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Policies for resilience against disasters use forecasts for

short and longer term environment hazards, both natural

and artificial. Although the methods used are increasing

in reliability, significant uncertainties remain in the

underpinning science and in the data. The vulnerability of

communities to environmental risk is increasing because

of economic and social factors, which also need to be

better understood. This paper shows why, over the long

term, engineering, medical and social policies for

improving resilience are most effective when they are

firmly linked to those for sustainable development.

Policies need to be coordinated globally to meet agreed

United Nations objectives and also to ensure that

environmental actions in one region can benefit and do

not damage sustainable development in other areas.

Analyses and simulations of emerging and other possible

scenarios, using economics and complex systems model-

ling, can test and propose strategies for resilience and

sustainability, including the merits of different types of

integration. This approach provides new insights for

public discussion and decision making. There are new

ways that universities, research institutes, non-govern-

mental organisations and the private sector can con-

tribute to multi-disciplinary technical advances and to

promoting public participation in the complex changes

affecting communities everywhere.

1. CONCEPTS FOR DEALING WITH

ENVIRONMENTAL RISK

World leaders have agreed that dealing with the practical and

political aspects of environmental risk and climate change is

intimately linked with meeting the other urgent challenges of

poverty, security and maintaining global economic develop-

ment.1,2 This paper reviews these developments, especially the

contribution of improved prediction methods and practical

innovative steps for combining resilience against environmental

hazards with long-term sustainability.

The guiding concept that emerged during the United Nations

(UN) decade for natural disaster reduction (1990–2000)3 was

that planning, science and follow-up action need to distinguish

between the impact of hazards measured by the frequency

severity of natural or accidental events, and vulnerability, which

is a measure of the severity of how environmental events impact

on communities.4 As one disaster follows another with

progressively more damage (as recorded by the insurance

industry), especially to poorer communities (as UN statistics

have recorded), it is clear that increasing vulnerability is the

main cause—much more so than increasing hazard.5 The lesson

learnt from the European heat wave in 2003 (with 35 000

‘excess’ deaths) and hurricane Katrina in New Orleans (killing

2000 or more) is that even industrialised countries are not

always well prepared either nationally or locally. In the

aftermath of hazard events, urgent actions are needed both to

recover and to enable the capacities of communities and

physical systems (such as dykes) to be renewed—essential for

reducing the impacts of future events. Where social capacity and

environmental resilience is inadequate, the costs of recovery and

the insurance losses are that much greater.6

The degree of resilience within a system or organisation may be

defined by how effective it is in reducing the social, economic

and ecological losses caused by hazards. Environmental

sustainability7,8 broadly defines the objective, over many

generations, of reducing the adverse effects of hazards on

societies, through minimising their overall impacts on the

natural environment. Other recent definitions are given in

Ref. 9.

Environmental risks are also increasing because of the changing

nature of the environment, both locally and globally.10,11 The

most important practical conclusions are firstly that current

long-term changes to the world’s climate are caused largely by

human activities and secondly that environmental risks

associated with natural hazards and their consequences, such as

diseases and crop failure, are likely to become progressively

more serious over the next few hundred years.12 Within the time

period of about 30 years in which the global climate responds to

human influence, it is essential to start mitigating human effects

on the global environment. This requires a range of measures to

reduce and eventually stabilise greenhouse gas (GHG) emissions

at a global level equivalent to those in the 1980s, which were

less than about half of today’s emissions.10 The UN conference

in Bali13 and government agencies (e.g. the UK Department for

Environment, Food and Rural Affairs)14 have also recognised

that local adaptation measures are necessary to reduce the

impacts of local hazards over the next few decades before

mitigation measures are likely to become effective. The causes

and consequences of hazards, social impacts and societies’

responses are shown schematically in Figure 1. The sequence of

responses of societies and governments, and how they interact
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on varying timescales, are shown schematically in Figure 2.

These figures are discussed further in Section 5.

2. SCIENCE AND TECHNOLOGY OF

ENVIRONMENTAL RISKS

Natural disasters still cause a large number (about 70 000) of

lives lost globally per year.15 Man-made environmental hazards

are even more dangerous; air pollution leads to more than

20 000 ‘excess’ deaths per year in the UK and 1 million per year

globally.16 Meanwhile, climate change produced by human

activities may also affect the magnitude and frequency of

atmospheric and oceanic hazard events.10

Having learnt about the progress of environmental science,

modern societies now expect to be informed about scientifically

based predictions and forecasts of all kinds of natural and

artificial environmental hazards. Indeed, they also expect

warnings about other kinds of societal hazards such as conflict,

disease, financial problems, and so on.17,18 In general, demand

for environmental forecasts is growing because they are

becoming more reliable and more closely related to the impacts

of hazards on society. Paradoxically, they are found to be more

useful as their fundamental limitations are explained and

become better appreciated. For example, current guidance on

flood risk requires consideration of both infrastructure fail-

ure19,20 and social impacts. The similarities between one kind of

disaster and another21 should make for more coordinated

policies and better predictions of risk consequences.22–24

Following the international community’s adoption of this

strategy, the UN3 now encourages countries to form national

committees for coordinating response to natural disasters,

through working closely with national agencies and task forces,

and also to work with civil society and research to make longer

term improvements.25 Different countries can contribute their

experience in dealing with the effects of climatic extremes and

play a role in coordinating data, especially about societal

aspects such as the differing responses of communities and

organisations for different kinds of hazard.4

The greatest advances in forecasting environmental hazards (e.g.

