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About ClimAte ChAnge SCienCe1

however, the overwhelming evidence for global warming 
remains intact and the last iPCC report (AR4), published 
in 2007, included the statement that “Warming is unequi-
vocal and very likely (more than 90% probability) due to 
man’s activities.” Since then this has been reinforced by 
further evidence of global warming affecting heat in the 
ocean, rising Antarctic temperatures and the shrinkage of 
Arctic summer sea-ice.

Against a backdrop of claim and counter-claim in the 
field of climate science it is perhaps all too easy to over-
look what we do actually know. here are a number of key 
facts about our climate:

n Carbon dioxide (Co2) is a greenhouse gas, as are 
methane, water vapour, nitrous oxide and ozone. the 
fundamental physics that links Co2 concentrations to 
temperature changes has been known since the late 
19th century.

n earth receives energy from the Sun and re-emits it 
back to space. the atmosphere traps some of the out-
going energy and warms earth. this is known as the 
greenhouse effect. Without this natural greenhouse 
effect, earth would be some 30 °C colder, and life as 
we know it would not be possible.

n Co2 concentrations in the atmosphere are rising. they 
have increased by about 38% since industrialisation 
began, from 280 ppm (parts per million) to 387 ppm. 
two-thirds of that increase has occurred in the last 50 
years. Co2 levels are now 30% higher than at any time 
over at least the last 800,000 years. 

n human activities from energy production, transport, 
industry and agriculture have led to an increase in 
greenhouse gases in the atmosphere, especially Co2. 
About half the carbon dioxide emitted in this way has 
remained in the atmosphere with much of the rest 
being absorbed into the land and ocean. the increase 
in Co2 concentrations traps more of the outgoing 
energy, causing an enhanced greenhouse effect, and 
increases the heating of earth.

n earth is warming. over the last 100 years earth has 
warmed by about 0.75 °C. the last decade was the 
warmest on record despite a major la niña event, 
which temporarily cools the global climate system.  

n it is very likely that most of the warming over the last 
50 years is a result of human emissions of greenhouse 
gases.

n increasing greenhouse gas concentrations will mean 
an upward trend in temperatures. however, natural 
variability in the climate means that not every year 
will necessarily be warmer than the last, with some 
years being cooler and others warmer.

March 2010 

1 this section draws on the public information available on the met office website:
 http://www.metoffice.gov.uk/climatechange/science/controversy/index.html

Climate science finds itself under the spotlight as never before. In the recent past, the inquiry into the work of 
the Climatic Research Unit at the University of East Anglia and a mistake in the more detailed sections of the 
latest IPPC report on climate impacts has renewed interest in climate change issues.
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eXeCutiVe SummARY

An earlier report for euRoContRol (Challenges of 
Growth Environmental Update Study, 2008) examined a 
number of environmental issues associated with aviation 
that have the potential to influence the future growth 
and development of the air transport industry. the study 
concentrated on a broad range of potential impacts that 
could arise as a result of climate change itself, or regu-
latory and institutional responses to the climate threat, 
both of which could have implications for euRoContRol 
forecasting.  it found that the climate issue could impact 
upon patterns and levels of demand, aircraft perfor-
mance and operations (including delays, congestion and 
diversions), and airport capacity. the original study was 
not designed to investigate the likelihood, the magni-
tude, or the timing of such changes.

this document reports the findings of a series of case 
studies that aim to provide greater insight into three 
of these potential impacts: changes in tourism demand 
upon traffic flows, the consequence of sea level rise for 
coastal airports, and severe weather events on air traffic 
operations.  it is designed to clarify these risks in order to 
support forecasting, strategic planning and adaptation. 

Case Study 1: Changes to tourist Activity in
Greece

given its geographic location, greece is heavily depen-
dent on aviation for tourism and its economy.  tourism 
accounts for about 20% of greek gDP and approximately 
73% of tourists arrive in greece by air while 80% of inter-
national arrivals are tourists.

Climate change has the potential to have significant 
impacts on the pattern of demand for greek tourism 
and the ability of greece to supply its tourist product to 
international and domestic customers. this report reviews 
the literature and maps the variables which create the 
greek tourism supply-demand equilibrium.  A demand 
side qualitative analysis is also performed to provide a 
picture of the uncertainties and provide an indication of 
the timeframe and likely change in demand that could 
arise from climate change policy and its physical impacts. 
this qualitative analysis can guide not only eurocontrol 
forecasting, but also future economic modelling exercises 

for greek tourism and aviation, that incorporate climate 
change variables. the potential for adaptation measures 
is also discussed. 

the report concludes that future air traffic to greece will 
be affected by climate change impacts in the longer term. 
the future development of the greek tourism industry 
will depend on:

n Climate change impacts on patterns and levels of 
demand related to the thermal comfort of tourists. 
Climate and air traffic forecasts indicate: 
n increasing mid summer temperatures which, 

coupled with changing humidity levels, could 
make existing tourism resorts less attractive than 
they are today. 

n A more attractive climate in spring and autumn 
periods of the year will create new markets.

n Changes in local climate and tourism are unlikely 
to become significant until 2030 at least.

n Climate change impacts on the ability to meet 
demand (supply side):
n Reduced rainfall arising from climate change will 

affect freshwater availability at some tourism loca-
tions which, unless suitable mitigation measures 
are taken, could limit tourism capacity due to 
increasing competition between the airports, the 
tourism industry, agriculture, domestic users.

n higher temperatures causing greater use of 
energy for cooling and chilling by airport, tourism, 
other industries and domestic users putting pres-
sure upon the energy grid.

n the cost of aviation and its impact on demand.
n the progressive internalization of the climate costs 

of flying (e.g. through the eu emissions trading 
Scheme) could adversely affect greek tourism 
demand by giving benefit to nearby countries 
outside the eu that are not subject to such addi-
tional costs.

n this variable is more likely than the thermal 
comfort of tourists to influence tourism and air 
traffic patterns before 2030

This study is not concerned with how aviation emissions will affect the Earth’s climate, but rather, if the climate 
of the Earth is changing, what are the potential risks to the air transport industry.
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n the development of alternative transport modes.
n the progressive development of the trans-

european transport network and in particular high 
speed train services has the potential to compete 
with aviation, although this is unlikely to be rele-
vant to the greece tourism market in the short to 
medium term.

n Adaptation strategies adopted by the hellenic trans-
port and tourism industries.
n national climate change adaptation strategies are 

emerging across europe. these could potentially 
have very significant implications for air transport 
demand and the ability to meet demand.

the broad findings of this investigation are not unique to 
greece, and are likely applicable to many other parts of 
the mediterranean and therefore further studies of this 
nature are required to fully inform eurocontrol forecas-
ting and the SeSAR programme. 

Case Study 2: Impact of Sea level Rise on
Coastal Airports

Future sea levels around europe’s coast are of interest to 
the aviation industry primarily because of the increased 
flood risk to airports. this work package presents a basic 
analysis of the hazard that sea-level changes in a warming 
world may pose to european coastal areas, based on the 
latest research by the met office hadley Centre.  there are 
still large uncertainties in projections of future extreme 
sea levels and therefore a qualitative range is used in 
describing the different levels of hazard. 
 
the original Challenges of Growth Environmental Update 
Study identified 34 airports within the european air trans-
port system that could potentially be affected by sea level 
rise, storm surges or tidal lock. three of these airports 
(AA, bb and CC) were made the subject of case studies. 
the “time-mean relative sea-level rise mapping tool” was 
used to describe potential future scenarios for each. each 
airport was visited by a team of researchers and interviews 
conducted with representatives of the airport authority. 

the aim of this approach was to understand the level of 
awareness of the broader issues relating to climate change 
impacts and in particular sea-level rise.  interviewees were 
also asked about present and future adaptation strate-
gies by both the airport authority and government.  this 

report incorporates both their responses and results from 
independent research into current adaptation measures 
being taken by each member State. A discussion of the 
economics of adaptation is included in the conclusion.  

it is clear from this initial investigation that airports are a 
good example of critical coastal infrastructure that may 
be subjected to projected sea-level changes and its inevi-
table impacts. Whilst there are uncertainties relating to 
sea-level rise in the future, we know that for as long as 
“greenhouse” gas emissions continue, temperatures will 
rise and so the oceans will continue to expand. 

the principle findings were as follows: 

n For AA international airport this report concludes that the 
sea-level rise hazard along the west coast of the island 
upon which is it situated is likely to be very high by 2099. 
the projected wind speeds (and despite the limited 
fetch), wave heights and storm surges along this part 
of the coast coupled with projected sea-level changes 
could pose a significant risk to infrastructure that provides 
the main access to the airport at an earlier date.  

n For bb international airport, although there are limited 
areas shown as hotspots where sea-level rise might 
be a hazard by 2099, they are significant because 
they are only a basic illustration of the methodology 
used to compare future ground levels to sea levels, 
i.e. they do not account for storm surges or extreme 
wave heights.  given the prevailing wind direction, 
the long fetch, the geomorphology of the site where 
bb international airport is, and the fact that it is sited 
next to an inter-tidal fluvial zone that is already prone 
to seasonal flooding, the detailed understanding of 
possible future extreme water levels along the coast 
could prove to be of significant benefit.

n CC international airport is situated in one of the 
areas most exposed to sea-level rise in its country. it 
is surrounded by a non-coastal plain barrier-lagoon 
system with extremely active inlets and in the 18th 
century, a tsunami completely reorganized the coastal 
plain and drowned some islands in the vicinity. it is 
located in an area that has a very long (fully devel-
oped) fetch, unique (and at risk) geomorphology and a 
previous history of realignment due to extreme water 
levels.  As such this airport and the region in which it 
is located, would benefit from further detailed expert 
assessment of projected future extreme water levels 
that could result from climate change. 



Environmental technical report   14 January 2009 9

Whilst the modelling identifies clear risks suggesting the 
need for substantial preventative action to be in place by 
the end of this century, it is foreseeable that impacts will 
be felt much earlier. With progressive sea level rise and 
increased incidence and severity of storm surges, the like-
lihood of significant coastal flooding by the middle of the 
century argues for action to be considered within plan-
ning horizons. it is therefore also foreseeable that some 
airports may, as a result, experience greater disruption to 
operations with knock-on effects upon the air transport 
system such as disruption and delays.

there is a clear need for all airports under threat from sea 
level rise to assess the nature and timing of those risks 
if appropriate adaptation strategies are to be developed 
to ensure future operational capacity. information about 
such activities is needed for both eurocontrol forecas-
ting activities and the SeSAR programme. eurocontrol 
may also find benefit in engaging with climate change 
adaptation activities of national/regional bodies as well as 
airports themselves.

on a wider note, all airports will need to be assessed for 
climate change risks to their future capacity and produce 
appropriate mitigation proposals.   

Case Study 3: Impact of Change in Severe
Convection on Congested Air Space

to ensure resilience of the air transport network in the 
future, a good understanding of the potential impacts of 
climate change on air traffic management is needed. 

Convective activity in the en-route flight phase – such 
as that caused by thunderstorms (which can extend to 
55,000ft or more) or areas of clear air turbulence - has 
the capacity to endanger aircraft and cause widespread 
disruption to normal air traffic flows as most pilots will 
endeavour to avoid known areas of convective activity. 
in addition to issues of safety and passenger comfort, 
thunderstorms and associated atmospheric pheno-
mena also have the potential to close airports, reduce 
airport capacity, and can hinder or prevent normal 
ground servicing and flight turnaround operations. in 
the en-route flight phase, convective hazards can lead 
to delays, re-routings, and diversions that not only 
result in increased fuel consumption, Co2 emissions 
and operating costs for airlines but also lost passenger 
time.

the aim of this research was to identify potential changes 
in severe convective activity as a result of climate change 
in already congested airspace. the maastricht upper Area 
Airspace was chosen as the area of interest. 

Changes in convective available potential energy (CAPe), 
a measure of instability in the atmosphere, have been 
used as a proxy for changes in severe convection. the 
change from the present day (1989-2009) in the number 
of days over each season where maximum daily CAPe2  
exceeds particular thresholds over maastricht have been 
calculated for twenty year periods centred on 2020, 2030 
and 2050.  this study also sought to evaluate how such 
potential changes may impact on air traffic manage-
ment in the future, to assist euRoContRol’s long-term 
strategic planning.  

the principal findings were as follows:

n All studies reviewed indicated possible future increases in 
weather phenomena associated with severe convection 
over europe. 

n Convective weather activity already causes demonstrable 
deteriorations in en-route airspace and airport capacity.

n Data suggest little increase in the incidence of days 
in which severe convective activity occurs during the 
winter (December, January, February) months, however 
for spring (march, April, may) and autumn (September, 
october, november) there is projected to be a small 
increase.  

n by the 2020s the largest changes were indicated for 
summer months. by the 2050’s spring and autumn 
showed measureable increases as well.

n Projected changes in the frequency of severe events are 
broadly consistent with current understanding of how 
meteorology may change in the future. however, further 
work is needed to ascertain how well the climate model 
represents CAPe over maastricht as well as the diurnal 
cycle of convective activity. 

2 this case study compares a “normal’ day which gave a CAPe value of 21.9 J/kg and a value of 888.1 J/kg on an ‘abnormal’ day using thresholds of 
800J/Kg, 900J/kg and 1000J/kg
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General Conclusion 

these case studies demonstrate three very different 
manifestations of the effects of climate change on the 
future growth, development, capacity and operation of 
the european air transport system. they should, however, 
be viewed as no more than pilot projects. A systematic 
investigation of the potential effects of climate change 
on every aspect of the operation and growth of the air 
transport system is still required at a pan-european or 
even global level if the air transport industry is to begin 
the process of adaptation. Such work is also required to 
properly inform eurocontrol forecasting and the SeSAR 
programme.   

Note to readers: This document was prepared at as part of the EUROCONTROL Challenges of Growth (GG08) work. It should therefore 
be borne in mind, when reading the document at a later date, that it is a representation of the aviation environmental situation as at the 
beginning of 2010 and that there may have been developments with regard to some of the issues since that time. 
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ConteXt

Against this background, greenhouse gas emissions from 
aviation are forecast to increase in the short to medium term 
as the rate of growth of the industry outstrips the rate of tech-
nological and operational improvement. Although recent 
advances in biofuel technology are promising, with no step 
change in aerospace technologies on the horizon, it seems 
likely that aviation will remain a legacy user of carbon fuels 
and emitter of greenhouse gasses for the foreseeable future.  

Climate change has the potential to impact directly upon the 
air transport industry by affecting operational efficiency and 
capacity (as discussed in this report). 

Significant investment is being made in aerospace techno-
logy development (e.g. ACARe) and Atm improvements (e.g. 
SeSAR / neXtgen) but some of these efficiency gains will be 
lost if a changing climate gives rise to disruptions within the 
air traffic system.

evidence suggests that the direct effects of climate change 
are likely to manifest themselves in about 20 years time,  
towards the end of the SeSAR and eurocontrol planning 
horizon, yet until recently little attention has been paid to this 
issue.     

eurocontrol plays a critical role in ensuring future capacity 
and operational efficiency of the european Air transport 
System and in this context it has a responsibility to investigate 
and then promote awareness amongst its airport and airline 
stakeholders of the economic, environmental and functional 
penalties and risks that will be associated with climate change 
over the coming decades. 

The scientific evidence for climate change is now overwhelming and is accepted by Governments around the 
World. The magnitude of the climate threat for human civilisation is also clear and has given rise to interna-
tional and national targets for dramatic reductions in emissions of CO2 and other greenhouse gasses between 
now and 2050.
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intRoDuCtion

this study is not concerned with how aviation emissions will 
affect the earth’s climate, but rather, if the climate of the earth 
is changing, what are the potential risks to the air transport 
industry.

Aviation growth provides significant social and economic 
benefits. many city regions across europe, especially those in 
geographically remote locations, are highly reliant upon the 
air transport sector. eurocontrol, therefore, has an important 
role to play in supporting the development of adequate 
capacity within the european air transport system. 

Aviation does, however, have significant environmental 
costs. the adverse environmental impacts associated with 
the growth and operations of the industry have the poten-
tial to ‘feed back’ and restrict aviation’s ability to respond to 
demand and contribute to sustainable development. At an 
airport level,  the disturbance caused by aircraft noise, local 
air quality and even the location of sensitive habitats in 
surrounding areas can give rise to operational and infrastruc-
ture constraints (eurocontrol in 20033).  this same study also 
suggested that these pressures are likely to increase in the 
future as a result of growing affluence, changing public atti-
tudes, emerging science and tightening regulatory controls.  

over the past decade, the issue of climate change has 
emerged as another, perhaps even more significant environ-
ment threat to the growth of the industry, at both a local and 
a global level. this has far reaching implications for the future 
development of aviation in europe.  While the consequences 
of aircraft emissions for climate change have received much 
attention in the past, there has until very recently, been little 
focus on the effects of climate change itself or regulatory and 
institutional responses to it, both of which present a challenge 
to the future growth and development of aviation. As a result, 
in 2008 eurocontrol commissioned such research, reported 
in: Challenges of growth environmental update Study.

the Challenges of growth environmental update Study 
details the results of a desk top investigation undertaken by 
leading uK academic institutions and the uK met office. it 
summarises the potential impacts of climate change on Atm 
(both in general and on SeSAR specifically), that could have 
implications for demand, aircraft performance and opera-
tions, airport infrastructure and capacity, all of which would 
complicate aviation forecasting. 

it describes the direct impacts of a changing climate upon 
the air traffic system, for example:

n increased local temperatures will result in reduced 
aircraft performance and have implications for runway 
length requirements, airspace design and standard 
operating procedures. 

n global temperature increases that cause sea level rises 
may impact upon european coastal airports, poten-
tially resulting in the closure of some or requiring very 
expensive sea defences at others. 

n Changes to the tropopause, jet stream and winds 
will affect aircraft during cruise operations in terms 
of optimal routing, altitudes and speeds for the most 
environmentally efficient trajectories. 

n Adverse weather, especially increased intensity or 
changed location of convective weather activity, as 
well as winter storminess, severe turbulence, wind 
shear and occurrence of snow, ice and fog, will lead to 
more frequent disruption to Atm operations.

n increases in extreme weather events that will cause 
aircraft diversions and more frequent incidences of 
aircraft being grounded and airports closed.

in addition to the direct impacts of climate change on Atm, 
other effects are likely to arise from institutional responses4. 
the economic implications of regulatory and industry 
responses to climate change, together with the increasing 
cost of fuel, would influence the price of air transport and 
hence levels of demand. this, when coupled with changing 
weather conditions in different parts of europe, could signifi-
cantly affect patterns of demand. 

the original investigation was designed to identify the broad 
range of potential impacts upon aviation without exami-
ning any in detail, or assessing their likelihood, magnitude or 
timing.  this investigation focuses on three specific areas of 
interest in more depth.

euRoContRol is committing significant resources to fore-
casting aviation growth to 2030 through its StAtFoR service. 
it is therefore critical that appropriate information relating to 
climate change forecasting, the implications of future regula-
tory and demand responses, and the need for adaptation, are 
included within forecasting models.

3 eurocontrol (2003) the Concept of Airport environmental Capacity- A Study for eurocontrol.
 http://www.eurocontrol.int/activities/environment/newconcept.html
4 it is noteworthy that in 2009, the uK government set a target that Co2 emissions from the uK air transport industry in 2050 should be no more 

than they were in 2005. based upon current forecasts of technological and operational improvement, the uK Committee on Climate Change has 
indicated that this suggests aviation growth of about 60% by 2050. in contrast, business as usual demand is forecast to increase by 200%  over this 
period.
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PuRPoSe oF thiS DoCument

the purpose of this document is to inform the eurocontrol 
StAtFoR service, the development of SeSAR, and 
euRoContRol’s international leadership in the critical area 
of adapting to climate change. it reports the results of three 
case studies that were designed to investigate in greater 
detail, some of the implications of climate change for future 
air transport demand, european airport capacity and disrup-
tion to en route air traffic management. 
 
CS1: Changes to Tourist Activity in Greece - this investi-
gation is designed to clarify the implications for air traffic flows 
across europe and economic impacts of changing patterns of 
tourism demand arising from the effects of climate change 
and ambient weather conditions at tourism resorts - using 
greece as a case study. 

CS2: Impact of Sea Level Rise on Coastal Airports - Phase 
1 of this study identified 34 airports whose operations could 
be at risk from sea level rise by the end of the 21st century 
to identify how sea level rise might affect their operations, 
whether the airport operators are planning adaptation stra-
tegies and to provide an indication of potential adaptation 
costs.

CS3: Impact of Change in Severe Convection on 
Congested Air Space - modelling has provided information 
about changes in the frequency of occurrence of extreme 
weather events in order to assess the likelihood and scale 
of potential disruption and delays within the en route Atm 
system, using the maastricht area for the Case Study.
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ReCommenDAtionS to euRoContRol

Case Study 1: Recommendations

n use this case study as the basis for carrying out a compre-
hensive investigation of the full implications of future 
climate change for the supply and demand equilibrium 
for aviation based tourism throughout Southern europe 
including greece, Spain, Portugal, italy, malta and Cyprus. 
(Comparative data should also be collected for turkey).

n establish a dialogue with tour operators, airlines, national 
aviation and tourism bodies within those regions to stim-
ulate further work and enable adaptation strategies to be 
developed and shared.

n given the significance of tourism to the gDP of many 
countries in Southern europe, consider policy exceptions 
that promote aviation based tourism in these exposed 
regions.

n Conduct further scientific research to improve the accu-
racy of thermal comfort indicators for domestic and 
foreign tourists in key southern european tourism desti-
nations, using higher resolution historical analyses to 
quantify what current thermal conditions are attractive to 
tourists from different parts of europe.

Case Study 2: Recommendations

n Conduct further systematic studies on all airports within 
the european air transport system that are at risk from 
sea-level rise and storm surges, to enable a risk analysis 
of the consequences of climate change for their future 
operations and capacity. these data would then be used 
to develop adaptation plans by the airports and the rele-
vant national bodies.  Particular attention should be paid 
to surface access risks, as identified in one of the case 
studies in this report (AA airport) to understand the full 
scale of potential impacts. 

n investigate the traffic displacement, network effects, 
additional fuel use and emissions caused by loss of opera-
tional capacity or the closure of these airports.

n Research in more detail the significance of storm surges 
(severity and frequency) over time for the three case 
study airports and other strategic high risk airports.  

n encourage national governments to develop a strategic 
approach to the assessment and protection of the statu-
tory functions of airports against the effects of sea-level 
rise.

n Develop a methodology for cost benefit analysis of 
various adaptation strategies for exposed airports (e.g. 
defend vs. relocate), taking into account implications for 
local economies (e.g. tourism economies).

Case Study 3: Recommendations

n Perform further research on the maastricht upper Area 
Airspace to assess the traffic disruption, loss of capacity, 
increased fuel use and emissions resulting from increased 
CAPe. 

n Scale up results from this case study to identify other ‘hot 
spots’ in the european Atm system and future trends in 
the incidence of CAPe in different parts of the european 
airspace.

n Refine the predictive capability on convective systems 
to enable anticipation and mitigation of air traffic system 
delays.

n Refine the CAPe concept and widen scientific dialogue 
to move towards a standard assessment methodology 
by sharing this case study with national meteorological 
services and other aviation stakeholders.

Develop a dialogue with the European Commission and industry stakeholders with the aim of acquiring an 
improved understanding of the risk to aviation posed by climate change impacts and the need for planning 
action in response. Initial work reported here suggests the need for a systematic multi-agency research pro-
gramme to inform sector-wide strategic planning in the context of SESAR and broader European work on 
adaptation.
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EuRoContRol

Case Study 1
Changes to tourist Activity in Greece 

01 March 2010

Dimitrios Dimitriou and Andrés Jonathan Drew omegA, manchester metropolitan university.
Climate data provided by Kate Willett, met office hadley Centre.
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eXeCutiVe SummARY

given its geographic location, greece is heavily depen-
dent on aviation for tourism and its economy.  tourism 
accounts for about 20% of greek gDP and approximately 
73% of tourists arrive in greece by air while 80% of inter-
national arrivals are tourists.

