacity may need to be installed unless adaptation strategies or building codes to improve building performance are established.
[image: image7.emf]
Figure 6: Scatter plot of daily energy consumption and daily mean air temperature, 1997–2001

3. System vulnerability
Ozone exceedance
What is it?  
Temperature alone is considered to be an appropriate predictor of ozone concentrations in highly polluted areas (Lin et al., 2001). Here, the statistical correlation between ozone (O3) measurements (8-hourly maximum concentration) and daily maximum temperature are presented for the period 1990-2000. Using this relationship, the probability of ozone exceedance days for observed daily maximum temperature is calculated. According to the EU directive, a mean daily 8-hour maximum concentration over 61 ppb defines an ozone exceedance day. 
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Figure 7: Mean daily 8-hour maximum ozone concentration and daily maximum temperature scatterplot.
What does this show?  
Daily ozone concentrations rise with warmer maximum temperatures (Figure 7). However, there are still a few incidents of high ozone concentrations at lower temperatures. An explanation may be found by considering other relevant meteorological variables such as ventilation (wind speed and direction, mixing height, and diffusion). Nonetheless, ozone exceedance days clearly start to occur after a threshold temperature of 18°C is exceeded (Figure 8a). The number of ozone exceedance days (EU directives definition) for each year is shown (Figure 8b). Except for two years (1993 and 2000) when ozone exceedance days were very low, the number of exceedance days ranges from 30 to 90.
Why is it relevant?
We know that day-to-day meteorology affects the severity and duration of pollution episodes. In a future climate change world, faster chemical reactions, increased biogenic emissions (from natural sources), and stagnation may increase the likelihood of ozone pollution episodes. Ozone episodes are closely linked to adverse effects on human health, vegetation and ecosystems. For example, there is a well-documented relationship between ozone exceedance and hospital admissions for heart and lung disease (Burnett et al., 2001).
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Figure 8: Probability of ozone exceedance with temperature (a); 
Number of ozone exceedance days per year (b)
4. Indicator thresholds 
· The Fire Weather Index (FWI) series for the Attica region shows a threshold for daily fire occurrence around FWI=15, while there is low fire risk for FWI < 15.
· Heat-related deaths are not discernible below 34°C, though substantial heat-related deaths occur at higher temperatures.

· The relationship between energy consumption and air temperature is not linear. A minima consumption value occurs around 22°C and above this temperature, energy consumption levels start to increase. 
· Ozone exceedance days start to occur above a threshold daily maximum temperature of 18°C.
5. Risks of climate hazards to social and biogeophysical systems

5.1 Current climate hazards

The 100+ year-long surface air temperature and rainfall record of the National Observatory of Athens (NOA) has been analysed to identify any significant deviation from the long-term average conditions in the city of Athens. The NOA station (37° 58’ N, 23° 43’ E) is located on a small hill near the Acropolis at an elevation of 107 m above sea level and about 5 km from the coast. Although the station is situated near the centre of Athens, it is isolated from heavy traffic and densely built-up areas.

Records show a trend towards warmer years, with significantly warmer summer daytime temperatures of about +1.8°C from the start of the series. The number of hot days and nights shows a ‘virtually certain’ increasing trend (especially in the last decade) in the order of 10 more events per year since the late 19th century. At the same time, a slightly increasing trend has been observed for total rainfall.
5.2 Vulnerability assessment of biogeophysical and social systems

Each of the biogeophysical and social impact indicators presented are shown to have direct and indirect links to the climate system. There are also direct and indirect linkages between impacts. For example, health impacts are closely linked to changes in air pollution and ozone exposure. In addition, human health is vulnerable not only to heat stress and heatwaves but also to air pollution episodes, which in turn, are also accentuated by high temperatures.  

Levels of vulnerability and exposure also vary spatially within the urban area according to the chosen impact sector. More specifically, forest fire risk is primarily a concern in the peri-urban areas / suburbs of the city. On the other hand, temperature-energy level fluctuations are an issue everywhere in the urban area, but there is a higher degree of exposure within the inner city where heat intensity is stronger, building density is greater and energy demand is larger. Heat stress is more likely to affect those living and working in the inner city (due to the urban heat island effect) than those living in the suburbs. In addition, elderly people and those with pre-existing cardio-respiratory problems are more at risk. Air pollution problems are also more likely in city areas close to emission sources (such as industrial estates and traffic dense zones and highways). The inner city zone is more at risk to air pollution from traffic emissions, while some suburban areas are located close to industrial activities (such as refineries in the west coast of Athens) and are also subjected to high levels of pollution. The suburbs are also vulnerable to high levels of secondary pollutants having undergone chemical transformation whilst being transported according to the synoptic weather conditions. 

5.3 Case study: Hot Summer 2007 in Athens
The impacts of the exceptionally hot 2007 summer in Greece (Founda and Giannakopoulos, 2009) on fire occurrence and social well-being comprise a useful case study and potential future analogue. During 2007, Greece experienced the hottest summer in its instrumental history with respect to absolute and mean temperature values and extremes. A series of successive heat waves affected the area with air temperatures exceeding 40°C accompanying a prolonged period of drought. Conditions were ideal for the ignition and spread of wild fires in the area surrounding the city, and resulted in the worst natural hazard in the modern history of the country and the city of Athens. 