European Union framework 6 research)26 have been made where

they focus on physical effects, especially where they occur

separately (e.g. floods, cyclones, earthquakes). However, hazards

often come together or one hazard causes another (e.g. floods

and landslides).27 Complex systems analysis is now able to show

where there are common features of the physics and prediction

methods for different hazards, as well as how they are dealt with

by organisations.28

Depending on the particular environment, real-time forecasts

for imminent hazards are a practical possibility over limited

periods, from minutes up to a few months. They are only useful

if they are made with sufficient detail and accuracy for

practical action and if they are communicated soon enough.

The shortest timescale forecasts have been developed in Japan

for earthquake warnings. Following sudden, rapid and localised

jerking movements of tectonic plates, elastic waves propagat-

ing in the Earth’s crust at about 3000 m/s can be predicted

usefully for periods of a few seconds. With fast enough and

prioritised communication systems, the new Japanese system of
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(iv)

Cause of
environmental
hazard

Hazard event/
consequence

Effect on
society

Secondary
hazard

Response
of society

Physical/
natural
impacts

Natural timescales TNP

Adaptation and recovery from hazards TAR

Mitigation of causes of hazards TM

Study and prediction of environmental hazards TSP

Fig. 1. Environmental hazards and interactions of causes, consequences and responses. (a) Geophysical extremes (e.g. hurricanes,
earthquakes, tsunami) and artificial local and global environmental change (technology, population, etc.). (b) Short-term hazards (e.g.
winds, floods, earth vibrations) and longer term hazards, both local (e.g. agricultural desertification, acidification) and global climate or
environmental change. (c) Damage to infrastructure, environment or ecology (back reaction (ii) can affect (a) and (b)). (d) For
example, natural flooding from winds, landslides from floods, ecological damage, artificially enhanced vulnerability from structures,
pollution from damaged infrastructure. (e) Applicable to all types, e.g. loss of life, damage to health, economic damage. (f) Study,
explanation and prediction of hazards, leading to policy and action (back reaction (v)). Other reactions include (iii) development of
resilience and adaptation of society/infrastructure/economy to (b), (c), (d), (e) and (iv) mitigation of hazards (a) and consequences (b),
(c), (d), (e)
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very short period warnings of earthquakes could be used

worldwide to save many lives in transportation systems,

hospitals and buildings.23

For short periods, the most reliable forecasts (in terms of

accuracy and estimates of possible error) for the atmosphere,

ocean and rivers are based on computing mathematical models

with thousands of computers operating ‘in parallel’.29 The useful

‘skill’ of such forecasts, depending on meteorological condi-

tions, can sometimes extend to ten days. For example, the track

of tropical cyclones or major storms can now be predicted with

an error of less than 130 km for 24 h (double that for two days,

and so on).30

For longer periods, the errors in these deterministic grid-based

methods become too great to provide reliable forecasts.

However, statistically based forecasts are possible over periods

of weeks and months by combining data at the time leading up

to the forecasts with previous measurements of correlations

between weather at different times and locations.31,32 Recently,

in Europe, combinations of deterministic and statistical methods

have provided a more reliable basis for seasonal forecasts.33 An

important application are predictions (with an accuracy of about

20%) made by a number of research centres for the likely

number and intensity of hurricanes to impact on a coastline in a

given year.34

However, many environmental hazards have to be assessed over

periods much longer than any of the natural phenomena

causing the hazards. A statistical method based on past data is

the only technique available for estimating the risks, as for

example in the design of engineering structures to withstand

earthquakes over their lifetime.35 But where the environment is

changing over these long periods, as for example owing to

climate change, again it is necessary to combine modelling of

these geophysical changes with statistical estimates of risk based

on previous data.

For predicting long-term changes in the climate over the next

few hundred years and the effects of human activities, the

combined effects of atmospheric, ocean and land surface

processes have to be considered. However, because some

important aspects of these processes will be changing, they

cannot be simply predicted based on statistical extrapolation

from past climates. Rather, as in planetary science, the

computations have to be based on the laws of physics and

chemistry and other scientific concepts that will be valid even as

the phenomena and the applications change.31,36 The aim

broadly is to predict how the main elements of the Earth system

that affect the climate will interact with each other as less long-

wave radiation escapes to space because of the expected

doubling or even trebling of concentrations of carbon dioxide

and other GHGs in the atmosphere by the end of this century.