Climate change has the potential to have significant 
impacts on the pattern of demand for greek tourism and 
the ability of greece to supply its tourist product to inter-
national and domestic customers. this report reviews the 
literature and maps the variables which create the greek 
tourism supply-demand equilibrium.  A demand side 
qualitative analysis is also performed to provide a picture 
of the uncertainties and provide an indication of the 
timeframe and likely change in demand that could arise 
from climate change policy and its physical impacts. this 
qualitative analysis can guide future economic modelling 
exercises for greek tourism and aviation forecasts that 
incorporate climate change variables. the potential for 
adaptation measures is also discussed. 

the report concludes that future air traffic to greece will 
be affected by climate change impacts in the longer term. 
the future development of the greek tourism industry 
will depend on:

n Climate change impacts on patterns and levels of 
demand related to the thermal comfort of tourists. 
Climate and air traffic forecasts indicate:
n increasing mid summer temperatures which, 

coupled with changing humidity levels, could 
make existing tourism resorts less attractive than 
they are today. 

n A more attractive climate in spring and autumn 
periods of the year will create new markets.

n Changes in local climate and tourism are unlikely 
to become significant until at least 2030.

n Climate change impacts on the ability to meet demand 
(supply side):
n Reduced rainfall arising from climate change will 

affect freshwater availability at some tourism loca-
tions which, unless suitable mitigation measures 
are taken, could limit tourism capacity due to 
increasing competition between the airport, the 
tourism industry, agriculture, domestic users.

n higher temperatures causing greater use of 
energy for cooling and chilling by airport, tourism, 
other industries and domestic users putting pres-
sure upon the energy grid.

n the cost of aviation and its impact on demand:
n the progressive internalization of the climate costs 

of flying (e.g. through the eu emissions trading 
Scheme) could adversely affect greek tourism 
demand by giving benefit to nearby countries 
outside the eu that are not subject to such addi-
tional costs.

n this variable, not the thermal comfort of tourists, 
is more likely to influence tourism and air traffic 
patterns before 2030.

n the development of alternative transport modes:
n the progressive development of the trans-

european transport network and in particular high 
speed train services has the potential to compete 
with aviation, although this is unlikely to be rele-
vant to the greece tourism market in the short to 
medium term. 

n Adaptation strategies adopted by the hellenic transport 
and tourism industries:
n national climate change adaptation strategies are 

emerging across europe. these could potentially 
have very significant implications for air transport 
demand and the ability to meet demand.

the broad findings of this investigation are not unique 
to greece and are applicable to many other parts of the 
mediterranean and therefore further studies of this nature 
are required to fully inform eurocontrol forecasting and 
the SeSAR programme.
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intRoDuCtion

A significant proportion of capacity within the european 
air transport system is taken up by demand for leisure 
flying. this is particularly associated with holidays taken 
in the mediterranean during the summer months and 
ski holidays taken in the Alps and other parts of central 
europe during the winter.  

Forecasts suggest that climate change has the potential to 
have a major impact upon levels and patterns of demand 
for leisure flying as seasons change, as some traditional 
locations become less attractive and as new markets 
emerge, either at different times of the year or in new 
geographical regions.  Such changes could have signifi-
cant implications for air traffic flows across europe and 
therefore for eurocontrol forecasting activities, depending 
upon their timing. they would also have significant impli-
cations for the economies of a number of regions across 
europe that are highly reliant upon income from tourism. 

A comprehensive assessment of these relationships 
would require significant investment so, with this in mind, 
this case study has been designed merely to illustrate the 
nature of the phenomenon. this will be achieved through 
a literature review, and an examination of climate change 
forecasts for greece that are used to illustrate the nature, 
timing and potential magnitude of changes and their 
potential impact upon tourism demand. 

the greek economy is heavily dependent on avia-
tion for tourism which accounts for 20% of greek gDP. 
Approximately 73% of tourists arrive in greece by air 
while 80% of international arrivals are tourists. Climate 
change not only has the potential to have significant 
impacts on the pattern of demand, it also has conse-
quences for the ability of some tourism locations to meet 
demand when and where it arises (for example as a result 
of water shortages). As a result, this report also maps the 
variables which create the greek tourism supply-demand 
equilibrium.  

the broad findings of this investigation, and the metho-
dologies developed and used in this study are applicable 
to many other parts of the mediterranean and other 
tourist locations across europe. the findings have implica-
tions not only for air traffic forecasting activities but also 
national tourism planning activities. 

this case study is divided into 4 sections.  the first 
provides an overview of tourism and aviation in greece 
with a particular attention on the economic impacts of 
these industries.  this is followed by the results of inter-
views with greek officials, a case study of a proposed 
new airport in Crete which highlights how environmental 
challenges to growth are being integrated with tourism 
and aviation strategies.  this section also provides a SWot 
analysis for aviation growth in greece.  the third section 
is an economic analysis that identifies the climate change 
variables that may impact the greek tourism supply and 
demand equilibrium with a keen attention to policy 
impacts on demand before 2030. the last section identi-
fies the physical climate change impacts (human thermal 
comfort) on tourism and aviation in greece and develops 
qualitative forecasts for aviation growth between 2030 
and 2080.

A significant proportion of capacity within the European air transport system is taken up by demand for leisure 
flying. This is particularly associated with holidays taken in the Mediterranean during the summer months and 
ski holidays taken in the Alps and other parts of central Europe during the winter. 
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PArt 1: touRiSm AnD AViAtion in gReeCe:
An oVeRVieW 

the greek economy is heavily dependent on the tourism 
sector. it attracts a high number of tourists because: 
(1) of the climate; (2) the 16.000-km of coast along the 
mediterranean; (3) the spatial allocation of greek islands; 
and (4) the high number of archaeological sites and 
cultural events. According to the oeCD (2008:137), tourism 
accounted for 18.2% of greek gDP in 2007. tourism has 
also contributed between 1 and 2% economic growth 
between 1998 and 2004 (ivanov and Webster, 2006). it 
is estimated that approximately 19% of the greek labour 
force is directly or indirectly employed by the tourism 
sector, approximately 840 000 people (oeCD, 2008), see 
Figure 1 below.  

greek gDP is very dependent on tourism but it is less 
dependent on foreign tourism than other eu countries 
(see Figure 2). tourism receipts in 2005 were more than 
four times higher than they were in 2000 (eurostat, 2008b: 
52) equivalent to a positive balance of €8 591 million in 
2005 (eurostat, 2008a: 60). international tourism receipts in 
2005 totalled €11 billion generating approximately €1,200 
for each resident, placing greece 5th in the world by this 
measure (oeCD 2008:137). eurostat (2008b) notes that 
international tourism receipts account for 5.2% of gDP; 
while 93.5% of greeks vacationed domestically making a 
total of 15.9 million trips (eurostat, 2008a: 60). 

Figure 1: tourism and the economy: a comparison of oECD countries - Source: OECD (2008: 88)
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Figure 2: Eu country economic dependence on foreign tourism - Source: Deutsche Bank (2008: 11, 13)
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the greek tourism market is growing but it is very 
seasonal and not very diversified. According to statistics 
published by the greek national tourism organization and 
the hellenic institute of tourist Research and Forecasts, 
tourist arrivals increased in the decade 2001-2010 with 
an annual growth rate of approximately 4%. the World 
travel and tourism (2009) Council forecasts a 3.5% annual 
growth rate of greek tourism for the next decade. Figure 
3 demonstrates that four northern european countries 
made up 50% of total nights spent by non-residents in 
2006 (see Figure 3 below). greece is mainly a summer 
holiday tourist destination with a season that extends 
from April to october. the strong seasonality creates parti-
cular challenges in terms of the development of tourist 
infrastructure as over 80% of international tourists visit 
greece during the summer season (euRoStAt, 2008b: 25) 
(see Figure 4 below).

Figure 4: Air travel passenger and tourism nights (Quarterly) comparison in Greece 
2007-08 - Source: EUROSTAT DS-072350-table

2000 2006

Markets Country % Country %

1st market DE 30.7 DE 21.2

2nd market uK 17.6 uK 16.7

3rd market It 5.8 It 5.8

4th market FR 4.9 FR 4.9

5th market nl 4.9 nl 4.9

6th market At 4.6 At 3.9

Figure 3: Main tourism markets in Greece nights spent by 
non-residents (% of total nights) 2000 and 2006  -
Source: Eurostat (2008b:52)
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this lack of diversification and strong evidence of seaso-
nality has costs and benefits. on the one hand, seasonality 
drives revenues because ‘all inclusive’ or ‘low cost’ holi-
days are able to benefit from economies of scale to offer 
integrated and discount prices.  however this requires 
planning (8 – 10 months) to achieve the lowest prices for 
the full package of services (accommodation, transporta-
tion, short tours etc). on the other hand, Papatheodorou 
(2009:402) finds that the low cost carrier model has 

achieved less year-round penetration to greek airports 
than in other parts of europe because demand for greek 
aviation and tourism is very seasonal.  

tourism and aviation have a symbiotic relationship 
in greece. Seventy three percent of tourists arrive in 
greece by air (Papatheodorou, 2009:404).  Figure 5 below 
demonstrates this very strong relationship.  the next 
section will provide an overview of air transport in greece.

Figure 5: Percentage of Eu geographical destination source for Greek aviation and tourism in 
2007 (excluding Italy) - Source: EUROSTAT (2009) DS-068772-table and DS-072354-table



CG08 Climate Adaptation Case Studies   March 2010 27

Air transport in Greece

the key figures regarding the greek international air trans-
port traffic are summarised below:

n greek air traffic grew by 22.5% between 2002-2008 (3.4% 
per year). 

n in 2008, 40.9m passengers arrived at and departed from 
greek airports. 

According to the statistics by hellenic Civil Aviation 
Authority (hCAA), the largest airports in greece are:

n Athens (16.5 million pax), 
n heraklion/Crete (5.4 million pax),
n thessaloniki (4.2 million pax),
n Rhodes (3.6 million pax)

Apart from Athens, the leading airports (in terms of interna-
tional tourist arrivals) are heraklion, Rhodes, Corfu, Kos, and 
Chania, serving islands spatially located in the southeast 
mediterranean. the following figures present the major air 
traffic patterns in greece.

Figure 6: An overview of the airports network in Greece.
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Figure 7: Air transports (PAX in 2008) for the main (traffic over 200.000 pax) international destinations in Greece -
Source: Supplied by Eurocontrol 

Figure 8: Air transports (PAX in 2008) for the main (traffic over 200.000 pax) domestic destinations in Greece -
Source: Supplied by Eurocontrol 
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like the greek tourism industry, the greek aviation 
industry is highly concentrated by region and is very 
seasonal (See Figure 4 above). For example, in 2006 
greece had one A-Class airport (>10 million pax, Athens) 
which handled 38.94% of the traffic; one ‘b-Class’ airport 
(between 5 and 10 million pax, heraklion) with 13.81% of 
the traffic; six ‘C-Class’ airports (between 1 and 5 million 
pax) accounting for 35.20% of the traffic; and 301 ‘D-Class’ 
airports (less than 1 million pax) with a 12.05% market 
share.  this concentration of air traffic partly explains 
why tourism is also very concentrated in greece, 70% of 
tourism is concentrated in 7 of the 53 greek regions see 
figure 9 below (Dritsas, 2009; Papatheodorou, 2009: 404). 

the tourism/aviation model in greece also has other 
particularities. For example, lCCs only service two 
airports year-round, Athens and thessaloniki. instead 
the international aviation market is dominated by verti-
cally integrated tour operators like tui, based in origin 
countries. this is unfortunate, because the economic 

benefits of lCCs to remote regions are well documented 
(Donzelli, 2009; Rebollo & baidal, 2009). of the approxima-
tely 38.7 million passengers in total in 2006, 12.1 million 
were on domestic flights and 26.6 million on international 
flights. Among the latter, 15.6 million passengers booked 
on charter flights (Papatheodorou, 2009: 404).  many of 
these charter flights operate point-to-point routes directly 
to the islands, indeed 80% of tourists use aviation to reach 
islands like Crete, Rhodes and Corfu (ACi-York, 2004:43), 
whilst 21% of foreign tourists arrive through Athens 
airport (ACi-York, 2004:42).

the above analysis indicates how significant the tourism 
and aviation industries are for the greek economy.  it also 
demonstrates the concentrated nature of these industries 
in terms of seasonality, regions and source countries.  the 
next section will examine how environmental challenges 
are being integrated in greek tourism and aviation stra-
tegic planning. it will also provide a SWot analysis for 
greek aviation growth.

Figure 9: total tourist arrivals in Greece per region in 2008  - Source: EUROSTAT DS-068772-table 
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PArt 2: touRiSm, AViAtion AnD enViRonment in 
gReeCe: inteRVieWS, AiRPoRt CASe StuDY 
AnD SWot AnAlYSiS oF AViAtion gRoWth

this section examines the greek government’s strategy for 
tourism and aviation with special attention to how envi-
ronmental challenges are beginning to be addressed and 
integrated into the policy making process for these sectors 
of the economy. the first section provides a summary of 
interviews with the greek ministry of transport and the 
hellenic Civil Aviation Authority (hCAA).  this is followed 
by a case study of a planned new airport for heraklion 
in Crete to illustrate which environmental impacts are 
viewed as constraints to the greek aviation industry at 
present.  the final section will examine the economic 
benefits and environmental challenges using a SWot 
analysis of aviation development in greece.

Interviews with the Ministry of transport 
and HCAA

According to the hellenic regulatory framework, the 
ministry of transport is responsible for establishing policy 
relating to aviation industry development. the hellenic 
Civil Aviation Authority (hCAA) is under the full control of 
the ministry and regulates aviation businesses in hellenic 
territories.  it also operates all airports in greece, except the 
Athens international Airport (AiA) which is operated by a 
semi private/public organisation (shares: 60% ministry of 
economy, 40% consortium of private companies).

A new government elected in october 2009 began a 
move towards public sector restructuring. Key policies 
guiding the government towards efficiency in planning, 
management and decision making process, are:

n the integration of the ministry of Public Works and 
the ministry of transport  into the new ministry of 
infrastructure, transport and networks;

n the establishment of the new ministry of environment 
with the responsibility to develop a new strategy towards 
sustainable development of the national economy.

therefore, at the time of this research, the national strategy in 
greece towards mitigating the environmental consequences 
of transport development is under review.  evidence of this 
is found in the announcement made in late January 2010 
by the minister of infrastructures, transport and networks 
of a project to construct a new airport at heraklion (on the 
island of Crete) is under review. this review has been carried 
out for two main reasons:  a) to ensure that the development 
meets european standards relating to the mitigation of envi-
ronment impacts; and b) to take account of the impacts of 
economic recession upon the aviation and tourism markets. 

it is noteworthy that heraklion Airport is the 2nd busiest 
airport in greece and accommodates the highest shares of 
tourism air traffic in greece.

the timing of this research was, therefore, fortuitous in that 
it allowed three brainstorming meetings with the new Vice 
minister of transport and his executive advisors on aviation. 
these provided information about the concerns and the 
priorities of a State in which the national economy is heavily 
dependent upon tourism and aviation. the key conclusion 
form these meetings are summarised as follows:

n Strategies and priorities for tourism development
n A key strategy for tourism development is the 

extension of the tourism period to most of the 
months of the year.

n it is expected that greece will continue to increase 
its share of the mediterranean tourism market, 
mainly because of the climate, the national 
promotional strategy and the quality of services 
offered, compared with other destinations in 
south-east mediterranean.

n the national tourism strategy focuses on the 
quality of tourist services aiming to keep greece 
in the top 20 of the global most popular tourist 
destinations.

n Despite the economic downturn the key priority is 
to continue to support greece’s ability to achieve 
high income from tourist activities.

n Strategies and priorities for aviation development
n Aviation development is recognised as a key part 

of the national strategy to improve accessibility 
to new tourist markets, such as China, Russia and 
other destinations in europe and Asia.

n A key policy of the national strategy is the ongoing 
development of Athens international Airport as 
well as the other four international airports to 
create gateways from europe to the Asian and 
middle east aviation networks. 

n A significant component of the national invest-
ment plan is designed to improve services and 
capacity at the international airports in thessaloniki 
and heraklion;

n hCAA priority is to encourage european and 
Asian air carriers to include the five biggest greek 
airports in their networks.

n Climate Change does not feature at the top of the 
agenda of the national strategy towards aviation 
and tourism development. 
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n the ministry of transport and top management 
of the hCAA do not at present have a specific 
plan for mitigating environment impacts or distur-
bance around its airports.

All parties believe that at this stage, the top priority is to 
meet regulatory framework standards and avoid penal-
ties from the european Commission. in addition, there 
was a clear concern about the potential impacts upon 
the aviation and tourism market of the european union 
emissions trading Scheme, mainly, because it is expected 
to provide significant advantages to nearby states outside 
the european union (see economic analysis in Part 3 of 
this report). 

the case of the new airport in Kasteli
(Heraklion, Crete) 

the hellenic Civil Aviation Authority is planning to 
construct a new airport at heraklion, Crete. this would 
replace the existing heraklion airport which is the 2nd 
busiest in greece.  the first announcement for tenders 
for this development was in September 2009. Some 
concern has been identified by ngos and local authori-
ties about the environmental impacts of the new airport. 
the following section provides a brief summary of the 
project in order to highlight the key strategies and the 
priorities governing airport development in states heavily 
depended upon aviation, such as greece.

Crete island key figures 

Crete is the largest island in greece, the fifth largest in the 
mediterranean, and the second largest (after Cyprus) in 
the eastern mediterranean. Crete straddles two climatic 
zones, the mediterranean and the north African, and 
the Cretan summer season starts from early may to late 
october, with the average temperatures reaching the 
high 20s-low 30s Celsius. maximum temperatures can 
reach the upper 30s to mid 40s. Due to the island’s loca-
tion and landscape formation, Crete enjoys significantly 
more sunny days and high temperatures throughout 
the year than other destinations in the mediterranean. 
because of its microclimate, most of the urban areas are 
spatially located on the north coastline of the island. the 
island’s total population was estimated to be 650,000 in 
the year 2005. 

the mainland of Crete covers an area of more than 8,000 
square kilometres, with a 1,000 kilometre-long coastline 

dotted with numerous coves, bays and peninsulas which 
offer the visitor a multitude of sandy beaches looking out 
over the mediterranean Sea. most of the major european 
tourist operators’ web sites promote holidays in Crete, 
recognising it as one of the most famous and attractive 
summer holiday destinations. 

the economy of Crete, which historically was based on 
farming, began to change visibly in the 1970s. While the 
emphasis remains on farming and stock breeding, due to 
the climate and landscape of the island, there has been a 
decrease in manufacturing and an observable expansion 
in its service industries (mainly tourism-related). All three 
sectors of the Cretan economy (agriculture, processing-
packaging, and tourist services) are directly connected 
and interdependent. the island has a per capita income 
close to the greek national average. the unemployment 
rate is lower than the greek national average. 

traditionally, Crete attracts a high number of tourists 
because of the climate, the coastline as well as the high 
number of archaeological sites. An analysis of the Cretan 
tourist market reveals the highest share is from european 
countries, representing more than 90% of total interna-
tional tourist arrivals. Crete is a relatively distant european 
destination, being about 3000 kilometres from the 
countries that represent the main sources of the tourist 
market in northern europe. thus, the role of transport in 
the total holiday package is important and depends on 
the time window between the origin and final destination. 

tourism in Crete is the most dynamically developing 
business sector. the tourism season lasts from April 
to october, with the peak tourism months in July to 
September. Despite the economic downturn the long-
term forecasts by the greek national tourism organization 
(gnto) and the hellenic institute of tourism Research 
refer to an average annual growth of around 3% up to 
2020. the tourism business is based on the collaboration 
of numerous resorts with global tourist operators, promo-
ting tourism services for summer holiday vacations. in 
the last few decades, a widely applied business practice 
has seen the development of what is termed “all inclu-
sive” products, where tour operators and resorts promote 
tourism packages including the whole chain of transport 
and accommodation services for the duration of holidays. 



32

the existing airport at Heraklion

the existing airport at heraklion is situated near the coast, 
where many tourist facilities are located. According to 
national statistics, heraklion is the fourth largest city in 
greece (about 200,000 residents). Crete’s tourism facilities 
provide approximately 64,000 beds to serve the tourism 
industry during the tourist season. heraklion Airport 
serves both business and leisure traffic, providing access 
to most large cities in greece and airports which accom-
modate charter airlines in europe.

the existing international airport at heraklion (named 
nikos Kazantzakis) is the second busiest airport in greece 
after Athens international Airport.  there were 3,927,292 
international air transport passengers in 2007 and the 
airport has reached capacity during the peak holiday 
season. heraklion airport receives more international 
charter flights during peak season than any other greek 
hub. the demand for air travel in greece is expected to 
double by the year 2025. therefore airport capacity around 
the country needs to increase as failure to increase capa-
city will have a negative impact on regional and national 
economic growth and international competitiveness.

today 15 airlines operate from heraklion Airport, between 
them flying to 31 different destinations. Crete’s interna-
tional passengers travel mainly during the summer period 
with charter flights, which results in high peaks in various 
subsystems of the airport terminal. however, the major 
part of its aviation market is accounted for by the charter 
industry providing seasonal connections to germany, the 
united Kingdom, italy, France, Russia, Scandinavia and 
Central europe, which are the main areas of origin for 90% 
of international tourist arrivals.

in terms of air traffic, 80% of the total passenger traffic 
is concentrated in the tourism season (may – october) 
and around 47% occurs during the peak season, which 
extends from July to September each year. the nature of 
tourism and the aviation business, along with the seasonal 
nature of demand leads to the growth of charter and 
seasonal flights to/from heraklion Airport, where more 
than 2 million passengers travelled on charter flights in 
2007 (greek national Statistics, 2009). the pattern of traffic 
at heraklion Airport is shown in the following diagrams, 
illustrating how the nature of the aviation business has 
developed over the past 20 years.

Figure 10: Passengers at Heraklion International Airport in 1990-2007 - Source: HCAA 
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Key figures for the new airport at Kastelli 
(Heraklion)

given the importance of Crete to the national economy 
and the potential constraints on business growth asso-
ciated with the limitations of its transport facilities, the 
government has brought forward planning efforts to 
ensure that future aviation needs of the region can be 
met. Crete is an important tourist destination, not just in 
greece but in the whole of europe. the new airport will 
relocate aviation activities from the existing airport to a 
new site providing additional capacity. the key objec-
tives of this project focuses on three strategic issues: a) to 
meet Crete’s growing need for air transport services; b) to 
provide access to new tourist markets; and c) to improve 
the role of heraklion Airport in the european network, 
providing opportunities to be a hub in the eastern 
mediterranean region.

According to the new airport’s master plan, it will be 
almost twice as large as the existing airport and will be able 
to accommodate more than 5,000 holiday travellers per 
day. it will be located in the north-west part of heraklion 
prefecture, close to the town of Kastelli. the international 
airport at Kastelli will be the primary commercial airport 
serving the air transportation needs of the people and 
businesses in and around the island of Crete. the airport, 
and its auxiliary facilities and infrastructure will cover an 
area of 600 hectares with a runway length 3,800m, capable 
of handling aircraft up to the size of the A380, and two full 
parallel taxiways (4F Category). An additional area of 22 
hectares (54 acres) will be reserved for commercial acti-
vity south-west of the new airport. in addition, the airfield 
will have a passenger terminal of approximately 70,000 
m2 and a freight terminal of approximately 15,000m2. the 
apron area will accommodate up to 44 airplanes. 

Figure 11: Annual aircraft movements at Heraklion International Airport in 1990-2007
Source: HCAA
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the airport infrastructure and the capacity of the new 
airport provides many opportunities for growth of the 
aviation (and hence tourism) business. Key figures rela-
ting to the current and proposed new airport’s facilities 
are presented in the following table.

the construction cost of the new airport is estimated to 
be between €1,200 and €1,500 million and the additional 
cost for the road connection with the existing motorway 
and the local service roads is estimated at between €50 
and €60 million, (hmePW, 2009). the project financing 
and management scheme decided upon is a Public-
Private Partnership (PPP). however, for the government 
and authorities, there is still a lot of debate about the 
benefits of this decision.

it is noteworthy that an active military airport is currently 
located in the area of the new airport. the master plan 
highlights that the military airport will be active when 
the new civil airport starts its operations. Also, the exis-
ting airport in heraklion will be closed at the time of the 
new airport’s operation, and the area of 278 hectares (687 
acres) that it currently occupies will be returned to local 
communities for a large regeneration plan of the area 
(hmePW, 2009).

Total PAX
in thousands (3)

Aircraft
Movements (4) Scenario (2)

Existing Airport (1) 5.369 200 Real Value

New Airport in 2015 (2)
6.510
7.030
7.650

302
322
338

Pessimistic
Medium

optimistic

New Airport in 2025 (2)
8.250
9.700

11.700

354
388
426

Pessimistic
Medium

optimistic

(1)  source: hCAA in 2007
(2)  source: hmePW 
(3)  Arrivals and departures
(4)  typical day in high season

Table 1: traffic figures for the existing and new airports

Airport infrastructure Existing Airport New Airport in 2025

Terminal area (sq. metres) 41.800 70.000

Number of runways for civil aviation 1 1

Length of runway (metres) 2,680 3,800

Aircraft parking places on apron 19 44

Airport territory (hectares) 278 600

Distance from Heraklion city (km) 3 35

Table 2: Airport facilities for the existing and new airports in Heraklion, (HMEPW, 2009)
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opportunities and threats for the new airport

As the existing airport has reached capacity and the 
tourism market and regional business are growing, the 
new airport is expected to meet these future needs. 
thus, the new airport is expected to contribute signifi-
cantly to the tourism and aviation businesses at local, 
national and european levels.  the proposed airport will 
therefore have a profound impact on the quality of life 
and economic prosperity of the island and the country, 
and will generate and support a large number of jobs 
both directly at the airport and indirectly through facili-
tating tourism and encouraging foreign investment and 
international trade. 

it is expected that the new airport will stimulate demand 
and provide opportunities for new links between Crete 
and other regional airports, providing more point to point 
flight connections. the new airport will have two major 
economic impacts; at first as a source of employment 
and via the income that its activities will generate in the 
economy, and also by acting as a business development 
shifter by encouraging and facilitating other types of 
activities in the region, as well as enhancing business effi-
ciency and productivity by providing greater accessibility 
to suppliers and customers. 