The highest absolute day time temperature of 44.8°C was recorded on June 26th, while daily positive anomalies reached +13.0°C (Figure 9). Minimum (night-time) temperatures for much of the period were up to almost 8.0°C warmer than 1961-1990 values (not shown). As a result of these exceptionally high temperatures, 280,000 hectares (corresponding to almost 2% of Greek land surface) of forests, bush and agricultural areas (including olive groves which provide one of the key Greek exports) were destroyed. Moreover, 64 human deaths occurred and thousands of people were left homeless as a direct consequence of the fires. This was an unprecedented ecological disaster not only for Greece but for the whole Mediterranean area.
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Figure 9: Daily maximum temperature in Athens, summer 2007 (thin line with markers, right-hand axis) and departures from the long-term mean for 1971-2000 (bars, left-hand axis)
5. Summary
The following section summarises the biogeophysical and social vulnerability indicators for the impact sectors analysed for the Greater Athens area. 
Fires: The higher risks of forest fire are direct consequences of increases in maximum temperature and decreases in rainfall and relative humidity that favour conditions for forest fire. In particular, the frequency of forest fires is low for FWI < 15. Accordingly, FWI ≥15 is used as a threshold to define the beginning and end of a potential fire season (see Table 1).
Heat-related mortality: Heat waves have readily discernible health impacts that culminate in a large number of deaths and affect a relatively large heterogeneous area simultaneously. Hotter days are associated with a greater mortality risk. Heat-related deaths are not discernible below 34°C but substantial heat-related deaths occur at very high temperatures in Athens (see Table 1).
Energy: There is a clear link between energy consumption and temperature in Athens. The main peak occurs in winter (for space heating); however a second significant peak is also apparent in summer (for space cooling). Lower energy demand levels are evident during public holidays and weekends (especially Sundays and summer weekends). The relationship between energy demand and temperature is not linear and presents two maxima and one minima (around 22°C, see Table 1). 

Air pollution: Variations in day-to-day meteorology affect the severity and duration of pollution episodes. In the city of Athens, ozone increases with temperature although high ozone concentrations can still occur at lower temperatures. Ozone exceedance days occur above a threshold temperature of 18°C, and there are on average, 30-90 annual ozone exceedance days (see Table 1).
Table 1: Summary table of biogeophysical and social vulnerability indicators to current climate

	Key impacts indicator
	Climate hazard indicators
	Vulnerability indicators
	System thresholds
	Current impacts 

	Fire Weather Index
	Maximum temperature

Relative Humidity

Wind 

Precipitation
	Fire danger risk
	Threshold for the daily fire occurrence is FWI > 15
	Fire risk increases significantly with FWI>30

	All-cause daily death rate 
	Very hot days
	Human health
	Very hot days threshold = 34°C
	Heat-related deaths increase exponentially > 34°C. 

	Electricity consumption
	Temperature

Heating Degree Days

Cooling Degree Days
	Energy consumption
	Minimum energy consumption occurs around 22°C
	Energy demand peaks in winter and summer and during weekdays.

	Air pollution 
	Temperature
	Maximum daily temperature 
	Threshold for ozone exceedance days is T > 18°C
	The annual number of ozone exceedance days ranges from 30 to 90


Figure 10 presents the indicator linkages for the Athens case-study assessment. Climate and climate extremes are viewed as driving factors. Hot temperatures and prolonged heatwaves have an impact on population health through heat stress exposure. Such conditions, especially if combined with harmful air quality levels can give rise to mortality, especially within vulnerable sectors of the community (poor and elderly). The magnitude of mortality increase depends on the level of environmental factors (climate and air pollution) and on the level of preparedness for adverse events. This in turn is affected by local government expenditure on health care and on population density and growth within the city limits. 
Prolonged periods of high temperatures also give rise to higher energy consumption levels due to increased air conditioning demand. The degree to which this demand can be met depends on the coping capacity of the power distribution system whereas energy demand depends on GNP growth. Higher GNP is associated with higher energy demands to maintain population comfort. In addition, population growth drives higher energy demands irrespective of climate. Prolonged periods of hot and dry (rainless) weather also significantly increase peri-urban fire risk. Actual forest fire occurrence is dependent on local government preparedness and investment in fire prevention. The magnitude of forest area burnt in peri-urban environments depends on the prevailing weather conditions (high winds and hot temperatures) and on investment in fire fighting equipment. 
Climate and weather-related factors drive environmental hazards and can have disastrous impacts. However, these impacts can be moderated / minimised by implementing urban planning and environmental protection measures that take into account climate variability and its consequences. 
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Figure 10: Indicator linkages for Athens, Greece The blue box denotes key climate drivers, the green box denotes key biogeophysical impacts and vulnerabilities (italics); the orange boxes denote key social impacts and vulnerabilities (italics).
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Regional policy
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Urban planning / sustainability
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Health & Well-being: 


All-cause mortality; 
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Urban economy (energy)


Electricity consumption; energy contribution to the economy; GNP change; population change 





Peri-urban fires


Forest fires; Area burnt


Fire Risk Index; Area of peri-urban forest; Environmental protection (including fire prevention investment)





Climate hazards


Total rainfall; Rainfall intensity & flash floods; 
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