Similar processes occur, but even more strongly, in the climates

of other planets such as Venus. When research first showed how

the Earth’s atmosphere developed, it led some scientists to

suggest that the ‘Earth system’ might be so stable that human

influences were unlikely to be significant.37,38

Models must also represent the large natural variations of the

global climate as well as those produced by artificial causes.

Progressive developments in research have also reduced the

differences in the predictions between the various models; they

now indicate that by the year 2050 the global temperature rise

caused by human effects will be about 2 C̊. When these models

were first tried in the 1980s, the computational grids were about

300 km and the atmospheric physics was oversimplified. So, for

example, the British Isles was continuous with the Continent,

most European mountain ranges were hardly represented and

the substantial cooling effects of atmospheric aerosols were

Development of
society/system

Data/technology Information/
  warnings

Decisions

Consultations/economics

objectives

Research/data

2010?

~2000

1980s
1980s

Adaptation

Mitigation

Recovery

Technical+social/
Administration 
capacity

Societal
commitment

+Economic
  methods
+technology

National/community
actions Reactions Commercial/political Perceptions/understanding Societal

responses

National/intermational/
procedures

Degree of change in long-term
sustainability

Recovery
0

not
significant

Action trajectories (with dates corresponding to climate change risk)
(a) denotes fastest action trajectory and (b) denotes a slower trajectory

Note (i) In dealing with CFC hazards, the action trajectory started in about 1970 and was
completed in 1987 (recovery may now last until 2050)

(ii) Urban environmental risks; timescales are comparable with climate change
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Fig. 2. Typical sequence of responses by societies and governments to new environmental risks
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neglected (thus overestimating global warming by 1–2 C̊ over

50 years).

Current models using faster computers with greater capacity

now represent orography and the processes more faithfully,

extending from the ocean bottom and the layers of rock and soil

below the land surface up to the top of the atmosphere. The

models meet the basic statistical test that the fluctuations in

climate simulations have the full range of timescales (for periods

longer than decades) that are observed in the atmosphere.39

Significant global temperature fluctuations are also caused by

volcanic eruptions and changing ocean circulations, which can

be as much as 0?2 C̊ over a year and about 0?15 C̊ over decades.

Important global phenomena are still not adequately mod-

elled,40 for example decadal oscillations in the ocean and the

contribution to the greenhouse effect from the emission of

methane into the atmosphere where the permafrost is rapidly

melting in arctic regions. Uncertainty in the predictions of

global temperature rise over the next 50 years, which is

currently estimated at ¡1 C̊ (over decadal periods), should

continue to diminish as research in natural and social science

progresses and computers become faster and have larger

memories.41

Over certain regions, global emissions of GHGs and local

atmosphere and ocean circulations can cause rapid variations in

the annual temperature. On the Antarctic peninsula,42 the rise

has been about twice the average trend over the past 30 years,

causing unexpectedly fast melting of sea ice. There may be

decades when natural fluctuations will add to or cancel out the

global temperature rise. In fact, in the 1990s the global surface

temperature rose by nearly 0?35 C̊, faster than the predicted

average rise of 0?25 C̊. This was mistakenly regarded by some

climate scientists as a clear demonstration of increased global

warming. By contrast, in the present decade, when there has

been prolonged cooling of the eastern equatorial Pacific, there

has been no rise at all. This caused some environmentalists,43

followed up by parliamentarians,44,45 to ask whether global

warming can effectively be ignored. However, over the whole

land area (where the temperature is less affected by fluctuations

of the ocean temperature and where people live) the surface

temperature has continued its remorseless rise, by about 0?15 C̊

between 2000 and 2006 (see Hansen et al.,46,47 Figure 3 and the

recent UK government statement).48

In many areas of the world, regional and global changes to the

environment are likely to cause increases in the frequency and

intensity of natural hazards, such as higher temperatures lasting

for longer periods,49 more flash floods and perhaps greater

winds in hurricanes.50,51 These and other environmental

forecasts and models depend on having accurate and compre-

hensive measurements, which should also be available to all

forecasting groups, as well as to those applying the results. But

despite general agreement about the need for openness,

environmental (including topographical) data from research and

observations are still difficult and costly to obtain by industry

and even government agencies, both within the originating

country and internationally.24,52,53 Improved data availability is

also an important way of improving the reliability of forecasts.