Furthermore, the new airport project will create new jobs 
over time in two key sectors of the economy; the avia-
tion and the construction industries. it is anticipated that 
many new businesses will be established on the island, 
taking advantage of the new airport, and new income 
from parallel activities (e.g. retail) will provide opportuni-
ties for additional income.

building the airport will impact on future generations, 
not only in terms of benefits. the simultaneous opera-
tion of two airports in the area, the continual flights of 
aircraft and the increased road traffic will increase the 
atmospheric pollution of the area to levels that could be 
harmful to health. local air quality issues could also have 
implications for agricultural production in the vicinity of 
the airport.  the main social cost would be felt by people 
who remain in their houses but are unable to continue 
with land cultivation and animal husbandry and  jobs that 
will be lost if the fertile lands and the pure potable water 
of the area were to be affected by air and water pollu-
tion arising from the operation of the new airport. (it is 
noteworthy that this area is one of the largest for olive 
cultivation in greece.)

According to the environmental study (hmePW, 2009) 
underpinning the Kastelli Airport development, a variety 
of mitigation measures are proposed to ensure that 
aircraft noise is adequately controlled within the projected 
life time of the airport. these include continued operation 
and enhancement of the noise management scheme, 
encouraging aircraft operators to adopt quiet operating 
procedures and maintaining preferred noise routes, and 
offering to purchase any properties that are exposed to 
more than 70 db(A). only 3% of the population is deemed 
to be susceptible and therefore the impact is considered 
to be negligible. Future levels of disturbances caused by 
aircraft noise are likely to be reduced due to changes in 
the mix of aircraft using the new airport. 

the impact on local air quality is expected to be significant. 
Pollutants associated with the operation of the new airport 
will arise from the road traffic coming to and from the 
airport, aircraft movements on the ground, on takeoff and 
landing and to a lesser extent from energy use in buildings.

nitrogen oxide (nox) emissions are expected to reach 
170-180mg/m3 at some locations by 2025. Concentrations 
of Co2 are expected to be 5.5mg/m3, and concentrations 
of So2 are expected to reach 30mg/m3. these concentra-
tions will be higher than today but within the european 
standards regarding population exposure. it is expected 
that 393 tonnes of kerosene will be used at the airport 
on an average day, with a corresponding production 
of 1100 tonnes of Co2 daily. the environmental impact 
study also noted the consequences of transporting large 
quantities of fuel in road tankers for 10 hours a day and 
at the same time building a high-voltage power station 
with suspended cables carrying 150/20KV (hmePW, 2009). 

it is estimated that 2000 cubic metres of water will be 
required daily when the airport is at its peak level of opera-
tion in 2025. the airport’s activities will have the potential 
to affect the quality of water in the area that surrounds it. 
the airport’s drainage system is designed with a compre-
hensive arrangement of interceptors, all of which pass 
through a main switching pit/interceptor that enables 
the flows to be diverted to a dedicated foul sewer in the 
event of a major spillage or incident (hmePW, 2009). 

thus, the key environmental impacts of the development 
of the new airport include noise and air pollution, together 
with surface access implications and the corresponding 
impacts on the local and wider transport infrastructure. 
they could also impact upon water consumption and 
ground and surface water pollution.  
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Conclusions for the new airport of Heraklion 

Analysing the existing master plan and the environmental 
study for the new airport of Kastelli, it can be concluded 
that:

n A key priority for the hellenic Civil Aviation Authority 
(hCAA) is to construct the new airport in heraklion to 
provide extra aviation capacity for the island of Crete. 

n the infrastructure will include a 3.8 km runway and 
facilities appropriate to accommodate more than 
three times the traffic handled by the existing airport.

n the environmental plan associated with the proposed 
development is primarily focused upon local environ-
mental impacts and far less on its consequences for 
global climate change.

n the long term (15 years based on 2007 traffic) esti-
mations of future traffic for the new airport have 3 
scenarios. the optimist scenario forecasts 3 times more 
traffic than in 2007 while the pessimistic scenario fore-
casts a doubling of 2007 traffic.

n the project cost does not include the significant costs 
of addressing or compensating for the associated 
environmental impacts of the development (e.g. more 
pollution because of new activities in the landside 
area, changes in land use in surrounding areas and 
the changes in agriculture activity and microclimate); 
and this is an important weakness regarding the proj-
ect’s economic viability on one hand; and planning 
and management of sustainability on the other.

SWot analysis for the aviation 
development in Greece 

According to decision making theory, the systematic analysis 
of development issues is essential in order to reduce the risks 
of any decision making process. SWot analysis is an effective 
tool to support managers and decision makers, because it 
systematically analyses the advantages and disadvantages of 
the problem under evaluation. the analysis presented in this 
report aims to identify the key issues which affect the deve-
lopment of aviation and the tourism industry and evaluate 
the contribution of aviation development by scoring their 
various benefits and weakness. 

the key objectives of the analysis are: a) to identify key para-
meters regarding aviation and tourism development; b) to 
evaluate the benefits and weaknesses, and c) to support 
decisions at the level of strategic planning. the level of signi-
ficance that was adopted was a scoring scale from –3 to +3 
(strongly positive:  +3, medium: (-1,+1), significant negative: 
-3. the evaluation of the key strengths which significantly 
affect the decision process is presented in the following table. 
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Level of Significance

Development Issues Positive Significant (+3) Medium (-1,+1) Negative Significant (-3)

STRENGTHS (S)

S1.
Regional Development 

n Additional capacity and low 
pricing strategy at airports 
stimulate demand for air 
transport

n new investments in airport 
and tourism infrastructures 

n Extension of the other trade 
sectors (e.g. agriculture) 

n Additional income to 
residents

n Improve airport facilities and 
services focused on leisure 
and business traffic

n Increase of land prices in 
tourist destinations 

n Population growth 
n Control of unemployment
n Improve quality of life and 

social services

S2.
National Economy 

n new traffic from European 
and long-haul destinations 
(e.g. Russia, Asia, etc.)

n new jobs in aviation, tourism 
and other relative activities

n Improve national GDP 

n Improve accessibility to 
attractive tourism destinations  

n Additional business for the 
national air carriers

n Establish Greece as the 
leading country in Balkans 

S3. 
European aviation  and 
tourism industry

n More capacity and slots to 
the European air transport 
network

n Stimulate demand to existing 
and new destinations 

n Additional income to tourism 
and aviation business

n Establishment of business 
oriented management culture

n Improve knowledge regarding 
aviation and tourism business

n Reduce business risk in avia-
tion and tourism industry

Table 3: Strengths and weaknesses for aviation and tourism development in Greece, scored by their level of significance

STRENGTHS (S)

W1.
Aviation business

n Business focuses on holiday/
seasonal traffic

n Status of Greek national 
economy

n Cost of the new investments
n Competition in national avia-

tion business

n Fare policy to meet future 
levels of demand 

n taxation and accreditation 
of airports to meet national 
environmental targets

n uncertainty in tourism and 
aviation industry

W2.
Cost of services and public 
sector productivity

n Economies of scale in aviation 
and tourism industry

n Authorities’ performance and 
national regulation framework

n Management performance 
of State-owned operators in 
most of the airports

n total transport chain costs for 
the users

n no specific strategy towards 
mitigation of environmental 
impacts 

n Price of holiday package  

W3. 
Financial variables

n Government/public authori-
ties’  procedures in decision 
making

n Interest for investments in 
aviation and tourism business

n Condition of private-public 
contracts to operate/manage 
airports

n Project cost and payback 
period for the new invest-
ments in aviation

n Conditions in national 
economy

n Financial risk in aviation and 
tourism business
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the next step is to analyse the key opportunities and threats from the aviation and tourism business, as briefly presented in 
table 4:

Level of Significance

Decision Issues Positive Significant (+3) Medium (-1,+1) Negative Significant (-3)

OPPORTUNITIES (O)

O1.
National aviation  business  

n new airport capacity 
expected to stimulate 
demand in new destinations 
from budget carriers (lCC) 

n Attract long-haul carriers to/
from Russia and Asia

n non-aeronautical revenues 
from the retail and the land-
side development at airports

n Reduce transportation cost 
to/from Greek destinations/
islands

n More scheduled flights
n Improve air cargo services for 

local agricultural products
n Additional income from the 

growth of demand 

O2.
Tourism  business
development  

n new demand (Russia, Balkans, 
Mediterranean countries, 
Middle East, Asia and Africa)

n Provide advantages regarding 
competition in Mediterranean 

n Additional income from 
tourism growth

n Improve share of tourism 
market 

n new businesses in other 
tourism sectors (sports, 
education, health, etc)

n Attract more high income 
tourists

n Extension of the tourism 
season

O3. 
Aviation business in Europe

n new opportunities for 
European air carriers

n Improve connectivity in 
European region

n Stimulate demand in 
medium-long haul destina-
tions in Asia

n new investments in aviation 
business

n Stimulate additional traffic 
in regional – secondary 
– airports in south-east 
Mediterranean

n Growth of leisure traffic in 
Europe

Table 4: Business opportunities and threats for the new airport at Heraklion, scored by their level of significance

THREATS (T)

T1.
Business environment and 
economy 

n niche nature of the Greek 
market 

n Growth of European GDP and 
financial stability in Europe

n Investments in other 
transport modes (sea, rail, 
motorways etc.)

n Growth of oil and energy 
prices

n Circularity and uncertainty in 
aviation and tourism market 

n Euro exchange rate policy
n national economy and finan-

cial performance

T2.
Environmental Impacts 
mitigation

n Growth of environmental 
sensitivity in Europe (e.g. 
green travellers)

n Environmental taxation 
n Water and energy resources

n Restrictions to aviation 
growth

n Eu green policies to control 
carbon emissions 

n operational constraints at 
European airports

T3. 
Competition

n Competition in aviation and 
transport industry

n Advantages (e.g. infrastruc-
tures, quality of services) 
compared to the other desti-
nations in Mediterranean and 
Middle East 

n Barriers to entry for new 
investors in aviation and 
tourism industry 

n national economy and finan-
cial statues in Europe 

n Euro exchange-rate policy
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the impacts of the new airport at regional, national and european levels are evaluated according the scoring of the figures 
above. the evaluation of the expected environmental changes in business from the new airport development is presented in 
the following figure.

New Airport Environmental Changes Score

Decision Issues Opportunities Threats (scale +3 ,-3)

Strengths O1 O2 O3 T1 T2 T3 (+) (-)

S1 +3 +3 +3 +1 -1 +1 +11 -1

S2 +3 +3 +1 -3 -1 -1 +7 -5

S3 +3 +1 +3 -1 -3 +1 +8 -4

S. Score          (+) +9 +7 +7 +1 0 +2 +26

                       (-) 0 0 0 -4 -5 -1 -10

Weaknesses

W1 +1 +1 +1 -1 -1 -1 +3 -3

W2 -1 -1 -1 -1 -3 -1 0 -8

W3 -1 -1 -1 -1 -1 -1 0 -3

S. Score          (+) +1 +1 +1 0 0 0 +3

                       (-) -2 -2 -2 -3 -5 -3 -17

New airport business 
impacts score

+11 +9 +7 +2 0 +1 +29

-1 -1 -1 -4 -8 -5 -27

Table 5: Analysis of the relationship between existing strengths/weaknesses and future opportunities/threats
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SWot analysis conclusions 

the central message for decision makers is that the 
positive impacts on regional development, the national 
economy, aviation and tourism businesses is 2.5 times 
greater than the negative impacts. this is because of the 
high potential of new investments and the changing 
environment in greek airports management, to stimulate 
additional traffic. however, the environmental protection 
policies and the competitive environment in tourism and 
aviation are expected to be a significant threat for the 
further development of these industries in greece. by 
mitigating or adapting to the environmental weaknesses 
and threats, the decision to promote aviation growth is 
strengthened in the SWot analysis. 

environmental impact assessment and management is 
critical for both the operation of the existing and new 
airports and the development of the national economy. 
therefore, environmental management has to be based 
on two major components: a) strategic planning and 
management procedures and regulations to control 
impacts; b) the process of monitoring emissions and 
impacts.

the above analysis indicates that the following issues 
will reduce the environment impacts associated with 
the development of both the air transport and tourism 
industries:

n land use planning in tourism and airport areas;
n improved ground transport;
n Reduced consumption of energy and water; 
n use of renewable energy;
n introduction of specific regulation to address wastes;
n Re-development of the existing airports to reduce 

carbon intensity of operations

the next section is an economic analysis that will explain how 
climate change impacts the demand variables that may well 
disrupt the greek tourism supply and demand equilibrium.  
it will also provide a qualitative analysis of policy impacts on 
aviation/tourism demand for greece by 2030. this is a signifi-
cant contribution, because the last section of this report will 
conclude that physical climate change impacts will likely only 
affect demand after 2030.
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PArt 3: eConomiC AnAlYSiS

this case study has provided a snapshot of the greek 
tourism and aviation industry and highlighted greece’s 
economic dependence on tourism. it has also explained 
what environmental impacts are considered by greek 
policymakers in their strategic planning for the aviation 
and tourism sectors, using a planned airport in Crete as 
a case study and performing a SWot analysis of aviation 
growth in greece to guide policymaking.  the next section 
will identify the climate change variables that may impact 
the greek tourism supply and demand equilibrium with a 
keen attention to policy impacts on demand before 2030.

Some analysts believe greece will be a net-loser from 
climate change induced impacts on tourism (hamilton 
et al, 2005; bigano et al., 2008; Deutsche bank, 2008:1), 
but there are many variables to consider for a qualita-
tive prediction of decreases in tourism and air passenger 
volumes. these variables will be discussed by reference to 
Figures 12 and 13 below. 

the demand and supply chart (Figure 12) below illus-
trates the climate change impacts on demand and supply 
side variables which produce the tourism equilibrium in 
greece. the demand side consists primarily of mitigation 
and adaptation policies that will impact consumer choice 
(carbon pricing, climate change awareness and sensi-
tivity).  the orange middle arrows list ambient weather 
conditions (which is both a demand and supply variable) 
in northern and Southern europe. As this study has 
shown, it will be a major determinant of the equilibrium.  
on the supply side, we list climate change variables that 
will make the tourism and aviation product harder to 
offer. many of these were identified in the Challenges to 
growth environmental technical Report (thomas et al., 
2009).

the mitigation/adaptation chart (Figure 13) is integral to 
understanding the supply/demand chart; they are two 
sides of the same coin.  this is because mitigation and 
adaptation will impact the supply/demand equilibrium 
differently in the short and long-run.  the black arrows 
depict mitigation variables while the red arrows depict 
adaptation variables.  the orange arrows list variables 
impacting both mitigation and adaptation.  For example 
mitigation is a pull factor, which could reduce tourism 
demand in the short-run because carbon pricing or 
command and control regulation (see Regulatory impacts 
section below) will increase the cost of travel and cost of 
tourism facilities.  however in the long-run, mitigation 
would help sustain greek tourism if greenhouse gas 
concentrations were to be controlled so as to avoid more 

than the 2°C temperature rise associated with dange-
rous climate change.  therefore, as the climate stabilizes 
towards mid-century, greek summer tourism could 
continue to be viable into the 22nd century. mitigation 
will also hopefully promote research and development 
policies that will drive technological development so that 
aviation becomes carbon neutral (without offsetting) and 
is therefore not constrained by abatement targets, which 
can help overcome one of its major challenges to growth.  
this could counteract the medium-term (5-20 years) 
demand shock for greek tourism explained in Figure 12.

the thick middle orange arrows demonstrate that 
greece, with its historical and archaeological heritage, 
can strengthen non-beach tourism outside the summer 
months.  Developing eco-tourism in underdeveloped 
areas of greece could also reduce the environmental foot-
print of tourism on the islands (although not the carbon 
footprint of travel itself ). it would also be a form of adap-
tation that would diversify its highly concentrated tourism 
industry (Papatheodorou, 2009; Dritsas, 2009).

the adaptation side is a push factor which will increase or 
help stabilize tourism demand in the short and medium-
term. For example, greek and even eu governments could 
promote mediterranean tourism by shifting the school 
holiday period to the months where comfort-indexes 
are appropriate for northern europeans. greece could 
do the same to encourage its citizens to continue holi-
daying domestically rather than travelling north to avoid 
the increasing summer heat. this last adaptive measure 
would come at relatively little cost and would be signi-
ficant given the number of greek tourists that holiday 
domestically.

All the other measures would require significant capital 
to ensure the greek tourism market can supply ‘business 
as usual’ summer tourism in the context of a changing 
climate.  in the long-term, however these investments 
particularly in water-reuse, energy and airport facilities 
could become cost-effective in an increasingly carbon-
constrained world.

ultimately, the costs of adaptation policies must be 
weighed against the economic benefits of tourism, which 
are very substantial in greece.  Consideration at the eu 
level must also be given, because tourism has been a stra-
tegic target for eu funds in promoting greek economic 
development.  While the costs of adaptation will likely be 
born in part by the eu, so too will the costs of inaction 
in the form of transfers to a weakened greek economy; 
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weighing the costs of action and inaction is an exercise 
worth pursuing through further research.  however, this is 
beyond the scope of this project.

the following analysis will identify the demand side 
variables to inform future research that could build 

models for a quantitative economic analysis.  the supply 
side is excluded because very little literature exists on the 
subject and a robust analysis would require field research 
and substantial time dedicated to interviews of greek 
authorities, which is also beyond the scope of this project.  

Figure 12: Demand and supply variables for Greek tourism equilibrium
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Figure 13: Mitigation and adaptation variables for Greek tourism equilibrium

the purpose of the demand side analysis is to identify 
key variables from the literature and provide a qualitative 
assessment of climate change impacts on demand. Figure 
14 below divides the variables between classical (those 
which are used in existing tourism demand models for 
greece) and the new climate related variables which need 
to be included in the models.
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Classical Variables and Existing Assets 

A substantial literature exists on tourism demand models 
for greece using the classical variables listed above 
(Dritsakis, 2004; Dritsakis & Athanasiadis, 2000; louvieris, 
2000).  these forecasting approaches are based on quan-
titative methodologies using causal econometric models 
(Song and li, 2009). the operation of demand variables is 
intuitive; however their precise values in the models vary 
significantly.  in general, income, stability and advertising 
are positively correlated with tourism demand, while 
prices, exchange rates and transportation costs are nega-
tively correlated.  

Climate change variables will have significant overall 
effects on greek tourism demand.  not only are they new 
variables that should be internalized in existing causal 
models, but they will impact the classical variables in such 
a way that is likely to reduce overall demand. 

the branch of economics known as economic geography 
indicates that the values assigned to classical variables 
for the models that forecast tourism demand in greece 
are unique to the country.   Figure 14 illustrates this; the 
sections on existing assets (natural and man-made capital) 
are the foundation upon which all other variables operate 
(Dritsakis, 2004). these variables are self-explanatory and 
interrelated. For example, although natural and climatic 
capital may exist in many countries, it is a combination of 
the existing tourism infrastructure and historical levels of 
tourism (which is often a function of historical and cultural 
ties/traditions with source countries) that together with 
the natural and climatic capital explain why volumes of 
tourism are higher in certain countries (Dritsakis, 2004).  

indeed the costs of tourism trade, like trade in general, 
explains its patterns. A country’s comparative advan-
tage in tourism is a function of the costs associated with 
distance, infrastructure and the agency and transaction 
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costs associated with industry and institutional structures 
(groom & macgregor, 2007:16; Venables, 2006; Krugman, 
1991). these accumulated comparative advantages are 
more complex than simply ambient temperature or even 
aviation infrastructure; they take time to develop and 
therefore the comparative advantages also take time to 
erode. in short, the classical variables assume existing 
assets and cannot be viewed as operating in a vacuum.  

the sections below explain the operation of each new 
climate change demand variable to provide guidance for 
future modelling research.

Demand for Sustainable tourism

Sustainable tourism has two components: (1) demand for 
sustainable tourism resorts; (2) demand for sustainable 
transport.  each will be discussed in turn. 

Sustainable Tourism Resorts

the sustainability of tourism resorts is an additional 
variable to the carbon intensity of transportation. the 
literature on sustainable tourism demand is not very 
developed.  it has traditionally focused on preserving bio-
diversity and minimizing impacts on local communities 
and ignored the impacts of transportation, energy and 
water use (gossling, 2000; gossling and hansson 2002).  
however, the carbon intensity of tourism’s value chain is 
now beginning to be integrated in the concept of sustai-
nable tourism (Sigala, 2008). 

Although most studies have not found that sustainabi-
lity ranks highly on factors affecting tourism destination 
choice (brau, 2008; buzinde, 2010; becken, 2002; 2007), it 
is possible that as climate change impacts become more 
severe and public awareness increases, sustainability (at 
least in the tourism resort if not also the transportation 
mode) will become a significant variable for tourism 
demand. this change in demand may also be driven by 
those supplying the tourism: the tour companies them-
selves (Sigala, 2008). 

this is a variable greece can control. it should therefore 
develop a strategy to be ahead of the curve in sustai-
nable tourism destinations to compensate for the carbon 
intensity of transport; this could drive demand.  Another 
possibility is for greece to pay for offsetting the emissions 
from tourism related transport, energy and water use. 
this may be contrary to eu state aid rules, but exceptions 
could be made for tourism-dependent eu countries.

Demand for Sustainable Transport

literature from the u.K. reveals that passengers have a 
general understanding of climate change and the link 
between aviation and climate change (Camcon, 2008; 
Doft 2008; ipsos mori, 2007; energy Saving trust, 2008). 
however, passengers seem to believe their aviation use 
is acceptable and that the responsibility for addressing 
aviation’s impact on climate change lies with the govern-
ment, airlines and manufacturers (omegA, 2008).  this is 
reflected in surveys which have demonstrated that very 
little behavioural change has occurred in response to 
climate change impacts upon aviation (Camcon, 2008; 
omegA, 2008; hares et al., 2009)

Studies demonstrate a high willingness to pay for carbon 
offsets, however in practice the take-up of the carbon 
offsets is significantly lower.  For example, an ipsos mori 
(2007) study found that passengers are willing to pay 
£10 more for a low-cost return flight to europe and £48 
for a long-haul standard airline destination; brouwer 
et al. (2008) found a similar range. A uK Department of 
transport (2008) study identified that 42% of travel-
lers were willing to pay more including 29% who were 
willing to pay a 20% premium. nevertheless, the uptake 
of offsetting programs does not confirm the willingness 
to pay in practice, the CAA (2009) found that only 25 
out of 645 participants offset their flight. indeed becken 
(2007) concluded that airline prices are highly inelastic 
and ipsos mori (2008) found that uK consumers would 
absorb increased fares by reducing their holiday budget 
in other areas.  

this demonstrates that the uK public places a high value 
upon air travel to go on holiday, for weekend breaks, to 
visit friends and family and to meet religious and cultural 
demands. the multi-cultural nature of the uK popula-
tion, its relative geographic isolation and its poor quality 
of ‘holiday weather’ means the british public value their 
ability to fly. they therefore appear reluctant to give up 
the high-speed-long-distance services offered by the 
aviation industry unless a comparably priced alternative 
mode of transport, like high speed trains, becomes avai-
lable. these generalizations can in principle be extended 
to the other major source countries for greek tourism 
such as germany and holland.  Consequently passenger 
demand for leisure air travel is unlikely to diminish in the 
near future, without severe price or other forms of avia-
tion rationing by government.
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Regulatory Impacts

if governments decide to constrain aviation growth—this 
is uncertain in the short to medium term—there are a 
number of regulatory options that could be considered in 
order to deliver this objective:

n Personal carbon allowances (for domestic consump-
tion (utility bills), travel (car, public transportation) and 
air travel (domestic and international aviation). 

n Fiscal responses designed to constrain demand (see 
below).

n Slot pricing and availability controls.
n Airport infrastructure constraints (e.g. through the 

planning system) to restrict the ability to respond to 
demand. 

this section will address fiscal responses and slot pricing/
availability controls designed to constrain demand 
only, since this analysis is concerned with demand side 
variables. Carbon allowances are likely to be instituted 
much further in the future because they would be built 
upon existing carbon constraining policies, and would 
only be practical once low carbon alternatives are avai-
lable to the consumer (giddens, 2009:156). Airport 
infrastructure constraints are unlikely in the short-term (1-5 
years). For example, even the Climate Change Committee 
Aviation Report (2009) assumed expansion at heathrow, 
Stansted and edinburgh. however as climate change 
consequences become more apparent, restrictions may 
be imposed. in this context it is noteworthy that the inco-
ming Conservative-liberal Democrat administration in 
the uK has announced that it would not support further 
runway development at london-heathrow, gatwick and 
Stansted airports. 

Policies that restrict aviation growth or price carbon will 
increase the cost of transportation to greece. the exact 
value of demand decrease depends primarily on the esti-
mated carbon price and price elasticity for each service, 
class and route as well as the ability of airlines to pass-
through costs to passengers.  lufthansa Consulting (2009) 
expects €10-12 eu etS induced increases on routes 
within europe, which corresponds to a 5% price increase 
and results in a 4% decrease in demand.  the european 
Commission (2009) expects a euA price of €30/ ton and a 
corresponding decrease in demand of between 1.4-2.4%. 
in general, studies have found that leisure air travel is 
more elastic than business air travel and short haul leisure 
is more elastic than long-haul leisure (Carbon trust, 2009: 
23). the major source countries for greek tourism are in 

the 2.5 to 3.5 hour flight time range which is on the cusp 
of being categorized as a long-haul flight, so potenti-
ally the demand could be more inelastic to air transport 
price, which is confirmed by the studies carried out on 
outbound tourism air travel from the u.K (see above). 
however, thompson (2009) finds that greek tourism is 
more sensitive to aviation transport prices than exchange 
rates. nevertheless, there is not sufficient literature on the 
price elasticity of demand for european leisure air travel 
to greece. this presents a clear need to research the elas-
ticity of demand for transport prices to greece under 
various carbon prices and cost pass-through scenarios. 

this price-elasticity research would be particularly useful 
since policy initiatives are likely to impact demand for 
greek tourism sooner than physical climate change. it is 
therefore useful to isolate and predict levels of decreased 
demand from policy in the near-term (most modelling 
has looked at climate impacts, not aviation prices (see 
hamilton et al., 2005; bigano et al., 2008)). it will also help 
greek authorities adapt to all climate change impacts by 
focusing on potential modal shifting, sustainable tourism 
or assessing the viability of shoulder season tourism 
in light of greece’s continued dependence on aviation.  
Such an analysis will also help determine whether there 
will be any carbon leakage to non-eu competitor destina-
tions such as turkey, egypt or israel (mayor and tol, 2010).