The expansion of environmental monitoring by Earth-observing

satellites54,55 is providing more openly available data.56

For predicting the impacts of changing environmental risks

associated with global warming on society and on the economy

over periods of decades and even centuries, even more complex

and controversial assumptions are needed. These assumptions,

which depend on how the economy and society responds to

these and other serious impacts, may or may not be related (such

as shortage of resources, disease, etc.) (see Section 4).57

3. REDUCING THE IMPACTS OF HAZARDS AND OF

CLIMATE CHANGE

Turning to policies for reducing the impacts of environmental

hazards, societies and organisations are addressing this chal-

lenge in several ways. In some regions, policies for dealing with

hazards and the adverse effects of changing climate are

integrated in the framework of sustainable development.58

First protective measures are taken long before the hazards

arrive, based on information and warnings about the probability

of future events, which, as already mentioned, may not be the

same as in the past. As forecasts and warnings for specific events

improve, short-term measures of avoidance or protection can

also be very effective. Industries and communities are following

the well-established example of mariners, farmers, etc., and

taking measures that are more focussed with regard to the

hazard and location and are therefore less costly.

International/national media are used for warnings about

hazards, even over very short periods of a few minutes

(Figure 2). But for information that is specific to certain areas,

specific warnings about local natural hazards and secondary

effects (including, for example, risks of infrastructure failures)

have to be communicated. Hong Kong, for example, has trained

its citizens to understand and respond to such warnings without

fail.27,59 In some earthquake-prone countries (including the

USA) school children are regularly trained in emergency

response. This has prevented the numerous casualties experi-

enced in other countries where these exercises are neglected.

Research is significantly improving the reliability and compre-

hensiveness of forecasts underlying warning systems, as, for

example, with tsunamis.60

For longer term and repeated hazards, the experience of weather

services is that only through repetition is information taken

seriously. Annual statistics of hazards, such as rising global

temperatures and GHG concentration,61 and the occurrence of

natural disasters are regularly publicised. However, where critical

hazard data and/or forecasts are uncertain, information is not

publicised so widely or as frequently, as, for example, data on the

long-term rise in global average sea level or desertification.

Technology is ensuring more effective dissemination of hazard

data. Mobile phones in India carry warnings automatically

translated into 14 languages.62 Street-scale air pollution

warnings to the mobile phones of individuals suffering from

breathing difficulties are now provided through local govern-

ment agencies in London.63 Cosmar is a network of agencies in

the coastal zones of Africa that provided vital warnings of the

tsunami in 2004.64 However, despite improvements in commu-

nication systems, warnings are not always communicated

effectively or taken seriously. The deadly tornados in USA in

February 2008 were forecast five days ahead, but still people did

not take sufficient precautions.65
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After major hazard events, policies are needed for minimising

both immediate and long-term impacts on the affected

communities, including protection against secondary hazards

that often follow.20 Planning for future events should begin

immediately, for example by improving resilience66,67 or, in

extreme cases, deciding to steer communities to areas with lower

environmental risks.

The effects of improving resilience to the impact of a single

hazard event are sketched in Figure 4 to show how the timescale

of the response depends on resilience and the strength of the

hazard. Figure 5 shows how the effect of climate change on

increasing frequency and severity of certain hazards causes

short and longer term impacts, whose severity greatly depends

on the resilience and timescale of response.

One can differentiate between ‘technical’ policies that are

directed towards specific responses and ‘sustainable’ policies

that are directed towards integrated, longer term and often

indirect responses. Sustainable solutions need to contribute

towards the mitigation of global effects and also ensure that

social objectives are included in the response to impacts of

hazards and climate change (Figure 1).

Systems and economic analysis, together with political judge-

ment, are all necessary to balance sustainability with the

demands for short-term investments in resilience. The optimum

solutions have been found to involve industries and commu-

nities changing their habits. They may even involve redis-

tributing environmental risks, for example in flood management

schemes, by a wider exposure of more people to smaller risks.68

Where hazards are exacerbated by global warming,69 a

combination of technical and sustainable policies is even more

necessary, for example for dealing with artificially high

temperatures and high levels of air pollution that now occur in

most of the largest urban areas. ‘Technical’ solutions such as

new reflective materials on buildings and roads are being

introduced. Although air conditioning is a direct way of

lowering the temperature within buildings and vehicles, it also
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leads to high energy use and raises temperatures in the streets. It

is needed less in sustainable ‘green’ buildings, which may

generate power from photovoltaic panels on roofs or car parks.

Such buildings also cool their local environment and can even

be used for food production.58

Japan has shown how expectations and habits can be changed

by urging building managers to reduce air conditioning so that

temperatures are typically about 28 C̊ in the summer months

and by encouraging the wearing of cooler clothes appropriate to

the higher temperature. With less energy used for the cooling of

public buildings,70 Japan’s GHG emissions have been signifi-

cantly reduced.

Policies for resilience to floods are also being transformed (see

Crichton4 for a trenchant analysis of non-resilience).

Remarkable technical progress has been made with temporary

structures that can protect cities against floods with only 24

hours warning (as in Prague).71 But for the longer term,

buildings in flood plains may have to withstand flooding—a

radical and uncomfortable departure in urban organisations72

but one that China has addressed for many years.