Policies (like rationing forms of aviation or informational 
campaigns) intended to promote local tourism as a way 
of meeting national carbon budgets and prioritizing 
‘necessary’ aviation, could have an effect similar to carbon 
pricing. For example, the recent uK Climate Change 
Committee Aviation Report (2009) recommended a cap 
on aviation growth at 60% of 2005 levels. Although the 
rationing mechanism was not made clear in the report, a 
cap on growth could imply a top-down form of govern-
ment prioritization of different forms of aviation according 
to available substitutes and environmental impacts.  For 
example, governments could prioritize long-haul over 
short haul, business travel over tourism.  Command and 
control mechanisms existed in the past when traffic distri-
bution rules were in place.  these could be reinstituted 
and motivated less by who (which carriers) and more by 
what (what destinations and for what purpose).  A major 
caveat is that many command and control mechanisms 
conflict with the 30 year aviation liberalization trend.  
however such mechanisms could re-emerge if they are 
seen to be necessary in the context of seeking to avoid 
‘dangerous’ climate change.  market mechanisms, could 
be used instead.  For instance, a less rigid approach 
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that could achieve similar goals would be to place a 
premium on slot allocations for short-haul tourism desti-
nations.  how greece would be affected by such policies 
is uncertain; exceptions could be made to this policy for 
poorer european countries that are heavily dependent on 
tourism and where no available transportation substitutes 
exist (i.e. greece, malta, and Cyprus). in summary, the 
policy impacts on greek tourism demand are uncertain.  
Firstly, it is unclear how inelastic demand is for greek avia-
tion and tourism.  Secondly, it is unclear what the policies 
will be and whether special consideration will be given 
to countries like greece that are almost long-haul desti-
nations and are heavily dependent on tourism, with no 
available modal substitutes.  Further research modelling 
of these different scenarios should be undertaken.

this section avoided considering policies that greece 
could implement, which promote tourism air transport 
to counter the carbon price and slotting policies.  For 
example, greece could waive airport fees for passengers 
and provide discounts for airlines.  however, this conflicts 
with eu goals to reduce aviation emissions.

Demand for Modal Shifts

emissions from aviation contribute the largest share 
of total greek tourism industry emissions. if the avia-
tion industry faces carbon pricing and caps on growth, 
there may be a significant demand for alternative forms 
of transportation to tourism destinations.  Development 
plans for high speed rail lines are significant in europe 
(Committee on Climate Change, 2009; Directorate for 
energy and transport, 2009) and tourists could decide 
to use high speed rail links for mediterranean or Atlantic 
destinations, particularly in Southern France, northern 
italy and northern Spain.  this, combined with the heat 
stress induced by climate change, could also shift tourism 
patterns away from the Southern mediterranean and 
Aegean (Perry, 2003; bigano and hamilton, 2008).

because greece is isolated in South-east europe, where 
no plans for high-speed rail exist, and 80% of tourists 
arrive in greece by air, its tourism is particularly vulnerable 
to policies that increase the price of aviation and decrease 
(in relative or absolute terms) the price of modes such as 
maritime (Rigas, 2009) and rail. greek tourism is also vulne-
rable to changes in consumers’ attitudes towards aviation 
for tourism transport. however, at present, uK survey 
results (which did not analyze future heat stress) display 
a moderate preference for modal substitution (energy 
Saving trust, 2007). nevertheless policies that promote 

and incentivize other modes of transportation like mari-
time and rail, combined with warmer dryer summers in 
northern europe (met office 2009) could have a signifi-
cant negative effect on greek tourism demand. Subsidies 
or simply greater consumer demand for high-speed 
rail would bring down the cost of rail journeys on high 
density routes making transport and tourism packages for 
these routes cheaper compared to greece which remains 
dependant on high carbon aviation. this is particularly 
the case where rail is powered by low carbon electricity. 

in order to model demand for greek tourism, a sensitivity 
analysis of various scenarios for substitutability of rail to, 
and thermal comfort indexes at, these new tourist loca-
tions should performed.  the key question from an air 
traffic volume perspective is where northern european 
tourists will decide to go in response to the policy and 
physical impacts of climate change.  it is possible that 
although aviation-based tourism will decline in greece, 
overall tourism does not decrease by the same magni-
tude, if maritime travel becomes a viable option (price 
and time wise) for countries near greece, like italy, and 
the balkans. For instance, greece could subsidize tourism 
maritime travel; however Figure 3 above demonstrates 
the magnitude of this task.  it is noteworthy that mari-
time travel from key tourist countries in northern europe 
such as the uK and Denmark is wholly unrealistic simply 
because of the travel times involved.

Physical Climate Change Impacts

this case study has provided significant evidence for the 
risks that climate change poses to the greek tourism and 
aviation sectors. Despite this, long-term forecasts for avia-
tion and tourism rarely take into account the physical 
impacts of climate change. At best, they may incorporate 
some policy impacts like carbon pricing, modal shifting 
and oil prices, like the eurocontrol (2008) long-term fore-
cast for 2008 to 2030.

however, as this report has outlined (see also part 4 of the 
report which looks at heat, below), climate change is likely 
to have a severe effect on the natural/climatic, infrastruc-
ture and even cultural capital which are at the foundation 
of the classical demand variables listed above (hamilton 
et al, 2005; bigano et al., 2008).  energy, water and carbon 
will become increasingly scarce, regulated or priced. the 
costs of delivering the greek tourism product will neces-
sarily increase as the costs of operation and adaptation 
are reflected in these prices.  Aviation prices are also 
expected to increase.  the loss of income from tourism 
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(currently around 20% of gDP), could also potentially 
threaten the stability and security of the country, which 
since joining the eu, has hitherto been taken for granted 
and partly explains the expansion of greek tourism.

nevertheless, climate change provides an opportunity 
for greece to adapt by diversifying its tourism in terms 
of product, region and season.  greece has a very strong 
cultural capital (museums, food, music, archaeological 
sites) which could be a significant adaptive measure 
to diversify away from summer-beach tourism because 
many of the archaeological sites are best visited in the 
spring and autumn.  Climate change also provides an 
opportunity for greece to regionally diversify its tourism 
product, which as mentioned above remains stubbornly 
concentrated in 7 out of 53 regions. indeed there is even 
potential for certain islands to grow their summer beach 
tourism, the ionian islands for example (while islands like 
Rhodes and Kos can extend their seasons to the spring 
and autumn (Perry, 2003).  

Conclusions for the Economic Analysis

there is a need to model how all the climate change 
impact variables will impact tourism/aviation demand 
in greece.  As highlighted above, there is significant 
uncertainty with many of these variables and therefore 
a sensitivity analysis should be performed to provide 
a range of likely outcomes.  the ability of greece to 
supply tourism should also be included to assess the full 
supply and demand equilibrium. this will provide a more 
accurate picture and help strategize the most cost-effec-
tive adaptation measures.

Despite these caveats, certain conclusions can be drawn 
with respect to demand for greek tourism at least in the 
short-term (1-5 years) and medium term (5-15 years):  

n Climate change induced heat stress will not likely 
occur before 2030 and will therefore not be a major 
variable reducing greek tourism in the short and 
medium-term (see part 4 of this report below).

n only very high carbon prices and high levels of cost 
pass-through to consumers will significantly decrease 
demand for aviation and tourism to greece.

n it is likely that significant improvements in high speed 
rail combined with improving ambient summer 
temperature in northern europe will decrease 
demand for greek tourism in the medium-term.  in 
the long-term (after 2030) the interaction of these vari-
ables will be very significant (see next section of this 

report). maritime-based tourism could help greece 
fill the northern european tourist gap; however this 
depends on the carbon price and the ability of greece 
to attract tourists from nearby countries.

n Consumer behaviour is unlikely to be influenced 
by informational or promotional policies unless 
combined with high carbon prices and/or the aware-
ness of increased severe physical climate change 
impacts.

n Certain adaptation measures are viable in greece:  (1) 
promoting off-season cultural tourism; (2) diversifying 
the regions offering beach tourism; (3) promoting 
sustainable tourism locations and offsetting aviation 
emissions.

the next sections will analyse the physical climate change 
impacts by looking at heat stress and providing a macros-
copic qualitative forecast for aviation in greece using 
climate change scenarios to 2080.
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PArt 4: PhYSiCAl ClimAte ChAnge imPACtS on 
gReeK AViAtion AnD touRiSm With

 FoReCAStS FoR 2030-2080

Forecasting principles and definitions 

opinions on forecasting are probably as diverse as views 
on any set of scientific methods used by decision makers. 
the layperson may question the validity and efficacy 
of a discipline aimed at predicting an uncertain future. 
however, the need of forecasting is widely recognised 
as an integral part of the decision making activities of 
management. the need for forecasting is increasing as 
management increasingly tries to anticipate and proacti-
vely deal with all aspects of its business environment and 
stakeholders. this forecast study will attempt to provide 
decision makers with information regarding: 

n Scheduling: to forecast the changes in demand levels 
which will provide essential information to organise 
and manage efficiency goals and manage future 
capacity. 

n Determining resource requirements: organisations 
must determine their long-term resources and infra-
structure needs. these decisions depend on market 
opportunities, environmental factors and business 
threats. 

n Recognition of different scenarios: as long-term 
forecasting is inherently uncertain, this requires the 
development, understanding and strategy formula-
tion for multiple scenarios to systematically deal with 
uncertainty.

there are two main categories of forecasting techniques: 
qualitative and the quantitative methods. Quantitative 
forecasting techniques are based on statistical principles 
using a systematic approach that attempts to minimise 
the forecast errors. on the other hand, qualitative fore-
casting methods do not require data in the same way. 
the inputs required can be very varied and are mainly 
the product of judgment and accumulated knowledge. 
this approach is appropriate to provide guidance to aid 
planners and managers rather than to provide specific 
numerical forecasts. this method is used almost exclusi-
vely for long range situations such as formulating strategy 
and developing long-range action plans.

Predicting the implications of climate change for tourism 
demand is challenging because three major factors that 
affect this relationship (climate change itself and regu-
latory and public responses to climate change) are all 
difficult to forecast. Added to this, changes in tourism 
demand are heavily influenced by other external factors 
e.g. airline business models, political, social and economic 
factors.

Forecasting methodological approach

the aim of this case study is to investigate the relationship 
between aviation, tourism and climate change and in 
particular its implications for greece. Forecasting future 
level of leisure demand in greece, taking into account the 
impacts of climate change, is central to this report. there 
is only a limited literature that provides quantitative infor-
mation about the impacts of climate change on tourism 
demand and especially decisions over holiday destina-
tions. however, sufficient knowledge about alternative 
climate change scenarios and the current market trends 
exists to make some high level comments.

therefore the key research challenge of this study is to 
investigate the followings issues: 

n indentify a measure to provide explanations for future 
changes in tourist behaviour;

n examine the changes of this measure over time;
n Choose the appropriate time horizon for forecasting;
n Select the appropriate forecasting method to illustrate 

results.

two primary sources of information were used in this 
study: 1) a tourism comfort indicator was derived (as 
detailed below) for two future scenarios presented in the 
iPCC report (Climate synthesis report, 2007: scenarios A1b 
& b1) using averages over 1974-2003 as a base period; 
and 2) air transport demand forecasts were developed for 
three scenarios: the optimistic scenario (best), the middle 
scenario and the pessimistic scenario. 2008 was chosen 
as the base year for the analysis as this was the most 
recent year for which complete traffic and tourist data are 
available. 

the analysis uses long term forecasting techniques (a 
macroscopic approach using qualitative forecasting) 
and estimations for international air transport volumes, 
to produce forecasts for greece from 2010 to 2080. the 
time horizons of the traffic estimations are the years: 2020, 
2030, 2050 and 2080. 

Data on climate change forecasts for greece and infor-
mation relating to the thermal comfort of tourists were 
provided to Case Study 1 by the met office.
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Heat over Greece and tourism Driven 
Aviation 

Aim

to provide climate data for greece describing human 
comfort for the present day (1974-2003), 2020s (2005-
2034), 2030s (2015-2044), 2050s (2035-2064) and 2080s 
(2065-2094) under a low emissions (b1) and high emis-
sions (A1b) forcing scenario. 

these data (provided by the met office) were used to 
assess likely changes in demand arising from changes in 
the thermal comfort of tourists visiting greece.

The WBGT as a Proxy for the Thermal Comfort of 
Tourists 

A simplified version (Abom, ACSm, 1984) of the wet-bulb 
globe temperature (Wbgt) (iSo standard for measuring 
heat stress) is used as a measure of human comfort. the 
simplified Wbgt will be overestimated in very windy 
and cloudy conditions and underestimated on calm 

very sunny days. greece is typically sunnier in the south 
(matzarakis & Katsoulis 2005) and so the calculated Wbgt 
from both the observations and global climate models 
(gCms) will likely be an underestimate at least in this 
region. 

Wbgt was originally devised for acclimatised military fit 
males in full battle dress and so is not straightforwardly 
comparable with the average tourist. however, there 
are known thresholds under which certain work/rest 
ratios are advised for specific amounts of physical exer-
cise. these can be used as conservative estimates for the 
average human. how this effects human comfort is highly 
dependent on the individual – their age, health, weight, 
clothing, behaviour and personal preference. tables 6 
and 7 show the relationship between Wbgt thresholds 
and levels of health risk, which may be useful for ascertai-
ning useful thresholds for tourism. Clearly this could differ 
significantly depending on what activities a tourist may 
want to undertake. Someone sitting on a beach or by a 
pool may be happy in much higher temperatures that 
someone cycling around the country, for example.  

W Description Level of Risk

26 CAutIon over extremely intense physical exertion Moderate 

28 PoSSIBlE REDuCtIon in heavy exercise for non- ACClIMAtISED High

29 SuSPEnSIon of strenuous exercise for non- ACClIMAtISED ---

31 lIMItED activity for ACClIMAtISED ---

32
SuSPEnSIon of physical training and strenuous exercise for All (excluding essential 

operational commitments not for training purposes)
Extreme

Table 6: Military thresholds of WBGt-  Source: USARIEM.
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The Observational Data

observational data are taken from the source data for the quality controlled and homogenised monthly mean anomaly 
gridded surface humidity dataset hadCRuh (Willett et al 2008) which originates from the national Climatic Data Centre (nCDC) 
integrated Surface Dataset (iSD) (lott et al 2001). the Wbgt is calculated from hourly/3hourly timestep quality controlled data 
which has not yet been homogenised (homogeniSAtion = detection and adjustment to remove discontinuities in the data 
due to station moves, instrument changes or changes in observational practices that create signals/trends/features that are not 
of climatic origin). Vapour pressure (e) is first calculated from dewpoint temperature (tdew) (buck 1981):

e=6.1121*f*EXP(((18.729-(Tdew/227.3))Tdew)/257.87+Tdew))  Eq. 1    
 
f=1.0007+(0.00000346*P) (actually using P=1013 so f=1.004)
P=1013-(Z/10)
Z= elevation from ISD station data

the simplified Wbgt is then calculated from the vapour pressure and temperature (t) as follows (Abom, ACSm, 1984):

W = 0.567T + 0.393e + 3.94      Eq. 2

the daily maximum temperature and daily maximum  Wbgt are then averaged over 5 day means (pentads) for homogenisation 
using breakpoint locations identified for the creation of hadCRuh but adjustments derived from the new data quantity (Willett 
et al 2008; Willett & Sherwood submitted). these pentad mean daily maximum temperature and Wbgt are then averaged 
over the month to give monthly mean daily maximum temperature and monthly mean daily maximum Wbgt. they are then 
averaged over the 30 year period 1974 to 2003 to give a climatological mean daily maximum temperature and Wbgt for each 
month. this climatology is a recent period chosen to fit with the available observations as opposed to a more standard clima-
tology of 1971-2000. the climatology for each month is then subtracted from the monthly mean daily maximum data to give 
anomalies. A time-series of these along with monthly mean anomaly specific humidity (from the hadCRuh dataset) are shown 
for all stations over greece averaged together in Figure 15.

Work/Rest Ratio for 1 hour
Work load and W Threshold (oC)

Light Moderate Heavy

100% / 0% 30.0 26.7 25.0

75% / 25% 30.6 28.0 25.9

50% / 50% 31.4 29.4 27.9

25% / 75% 32.2 31.1 30.0

Table 7: Recommended work/rest thresholds for acclimatised workers, fully clothed with adequate water and salt intake. the 
thresholds should be reduced by ~2.5 oC for un-acclimatised workers performing a moderate level of work.
Source: ACGIH, 1996.
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Figure 15: Recent summertime heat over Greece averaged over 
July and August. Present day means of daily maximum WBGt and 
temperature averaged over each month are 28.4 and 29.6oC 
respectively. (Data provided by the Met office)

Figure 16: Map of the Mediterranean Region identifying the 21 stations (black dots) over Greece and 
HadCM3 grid-boxes (red). (Data provided by the Met office)
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Data from 21 meteorological observing stations from 
across greece (shown in Figure 16) were included in 
the dataset. these were averaged to give a single value 
for greece weighted according to latitude. it should be 
noted that these are merely a sample data set and as 
such will not fully represent the climate of the country. 
Consequently, results should be interpreted with caution 
recognising that there will be large regional differences.

The Future Projections from Global Circulation 
Model HadCM3

hadCm3 perturbed ensemble runs for the QumP project 
(Collins et al. submitted to Climate Dynamics) are used 
under two forcing scenarios: b1 (low emissions) and A1b 
(high emissions). Daily maximum temperature, daily mean 
temperature and daily mean relative humidity (Rh) are 
used to create daily Wbgt at the time of the maximum 
temperature (note this differs slightly to daily maximum 
Wbgt from the observations but the difference should 
be negligible in terms of large scale changes). Daily 
mean saturated vapour pressure is calculated from daily 
mean temperature using equation 1. the daily mean 
vapour pressure is then derived from daily mean Rh and 
daily mean saturated vapour pressure. there is very little 
diurnal cycle in vapour pressure and so it is suitable for 
calculating Wbgt at maximum temperature using the 
daily maximum temperature and daily mean vapour pres-
sure and equation 2.

Daily Wbgts at maximum temperature are then averaged 
over each month and then over 30 year periods to give 
climatologies for present day (1974 to 2003), 2020 (2005-
2034), 2030 (2015-2044), 2050 (2035-2064) and 2080 
(2065-2094). the present day climatologies are subtracted 
from all future climatologies to give future changes. this 
is in recognition of the fact that climate models do not 
accurately produce actual temperatures with precision 
but do reconstruct the relative temperatures spatially and 
temporally with reasonable accuracy.

hadCm3 is fairly coarse resolution with grid-boxes of 
3.75o latitude by 2.5o longitude. According to the accom-
panying land-sea mask there are 2 grid-boxes that cover 
the land mass of greece. this is shown in Figure 16. As 
for the observations, spatial averages will have the effect 
of dampening the high extremes of some regions and 
raising those of others and so should be interpreted care-
fully. here, the five grid-boxes are averaged simply by 
cosine weighting of the latitude of each grid-box centre.

QumP hadCm3 runs provide 17 members for each 
scenario covering a range of physically reasonable model 
perturbations. each member has been treated identically 
and the range of values used as a measure of uncertainty. 
the mean, 10th percentile and 90th percentile climato-
logy for each time period is provided here for all months 
although it is recommended that only July and August 
are focussed on. Wbgt is invalid at temperatures below 
15oC which is certainly applicable to the winter half of 
the year. As there are only 17 members of the ensemble 
for each time period and forcing scenario it should be 
remembered that the range from 10th to 90th percentile 
and ensemble mean is not as robust as a larger ensemble 
but is all that is available.

Results

Present day (1974 to 2003) daily maximum summer-
time (July and August) temperature and Wbgt at daily 
maximum temperature over greece averaged as a whole 
were 29.6 and 28.4oC respectively. given that these are 
averaged over the month and a 30 year climatology 
period, this points to regions and periods that would be 
subject to even higher (or lower) values. indeed, summer-
time maximum temperatures above 40oC are already not 
uncommon. Alongside specific humidity, these indicators 
have both increased over recent decades (Figure 15). 
given the ongoing increase in atmospheric Co2 and now 
very likely link between anthropogenic emissions and 
climate change it follows that temperature and humidity 
would be likely to continue to rise for the foreseeable 
future (iPCC 2007). 

Figures 17 to 20 show projected changes from present 
day (1974 to 2003) in daily maximum temperature and 
daily Wbgt (at daily maximum temperature) for July and 
August under a low emissions (b1) and high emissions 
(A1b) scenario. Again it is necessary to note that these 
projections are subject to a high degree of uncertainty.

importantly, all scenarios show an increase in both 
daily maximum temperature and daily Wbgt (at daily 
maximum temperature) for all future periods examined. 
the increase is larger for temperature alone than Wbgt, 
likely due to the projected decrease in relative humidity 
as shown in Figure 21, especially over July. there is large 
uncertainty, however, over whether relative humidity will 
indeed change as gCms project. this uncertainty is larger 
than for temperature.
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As expected, the lower emissions of Scenario b1 result 
in smaller increases in both daily maximum tempe-
rature and Wbgt (at daily maximum temperature) by 
2080. however, the path out to 2080 is complex with the 
ensemble mean showing higher temperatures/Wbgt for 
earlier periods in the b1 scenario than for the higher emis-
sion A1b scenario. given the small geographic extent of 
this analysis and consequent wide spread of uncertainty 
shown by the 10th and 90th percentile values from the 
gCm ensemble this is not surprising. it is perhaps best to 
conclude rising daily maximum temperature and Wbgt 

(at daily maximum temperature) over all periods and 
scenarios but distinction between the scenarios is only 
really apparent by 2080 where a track to lower emissions 
(b1) is likely to result in smaller increases.

given the high current mean summertime values for daily 
maximum temperature and Wbgt (at daily maximum 
temperature) and that these are averaged values both 
over space and time, any further increase will likely 
increase human discomfort to most people.

Figure 17: Projected changes in July daily maximum 
temperatures for Greece under two difference scenarios. 
Bold lines show the mean of the 17 member ensemble. 
Dashed lines show the 10th to 90th percentile range. (Data 
provided by the Met office)

Figure 18: Projected change in August daily maximum 
temperatures for Greece under two difference scenarios. 
Bold lines show the mean of the 17 member ensemble. 
Dashed lines show the 10th to 90th percentile range. (Data 
provided by the Met office)

Figure 19: Projected change in July daily WBGt at 
maximum temperature for Greece under two difference 
scenarios. Bold lines show the mean of the 17 member 
ensemble. Dashed lines show the 10th to 90th percentile 
range. (Data provided by the Met office)

Figure 20: Projected change in August daily WBGt at 
maximum temperature for Greece under two difference 
scenarios. Bold lines show the mean of the 17 member 
ensemble. Dashed lines show the 10th to 90th percentile 
range. (Data provided by the Met office) 
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Existing traffic forecasts between 2008 and 
2030

based on the above analysis, it is not expected that signi-
ficant changes in demand and traffic patterns will arise as 
a result of changes in climate conditions within the time-
frame of existing eurocontrol forecasting activities (up to 
2030). 

briefly, the long-term Forecast Flight movements 2008 - 
2030 report (eurocontrol, 2008) highlights the following:

n eurocontrol presents a forecast for annual numbers 
of instrument flight rules (iFR) movements between 
2014 and 2030.  it uses the base-year of 2014 which is 
the last year for the medium term Forecast report. 

n the forecast is constrained because it incorporates 
the existing capacity constraints of european airports. 
An implicit environmental constraint therefore exists.

n the model presents four scenarios for growth: A) 
global growth; b) business as usual; C) Regulation & 
growth; and D) Fragmenting World. StAtFoR assigns 
the highest probability to scenario C which assumes 
moderate economic growth, but with stronger regu-
lation to address growing environmental challenges 
for aviation and for europe generally. Again there is an 
implicit recognition of environmental constraints to 
growth.

n the eurocontrol model is built primarily on variables 
of economic and industrial development which are 

determined for each of the scenarios.  however, the 
model also incorporates factors such as: passenger 
demand, economy, price, network, market structure 
and airport capacity.  

n the model has a strict relationship with the medium 
term forecast which ends in 2014.

n it is worth noting that this model does not incorpo-
rate shifting hubbing or tourism patterns as a result of 
climate change nor does it consider climate change 
impacts on airports.

the long-term Forecast Flight movements 2008-2030 
report include four scenarios:

n Scenario A: global growth: Strong economic growth 
in an increasingly globalised economy, with tech-
nology used successfully to mitigate the effects of 
challenges such as the environment and security.

n Scenario b: business as usual: moderate economic 
growth and little change from the status quo, that is, 
trends continue as currently observed.

n Scenario C: Regulation & growth: moderate economic 
growth, but with stronger regulation to address 
growing environmental challenges for aviation and 
for europe more generally.

n Scenario D: Fragmenting World: A World with 
increasing tensions between regions, with knock-on 
effects of weaker economies, reduced trade and less 
long- haul travel.

Figure 21: Projected mean changes in RH for Greece for 
the B1 and A1B scenarios for July and August with mean 
(solid lines) and 10th to 90th percentile (dashed lines) of 
the GCM ensemble spread. (Data provided by the Met 
office) Figure 22: Projected traffic growths in Europe (Eurocontrol, 2008)
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the long-term Forecast Flight movements 2008-2030 
report assumptions are:

n gDP growth averages 2.2%/year (±0.5 p.p. depending 
on the scenario) for 2014-2030 in the eu27. it is higher 
in the new members States catching up with the 
developed economies in Western europe.

n oil price is between $90 and $180 per barrel in 2030 (in 
2008 uS dollars). Shocks to the fuel price can appear 
in the short-term but dissipate in the long-term.

n Aviation participates in the Co2 emissions trading 
Scheme from 2012. the allocations are fully auctioned 
by 2030 and the prices are €25-€90 per tonne Co2 
(current contracts for 2012 are at around €28).

n eu enlargement brings more economic opportuni-
ties for the countries as well as more travel options for 
their inhabitants. by 2030, all the balkan States have 
integrated into the european union; turkey has joined 
in 2 of the 4 scenarios.

n high-speed rail continues to develop and substitute 
for air travel on short distances where it can reach 
comparable travel time and provide sufficient comfort. 
Close to 100 city-pairs are linked by high-speed rail in 
2030.               

n there are new types of aircraft in the fleet in 2030, 
which has on average 30-50 more seats per airframe 
than now; 300-900 very large aircraft with capacity 
over 500 passengers (A380 or similar) fly europe.

According to this report the forecast is for between 16.5 
and 22.1 million iFR5 movements in the eSRA6 in 2030, 
1.7-2.2 times the traffic in 2007, 18-33 thousand more 
flights on a typical day in 2030 compared to a similar day 
in 2007. this doubling of traffic by 2030 means that each 
year on a typical day more than 1000 extra flights will 
need to be handled than in the year before. 

in growth terms, the traffic will on average increase by 
2.2%-3.5% a year. but this growth is not evenly distributed 
in time, across regions and flight flows. it is stronger in 
the beginning of the forecast period, slowing down in the 
later years. there are several reasons for this: increasing 
maturity of the market, pressure on higher ticket prices 
(e.g. due to rising oil and Co2 prices), and mainly in the 
later years the increasing congestion of the airports which 
are not able to serve the forecast demand.

Average annual growth (%) Average 
growth (%)

Traffic
multiple

Scenarios 2014 2015/2020 2021/2025 2026/2030 2007/2030 2007/2030

A: Global growth 5.2 3.8 2.6 2.1 3.5 2.2

B: Business as Usual 3.9 3.1 2.7 1.9 3.0 2.0

C: Regulation and Growth 3.9 2.5 2.3 1.7 2.7 1.8

D: Fragmenting word 2.5 2.2 2.3 1.8 2.2 1.7

Table 8: Projected traffic growths in Europe, (Eurocontrol 2008)

5 instrument flight movements
6 eurocontrol statistical reference area
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by 2030, greece is expected to add more than 800 flights/
day to the eSRA network. this puts it in the top ten of 
states expected to accommodate additional traffic. Also, 
greek airports are expected to accommodate between 
68 and 93 million passengers, and if 80% continue to 

be leisure travellers this means that the tourist traffic is 
expected to double. the expected level of traffic in terms 
of aircraft movements and passengers for 2030 is given in 
the following figures:

Figure 23: Projected traffic (aircraft movements) in Greece in 2030, (actual data provided 
by HCAA, forecast provided by oMEGA/MMu team)

Figure 24: Projected passengers (arrivals and departures) in Greece in 2030, (actual data 
provided by HCAA, forecast provided by oMEGA/MMu team)
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Changes in tourism and Aviation demand 
patterns from 2030 to 2080

the analysis of the summertime (July and August) 
climate of greece is described above. it is based on 
historical observed data from weather stations and 
changes projected by the hadCm3 general Circulation 
model QumP ensemble runs (Collins et al. submitted to 
Climate Dynamics) under two forcing scenarios: b1 (low 
emissions) and A1b (high emissions). human comfort 
is inferred by the use of daily maximum temperature 

and Wbgt (at daily maximum temperature) – where 
increasing Wbgt beyond 30o C (the military threshold 
where rest periods become essential even for light work) 
can be considered a threshold above which non-acclima-
tised people (northern european tourists) are likely to feel 
thermal discomfort. the analysis reveals potential changes 
in human comfort as inferred by higher daily maximum 
temperatures and Wbgt (at daily maximum temperature) 
in existing peak months (July and August) between 2030 
and 2080. the key changes in temperature are given in 
the following table:

Scenario B1 Scenario A1B

Time July August July August

2020 +2.33 +2.3 +2.07 +2.10

2030 +2.38 +2.57 +2.35 +1.82

2050 +4.46 +3.74 +4.67 +4.16

2080 +4.70 +3.91 +7.22 +5.49

Table 9: Projected change (from 1954 – 2003 values) in July and August (peak season) daily mean maximum temperatures for 
Greece. (Data provided by Met office)

these projections along with the projections for Wbgt 
lead to the conclusion that notable changes in the greek 
tourism season may occur by 2030 and afterwards. it is 
possible that changes to human thermal comfort may 
affect aviation demand patterns, especially in July and 
August. many northern europeans are likely to find a 
climate with increasing Wbgt beyond 30o C increasingly 
uncomfortable and therefore less desirable as a holiday 
destination. in contrast, the climate of may as well as 
September and october could be more attractive to 
holiday travellers. 

in most of the tourism originated regions (north europe), 
holiday makers select to stay for 1 or 2 weeks in a greek 

tourist destination because of the hot but comfortable 
climate during the summer months. the market for this 
leisure traffic now extends from the end of June to the 
end of August. it is obviously very difficult to estimate 
how the summer holiday market will develop in 2040 
where climate change might be expected to be a factor. 
however, it is not unreasonable to conclude that greece 
will see a reduction in tourism during July and August. 
it is possible that tourism may increase in spring and 
autumn as temperatures at that time of year reach levels 
currently experienced in July and August. the following 
figure illustrates the way in which future demand patterns 
for tourism in greece could change from the present time 
out to 2080.
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Aviation Forecast Scenarios from 2030 to 2080

based on the above assumptions, and taking into account 
the scenarios presented in the long term Forecast Report 
(eurocontrol, 2008), three scenarios have been developed:

n Scenario A: Global Growth: Significant economic 
growth in an increasingly globalised economy, with 
technology used successfully to mitigate the effects 
of challenges such as the environment and security.

n Scenario b: Business as Usual: moderate economic 
growth and little change from the status quo, that is, 
trends continue as currently observed.

n Scenario C: Fragmenting Growth: moderate 
economic growth, but with stronger regulation to 
address growing environmental challenges for avia-
tion and for europe more generally.

the scenarios are specified by a mix of characteristics 
shown in the following table. When constructed, they 
were reordered and relabelled A, C and D, in relation with 
the scenarios produced in the long term Forecast Report, 
(eurocontrol, 2008). Scenario A shows the highest fore-
cast traffic and scenario D the lowest. Although this is 
relatively intuitive a posteriori when the scenarios are all 
defined, it was not the initial intention. 

Figure 25: Changes in tourism demand pattern for Greece from 2010 to 2080



60

A C D

Global growth Business as Usual Fragmenting growth

2030 baseline High growth Base Low growth

Environmental Conditions

Temperature Scenario B1 Scenario B1 Scenario A1B

Passenger demand

Demographics Population  growth in Europe  Population stability in Europe  Slow decline in 
European population  

Demand characteristics Significant growth in 
frequent flyer numbers no change Aviation attracts less travellers 

Tourism Increasing medium
and long haul travel no change less medium

and long haul travel

Open Skies Eu enlargement Far 
and Middle East Eu enlargement Middle East no change

Aviation attractiveness 
no war or other issues impact 

air transport 
(virus, accidents, etc) 

Some events may impact air 
transport for a short period (1-2 

years) 

Some climate change-related 
impacts may significantly 

impact air transport for more 
than 5 years 

Economic Conditions

GDP growth in EU 2 
(average 2030-2080)

Stronger: more than 2% Moderate: positive but between 
0.5 and 1% Weaker: around 0%

GDP growth in Far and 
Middle East (average 2030-
2080)

Stronger: more than 5% Moderate: positive but between 
1 and 4% Weaker: around 0%

EU expansion All European states and some in 
north Africa are in Euro zone

Most of the European states are 
in Euro zone no change

Euro exchange rate 1 Euro = 1 uSD no change 1 Euro = 2.0 uSD

Free trade Global trade in most regions Global trade in neighbour 
states no change

Open Skies no change

Railway  network and sea 
routes in the Mediterranean  

don’t significantly impact 
air transport

Significant growth of railway 
network provides new 

holiday options

Table 10: Summary of the characteristics of the forecasting scenarios in Greece
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Price of travel

Price of CO2 in emission trading 
scheme

low: no significant impact on 
air transport price and demand 

or transport mode choice

Moderate: impact on travel 
prices but not higher 

than GDP growth

High: significant impact 
for air transport

Price of oil low change in percentage
of cost

Increased prices but impact not 
significant for ticket prices

High prices because of
limited resources 

Ticket price trend Decreasing, slowing
down for ESRA

no significant change in level
of ticket price

Significantly higher because of 
Co2 trading and oil prices

Aviation and tourism market Structure

Network
Capacity of Greek airports 

and European aerospace can 
accommodate additional leisure 

traffic 

Capacity of Greek airport and 
European aerospace not signi-

ficantly restricted by leisure 
traffic: due to climate change, 
water and energy supply and 
complaints about local envi-

ronmental impacts inform local 
residents in tourist areas.

Capacity restrictions to more 
growth

Tourism infrastructures
Capacity of resorts located in 

Greek holiday destinations 
meets changes in leisure traffic

no significant restrictions to 
developing tourism facilities 

Capacity restrictions to more 
growth in tourism

Tourism supply chain
More freedom to select holiday 
vacation period and simplicity 

in booking system

Encourage shorter holiday 
breaks  during the year no significant changes 

Fleet (annual increase in 
average seats per aircraft)

Growth of charter  and 
scheduled carriers offers 2% 

more seats during the holiday 
demand season

Growth of charter  and 
scheduled carriers offers 1% 

more seats during the holiday 
demand season

no change

Technological innovations
low booking cost,  many 
pricing options and new 

technology to mitigate aircraft  
emissions 

Moderate innovations in  boo-
king system,  pricing and emis-

sion mitigation technologies 

Additional cost for booking, 
vacation substitution and 

significant changes in emission 
mitigation

it is noteworthy that these assumptions are forecasts 
that are either produced according to StAtFoR standards 
and have been adopted in the long-term traffic forecast 
report, or derived from information gathered in the lite-
rature review and interviews with the greek authorities.

in addition, due to the complexity of the forecast, the 
order of the scenarios may change in some cases for 
some time periods. According to the tourism and aviation 
industry expectations reviewed in the literature, the most 
likely scenario appears to be scenarios C and D which 
are the closest to those expectations, while scenario A is 
possibly too optimistic.
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traffic forecast in Greece from 2030 to 2080

the forecast analysis for 2080 traffic in greece is based 
on estimated traffic in 2030.  the numerical analysis deals 
with Scenario C which, as mentioned above, is one of the 
most likely scenarios in the long term Forecast Report 
(eurocontrol, 2008). 

According to these scenarios and the assumptions for 
each of them, forecast aircraft movements in 2080 (2030 
base year) for greece is between 550 and 950 thousand. 
if leisure traffic in greece continues to achieve the exis-
ting high share of the national aviation market, then 
passenger volumes (arrivals and departures) are expected 
to reach between 46 and 86 million pax. the average rate 
of change varies between positive 0.22% (growth) and 

negative 0.99% (decline), providing a strong message 
to planners and managers that after 2030 significant 
changes in traffic patterns in greece and the surrounding 
countries can be  expected.

this change is not expected to be evenly distributed 
over time, across destinations and flight flows. but it is 
expected to be higher at destinations heavily depen-
dent on tourism such as Crete and other greek islands. 
Physical climate change many not be the only variable (as 
discussed in the economy analysis) for example, higher 
ticket prices (e.g. due to rising Co2 prices) could signi-
ficantly change holiday travellers choices and tourism 
industry promotion strategies. in the following table the 
key figures for the expected traffic in greece between 
2030 and 2080 are given. 

Average annual growth (%)
Average
annual 

change (%)

Traffic
multiple

Scenarios 2031/40 2041/50 2051/65 2066/80 2031/80 2030/80

A: Global growth +1.5 +0.5 0.0 -0.5 0.22 1.13

C: Business as Usual +0.8 0.0 -0.5 -1.0 -0.45 0.86

D: Fragmenting word 0.0 -0.5 -1.0 -2.0 -0.99 0.65

Table 11: Summary of forecast for Greece between 2030 (base year) and 2080

the numerical analysis forecasts the highest passenger 
volume in 2080 to be around 86 million pax, while the 
lowest figure is approximately 46 million pax. this large 
gap between the high and the low figures is due to the 
long term nature of the forecast (50 years) based on diffe-
rent assumptions in each scenario. 

the following figures depict the traffic forecasts in terms 
of aircraft movements and passenger volumes.
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Table 26: Forecast of the aircraft movement for Greece from 2030 to 2080

Table 27: Forecast of the passenger volume (arrivals and departures) for Greece between 2030 and 2080
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Forecast uncertainty

the long-term forecast analysis is based on a set of three 
scenarios (A, C and D), using the same code letters of the 
scenarios presented in the long term Forecast Report 
(eurocontrol, 2008). there are a number of other variables 
not included in the forecast analysis that managers should 
consider when interpreting these scenarios.

For example, the 70 year horizon used in this report 
provides large scope for changes in the economic, poli-
tical and social landscape. Changes in these parameters 
may lead to significant differences in forecast figures, 
even to different scenarios. though the scenarios vary in 
the specific mix of factors, a number of other elements 
can present additional uncertainty. Some of the main 
ones are recognised in the eurocontrol reports: long 
term Forecast Report (eurocontrol, 2008), Challenges of 
growth (eurocontrol, 2008) and the Short-term Forecast 
(eurocontrol, 2009). these variables include: 

n external events, such as pandemics, terrorist attracts, 
wars and natural disasters may lead to significant 
changes in population growth or the attractiveness of 
aviation;

n the main characteristics of aviation and tourism is the 
cyclicality of the business, with peaks and troughs of 
growth, however, because of the long horizon of the 
forecast analysis a smooth prediction line is selected;  

n local changes in the host country, such as economic 
growth, financial stability and national aviation or 
tourism strategies can be very significant;

n Airport operations and growth may become 
constrained by climate change and  impacts upon 
local communities;

n new tourism business models may shift demand 
to other destinations with different characteristics 
or closer to source countries (in this case northern 
europe);

n technological development could make low carbon 
aviation a possibility thus allowing the aviation and 
tourism industries to avoid significant carbon prices in 
their value chain

n the uncertainty of emissions scenarios, its impacts 
on the climate and effectiveness of policy responses 
could combine to undermine the assumptions and 
therefore validity of this forecast. 

Conclusions for the physical climate 
change impacts on Greek aviation and
tourism with forecasts for 2030-2080

n the review of the available literature (e.g. iPCC) and 
the met office data suggests that in 30-50 years time, 
changes in temperature and humidity could lead to 
thermal discomfort for tourists during summertime in 
greece, but improved thermal comfort in spring and 
autumn months. this would likely lead to a decline 
in demand during the June/July/August period but 
could give rise to two peaks in demand during spring 
and autumn.  

n the analysis of future climate conditions was based 
on iPCC scenarios and two met office projections. 
this information was used, together with existing 
eurocontrol air traffic forecasts to 2030 to develop 
three scenarios for aviation growth in greece from 
2030-2080.  

n the long term forecast of demand in 2080 is expected 
to be less than that of 2030 due to significant changes 
in climate and hence the thermal comfort of tourists, 
especially during the tourism peak summer months.

n Despite any downturn due to the current economic 
crisis, it is estimated that demand for aviation will 
continue to grow through to 2030. After this period, 
the demand pattern for holidays in traditional holiday 
destinations in the mediterranean is expected to 
change, providing opportunities for more northerly 
destinations.

n the greek economy should be prepared for these 
changes and take them into account when plan-
ning future infrastructure. this could involve adapting 
existing infrastructure to take account of the effects 
of climate change, or providing new infrastructure in 
areas that can expect future increases in tourism as a 
result of the changing climate. 

n A key challenge for planners and airport operators is 
to include the changing climate in the master plan-
ning process and set aside appropriate funds for 
adapting to the effects of climate change.  

n Case Study 1 presents a methodological framework 
which is a valuable tool for forecasters as well as 
researchers to further this area of inquiry.

n the broad findings of this study are applicable to 
other parts of the mediterranean; therefore it would 
seem appropriate to carry out similar research in other 
southern european countries, both within and outside 
the european union.  
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eXeCutiVe SummARY

Future sea levels around europe’s coast are of interest to 
the aviation industry primarily because of the increased 
flood risk to airports. this work package presents a basic 
analysis of the hazard that sea-level changes in a warming 
world may pose to european coastal areas, based on the 
latest research by the met office hadley Centre.  there are 
still large uncertainties in projections of future extreme 
sea levels and therefore a qualitative range is used in 
describing the different levels of hazard. 
 
the original Challenges of growth environmental update 
Study identified 34 airports within the european air trans-
port system that could potentially be affected by sea level 
rise, storm surges or tidal lock. three of these airports were 
made the subject of case studies. the “time-mean relative 
sea-level rise mapping tool” was used to describe poten-
tial future scenarios for each. each airport was visited by 
a team of researchers and interviews conducted with 
representatives of the airport authority. the aim of this 
approach was to understand the level of awareness of the 
broader issues relating to climate change impacts and in 
particular sea-level rise.  

interviewees were also asked about present and future 
adaptation strategies by both the airport authority and 
government.  this report incorporates both their responses 
and results from independent research into current adap-
tation measures being taken by each member State. A 
discussion of the economics of adaptation is included in 
the conclusion.  

it is clear from this initial investigation that airports are a 
good example of critical coastal infrastructure that may 
be subjected to projected sea-level changes and its inevi-
table impacts. Whilst there are uncertainties relating to 
sea-level rise in the future, we know that for as long as 
“greenhouse” gas emissions continue, temperatures will 
rise and so the oceans will continue to expand. 

the principle findings were as follows: 

n For AA international airport this report concludes that 
the sea-level rise hazard along the west coast of the 
island upon which is it situated is likely to be very high 
by 2099. the projected wind speeds (and despite the 
limited fetch), wave heights and storm surges along 
this part of the coast coupled with projected sea-level 
changes could pose a significant risk to infrastructure 
that provides the main access to the airport at an 
earlier date.  

n For bb international airport, although there are limited 
areas shown as hotspots where sea-level rise might 
be a hazard by 2099, they are significant because 
they are only a basic illustration of the methodology 
used to compare future ground levels to sea levels, 
i.e. they do not account for storm surges or extreme 
wave heights.  given the prevailing wind direction, 
the long fetch, the geomorphology of the site where 
bb international airport is, and the fact that it is sited 
next to an inter-tidal fluvial zone that is already prone 
to seasonal flooding, the detailed understanding of 
possible future extreme water levels along the coast 
could prove to be of significant benefit.

n CC international airport is situated in one of the 
areas most exposed to sea-level rise in its country. it 
is surrounded by a non-coastal plain barrier-lagoon 
system with extremely active inlets and in the 18th 
century, a tsunami completely reorganized the coastal 
plain and drowned some islands in the vicinity. it is 
located in an area that has a very long (fully devel-
oped) fetch, unique (and at risk) geomorphology and 
a previous history of realignment due to extreme 
water levels.  As such this airport and the region in 
which it is located, would benefit from further expert 
detailed assessment of projected future extreme 
water levels that could result from climate change. 

Whilst the modelling identifies clear risks suggesting the 
need for substantial preventative action to be in place by 
the end of this century, it is foreseeable that impacts will 
be felt much earlier. With progressive sea level rise and 
increased incidence and severity of storm surges, the like-
lihood of significant coastal flooding by the middle of the 
century argues for action to be considered within plan-
ning horizons. it is therefore also foreseeable that some 
airports may, as a result, experience greater disruption to 
operations with knock-on effects upon air traffic systems 
such as disruption and delays.

there is a clear need for all airports under threat from sea 
level rise to assess the nature and timing of those risks if 
appropriate adaptation strategies are to be developed to 
ensure future operational capacity. information about such 
activities is needed for both eurocontrol forecasting activi-
ties and the SeSAR programme. eurocontrol may also find 
benefit in engaging with climate change adaptation activi-
ties of national/regional bodies as well as airports themselves.

on a wider note, all airports will need to be assessed for 
climate change risks to their future capacity and produce 
appropriate mitigation proposals.   
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intRoDuCtion

the latest intergovernmental Panel on Climate Change 
(iPCC) Fourth Assessment Report (AR4) presents a range 
for global mean sea level rise over the 21st century 
based primarily on projections by an ensemble of climate 
models under a number of future scenarios from the 
iPCC’s Special Report on emissions Scenarios (SReS). this 
range is given as 0.18m to 0.59m. the major part of this 
sea level increase is attributed to thermal expansion of the 
oceans with the remainder being provided by the melt 
of glaciers and ice caps, and other projected changes 
in the contributions from greenland and Antarctica ice 
sheets.  iPCC AR4 noted that the uncertainty in the contri-
bution of the ice sheets is relatively large, and provided 
a simple estimate of how much the recently observed 
increase in the contribution to sea level from ice sheets 
would make if this term continued to increase with rising 
temperatures.  this suggested that up to a further 17 cm 
of sea level rise may be expected by the end of the 21st 
century. however, and because of the large uncertainties, 
in its Synthesis Report, iPCC made it clear that an upper 
limit for sea-level rise during the 21st century could not 
be established. 

Since iPCC AR4, several new studies have been initiated 
with the aim of producing more credible future sea 
level scenarios, with land ice dynamics and ice shelves 
accounted for, by the time of the next iPCC assessment. 
these studies include the eu funded iCe2SeA project and 
the uS study called seaRiSe. 

in its AR4, iPCC noted a rate of sea level rise between 1961 
and 2003 of approximately 1.8 mm/yr, with an increase 
to approximately 3.1mm/yr between 1993 and 2003.  
more recently satellite measurements have identified 
retreat of the Amundsen Sea, a part of the West Antarctic 
ice Sheet that has been rapidly thinning in the last two 
decades.  glacier flow rates have also been measured to 
be increasing in the Pine island area of Antarctica.  gravity 
satellite measurements from the gRACe study estimate 
that greenland and Antarctica are now losing mass at 
a rate of about 150 cubic kilometres annually.  A recent 
study presented at the ioP conference in Copenhagen 
suggests that greenland has been losing 265 cubic kilo-
metres annually during the1995-2007 period, leading to 
sea level rises of 0.7±0.2 mm/yr (mernild, 2009). however, 
this must be balanced by evidence presented by tavi 
murray and colleagues at the Agu fall conference in 2008 
(Kerr, 2009). these authors showed evidence of a recent 
slow down in a number of greenland glaciers.  it remains 
unclear if the recent acceleration in sea level rise will 
continue in the future. nevertheless, recent observations 

still raise major concerns in terms of increasing impacts 
and the need to adapt.

other recent studies have used statistical techniques to 
estimate future sea level based on past changes. Vermeer 
and Rahmstorf (2009) and grinstead et al., (2009) make 
use of statistical techniques to estimate future sea levels 
based on changes in the past.  the method used here 
typically relates past temperature change to past sea level 
change.  by using future temperature projections from 
climate models it is possible to estimate future sea level 
rise. Recently, Rahmstorf’s method yielded a sea level rise 
in the range 75cm to 190cm for the 21st century.

While these types of study do provide evidence that sea 
level may rise above the iPCC AR4 projection range, they 
are not process based models and have a critical limita-
tion in that they assume that the balance of processes in 
the “tuning period”, typically the 20th century and part of 
the 19th century, must also apply during the 21st century 
(hansen, 2007). however, current process understan-
ding suggests that to achieve the largest sea level rise 
projected by these methods will require an increase in 
the ice sheet contribution relative to thermal expansion. 
Simulating this requires a more sophisticated modelling 
approach. thus, we believe that the statistical methods 
are of limited use in addressing 21st century sea level rise. 

the volume of ice within the West Antarctic ice Sheet avai-
lable for relatively rapid collapse into the ocean has been 
widely considered as equivalent to up to 6 m of global 
sea-level rise since the work of mercer (1978) first raised 
this threat in 1978. A recent assessment of this volume 
using much better data, suggests that the volume avai-
lable for collapse is only equivalent to 3.3 m of global 
sea-level rise (bamber et al., 2009). While this reduces the 
available volume, it is still large enough to be of major 
concern, especially since the coasts of north America and 
the indian ocean would both experience a disproportio-
nately large sea level rise due to changes in the earth’s 
spin axis resulting from the movement of such a large 
volume of ice from Antarctica into the oceans. 

hansen (2007) ‘finds it almost inconceivable’ that climate 
change would not increase sea level by ‘the order of 
metres’ by 2100.  he believes this largely because of his 
understanding of the dynamics of ice sheets, involving 
strong non-linearities and feedback processes which 
are not included in current models. Such non-linearities 
would include warming-induced loss of buttressing ice-
shelves where glaciers meet the sea. Another argument 
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is found in the palaeoclimatic work of Rohling et al (2008) 
who examined sea level change in the last high stand of 
sea level about 100,000 years ago. During this period, ice 
masses and configuration of the ice sheets were similar 
to those existing today. Rohling et al find a maximum rise 
in sea level during this analogue period of 1.6 ±0.8 m/
century 

A modelling study of the kinematics of glaciers in 
greenland and Antarctica has recently placed an upper 
limit of 2m upon sea level rise by 2100 (Pfeffer et al. 
2008).  this is based on an examination of the fluxes and 
discharges necessary to reach various sea level rise ‘targets’, 
and assuming that the velocity of glaciers cannot exceed 
the upper limit of that which has so far been observed.  
this particular study suggests that a 0.8m sea level rise 
by 2100 is the most likely value.  A recent study by nick 
et al. (2009) applied a process based model to a single 
greenland glacier, helheim. the authors concluded that 
acceleration of the glacier’s flow rate may be followed by 
a period of slower flow.