In developing countries, government and community organi-

sations have limited resources for providing information and for

dealing with environmental risks or even local hazards. Many

communities along the coasts of Africa and Asia have become

more vulnerable to hazards and are often unaware of the

reasons. For example, cutting down mangrove trees for fuel

exposes nearby villages to infestation from insects that formerly

inhabited the mangrove forests;73 it also exposes the commu-

nities to damage from tsunami waves.74 Following the tsunami

in December 2004, lives were lost in areas where coastal

protection had been damaged by the removal of coral reefs and

sand dunes to provide cheap building materials.

Different types of policy and public campaigns are needed to

deal with longer term environmental hazards—from seasonal

periods to decadal climate change.11 Intergovernmental and

commercial organisations (e.g. those dealing in food and other

resources) are taking precautionary actions for these time
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periods based on detailed data from across the world and on

long-range forecasts.

4. HAZARD REDUCTION AND MITIGATION

Can natural hazards be reduced directly? Over the short periods

of weather systems, increasing or decreasing precipitation by

artificially seeding clouds has been shown to be successful, even

very successful on occasion (when forest fires in Mongolia in

1996 were suppressed by artificial snowfall induced by cloud

seeding). Although generally there is a low probability of

success, weather modification continues to be part of the official

programme of the World Meteorological Organisation.61

However, United Nations bodies have expressed concern that if

these methods became more successful, it might change the

relative amounts of precipitation in neighbouring countries and

seriously affect their mutual relations. For the much longer

periods of vegetation growth and decay, there have been

proposals for reducing drought and desertification hazards

through altering the albedo or stimulating the hydrological

cycle, for example, by desalination.75

On a global scale, ‘geo-engineering’ solutions to reduce major

environmental hazards are theoretically possible.76,77 Such

‘global solutions’ might involve reducing solar radiation by

putting aerosols into the upper atmosphere78 or space reflectors/

deflectors in space, or changing the biochemistry of carbon

absorption in the upper ocean. But the general view is still that

direct methods are so risky that they are not politically or

socially acceptable unless global hazards begin to threaten large

populations. Precautionary measures, with low risks of adverse

effects, are the basis of current policies.

International efforts to reduce the causes of environmental risks

are mainly focused on the hazards associated with the

contribution to global warming caused by the emission of GHGs

from industry, agriculture and naturally. Preventing the rise in

global average temperature by more than 2–2?5 C̊ will require a

very substantial decrease in GHG emissions. Action will have to

be taken in each country; in total, emissions must be reduced by

more than 50% below present levels over the next 50 years and

not grow any further. Because of the dynamics of the climate–

human system, earlier cuts in emissions will avoid having to

make more drastic cuts later.10,57 Much greater proportional cuts

are needed by industrialised countries (between 60 and 80%) to

allow for the predicted growth of energy use and carbon

emissions in developing countries (see Figure 1).

Some technologies are already demonstrating how energy use in

buildings can be greatly reduced (by more than 50% on

average), which in the UK is responsible for about 50% of

carbon emissions. Indeed, some buildings and their ancillary

support systems (e.g. cleaning, drinking and drainage water)

have become carbon neutral, that is they do not increase net

carbon emissions (as in the Bedzed development in London79).

Surface transport could also move to being carbon neutral

through the use of certain biofuels (provided the production

processes of such fuels do not cause worse effects).80 Zero GHG

emissions are possible through hydrogen and electrically driven

fuel cells.81 However, these changes will require both local

technological and planning initiatives, for example, in mass-

produced systems with lower carbon footprints and in the design

of cities.

Economic and technological analysis has shown that these goals

can only be achieved by using the full range of existing energy

technologies and new technologies still being researched,82

which may require considerable social, political and economic

reorganisation. Although this ‘portfolio solution’ is now

accepted in India, China and the USA (and by all the main

political parties in the UK), it is regarded as controversial in

other G8 countries.

Advances in electricity generation are now materially reducing

GHG emissions through improved efficiency—up to 57% from

38% in some fossil fuel power stations (using combined cycle

gas turbine plant). Nuclear power stations have effectively zero

GHG emissions; the next generation will produce a fraction of

the radioactive waste of current stations, but are currently

taking a minimum of 5 years to be constructed. Renewable

systems have the advantage of flexibility in size, speed of

construction and availability on regional and local scales, and

GHG emissions can thus be reduced faster than by other

technologies. All solutions have some adverse impacts on the

environment that have to be minimised (e.g. nuclear waste,

construction materials, aesthetic impact of wind turbines).

Buildings will increasingly reduce their energy needs with

embedded generation systems ranging from heat pumps to wind

and solar; micro-fission systems are even being considered.