An upper limit for 21st century sea level rise of around 2m 
is emerging from different evidence sources, but there is 
also evidence that the most likely sea level rise might be 
considerably lower. Current understanding still suggests 
that increases in sea level rise initiated during the 20th 
and 21st century are likely to continue for at least several 
hundred years, even with significant mitigation of emis-
sions taking place.
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methoDologY

Changes in sea levels are caused by a number of different 
factors.  We have a reasonably good understanding of 
the physical processes behind these changes.  Whilst our 
understanding is good, it is by no means complete, and 
our methodology offers indicators of future sea levels and 
areas at greater risk from flooding and/or inundation from 
sea-level rises, rather than precise projections of water 
depth over inundated areas, or return periods of inun-
dation.  in calculating future sea levels we have looked 
independently at projected changes to the global mean 
sea level and the changes in spatial detail.

in this study we make use of the met office Relative 
Sea level (moRSe) tool, developed using a subset of 
computer models used in iPCC AR4 for the united 
Kingdom’s integrated Climate Programme in 2009.  the 
development of moRSe included looking at the iPCC AR4 
multi-model ensemble (mme) and selecting the runs for 
iPCC SReS emission scenario A2 ,that show an increase in 
global average temperature of 4°C7  or more in relation to 
a reference pre-industrial period.  this is in fact a “business 
as usual” high emissions scenario if we consider that the 
projected range for average temperature changes in the 
full iPCC AR4 range of SReS scenarios is 1.1°C to 6.4°C.

thermal Expansion

the extra heat that becomes trapped in the planetary 
system due to the radiative forcing of greenhouse gases 
causes surface air temperatures to rise, and also heats up 
the water in the sea.  this changes density of the water 
columns resulting in expansion (thermosteric sea-level 
rise).  Figure 1 (below) shows observed and projected 
(SReS A2) global average sea-level changes due to 
thermal expansion.

equally, should the temperature fall, the ocean will cool 
and the thermosteric component in the sea-level budget 
will be reduced.  Analysis of thermal expansion of the 
global ocean in this study is limited to the 21st century, 
however it is important to note that due to the thermal 
inertia of the oceans, i.e. the lag between atmospheric 
temperature rises and the consequent thermal expansion 
of the ocean, sea levels will continue to rise over longer 
time scales (Church et al., 2001, lowe et al., 2005).

Figure 1: Global climate model (GCM) average sea-level rise (m) due to thermal expansion (relative to 1980
to 1990 average under SRES A2)

7 given the failure of the united nations Climate Change Conference (CoP15) in Copenhagen to deliver clear Co2 emissions reduction targets, the 
4 degree C scenario is widely accepted by climate scientists as being the most likely.



Glaciers and ice caps

After thermal expansion, current process based models 
indicate that glaciers are expected to be the second 
largest contributor to 21st century sea-level rise across 
the world. moRSe uses an approach based on that used 
by iPCC in its 2007 Fourth Assessment Report to calcu-
late glacier mass balance – Where changes in the rate 
that glaciers loose mass (ablation) are modelled using the 
sensitivity of the mean specific surface mass to tempe-
rature.  this is achieved using an energy balance model 
which includes the evolution of albedo (the reflectiveness 
of the surface to incident solar radiation) and refreezing of 
meltwater within the firn (partially compacted snow from 
previous seasons). 

the resulting contribution to sea-level rise from glaciers 
and ice caps (g&iC) following this approach, forced with 
the moRSe temperature time series, are seen in Figure 2 
together with iPCC AR4 bound for SReS A2.

Ice Sheets

ice sheets have timescales of millennia for full and 
complete adjustment to climate change, with a resul-
ting sea level change of several meters being possible.  
We applied the moRSe mean temperature time series to 
the series of temperature driven equations that describe 
the surface mass balance for each ice sheet in each of 
the iPCC AR4 atmospheric-ocean coupled global climate 
model (AogCm) runs.  Figures 3 and 4 show the contri-
bution to sea-level rise from both ice sheets as a result of 
applying this method. the negative contribution of the 
Antarctic ice sheet to sea level rise is from the projected 
warming initially causing the ice sheet as a whole to gain 
mass owing to an increased accumulation of snowfall.

Patterns of spatial change

Climate models agree that sea-level rise will not be 
geographically uniform.  Some parts of the global ocean 
will see changes above average, others below average, 
with one common feature among all the models – a 
smaller sea level rise than average in the Southern 
ocean.  Disagreement on other regional variations relates 
to the differences with regards to the way in which the 
processes that take up and redistribute heat within the 
ocean are represented in each model.  

moRSe follows the method developed and used for the 
united Kingdom Climate Projections Science Report: 
marine & Coastal Projections (uKCP09), by using 11 of the 
mme models from the World Climate Research Programme’s 
(WCRP’s) Coupled model intercomparison Project phase 3 
(CmiP3) multi-model dataset where we have sea surface 
height projections for the end of the 21st century.
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Figure 2: Contribution to sea-level rise (m) from glaciers 
and ice caps in MoRSE.  the error bars show the 5% to 
95% range

Figure 3: Contribution to sea-level rise (m) from the
Antarctic ice sheet in MoRSE.  the error bars show the 5% 
to 95% range

Figure 4: Contribution to sea-level rise (m) from the 
Greenland ice sheet in MoRSE.  the error bars show the 
5% to 95% range
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Vertical land Movement

in order to calculate relative sea-level we need to account 
for changes caused by isostatic alterations following the 
last ice age that result in vertical land movement.  melting 
of the previous ice sheets removed the force that their 
weight put on the land giving rise to a rebound.  this 
process is better known as the glacial isostatic adjustment 
(giA).

Different parts of the world experience different giAs.  in 
this work we make use of monthly mean tide gauge data 
from the Permanent Service for mean Sea level (PSmSl) 
to look at mean sea level changes in the past century 
for locations of interest.  the same source of data was 
further processed and corrected for giA by W. R. Peltier 
(iCe4g Vm2), which we also use to assess rates of change 
in vertical land movement.  Widely used, this corrections 
dataset provides us with a coarse but effective represen-
tation of vertical land movement around the globe.  

Figure 5 (a): Sea–level rise 
in Europe, hazard mapping 
in a high-end warming world 
(MoRSE, 4+°C)

Figure 5 (b): Sea-level rise in 
Europe, high-resolution map-
ping of a stretch of European 
Coast, 2099 (MoRSE, 4+°C)
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GIS

in order to visualise the areas of interest and the hazard 
posed by sea-level rise moRSe uses a technique deve-
loped to compare a high resolution digital terrain model 
(Dtm) with the best available estimate of sea-level rise 
(SlR) as calculated above. 

the Dtm currently in use by moRSe is that provided by 
the Shuttle Radar topography mission (SRtm).  elevation 
data was obtained on a near-global scale to generate 
the most complete high-resolution digital topographic 
database of earth.  SRtm consisted of a specially modi-
fied radar system that flew onboard the Space Shuttle 
endeavour during an 11-day mission in February of 2000.  
the SRtm was developed by nASA, at 3 arc second 
(~90m) resolution.   Figure 5 shows a broad european 
picture of coastal areas where sea-level rise is likely to be 
a significant hazard by the end of this century.

three major coastal european airports in three different 
countries were used as examples of coastal locations of 
interest.  two of the airports are privately owned and 
listed on international stock markets, whereas one of the 
airports is currently state owned and operated.  in order 
to prevent or limit damage to future operations at these 
airports, at the request of eurocontrol, the names of each 
airport have been replaced by a two letter code.  Direct 
and indirect references to the location of each airport 
have been avoided where possible.  in view of the need 
to be sensitive with the information relating to each loca-
tion of interest the authors of this report have placed 
limitations on nature and amount of information made 
available in this report that relates to each airport.
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AA inteRnAtionAl AiRPoRt

AA international airport is a major european civil aviation 
hub, serving two european countries by virtue of its border 
location. When sold into the private sector the airport had 
an estimated market value of c.2 billion.  the airport also 
serves a large european capital city and handles in excess 
of 20 million passengers and approximately a quarter of 
a million tones of freight annually.  its current capacity 
allows for up to 400k operations per annum.  the airport 
grounds sit between 1 and 5 metres above current mean 
sea level. Due to the airport’s situation, access is via both 
bridges (for car and bus access) and underground tunnels 
(for metro and train access).  

Following interviews with representatives of the airport 
authorities it is understood that the airport has dedicated 
flood defences to its north and northeast and that part of 
the area where the airport sits is on land reclaimed from 
the sea.

this airport often faces gale-force winds and two decades 
ago it had to cease operations at least once due to 
hurricane force winds.  the main cause of closure was 
flying debris and the inability to board passengers due 
to instability on loading bridges.  A sample of 10 years 

anemometer data at the main airport runway shows that 
there is a westerly prevailing wind direction averaging 6 
± 2.4 m/s with speeds peaking around 12 m/s during the 
november and December months.

According to the airport authorities flooding is not a direct 
cause of concern to the airport but has in the past been 
a significant issue to neighbouring farmers and other 
stakeholders who have had to face increased run-off 
from the airport, in particular in areas to the southwest of 
the airport.  Farmers and the local authority are currently 
seeking to adopt measures that will enable better control 
of the run-off waters following heavy precipitation over 
the airport area.  this problem became more urgent 
following severe convection over the locality in the recent 
past that resulted in major flooding.

observations from a local tide gauge to the east of the 
airport show (Figure 6) that mean sea level has already 
risen by nearly 8 cm in the last century.  this figure is in 
line with figures from tide gauges around the european 
coastline. 

Figure 6: AA tide gauge, mean relative sea level (MSl) monthly observations



AA international is different from the other two airports 
in this study in that it is the points of access that are at 
greatest risk from future sea-level rise rather than the 
main infrastructure (see Figure 8).  Whilst critical to the 
airport’s operation, access to the airport is not something 
that falls directly within the control of the airport owner.  
maintenance and defence of such routes is a matter for 
local and national government and the companies who 
own the affected businesses.  in 2008 railway operators 
in charge of the rail links to the airport started pumping 
water out of the tunnels in order to prevent lines from 
closing due to flooding – this practice continues to this 
day during wet seasons. 

in 2008, the national government adopted a “climate 
change adaptation strategy” which included the setting up 
of a commission to investigate future impacts of climate 
change.  the commission has identified road and rail links 
around the airport to be at risk and is currently investiga-
ting adaptation measures.  the ministry for transport is 
in charge of this study and the national government will 
provide a legal regulatory framework.  the strategy also 
highlights the fact that adaptation measures are more 
likely to be aggressively introduced once current levels of 
uncertainty in climate science are reduced.

An examination of areas identified as hotspots where sea 
levels may pose significant hazard in the future reveals a 
number along the west of the airport, with some parts 
to the south also affected.  there are also hotspots iden-
tified as of interest, in particular, to the east of the airport 
where the airport’s fire and rescue services are located 
along with a hanger for commuter aircraft, freight faci-
lities (kitchen apron), a heliport and entrance to a key 
access tunnel.  this link is of strategic national impor-
tance, and this places an onus on central government to 
ensure its protection as well as that of surrounding areas 
and the airport.  According to the airport’s authorities, 
the government does have a comprehensive national risk 
management strategy, but to the best of their knowledge, 

climate change and potential impacts are not yet an inte-
gral part of this strategy. 

AA international airport expressed concern about the 
findings of this study but also revealed little surprise 
about the areas showing as potential future hotspots 
for sea-level rise.  equally there was some relief that the 
majority of the areas highlighted by moRSe sat outside 
of their land.  nevertheless it was felt that these findings 
warranted further investigation and that there was a 
need to bring the matter to the attention of the national 
government.

AA airport is an asset in a country that is already ahead of 
the european league table when it comes to renewable 
targets, energy efficiency, public transportation and it 
does not have much in terms of heavy industry (eeA AR4).  
nevertheless, the airport is located in an area further iden-
tified by the european Commission (eC) as being at high 
risk from erosion and coastal flooding due to sea-level rise 
(eurosion Study, 2004), indeed the area is listed as “one 
of the most flood-prone areas” in the country.  the eC’s 
Climate Change Fact Sheet for the member State further 
lists increased rainfall and flash storms as two other major 
likely climatic changes for the country, highlighting that 
current sewage systems are not able to cope with large 
amounts of water as was demonstrated during the storms 
of 2002 and 2007.

moRSe shows sea-level rise hazard along the west 
coast of the area where the airport is sited, to be very 
high by 2099.  given the wind speeds (and despite the 
limited fetch), wave heights and storm surges along 
this part of the coast, on top of projected sea-level 
changes, could pose a significant risk to the infras-
tructure that provides the main access to the airport.  
Further (and more detailed) investigations would have 
to be conducted to ascertain the extreme water levels 
to which this part of the coast could potentially be 
subjected in the future.
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bb inteRnAtionAl AiRPoRt

bb international airport is one of the 10 largest in europe 
serving in excess of 30 million passengers, and 150,000 
tons of freight and mail per year. the airport masterplan 
includes proposals to expand northwards.   the airport 
is sited on the mediterranean coast with access being 
primarily via motorway and rail links. the company which 
operates bb international airport was privatized a decade 
ago, and its current value is estimated at €1.0-1.5 billion. 
All bb international airport runways are below 2 metres 
above mean sea-level.

Developed on top of naturally occurring coastal aquifers 
the airport was built on an area of land that remained 
swamp land until the mid 19th century, when it was trans-
formed into agricultural land.  by-and-large, the area was 
formed by the deposition of river sediment.  Subsequent 
land reclamation took place enabling the current area to 
host the airport.  According to the airport authority the 
geomorphology of the site lends itself to a naturally high 
water table, partly resulting from the existence of aquifers, 
and partly due to the porous nature of the soil.  Prolonged 
bouts of precipitation commonly lead to saturated condi-
tions occasionally causing flooding on and around the 
airport.  in order to deal with increased frequency of floo-
ding the airport authorities have been involved with the 
local government on provision of flood defence mecha-
nisms, including storm reservoirs and canals to divert 
flood waters.  the areas at greater risk from flooding are 
at the south of the airport where the pluvial waters tend 
to run to, leading to one of the country’s main rivers.  this 

section of the airport interfaces with the intertidal zone 
particular to this watercourse, and managing flood waters 
that coincide with spring tides has been an issue in the 
past.

A sample of 5 years’ anemometer data from the airport’s 
main runway shows a prevailing north-westerly wind 
direction with an average speed of 5.7 ± 3.7 m/s tradi-
tionally peaking at around 9 m/s in January.  unlike AA 
international, bb international sits on a coastal area with a 
particularly long fetch.  in 1966, winds measuring 21 m/s 
were recorded on this particular coastal location, due to a 
storm produced by a cyclone that formed in the western 
mediterranean and moved eastwards.  With a strong 
zonal pressure gradient and consequent intensity and 
long fetch, this storm advected large amounts of warm 
moist air, determining exceptional orographic precipi-
tation followed by a large storm surge.  this was one of 
the country’s worst recorded storms, producing severe 
coastal flooding and many fatalities (de Zolts et al., 2006).

Data from the tide gauge nearest to the airport shows 
that mean sea-levels here too have been on the rise.  
Figure 7 shows observations for this location, where 
an average sea-level rise of around 14 cm has been 
recorded.

much like AA international, the administration of bb 
international airport sees the responsibility to adapt and 
defend their infrastructure from possible future impacts 

of climate change as something that 
sits firmly with central government and 
the european Commission.  A national 
conference held by the ministry of the 
environment in 2007 looked at potential 
impacts of climate change at a national 
level and differing levels of vulnerability 
in different parts of the country.  national, 
regional and local adaptation strategies 
are currently being developed.

the organisation and administration of 
coastal defences is the responsibility of 
the 15 different coastal regions.  national 
authorities have only a limited role in 
coastal defence since the regions have 
autonomy in coastal protection policies 
and adaptation measures.  the main 
responsibility of the national government 
is to provide policy guidance and financial 
support.  At national level a single ministry 

Figure 7: near BB International Airport tide gauge, mean relative sea level (MSl) 
(monthly) 



is responsible for providing a national framework with 
regard to the protection of the environment of which 
the coast is an important element.  

the actual responsibility for coastal protection is 
situated mainly at sub-national level. in first instance 
the regions, but also provinces and municipalities are 
assigned to deal with coastal planning, protection and 
management.  Within each of the regions, the division 
of responsibilities is different.  in some regions govern-
ment takes full responsibility while in other regions such 
responsibility has been transferred to the municipalities.  
Funding of coastal protection works is mainly sought 
at national and eu level.  Several regions apply for eu 
funding through the Structural Funds, while others have 
an agreement with the ministry.  landowners have to 
contribute for maintenance activities such as beach 
nourishments or the restoration of infrastructure.

the main result of the national conference held in 2007, 
which looked at potential impacts of climate change at a 
national level and differing levels of vulnerability in diffe-
rent parts of the country, was a call for the preparation 
of national, regional and local adaptation strategies.  the 
ministry outlined 13 actions for sustainable adaptation, 
with the ambition to achieve these within the following 
three years. 
the actions related to coastal zones focus on:

n Start wide research activities about the major critical 
issues linked to the impacts of climate change and 
prepare a yearly report on the monitoring of climate 
change and its effects;

n		 Adjust water resource management to climate 
change (e.g. avoid exploitation of waterbeds in the 
neighbourhood of wetlands of high natural value);

n		 Provide actions for sustainable management of 
marine resources, start mechanisms for the develop-
ment of sustainable fishing and coordinate actions 
to safeguard eco-systems;

n		 Develop a more efficient early warning system in 
areas at higher risk of floods and landslides;

n	 Protect the coast by adjusting urban area regulations, 
re-think port infrastructures and transport networks 
and restore the coastal dunes and wetlands.

in addition, a recently published document by the 
ministry prohibits all coastal developments within 
the first 100 m from the entire national coastline – a 
recognition that the country faces serious coastal 
challenges.

the region in which the airport is situated is also reco-
gnised by the eC as being especially vulnerable to 
coastal flooding and erosion because of the many low-
lying areas and the socio-economic activities taking 
place there.  in this region the regional government is 
responsible for carrying out protection works, while the 
municipalities are assigned to maintain the beaches.  

the region is also regarded as one of the forerunners 
with respect to coastal defence and indirectly to climate 
change adaptation as the region establishes a new 
coastal protection programme every 3 years. to defend 
its coastal zones it opts for the use of soft measures and 
mainly uses beach nourishments. Currently, measures are 
implemented under a Regional Framework Programme 
with nearly 1/5th of the programme financed by central 
government.

this regulatory framework places bb international 
airport and its land owner in a proactive position with 
regards to protecting and defending its assets and those 
affected by the increased run-off from paved areas.

From the interview with the authorities for bb inter-
national airport it became apparent that the national 
ministry of Defence was aware of sea-level rise as a signi-
ficant issue.  A representative of the ministry expressed 
concern and revealed that their department had already 
started investigations into this matter to try and ascer-
tain how serious a threat sea-level rise is likely to be in 
the future – to this and other valuable assets that are of 
strategic or critical important to the country.  

Whilst there are limited areas around the airport shown 
as hotspots where sea-level rise might be a hazard by 
2099, they are significant in that they are only a basic 
illustration of the methodology used to compare future 
ground levels to sea levels, i.e. they do not account for 
storm surges or extreme wave heights.  

With that in mind, and given the prevailing wind direc-
tion, the long fetch, the geomorphology of the site where 
bb international airport is, and the fact that it is sited by 
an intertidal fluvial zone that is already prone to seasonal 
flooding, the detailed understanding of possible future 
extreme water levels along the coast could prove to be 
of significant benefit to both the airport authorities, the 
local municipalities with a responsibility to implement 
coastal defences and the coastal population that sits in 
the narrow strip of land between the airport and the 
mediterranean sea.
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CC inteRnAtionAl AiRPoRt

Surrounded by a natural barrier island CC international 
airport is located on the Atlantic coast.  State owned and 
operated, it primarily caters for the tourism industry.  CC 
international is a prime european hub for holiday makers, 
with operations peaking between June and August every 
year, and totalling around 40k per annum. CC interna-
tional airport handles about 5 million passengers per 
annum   Plans exist to expand its terminal and parking 
facilities.  Although still in public ownership there are 
plans to privatize this airport in the future so the implica-
tions of climate change for sea level rise is of significance.

in 2004 the country adopted a “national Climate Change 
Programme” which led to significant research on the 
vulnerability of its coast line to climate change and related 
impacts.  the high rates of erosion make the national 
coastal zones increasingly vulnerable to climate change 
and especially to rises in sea level (eurosion Study, 2004).  
the stretch of coast close to the airport is considered 
one of the most exposed in the whole country. its main 
runway has an elevation of 7m above mean sea level.

erosion and sea-level rise present a significant threat to 
the wetlands situated in lagoonal and estuarine environ-
ments, such as that where this airport is located.  Some 
marshes and wetland areas may cope with the increased 
sea level through upward and landward displacement. 
however, these areas are situated in front of man-made 
infrastructure to protect salt-works and fish farms as well 
as to control floods, limiting the potential for reactive 
displacement.

observations of monthly mean sea levels show (Figure 8) 
a consistent record of an increasing mean sea-level, as do 
the records for the previous airports.  it is accepted that 
sea-level has risen by as much as 16 cm in the last century 
outside CC international airport.  Sample ten-year anemo-
meter data at the main airport runway shows that there is 
a northwesterly–westerly prevailing wind direction avera-
ging 3.7 ± 2.2 m/s with speeds peaking around just over 
4 m/s during the February to march months.

in 2002 a leading publication listed sea-level rise as the 
most relevant climate impact upon the national coast, 
together with changes in both direction and power of 
waves and storm surges, towards higher energy input 
and shorter return period of extreme flooding events.  
the same report draws attention to the encroachment 
of tidal waters into coastal basins (estuaries and lagoons) 
accompanied by changes in tidal regimes and sedi-
ment budgets – an aspect of particular relevance to CC 

international airport.  having divided the country into 
different risk areas, the authors found that the longshore 
risk distribution was particularly variable, and identified 
the coastal area where CC international airport sits as the 
most delicate situation within the national context.

of particular relevance, the airport is surrounded by 
a non-coastal plain barrier–lagoon system, a major 
geomorphological feature of the region that is host to a 
number of protected species.  Within this system, inlets 
are extremely active.  this feature was responsible for the 
drowning of some of its former islands as the result of a 
tsunami in the 18th century that completely reorganised 
the coastal plain.  

in its conclusions the internationally peer-reviewed report 
recommended that adaptation strategies for coastal 
zones such as the one where CC international airport is 
located should shift their emphasis away from hard engi-
neered defences to soft engineered defences, such as 
beach nourishment, coastal retreat and realignment.  

Airport officials reported that the airport does experience 
flooding but that to date, despite affecting the main 
airport runway, flooding incidents have never forced the 
airport to cease operations.  Some of the most significant 
events took place in 2009 where severe precipitation and 
strong winds did temporarily affect operations.

Coastal defence is mainly dealt with at national level 
with the responsible authority depending on the type of 
coastal area. the main actors involved are the ministries 
for Planning, environment, Regional Development, Ports, 
and national Defence. A single ministry is responsible for 
the Public maritime Domain (PmD), a 50 m coastal strip 
which is mainly preserved from occupation and in which 
land cannot be turned into private property.  As a result, 
the state is responsible for providing and funding protec-
tion if erosion affects an area landward of the PmD zone. 

the whole continental coastal zone is covered by nine 
Coastal Zone Spatial Plans which have all been approved 
and published. the development of the plans was 
supervised (in protected areas such as that surrounding 
CC international airport) by the nature and biodiversity 
Conservation institute. the Water institute furthermore 
implements the coastal defence works and takes care 
of maintenance. both institutes are subordinated to the 
above-mentioned ministry which ensures the overall 
coordination through a Strategic Coordination group.  
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Funding is provided by the State but is also obtained 
through the eu Structural and Cohesion Funds.  the 
Port Administrations and the ministry of Defence are 
responsible for financing measures in port areas and mili-
tary areas, respectively.

Airport authorities, upon being interviewed, appeared 
unaware of the risk posed by climate change or the 
hazard posed by current and future sea-level.  equally, at 
the time, they were not aware of any literature that specifi-
cally related to this topic within the national context.  the 
officials interviewed stressed that although they thought 
the threat of climate change was real and serious, they 
felt that within the regional context the airport was a 
very small part of the issue.  their view was substanti-
ated by the fact that 60% of the regional population lives 
along the coast, and this number rises to 80% during the 

summer months, primarily due to an increased number of 
tourists.  given that 50% of the regional gDP and 95% of 
the airport’s traffic is tourism dependant, the interviewees 
felt that a future sea-level rise of 1.5 m or more would 
have devastating consequences to the whole region, 
indeed the country, and that other critical assets needed 
to be considerer before the airport. however, the country 
does in fact have a specific national adaptation strategy 
that was released in July for public consultation, and is 
currently undergoing appraisal of adaptation measures.

Within an area that has a very long (fully developed) fetch, 
uniquely at risk geomorphology and previous history of 
realignment due to extreme water levels, CC international 
airport would further benefit from an expert detailed 
assessment of projected future extreme water levels that 
can result from future climate change. 

Figure 8: CC International Airport tide gauge, mean relative sea level (MSl) monthly observations
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unCeRtAintieS in FutuRe SeA–leVel ChAngeS

the projections of sea level changes must be under-
stood in the context of their uncertainties. there are 
uncertainties in the projections of future sea level due to 
unknown future greenhouse gas emissions, uncertainties 
in the atmosphere-ocean models and cryosphere models 
used to simulate future change, and because of natural 
variability. 

how climate changes in the future depends on the future 
emissions of greenhouse gases and other pollutants, 
which in turn depend upon how population, economies, 
energy technologies and societies develop (hulme et al., 
2002).  in 2000 the intergovernmental Panel on Climate 
Change produced a special report on emissions scenarios 
(iPCC, 2000).  these scenarios were derived from a number 
of different projections of population growth, economies, 
etc.  the upper scenario is inconsistent with the eu target 
of an upper limit of a 2°C rise in average temperatures and 
there is no certainty that this trend will continue. however 
this finding illustrates that the high scenario is currently a 
genuine possibility, and as such analysing changes rela-
tive to a world that warms on average by more than 4°C 
is justifiable.

natural variations occur on a range of timescales.  For a 
given future period, the natural variability may either add 
to or subtract from any anthropogenic climate change.  
Consequently, climate model simulations made with the 
same AogCm and set of emissions, but different plau-
sible initial conditions, will predict a range of future ocean 
conditions.  there are limited observations of the ocean 
state and therefore ocean parts of an AogCm are less 
constrained than those of the atmosphere and therefore 
more uncertain.

ocean and climate model uncertainty arises from choices 
made when the models are designed, such as the spatial 
scales that they can represent and the manner in which 
physical processes of the atmosphere, ocean and land 
surface are represented.  modelling uncertainty results 
in differing projections of future climate even if the same 
global emissions scenario is used to ‘force’ the models, as 
shown by the AR4 results. there is currently uncertainty in 
the distribution of future atmospheric temperature rise, 
the efficiency of the ocean heat uptake and its impacts 
on the ocean circulation, the small scale processes and 
melting rate of the large ice sheets, all resulting in the 
uncertainty seen in the AR4 sea level rise results.
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ConCluSionS

european coastal airports located in low lying areas are 
likely to be at an increased risk of flooding or inundation 
due to future sea-level rises.  this risk will be highly deter-
mined by both the different levels of hazard that sea-level 
rise poses to the different coastal locations around europe 
and respective degrees of vulnerability that each airport 
will have.

As shown by tide gauge records across europe, including 
those used in this study, sea levels are already rising and 
will continue to rise in response to an increase in atmos-
pheric temperatures.  

this assessment shows that airport authorities are by-and-
large aware and concerned about future changes in the 
climate and consequent impacts, including how these 
may affect them in a near to long term future.  

it is also clear from the interviews conducted during this 
process with officials at all of the selected airports that 
they were not entirely familiar with existing respective 
national initiatives.  this lack of awareness is not however 
indication of lack of national policies or strategies – on the 
contrary, all the countries covered by this exercise have 
initiated consultation and implementation processes 
relating to climate change adaptation, albeit to different 
degrees, with most of them having started recently.

Different parts of europe have adopted different cost/
benefit ratios when deciding on thresholds of adaptation, 
i.e. different member States protect or defend their assets 
to different risk levels.  in coastal terms these have tradi-
tionally been linked to the return period of storm surges.  
Where this has not yet been done, fully understanding 
the risk associated with future extreme water levels is of 
importance to all airports where adaptation strategies are 
being planned.  

the interviews revealed that all three case study airports 
do not have diversion airports with the capacity to handle 
displaced traffic for an extended period of time (more 
than 1 or 2 days) if sea-level rise  caused the case study 
airports to stop operating. moreover, airports with the 
potential to absorb a large portion of the displaced traffic 
are geographically remote (250-500km) from all three case 
study airports.  it is therefore difficult to determine what 
percentage of this displaced traffic would move to nearby 
or larger remote airports.  it is also difficult to ascertain the 
portion of traffic which would be lost to other transport 
modes or simply be lost to reduced demand. 

the costs of adaptation are not clear from the literature, 
but some indication of the cost differential between 
relocation and defending was provided. For instance, 
while jurisdictions such as norway (Avinor, 2007), Alaska 
(larsen et al, 2008) and California (Kahrl and Roland-host, 
2008) have researched both impacts and adaptation 
costs for airports, either exact monetary figures were not 
provided (California and norway) or the facilities they 
were provided for are too small to generalize to larger 
airports (Alaska).  the analysis of adaptation costs for San 
Francisco international provides some indication of the 
tradeoffs between defending and relocating the airport.  
this airport is the world’s 23rd busiest and operates 
approximately 37 million passengers annually (Kahrl and 
Roland-host, 2008:59). A report found that: 

“in the bay Area, for example, all three major airports 
are near sea level. they could be raised or barricaded 
against level rises, but storm/wave action might pose 
unacceptable risk. because of easement issues in a dense 
metropolitan area, the cost difference between fortifica-
tion and relocation would be one or even two orders of 
magnitude.” (Kahrl and Roland-host, 2008: 25)

Another example, the thames estuary Airport Feasibility 
Review estimated the costs of relocating heathrow at £40 
billion (oakervee, 2009:8). these figures should be consi-
dered in context. in many cases relocating the airport 
is not an option because available land does not exist 
or socio/political, legal or local environmental factors 
at present do not permit relocation.  While the costs of 
relocating are likely to be higher than defending, the lite-
rature did not provide figures for specific adaptation costs, 
instead it captures macro level figures for urban areas or 
counties (herberger and Cooley, 2009).

All officials interviewed were unable to provide cost esti-
mates for adaptive defensive measures to defend their 
respective airports. this is largely because it was the first 
time the impact of sea-level rise at their airports was speci-
fically brought to their attention.  the cost of relocating 
the airports was also something they never considered.  

Whereas such a detailed assessment falls well outside of 
the scope of this study, it is clear from our initial investi-
gations, and as shown by moRSe, that all of the airports 
included in this report do face future sea-level rise as a 
significant hazard and that further more detailed inves-
tigations, despite uncertainties, should be conducted to 
better inform present and future adaptation strategies.
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eXeCutiVe SummARY

to ensure resilience of the air transport network in the 
future, a good understanding of the potential impacts of 
climate change on air traffic management is needed. 

Convective activity in the en-route flight phase – such 
as that caused by thunderstorms (which can extend to 
55,000ft or more) or areas of clear air turbulence - has 
the capacity to endanger aircraft and cause widespread 
disruption to normal air traffic flows as most pilots will 
endeavour to avoid known areas of convective activity. in 
addition to issues of safety and passenger comfort, thun-
derstorms and associated atmospheric phenomena also 
have the potential to close airports, reduce airport capa-
city, and can hinder or prevent normal ground servicing 
and flight turnaround operations. in the en-route flight 
phase, convective hazards can lead to delays, re-routings, 
and diversions that not only result in increased fuel 
consumption, Co2 emissions and operating costs for 
airlines but also lost passenger time.

the aim of this research was to identify potential changes 
in severe convective activity as a result of climate change 
in already congested airspace. the maastricht upper Area 
Airspace was chosen as the area of interest. 

Changes in convective available potential energy (CAPe), 
a measure of instability in the atmosphere, have been 
used as a proxy for changes in severe convection. the 
change from the present day (1989-2009) in the number 
of days over each season where maximum daily CAPe8  

exceeds particular thresholds over maastricht have been 
calculated for twenty year periods centred on 2020, 2030 
and 2050.  this study also sought to evaluate how such 
potential changes may impact on air traffic management 
in the future, to assist eurocontrol’s long-term strategic 
planning.  

the principal findings were as follows:

n All studies reviewed indicated possible future 
increases in weather phenomena associated with 
severe convection over europe. 

n Convective weather activity already causes demon-
strable deteriorations in en-route airspace and airport 
capacity.

n Data suggest little increase in the incidence of days 
in which severe convective activity occurs during 
the winter (December, January, February) months, 
however for spring (march, April, may) and autumn 
(September, october, november) there is projected to 
be a small increase.  

n by the 2020s the largest changes were indicated for 
summer months. by the 2050’s, spring and autumn 
showed measureable increases also.

n Projected changes in the frequency of severe events 
are broadly consistent with current understanding of 
how meteorology may change in the future. however, 
further work is needed to ascertain how well the 
climate model represents CAPe over maastricht as 
well as the diurnal cycle of convective activity. 

8 this case study compares a “normal’ day which gave a CAPe value of 21.9 J/kg and a value of 888.1 J/kg on an ‘abnormal’ day using thresholds of 
800J/Kg, 900J/kg and 1000J/kg
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RAtionAle FoR thiS StuDY

Alongside potential changes in frost cover and the loca-
tion of the jet stream as a consequence of planetary 
warming, changes in the incidence of severe convec-
tive events have the potential to impact significantly on 
european Atm.

the 2009 Challenges to growth environmental technical 
Report (thomas et al., 2009) in its review of potential 
changes in severe convection, pointed tentatively to an 
increase in convective activity over the british isles in the 
future. however the limited number of studies available 
meant it was not possible to confidently assess any future 
changes over europe. 

the primary goal of this study is, with the most-up-to-date 
climate simulations for europe, to project how changes 
in severe convective activity may impact upon opera-
tions in maastricht upper Area Airspace in the future. A 
complete analysis of the impacts on traffic displacement 
and network effects was planned for this study, but the 
data was not available during the timeline for this report. 
it is recommended that such an analysis be completed 
using this study as a framework. other recommendations 
are provided in the ‘Recommendations to eurocontrol’ 
section as to how this preliminary analysis can be deve-
loped to ensure continuing resilience of the Atm system 
to weather-related delays or en-route Air traffic disruption.  
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uPDAte on CuRRent KnoWleDge

this section reviews the current understanding of the 
potential impact of climate change on heavy precipitation, 
hail days and lightning occurrence before determining an 
appropriate indicator of severe convection that could be 
used in this case study. 

global average temperature is rising. As the atmosphere 
warms it is able to hold more moisture. in line with this, 
the average intensity of individual precipitation events is 
expected to increase. A study by buonomo et al. (2007) 
using two regional climate models (RCm) from the met 
office hadley Centre at 50km resolution, suggests that 
greater increases in rainfall for the rarest and shortest 
duration extremes (i.e. the most intense multi-annual 
events) are expected across all of europe, including the 
netherlands, by the end of the century. increases in 
extreme precipitation have also been found from other 
RCm studies (Räisäanen and Joelsson, 2001; Christensen 
et al., 2001 and 2004; Sánchez et al., 2004; Semmler and 
Jacob, 2004) over europe.  the extent to which increases 
in atmospheric moisture are offset by both large scale 
and local circulation changes is uncertain. 

Very little research has been conducted into the impact of 
climate change on hail size or frequency. in a study over 
the uK, boorman et al., (2003) find in the future climate 
that the number of days on which hail occurs (hail days)  
may increase in both spring and summer, alongside a 
decrease in mean hailstone size. they report an increase 
in the proportion of hailstorms with the largest hailstones 
in spring and a decrease in summer. boorman et al., 
(2003) find a dramatic increase in the number of hail days 
in both spring and summer across the uK in the projected 
future climate.  they predict a 28% increase in summer 
hail days for a 1°C rise in mean minimum temperature.

A study using the goddard institute for Space Studies 
global Climate model (gCm) to investigate the impact 
of doubling the amount of Co2  in the atmosphere 
compared with pre industrial levels projects an increase 
in lightning activity as global temperature rises, (Price 
and Rind, 1994) by up to 30%, with the changes greatest 
in northern hemisphere summer. this increase approxi-
mates to a 5-6% change in global lightning frequencies 
for every 1°C rise. Price and Rind (1994) also find a larger 
proportion of cloud to ground lightning than intracloud 
activity in the warmer climate. A global analysis by Reeve 
and toumi (1999) suggests there is a statistically signifi-
cant relationship between lightning frequency and wet 
bulb temperature. they show that with a 1°C increase 
in global wet-bulb temperature there is a 40% increase 

in lightning activity, with larger increases over northern 
hemisphere land areas (56%).

there are a number of problems with projections for 
severe convection, not least the lack of observational 
evidence for recent trends. Severe convection is not 
routinely measured by standard weather sensors and 
archives of radar observations do not go back far enough 
to allow for a thorough trend analysis.  Convective cells 
are also small scale features which relatively coarse reso-
lution climate models are unable to resolve and for which 
approximations (parameterizations) have to be used. 
While these approximations are as physically based as 
possible they also involve empirical estimates, so rely on 
detailed observations, and therefore can be difficult to 
test fully. the projections used here are the best possible 
at this time but nevertheless any such parameterization 
has its limitations. 

Significant work has been done at an operational fore-
casting level into the best indices to use for forecasting 
weather phenomena linked to severe convection such as 
thunderstorms, hail, tornadoes and lightning.   the various 
indices are different ways of trying to represent instability 
in the atmosphere. instability is a condition in which air 
will rise freely on its own due to positive buoyancy.  the 
release of instability causes air to accelerate vertically.  the 
speed at which the air rises depends on the density diffe-
rence between the air rising and the surrounding air.  the 
density of the air is dependent on temperature, pressure 
and moisture content. 

A study from the netherlands (haklander and Van Delden, 
2003) found that out of 32 predictors, thunderstorm 
probability depends most on latent instability, espe-
cially near the surface.  latent instability is caused by the 
release of latent heat (energy added to the surrounding 
air when water in any of its three phases ice, liquid or 
vapour moves to a higher order state).

A separate study, also covering the netherlands, 
(groenemeijer and Van Delden, 2007) investigated using 
lifted index, CAPe and 0-6km wind shear as indicators 
of potential for thunderstorm activity. lifted index is 
the temperature difference between an air parcel lifted 
adiabatically –without any gain or loss of heat - and 
the temperature of the environment at a given pres-
sure height in the troposphere, typically 500hPa.  CAPe 
(convective available potential energy) is the amount 
of energy a parcel of air would have if lifted a certain 
distance vertically through the atmosphere.  the wind 
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shear is the change of wind direction and speed with 
height.  All three indices were found to have considerable 
skill in distinguishing environments ripe for large thunder-
storm and tornado activity. Although the lifted index is 
an easy and fast calculation, CAPe is generally considered 
the superior measurement of instability as it involves inte-
gration from one level to another throughout the depth 
of the atmosphere. 

of all the possible predictors that could be utilised in the 
project, future changes in CAPe has been selected for 
this study as it is thought to be one of the most robust 
metrics by which to assess the potential change in severe, 
disruptive convective activity over the coming decades. 



CG08 Climate Adaptation Case Studies   March 2010 101

StuDY AReA

the maastricht upper Area Control Centre (muAC) 
is managed by euRoContRol, the pan-european 
organisation for the Safety of Air navigation, on behalf 
of four european States, and provides air traffic control 
services for 26,000km2 of airspace at altitudes of 
above 24,500 feet covering belgium, the netherlands, 
luxembourg and parts of north-west germany (Figure 1). 
the airspace below 24,500ft is managed by the national 
air traffic control agencies of belgocontrol (including 
luxembourg), luchtverkeersleiding nederland (lVnl) and 
Deutsche Flugsicherung (DFS) respectively.

the muAC contains the second most densely used area 
of airspace in europe (only the london FiR9 is busier). in 
2008, over 1.5 million iFR10 flights (or 15% of all the air 
traffic in europe) were handled by the muAC and traffic 
volumes have grown by 55% in the last 10 years. An 
average of 4500 flights pass through muAC every day 
though, on the busiest days, in excess of 5000 flights can 
be handled. moreover, owing to the muAC’s geographical 
location (both above and adjacent to some of the busiest 
airports in the continent), up to 80% of the traffic handled 
by the muAC can be climbing or descending. the muAC 
accommodates traffic originating or terminating in the uK 
(predominately east-west flows) as well as a north-south 
flows (Figure 2).

in order to manage the volume and complexity of these 
flights, the muAC is split into three main sector groups, 
which, for reasons of safety and operational efficiency, 
transcend terrestrial geographical boundaries. muAC 
liaises closely with neighbouring Air traffic Control 
Centres (AtCCs) and individual controllers receive both 
live weather updates from pilots flying within the sector 
under their command and dedicated sector forecasts 
from the german Weather Service.

As with all AtCCs, adverse weather has the potential to 
disrupt normal air traffic control operations. however, 
owing to the density and complexity of traffic flows 
within the maastricht sectors, the muAC is especially 
vulnerable to the impact of convective weather activity. 
Weather has a direct impact on the operation of indivi-
dual sectors (up to 19 sectors can be manned but only 

Figure 1: Maastricht upper Area Airspace. Source: Euro-
control (2009, 2) and how the area has been defined in 
the regional climate model used for this study. Source: 
Met office © Crown Copyright 2010

9 Flight information Region
10 instrument Flight Rules

Figure 2: Graphic depicting the main air traffic flows 
through the MuAC. Source: Eurocontrol (2009, 3)
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16-17 are operational on a typical summer’s day) and 
hence manpower planning.

Principal changes in traffic patterns owing to adverse 
weather conditions include:

n Rerouting to avoid Cbs (thunderstorms)
n Changes to flight levels to avoid the most severe 

turbulence or Cbs
n Diversions from filed flight plans owing to airport slot 

restrictions or closures

Changes in aircraft performance and behaviour in the 
en-route flight phase due to convective weather may 
include:

n Changes to angle of climb and descent, en-route 
trajectory, and requested (filed) flight levels owing to 
wind speed and wind direction

n turbulence – turbulence penetration speed may differ 
from normal airspeed

n icing – top of descent may need to occur earlier as 
higher engine thrust is required for anti-ice bleed air                                                                                                                                              
                                                                                                                                                                                                                                              

Significantly, the willingness of pilots to endure a degree 
of turbulence varies by carrier and the nature of that 
carrier’s operation. in general, cargo airlines are more likely 
to accept some degree of turbulence en-route in order to 
maintain their schedules, whereas pilots flying passenger 
services are more likely to request alternative flight levels 
and/or headings to avoid the areas of greatest convective 
activity and therefore lessen the risk of turbulence-induced 
injuries among passengers and crew. that said, however, 
some air freight is motion-sensitive and special devices 
that measure vertical and lateral acceleration may be fitted 
to airfreight crates or pallets. if these instruments record 
that the cargo was subjected to too much turbulence, the 
airline operator may be fined. Consequently, there is both a 
comfort and a financial incentive for carriers to avoid areas 
of severe convective activity.

Effect of convective weather on MuAC – 
May 2009

in order to quantify the effect of convective weather on 
traffic flows and trajectories through the muAC, a compa-
rison was made between a ‘normal’ weather day and a day 
when an occurrence report, detailing widespread disrup-
tion owing to convective activity, was filed. the ‘abnormal’ 
day was identified as 25th may 2009. the ‘normal’ day was 

the 18th may 2009. this date was chosen as it was the 
same day of the week in the same season and so traffic 
volumes and flow patterns should have been similar if 
disruption had not occurred.

on 18th may 2009 (no weather impact), 4311 flights 
passed through muAC (Figure 3). on 25th may 2009, 4387 
flights were recorded. Crucially, on the 25th may, a large 
weather system (that stretched from the north of repor-
ting point KoK to Paris) resulted in a significant volume 
of traffic being handed over from Reims AtCC into muAC 
airspace. Several sectors, including brussels West and 
brussels east were quickly overloaded. As the weather 
system developed and migrated north, traffic over the 
english Channel was disrupted. For a time, all london 
departures were flying north of their usual track and into 
the stream of london inbound traffic (Figure 4).

Figure 3: traffic flows through MuAC on 18th May 2009 
(no weather impact) - Source: MUAC, 2010
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Figure 4: traffic flows through 
MuAC on 25th May 2009. note 
that tracks are wider and traffic 
over English Channel is flying 
abnormal trajectories (high-
lighted by the black circle) 
Source: MUAC, 2010

Figure 5: Comparison of uK outbound traffic, 18th May 2009 (left) and 25th May 2009 (right). 
note tracks on 25th May are wider and that traffic is more disturbed (arrows A and B)

Figure 6: Comparison between uK inbound traffic, 18th May 2009 (left) and 25th May 2009 
(right). note the track deviations and track extensions on the latter date
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by comparing the uK outbound and inbound traffic, 
the impact of the weather system becomes even more 
pronounced (Figures 5 and 6). 

Analysis of the flight tracks recorded on 18th and 25th 
may was undertaken by ilona Sitova at eurocontrol in 
maastricht. As the total distance of all flights on a particular 
day is a poor indicator of the effects of disruptive weather 
activity, a Route efficiency indicator was applied so that the 
effects of ‘bad’ weather on air traffic flows could be more 
clearly and consistently determined. the Route efficiency 
Ratio measures the approach to the final destination per 
mile of a flight and gives an indication of the ‘straightness’ 
of the overall route. under this regime, a Route efficiency 
ratio of 1.000 would indicate a perfectly straight line within 
the maastricht upper Airspace region (from point of entry 
to point of exit). For this study, an area approximately 
comparable with the maastricht Aoi (area of interest), was 
used for the calculations. 

A comparison of the track data for the two study days 
(monday  25th may 2009 and monday 18th may 2009), 
indicated that although the total distance of all tracks was 
larger on the bad weather day (756,288 nm on 25/05/2009 
versus 725,194 nm on 18/05/2009), this discrepancy may 
have been caused by the larger number of flights that 

were performed on that day (4321 on 25/05/2009 versus 
4233 on the normal weather day of 18/05/2009) and it 
considered that this stochastic factor was likely to have 
resulted in some distortion. however, by comparing the 
Route efficiency averages for both days, a significant loss of 
efficiency on the bad weather day was recorded. on 25th 
may 2009, a Route efficiency ratio of 1.035 was recorded. 
this compared to a figure of 1.026 on may 18th 2009. the 
reduction in route efficiency on the bad weather day was 
even more pronounced when intraday indicators were 
compared (table 1).

From this data, it is possible to infer that the bad weather 
situation occurred (or at least had the most effect on air 
traffic) between 10:00-14:00 hours. until 07:00hrs there was 
no variation in Route efficiency. A small (0.006) deteriora-
tion in route efficiency was recorded between 07:00-10:00. 
between 10:00-14:00hrs, the route inefficiency on the bad 
weather day was 0.015 higher than on the normal weather 
day. the bad weather system continued to exert an (albeit 
it less pronounced) effect on route efficiency from 14:00 to 
24:00hrs. Although the change in the Route efficiency ratio 
indicator between the two study days appears evident, 
more sustained analysis is required before any major statis-
tical inferences can be made.

Average Route Efficiency Indicator 25/05/2009 18/05/2009

For the whole day 1.036 1.026

00:00 - 07:00 1.024 1.024

07:00 - 10:00 1.034 1.028

10:00 - 14:00 1.044 1.029

14:00 -  18:00 1.036 1.025

18:00 - 24:00 1.035 1.024

Table 1: Route Efficiency indicators, 25/05/09 and 18/05/09
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methoDologY 

Knowing specific dates when particularly severe disruption 
occurred in maastricht airspace it was possible to find, from 
radiosonde ascent data, an estimation of the convective 
activity at the time from values of CAPe recorded in the 
nearby area. 

CAPe is the amount of energy a parcel of air would have 
if lifted a certain distance vertically through the atmos-
phere and is effectively an indicator of instability through 
its depth, which makes it a valuable indicator of severe 
weather. generic CAPe is calculated by integrating the 
parcel buoyancy from the level of free convection (the 
level at which a parcel begins a free acceleration upward) 
to the equilibrium level (the level at which the parcel is at a 
temperature of equal warmth to it).

on the 18th of may 2009, the ‘normal’ day, a radiosonde 
ascent at essen (~70 miles from maastricht) gave a CAPe 
value of 21.9 J/kg

on the 25th of may 2009, the ‘abnormal’ day, there were 
no radiosonde ascents at essen or other nearby stations, 
but a sounding was taken at essen at midnight on the 26th 
which gave a value of 888.1J/kg.  

on another day when significant disruption occurred in the 
area – the 22nd of June 2008 – a mid-day ascent at essen 
provided a value of convectively available potential energy 
(CAPe) of 992 J/kg. 