To ensure that these technologies contribute most cost

effectively to environmental sustainability, they need to be

integrated with each other and with other measures of

adaptation and mitigation. While power companies find that

large corporate users are taking up initiatives such as combined

central and local power systems, they need more long-term

commitment from governments, for example, to utilise waste

heat in domestic heating/cooling and by local industries.

There is now a search for policies to minimise the economic and

social disruption associated with programmes of mitigation and

more sustainable use of energy resources. Can these be

integrated with programmes of adaptation and with the general

reduction of environmental risk as Figure 4 illustrates? Local

communities are already showing the benefits of integration by

linking schemes for carbon reduction, reduced energy use,

healthier buildings, and harmonising urban and rural environ-

ments.83 For political sustainability, these initiatives also have

to be consistent with policies for the use of limited resources,

including land, and for strengthening local economies and

employment.

Policies on environmental resilience and sustainability have

geopolitical impacts through countries affecting each others’

environments and resources, and consequently other countries’

share of global impacts.84 Some interactions are physical, as

with regional and global transport of pollution and disease,

whether on the timescales of hazards or global environmental

changes. But they can be equally influential and complex when

they are embedded in the products or services exchanged

between countries.

Since, in either case, greater sustainability in one country can

benefit or threaten that in another, global and regional policies

have to be internationally agreed. For example, embedded or

‘virtual water’ is contained in wheat exported from, say, Canada
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to the Middle East or other countries with great water shortages;

embedded ‘virtual’ carbon-saving is provided by African fruit/

flower growers whose exports save carbon emissions from

heated greenhouses in Europe (even allowing for aviation

emissions).85 Tourism can also contribute—subtropical countries

who receive elderly European tourists in winter in fact lessen

these people’s carbon emissions from heating their homes.

However, sometimes ‘embedded’ environmental benefits gained

through importation lead to risks for the exporting country. For

example, embedded adaptation is provided by tropical forest

wood exported to Japan—this means (as Japanese colleagues

explain) that Japan does not have to cut trees on steeply sloping

hills and thus the dangers of mud slides and flooding are

reduced. This policy could lessen its impact on tropical rain

forests through the use of sustainably managed forests, which

are now being developed world wide. Similarly, pollution and

carbon emissions are reduced in countries importing manufac-

tured goods from low-cost countries employing limited pollu-

tion controls and in countries importing food based on the

intensive use of agrochemicals in another. China’s consumption

of US meat from cattle fed on maize grown with artificial

fertilisers has led to serious water pollution in the Mississippi

and the Gulf of Mexico86 (a point made by the US ambassador

for oceans and fisheries). As environmental risks and their

secondary effects (Figure 2) differ greatly across the world (as

demonstrated by these examples), optimum policies are possible

provided they are based on identifying and minimising the

varying types of risks wherever they occur.

5. CONCEPTS FOR INTEGRATED POLICIES

Because of their importance for the health and wellbeing of the

entire population of a country, environmental risks are the

responsibility of national government as well as of industry and

local communities. Governments have a unique role in

coordinating and integrating policies for reduced risks. As

recent cyclone-flood events in America and Asia have shown,

governments that attempt to deny responsibility have had to

reverse their position. Whether the risks are regional or global,

they have to be tackled through intergovernmental cooperation

and a multitude of specific agreements for every aspect of the

environment. This effective but piecemeal approach began in

the 1970s and 1980s when Europe and North America dealt with

acid rain; in the 1980s the UN introduced the Montreal protocol

for eliminating chlorine/fluorine based refrigerants that were

damaging stratospheric ozone. Increasingly, the international

media and the internet are publicising the preparations leading

up to international agreements. Perhaps, as the whole world

realises how and why countries differ about policies on the

urgent issue of climate change, the compromises that will be

necessary to reach international agreements might well be

reached sooner—as recent gatherings of experts and legislators

are indicating.13,87

Governments need to work with a few key sectors of society—

research, industry, political organisations and civil society—

when policies and international agreements on new types of

environmental risk are being established. This process is

depicted schematically as a set of influence lines in Figure 2.

Since politicians and governments generally want to hear about

solutions when they are faced with problems, advice has to

focus on how to reduce the impacts of the hazard and what can

be done to eliminate or lessen the hazard itself. Introducing

policies to tackle all the relevant aspects of climate change is

proving difficult for governments as they are already having

difficulty in dealing with other more immediate types of

environmental risk such as air pollution from vehicles or aircraft

noise. Although governments and legislators have broadly

accepted that the climate is changing and that this holds many

dangers for their countries, and although they have also

accepted the need to reduce GHG emissions, not all countries

have accepted the need to have targets for global GHG

concentrations or the necessity of making substantial cuts in

their own emissions. They fear that that this could be damaging

to their economies.87

The Stern report57 on the economics of climate change reviewed

this hypothesis in detail by examining, with the aid of climate

models, the economic consequences of different policies for

mitigating emissions over various timescales. The calculations

included the costs of adapting to worsening climate conditions.