From this information it was decided that evaluation of 
the change in the number of days where values of CAPe 
such as those experienced on the “abnormal” days were 
exceeded in the future would be the most useful metric 
with regards to determining future levels of disruption. 
three CAPe thresholds were defined for the purpose of 
this investigation   in table 1 some decrease in route effi-
ciency was still apparent in the 18:00 to 24:00 time slot, the 
midnight value of CAPe was 888.1 J/Kg.  Significant disrup-
tion occurred on 22nd June when a CAPe value of 992J/Kg 
was observed.  therefore threshold values of 800J/Kg, 900J/
Kg and 1000J/kg were selected to indicate a low, medium 
and high risk of severe disruption. 

to fit with both near-term and longer-term planning hori-
zons, three periods were chosen over which the number 
of times these thresholds were exceeded would be calcu-
lated. these periods are the twenty years spanning 2020 
(2010-2030), 2030 (2020-2040) and 2050 (2040-2060) with 
the changes measured against a baseline of 1989-2009.

the climate model data used for this project was from the 
regional climate model runs over europe, produced by 
the met office hadley Centre, as part of the uK Climate 
Projections 2009, uKCP09 (murphy et al., 2009).

this section of uKCP09 projections was picked as they have 
a resolution of 25km over europe and have been proven 
to produce simulations of physically plausible and detailed 
climate variability and change over the uK. the projections 
use a state-of-the-art regional model called hadRm3, which 
is based on the improved high resolution atmospheric 
component hadAm3 (Pope et al., 2000), of the global 
coupled model hadCm3 (gordon et al., 2000). hadAm3 
has improved parameterisation relating to, amongst other 
things, cloud formation (Cusack et al., 1999), the radiative 
properties of anvil clouds (gregory et al.,1999), and modifi-
cations relating to the formation and precipitation of cloud 
water and ice. 

A climate model ensemble is a group of climate simula-
tions, each run using a slightly different representation 
of the climate system.  the aim of running an ensemble 
of simulations is to sample uncertainties associated with 
the limitations of describing the climate in a mathe-
matical model.   in the uKCP09 project an ensemble of 
seventeen regional climate simulations were produced. 
one member of the ensemble used the standard global 
model (hadCm3) settings, the sixteen additional members 
using combinations of perturbed settings to sample a wide 
range of climate sensitivities, whilst also sampling a wide 
range of alternate parameter values. of these seventeen, 
six ensemble members were found to be deficient in 
their simulations of storms and precipitation over the uK, 
particularly in summer and were therefore not used in 
the uKCP09 published projections. this was linked to their 
transport of heat, momentum and moisture, factors intrin-
sically important to the online calculation of CAPe. even 
though performance over the uK cannot be treated as the 
performance over maastricht, problems with large-scale 
processes such as heat transfer are likely to be more than 
isolated regional concerns.  As a result, those same six runs 
have been removed from this investigation, leaving eleven 
regional climate model simulations available for analysis. 
Data analysis on such a large number of runs is costly in 
terms of time but has tremendous advantages. using as 
large an ensemble of runs as possible allows an in-depth 
look at model uncertainty, one of the three largest sources 
of uncertainty in climate model projections.
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unCeRtAintY in ClimAte moDel PRoJeCtionS

Model uncertainties

these are the uncertainties associated with our limited 
ability to describe the climate system through a mathe-
matical model. Different models tend to predict different 
outcomes according to their formulation. by looking at 
an ensemble of model runs in this case study we are able 
to give some indication as to the level of uncertainty in 
the results. however it should be noted that the regional 
climate model simulations used in this project only cover 
a small part of the uncertainty range in the uKCP09. For 
more information please see murphy et al., (2009).

Forcing uncertainties

these are uncertainties associated with the amount of Co2 
and other greenhouse gases in the atmosphere at the end 
of the century, which, among other things is related to 
natural forcings (e.g. volcanoes) and the course of anthro-
pogenic emissions. the latter are characterised by the 
iPCC Special Report on emission Scenarios (nakicenovic, 
n. and R. Swart, 2000) which indicate pathways for the 
world’s development over the next century, taking into 
account possible future social, technological and economic 
developments. 

in this case study we have used one emission scenario, 
A1b (the iPCC medium-high emissions scenario), and thus 
have automatically neglected this kind of uncertainty. this 
emissions scenario falls at neither extreme of the range 
of emissions scenarios proposed by iPCC for investigation 
of potential climate change.  this was done with the aim 
of studying a relatively severe but still plausible scenario 
characterised by a strong climate forcing, for clarity of the 
results in this illustrative study. Due to the long response 
time, the inertia, of the climate system, the forcing uncer-
tainty on such near-term timescales as 2020 and 2030 is 
also in any regard largely irrelevant.

Internal variability 

the climate system is a highly non-linear dynamical 
system. integrating the model equation from slightly diffe-
rent initial conditions induces a different exploration of its 
internal modes of variability. this can lead to slightly diffe-
rent outcomes. this third kind of uncertainty can only be 

explored by looking at a sample which is large enough 
to capture the main internal modes of the climate system 
(north Atlantic oscillation, el niño Southern oscillation, 
the solar cycle etc). the twenty years of data used in this 
project is a shorter period than ideal to fully explore internal 
variability but represents a compromise between practical 
constraints associated with processing a large amount of 
model data, the availability of historic (reanalysis) data, and 
the need for a large dataset. 
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ComPARiSon oF the enSemble 
With ReAnAlYSiS

As indicated in the previous section, how well climate 
models capture the behaviour of the climate system is an 
important consideration. to test this, before making any 
projections for the future, the ensemble output of CAPe 
over the period 1989-2009 was compared to reanalysis 
data.

Reanalysis involves reprocessing observational data using 
a consistent modern analysis system, to produce a dataset 
that can be used for meteorological and climatological 
studies. in this case data from the eRA-interim reanalysis 
project (berrisford et al, 2009) run by the european Centre 
for medium-Range Weather Forecasts (eCmWF) was used. 
these reanalysis data were chosen as, in addition to reana-
lysing all the old data using a consistent system, they make 
use of archived data that was not available to the earlier 
analyses and continue forward in time, meaning data from 
the most recent years is included. the eRA-interim data 
are on a 1.0ox1.0o latitude/longitude grid. this is a coarser 
resolution than the output of uKCP09 thus the eRA data 
was re-gridded to be spatially comparable.  

the comparison between eRA-interim reanalysis and the 
output from the model ensemble was done over the uK 
only (Figure.7). this was because daily mean CAPe, the 
parameter available for comparison from eCmWF, was only 
stored from the met office ensemble over the uK.  over 
europe, the ensemble output was maximum daily CAPe, 
the more useful in terms of this study into future poten-
tial disruption. thus to ensure identical parameters were 
compared, the comparison was done over the uK domain 
only. the comparison was done using the average value of 
all the mean daily values of CAPe from each day in every 
July between 1989 and 2009; July being chosen as it is a 
particularly active month in terms of convective activity. As 
the comparison focuses on data from one month over a 
twenty year period these results can only be taken as an 
indication as to how well the ensemble may perform in 
general, i.e. to confirm that the required physical process 
are captured by the ensemble members. it cannot be 
taken as the performance level over maastricht. As the 
parameters differ (daily mean cape for this analysis over 
the uK and maximum daily CAPe over maastricht) without 
further investigation no linkages can be drawn between 
the model’s representation of daily mean CAPe and the 
representation of the daily maximum value – i.e. we cannot 
conclude that if the model underestimates mean daily 
CAPe, that it will underestimate the maximum daily value.

in consideration of figure 7, it is worthwhile noting that the 
averaging period in each case is different. the eRA-interim 
plot is the average of two snapshots per day at 0000hours 
and 1200hours. the met office ensemble uses the 
average of two six hours periods taken from 0000hours to 
0600hours and 1200hours to 1800hours. this, in part, may 
explain why the ensemble values of mean CAPe are lower 
than those given by eRA-interim data; a six hour mean 
allows high CAPe values to be averaged out. on further 
investigation there are indications that the daily CAPe cycle 
in the met office ensemble is slightly offset, i.e. max CAPe 
values in the ensemble do not occur exactly when they 
are observed in real life. this is not an issue in the following 
analysis for maastricht, as only daily maximums are consi-
dered regardless of when in the day they are recorded, but 
this may contribute to the lower mean seen in the projec-
tions here, compared to eRA-interim results.  

What can be taken from the comparison is that the general 
distribution of CAPe over land is consistent between data 
sources, with higher values being seen over the tip of 
France, giving some confidence, caveats aside, as to the 
general performance of the model. 
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Comparison of uK means

Figure 7: Comparison of the Hadley Centre ensemble (a), 
with ERA-Interim reanalysis (b) of daily mean CAPE values, 
averaged over all days in every July between 1989 and 
2009

Projections for Maastricht

Firstly, in a similar manner to that followed to produce 
Figure 7, the maastricht area (as defined in Figure 1) was 
extracted from the larger european field of the uKCP09. 
A suite of programs were then developed to count the 
number of times the daily maximum CAPe thresholds 
of 800J/kg, 900J/kg and 1000J/kg were exceeded in the 
present period (1989-2009) and the three future periods; 
the 2020s (2010-2030), the 2030s(2020-2040) and the 2050s 
(2040-2060). the difference between the number of days 
exceeding each threshold in the present and future was 
then calculated. A summary of the results can be found in 
tables 2 to 4 in the following section. 

a b



CG08 Climate Adaptation Case Studies   March 2010 109

ReSultS

tables 2 to 4 present the absolute change in the number of 
days with maximum CAPe values over the thresholds 800J/
Kg, 900J/Kg and 1000J/Kg for each season in the 2020s, 
2030s and 2050s. 

neither now, nor in the future, did the model show any 
change from 0 events above the thresholds in winter (DJF). 
therefore this season has been omitted from the tables.

these mean changes were calculated by firstly working out 
the exceedence count for each month in the three time 

periods, in each ensemble member. From these, seasonal 
means were calculated. the change shown by each 
ensemble member between its past and future periods 
was then calculated for each season and each threshold. 
the change shown by each of the 11 ensemble members 
was then averaged and the standard deviation calculated. 
the standard deviation, following the ± in the tables, 
show how much deviation there is from the mean in the 
ensemble, it can be thought of as the average difference of 
the members from the mean of the distribution.

2020
MAM

(spring)
JJA

(summer)
SON

(autumn)

>800J/Kg 0.3±3.7 3.33±12.4 1.9±3.3

>900J/Kg 1.2±2.7 3.2±11.9 0.8±3.2

>1000J/Kg 0.6±2.4 3.1±9.6 0.3±2.5

Table 2: Summary of the absolute change in the number of days with daily maximum CAPE values over 800J/Kg, 900J/Kg and 
1000J/kg over the twenty year period centered on 2020, compared to the 20yr period defined as the present day (1989-2009) 
by three month period

2030
MAM

(spring)
JJA

(summer)
SON

(autumn)

>800J/Kg 0.3 ±4.4 -0.8±11.2 1.9±2.5

>900J/Kg 0.8±3.2 0.2±11.1 0.8±3.3

>1000J/Kg 0.3±2.7 0.2±9.4 0.4±2.5

Table 3: Summary of the absolute change in the number of days with maximum daily CAPE values over 800J/Kg, 900J/Kg and 
1000J/kg over the twenty year period centered on 2030, compared to the 20yr period defined as the present day (1989-2009) 
by three month period

2050
MAM

(spring)
JJA

(summer)
SON

(autumn)

>800J/Kg 2.3±2.5 -0.3±9.8 2.7±4.7

>900J/Kg 2.2±2.2 -1.1±9.8 1.7±4.9

>1000J/Kg 1.7±2.1 -1.3±10.2 1.0±3.6

Table 4: Summary of the mean absolute change in the number of days with maximum daily cape values over 800J/Kg, 900J/Kg 
and 1000J/kg, over the twenty year period centered on 2050, compared to the 20yr period defined as the present day (1989-
2009) by three month period
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CAPe follows a relatively normal distribution throughout 
the year (Figure 8), meaning we can be almost 68% 
confident (± one standard deviation) that the true mean 
change lies between the range denoted in the tables. 

As, in all cases, the standard deviation of the results 
crosses zero we cannot rule out a decrease in the number 
of CAPe events in future for all threshold categories. 
however, it should be noted that in both mAm and Son 
out to 2050, the mean change is positive, i.e. more than 
50% of the runs agree on a positive change. this can 
clearly be seen in figures A1 to A9. our confidence in the 
sign change increases in line with the greater number 
of ensemble members that concur. For spring (mAm) for 
every threshold, for every time period, more than two 
thirds of the runs agree on an increase in the number of 
days with large CAPe values in the future. For every thres-
hold in the 2030s, and the 800J/kg threshold in the 2020s 
and 2050s, again more than two thirds of the runs concur 
on an increase in the number of days in autumn (Son) 
with high daily maximum CAPe values. 

For JJA, in all but one case, half of the runs agree on an 
increase. in no instance do more than two thirds of the 
runs agree on the sign of the change.  thus there is an 
indication that the number of days with CAPe exceeding 
800j/kg is likely to increase but there is a smaller likelihood 
that it could decrease.  the spread in JJA, denoted by the 

standard deviation, is greater than in any other season, 
which could be related to how well CAPe is represented 
in the model. As the climate warms it is not unreasonable 
to expect that the relative change in CAPe amounts in 
JJA would be small, as conditions would already be 
such that they readily instigate severe convective acti-
vity. Correspondingly, the colder shoulder months would 
therefore be expected to show a positive change as the 
climate warms, which is suggested in the results. A ‘sprea-
ding’ of the convective season may explain why the mean 
number of days across all thresholds in JJA decreases 
over time, eventually dropping below the numbers seen 
in the past. however further research would need to be 
done to ascertain if this is likely to be the case, as only 
limited information can be drawn from mean responses 
composed of a large spread of results. 

it is imperative to note that these are the changes 
between the ensemble versions of the past and future; 
they are the changes in the model version of the world 
and as such care needs to be taken in their interpretation 
and use in strategic planning. Although the comparison 
between eRA-interim data and ensemble data over the 
uK acts as a useful guide as to how we might expect the 
model to perform over maastricht, it is by no means an 
exhaustive comparison and can be no more than a guide 
without further model runs being produced. 

Although there is a large amount of uncertainty intrinsic 
in this analysis it is encouraging to see that these results 
are largely consistent with other investigations of poten-
tial changes in severe convective activity in the future 
(Section 3.2). in a separate study conducted by the met 
office, a range of sensitivity simulations were performed 
over europe using the hadCm3 model, the same model 
as used in this case study. A low, a medium and a high 
sensitivity simulation were adopted to span the possible 
range of driving conditions. For each ensemble member 
the monthly mean value of convective precipitation was 
analysed for both present day (1951-2000) and future 
conditions (2001-2051).

the results indicated a small recent trend and a general 
increase in monthly mean convective precipitation for the 
near future. 

the field average value of monthly mean precipitation 
(which is roughly about 1x10-5 Kg m-2 s-1)11 appears to 

Figure 8: the total number of days each month with 
maximum daily CAPE values exceeding 800J/kg in the 
period 1989-2009, in each of the 11 Met office ensemble 
members.  the thick black line shows the mean of all the 
ensemble member results
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have steadily increased over the last 50 years. Assuming 
a linear trend in the analysis of the eRA40 data used in 
that study, the change in convection translates into an 
increase of the order 5 x10-8 kg m-2 s-1 per year (about 
0.5%). limiting the calculation to summer months (when 
deep convection can arguably be considered more 
prominent) the rate of increase almost doubles to ~1 
x10-7 kg m-2 s-1 per year. this indicates that convective 
activity during the summer has increased more rapidly 
than winter convection. Care must be taken in analysing 
these results as observed trends can be caused partially 
by the differences in data availability between the begin-
ning and the end of the eRA-40 period.

the increase in convective precipitation in the future, 
calculated from a model ensemble, was much smaller 
than the trend observed in eRA-40 analysis and lay in 
the range of 1x10-9 kg m-2 s-1 per year which represents 
roughly a 0.01% annual increase indicating, as with this 
case study, a small increase in convective activity across 
europe in the future. 

this separate study also indicated an increase in instances 
of clear air turbulence across europe in the next twenty 
years, however only met office models were used in the 
study and other models’ projections could provide diffe-
rent results so care needs to be taken.

11 kilograms per metre squared per second

Figure 9: Central estimate for the changes in convective precipitation, as a fraction of the present day value, over Europe for 
the month of october between near future (2001-2050) and present day conditions (1951-2000). 
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Figure 10: Central estimate for the changes in convective precipitation, as a fraction of the present day value, over Europe for 
the month of June between near future (2001-2050) and present day conditions (1951-2000)
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ConCluSionS AnD ReCommenDAtionS

the limited studies of changes in severe convection over 
europe indicate an expected increase with climate change. 
this preliminary case study agrees, suggesting a slight  
increase in the mean number of days with maximum 
values of CAPe above 800J/kg, 900J/kg and 1000J/kg over 
maastricht in spring (mAm) and autumn (Son) relative to 
1989-2009 by 2050.   the mean increase lies between 1.5 
and 2.5 days depending on which threshold CAPe is used. 
these mean changes are more pronounced at the 800J/
kg threshold, and particularly so in autumn.  however in 
all seasons there is considerable variation between indi-
vidual model simulations as indicated by the standard 
deviation of change across the ensemble overall, confi-
dence in mean changes in autumn is lower than in spring 
as fewer ensemble members agree on the sign of the 
changes than in spring. 

in summer (JJA) the ensemble spread is greatest, with 
rarely more than half of the ensemble members in any 
time period at any threshold agreeing on the sign of 
change. the overall indication for summer is that the 
mean number of days with severe convection increases to 
the 2020s, and then falls below the ‘present-day’ average 
by the 2050s. however as seen in figures A10-A12, which 
show the time series of the ensemble projections for JJA 
in the 2020s, 2030s and the 2050s at each threshold, the 
spread in results is large and without further study neither 
large decreases nor large increases in CAPe for that season 
can be excluded in planning scenarios.

overall, in every case considered, the mean change in the 
number of days experiencing severe convection is small 
compared to the ‘present-day’. by the 2020s the largest 
changes were indicated for summer; an increase of 
approximately three days in every threshold. by the 2050s 
spring and autumn showed increases of approximately 
two to three days over 800J/kg, one to two days over 
900J/kg and two days in spring and one day in autumn 
over 1000J/kg. the broad trend in terms of changes rela-
tive to intensity indicates that the largest increases are in 
the number of days in the weakest of the three categories 
(800J/kg). 

As the standard deviation around the mean change spans 
zero in all cases a decrease in convective activity cannot 
be ruled out but is not the more likely option.

With respect to Air traffic (At) impact, predicted changes 
in convective activity over maastricht have the potential 
to impact upon day-to-day At operations. in order to 
quantify the nature of this impact in terms of sector capa-
city and track extension, it will be necessary to examine 
the effect of convective weather systems on normal At 
flows, calculate the track extensions and proportion of 
flights that are likely to be affected, and formulate a stra-
tegic plan for handling such weather events to minimize 
large-scale network disruptions.
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APPenDiX

the 2020s

Figure A.1: Plot showing the individual ensemble members (blue) which compose the 
mean change (red) in the number of days over Maastricht between the 2020s (2010-2030) 
and the recent past (1989-2009) which exceed the CAPE value of 800J/kg 

Figure A.2: Figure A.2 Plot showing the individual ensemble members (blue) which com-
pose the mean change (red) in the number of days over Maastricht between the 2020s 
(2010-2030) and the recent past (1989-2009) which exceed the CAPE value of 900J/kg
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Figure A.3: Plot showing the individual ensemble members (blue) which compose the 
mean change (red) in the number of days over Maastricht between the 2020s (2010-2030) 
and the recent past (1989-2009) which exceed the CAPE value of 1000J/kg

the 2030s

Figure A.4: Plot showing the individual ensemble members (green) which compose the 
mean change (red) in the number of days over Maastricht between the 2030s (2020-2040) 
and the recent past (1989-2009) which exceed the CAPE value of 800J/kg 
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Figure A.5: Plot showing the individual ensemble members (green) which compose the 
mean change (red) in the number of days over Maastricht between the 2030s (2020-2040) 
and the recent past (1989-2009) which exceed the CAPE value of 900J/kg 

Figure A.6: Plot showing the individual ensemble members (green) which compose 
the mean change (red) in the number of days over Maastricht between the 2030s 
(2020-2040) and the recent past (1989-2009) which exceed the CAPE value of 1000J/kg
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Figure A.7: Plot showing the individual ensemble members (yellow) which compose the 
mean change (red) in the number of days over Maastricht between the 2050s (2040-2060) 
and the recent past (1989-2009) which exceed the CAPE value of 800J/kg  
 

Figure A.8: Plot showing the individual ensemble members (yellow) which compose the 
mean change (red) in the number of days over Maastricht between the 2050s (2040-2060) 
and the recent past (1989-2009) which exceed the CAPE value of 900J/kg 

the 2050s
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Figure A.9: Plot showing the individual ensemble members (yellow) which compose the 
mean change (red) in the number of days over Maastricht between the 2050s (2040-2060) 
and the recent past (1989-2009) which exceed the CAPE value of 1000J/kg 

Figure A.10: Plot showing the ensemble spread and the mean (in black) for the change from 
present day (1989-2009) in the number of days exceeding the 800J/kg CAPE threshold across the 
three future periods for JJA. this indicates that without further study it is not possible to rule out 
either large increases, of up to 25 days, or large decreases, by over -20 days in the number of days 
experiencing severe convective activity
 

Summer (JJA) timeseries

Ch
an

ge
 in

 n
um

be
r o

f d
ay

s 
ex

ce
ed

in
g 

th
e 

80
0J

/k
g 

th
re

sh
ol

d



120

Figure A.11: Plot showing the ensemble spread and the mean (in black) for the change from present day 
(1989-2009) in the number of days exceeding the 900J/kg CAPE threshold across the three future periods 
for JJA. this indicates that without further study it is not possible to rule out either large increases, of up to 
25 days, or large decreases, by over -20 days in the number of days experiencing severe convective activity
 

Figure A.12: Plot showing the ensemble spread and the mean (in black) for the change from present day 
(1989-2009) in the number of days exceeding the 1000J/kg CAPE threshold across the three future periods 
for JJA. this indicates that without further study it is not possible to rule out either large increases, of up to 
20 days, or large decreases, by over -20 days in the number of days experiencing severe convective activity
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About omega 

omega experts contribute to international science assess-
ments, domestic parliamentary scrutiny, governmental 
policy development and strategic responses by the avia-
tion sector. the partnership is a ‘one-stop-shop’ for broad 
aviation sustainability knowledge providing independent, 
impartial analysis to the wider aviation sector, government, 
ngos. it also collaborates internationally to leverage 
knowledge and accelerate responses as the environmental 
challenges facing aviation are global in impact and many 
responses depend upon effective collaboration and appli-
cation at the international level. omega’s areas of expertise 
include climate change, local air quality, noise, aircraft 
systems, aircraft operations, alternative fuels, demand and 
mitigation policies.  

omega draws together world-class research from nine 
major uK universities.  it is led by manchester metropolitan 
university with Cambridge and Cranfield.  other partners 
are leeds, loughborough, oxford, Reading, Sheffield and 
Southampton.  launched in 2007, omega (opportunities 
for meeting the environmental Challenge of the growth 
in Aviation) is funded by the higher education Funding 
Council for england (heFCe).

Working closely with industry and government stakehol-
ders, omega has produced reports on over 40 studies, 
workshops and conferences on priority aviation envi-
ronmental issues – www.omega.mmu.ac.uk.  As omega 
moves into its second phase, it is engaging new academic 
partners and broadening its base of stakeholder enga-
gement and support. omega has strong backing from 
the uK government and future work will respond to the 
need for knowledge on sustainability challenges arising 
from the Climate Change Committee and the failure of 
the un Copenhagen meeting to agree upon inclusion of 
aviation in international controls. With local impacts remai-
ning contentious, there is also a need for strong academic 
work to improve understanding of noise and air quality 
impacts and the benefits and trade-offs linked to potential 
solutions. 

About the Met office Hadley Centre

the met office hadley Centre (mohC) is the uK’s foremost 
climate change research centre. A producer of world-class 
guidance on the science of climate change and a focus 
in the uK for the scientific issues associated with climate 
change. largely co-funded by Defra (the Department for 
environment, Food and Rural Affairs), the ministry of De-
fence and Department of energy and Climate Change 
(DeCC), the mohC provides in depth information to ad-
vise the government on climate change issues. As one of 
the world’s leading centres for climate change research, its 
scientists make significant contributions to peer-reviewed 
literature and to a variety of climate change reports, inclu-
ding the Assessment Report of the intergovernmental Pa-
nel on Climate Change (iPCC). its climate projections were 
the basis for the Stern Review on the economics of Climate 
Change.

the met office hadley Centre was opened in 1990, by the 
then Prime minister margaret thatcher, when the met of-
fice was at its previous headquarters in bracknell. Prior to 
the opening of the dedicated centre different areas of the 
met office had been undertaking climatology research. by 
the late 1980s the Synoptic Climatology branch was wor-
king closely with the Climatic Research unit to produce an 
integrated, global land surface air and sea surface tempera-
ture data set. this was the primary data set used to assess 
observed global warming by the iPCC in 1990.

in December 1988 the uK government announced it 
was committed to extending its influence internationally 
to provide information about climate change and to sup-
porting appropriate research. Discussions were held with 
the Department of the environment to strengthen climate 
research at the met office. this led, in november 1989, to 
an announcement of a new centre for climate change re-
search in the met office – the hadley Centre for Climate 
Prediction and Research.

the met office hadley Centre was one of the major contri-
butors to iPCC AR4 in 2007, co winner of the nobel Peace 
Prize and several of its scientists attended the ceremony to 
receive the award.
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