The UK government agrees with its conclusions, which go well

beyond the limited range of the Kyoto protocol, namely that

investments are indeed required to reduce emissions and to

reduce the impacts of environmental change (i.e. adaptation).

This will cost of the order of 1–2% of gross domestic product

(GDP) (for the whole world) over the next 20–30 years—money

that might otherwise be used for public programmes (e.g. health

and education) or private consumption. However, Dasgupta88

has argued that this expenditure should be delayed and passed

on to later and richer generations and concludes that, over the

next decade or two, governments should not attempt artificially

to limit GHGs. But this would probably lead to the steady

elimination of animal and plant species (which are under threat)

and would cause the world’s climate systems to move towards a

new equilibrium that differs significantly from its present state.

Furthermore, governments would be breaking their commit-

ments to the UN climate change and biodiversity treaties of

1992. These UN treaties provide a coherent framework within

which governments can effectively integrate their policies.

To settle these arguments about differing economic and

environmental strategies, there first needs to be better, and more

open predictions about all aspects of their consequences. This is

essential before the major countries of the world can agree about

how to replace the Kyoto protocol by 2012. The decisions

reached will affect the state of the global environment

extending beyond the end of this century (as the action

trajectories in Figure 2 demonstrate).

The debate has to go beyond economic and environmental

issues if the conclusions are to be effective politically,

institutionally and socially. Organisations like national health

services and large industries faced with strategic choices for

their future planning make use of various forms of data

gathering, analysis and computational simulation. This metho-

dology of complex systems modelling is not just for research,

but should lead to relevant concepts and guidance for making

decisions.89 The European Union has supported this systematic

approach because of its value to multinational organisations

with different organisational and cultural traditions.90

The development of policies by government agencies about

reducing hazards illustrates this point. They cannot rely simply

on economics, but have to consult widely with, for example,
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industry, local communities and research institutions,91 parti-

cularly when they are experiencing serious practical and

political difficulties in meeting their objectives. This is now

happening in countries that have accepted the need to make

large (by more than 50%) reductions in emissions. For example,

despite the achievement in Singapore and London92 in limiting

the overall use of cars powered by fossil fuels, other cities in

Europe have baulked at this proposal, not with standing the

additional benefits of reduced air pollution. Architects and

planners93 are recommending that there should be a higher

density of housing in city centres with less use of private cars

and clean public transport systems.

Practical policies for mitigation and adaptation have often been

initiated by local leaders through innovative pilot projects. This

helps national politicians make their environmental decisions

through the loop process of information–consultation–pilot-

stage–policy–action (see Figures 1 and 2). The reactions of

people and industry can lead to considerable changes, even at

the end of the process (e.g. as in the UK fuel strike in 2000

against the rising environmental fuel tax). Systems analysis may

in future guide governments about the likely consequences and

timescales for the introduction of policies over spatial and

organisational networks.18 New visualisation and simulation

technology now enables complex environmental risks and

policy options to be explored by communities94 and in ‘decision

theatres’.95 For example, users can now explore the ‘future’ with

interactive and overlapping displays based on data, maps and

back-up computations in real time; decisions can now be better

informed about planning and security96 against possible effects

of flooding or water shortage in large urban areas.

6. PUBLICISING AND EXPLAINING

INTEGRATED POLICIES

Politicians have to rely on ideas to explain and promote new

policies that affect the patterns of people’s lives and even their

ways of thinking. Climate change is forcing this kind of

revolution on society. Politicians, commentators and academics

engaged in public debate on this topic draw on various themes.

Gore’s97 educational film alarms the audience, without offering

many solutions. In 1979, Lovelock37 introduced the idea of the

Earth as a self-correcting system, but has now accepted that this

notion is invalidated by current levels of human interference

with the system, as species are eliminated and ice sheets and

forest areas disappear. The ideas about sustainability in the

Brundtland report7 had a great impact on the UN, governments,

communities and industries around the world. The principles

were accepted as central for environmental policy and even

legislation in Europe from the 1990s and in the USA when US

Congress passed the Energy Act in 2005.

However, a more philosophical and conceptual guide is also

needed to help unify and explain policies for reducing

environmental risks while ensuring economic development and

environmental sustainability. Integration causes some Orwellian

nervousness in politicians and officials who recall the clumsy

use of power by states and monopoly industries in Europe,

America and Asia, and the dangers of erroneous central policies

following a particular party line. Innovation can also suffer. In

the UK’s new Climate Change Act of 2008, mitigation and

adaptation policy are organised and budgeted separately, in two

separate government departments. However, within local and

regional government, integrated initiatives are increasingly

accepted and argued for by environmental groups such as

Environmental Protection UK and the Environment Agency. In

the Netherlands, the long tradition of building windmills on

dykes has been brought up to date with tall wind turbines using

the concrete coastal defence structures as their foundation, with

huge cost savings.

Perhaps in countries like India and China whose rapid economic

development has benefited from centralised planning and self-

sufficiency, the adoption of integrated solutions involving

industry and environment may be more straightforward. It is

significant that for the economically least developed countries,

the UN Development Programme98 and the World Bank are now

promoting integration of their sustainable development projects.

As integration becomes a theme that politicians and engineers

are re-visiting, their thinking is now more drawn from natural

systems and less from the engineering paradigm of steam

engines, circuits and feedback.99 This softer, self-organising,

organic approach resonates more with most people’s experience

about how effective social organisations actually operate, as

well as with their intuitive and religious convictions about the

holistic nature of physical and living systems. Indeed, looking

for holistic solutions and policies is becoming the new political

and administrative orthodoxy (the word was invented by

Smuts,100 Prime Minister of South Africa, in his remarkable

1926 book Holism and Evolution). Such an approach can be

supported by modern scientific understanding of the adaptive,

protective and creative strengths of complex systems and

societies, and how, paradoxically, such systems are reinforced

by internal tensions between competition, cooperation and self-

interest (Bertalanffy101 incidentally quotes another Premier, E.

C. Manning of Alberta, Canada). The internet reinforces the

gradual trend to these more integrated policies;94 governments

now prefer to provide frameworks providing information and

facilitation for encouraging optimum forms of integration to

emerge ‘bottom-up’ Environmental regulation and financial

incentives aim to steer and energise new developments. But

central planning and large financial investments over decades

are essential for engineering solutions to ensure sustainable

infrastructure and energy systems such as power generation,

transportation, barrages, and so on.

As political leaders in countries all over the world deal with

environmental risks and long-term sustainability, they recog-

nise both the complexity and the urgency of the task. As in

previous international crises, they realise the advantages of

integrated policies despite well-known and long-standing

political difficulties. There is some survey evidence that this

approach, if well explained, is well supported in communities

where climate-related policies are being implemented.

7. DEVELOPING, PRIORITISING AND

COMMUNICATING RESEARCH ON RESILIENCE

AND SUSTAINABILITY

Ever since science began, it has been applied to studying natural

and artificial hazards. Over the past two centuries, scientists

have identified many of the most serious environmental risks

before the worst effects become apparent (the dashed line in

Figure 1). This role becomes even more important as society

faces greater technical and social challenges associated with
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global environmental change and the likely occurrence of more

severe local hazards.

Equally, many of the developments in science, technology and

policy have come from collaboration between research and

practice. There have been calls in many countries to strengthen

this collaboration (e.g. in the UK from witnesses to parliamen-

tary committees)84 from those dealing with the urgent problems

of short- and long-term environmental hazards. There is a

particular need for research to provide more long-term

databases (such as Keeling’s record of carbon dioxide at Hawaii)

and to bring new insights to the study of innovative practical

projects, such as those improving urban sustainability around

the world.58 In the UK, the Natural Environmental Research

Council is now directing more funds in this direction.

Unfortunately, in most countries, investment in research into

extreme hazards is still small in relation to the economic

benefits that such research could bring in terms of improved

warnings and resilience, including insurance cover.53 Japan has

led in terms of research and technological investment into all

kinds of hazards over many years;22 the international response

to the disastrous Asian tsunami in 2004 has led to new scientific

understanding102 and an extended warning system in south and

southeast Asia.60

Climate change research, which has had a higher level of

political, scientific and financial support, is well coordinated

nationally and internationally. It is a unique programme in the

scale of its collaboration between scientists in almost all

branches of natural and social sciences—from meteorology,

oceanography and earth sciences to chemistry, botany and

economics. Regrettably, in developing countries, some of the

important climatic measurements being taken (e.g. in critical

locations) are not actually being disseminated through lack of

funds and exchange arrangements.103 Engineers are also

involved in advanced projects both in mitigating climate change

through the design of sustainable energy systems and in

adaptation through new designs in infrastructure and sustain-

able construction projects such as multi-purpose tidal barrages.

At the same time, research into new energy technologies is

growing, although not yet back to the levels of the 1970s. The

aim is to increase efficiency within the critical timescale needed

to limit global warming. The generation and distribution of

hydrogen is, in principle, sustainable, but will it be practical and

economic?104 Nuclear systems have the capability of lasting

thousands of years into the future (when future climate trends

may differ considerably from the present) hence the importance

of research into new and sustainable systems such as fusion105

and hybrid fusion–fission technology.106

Connections are clearly growing between the scientific dis-

ciplines focused on atmospheric, oceanic, hydrological and land

surface phenomena as they become more extensively engaged

in the ‘applied’ problems of research on natural hazards and on

the variability of climate change, whether natural or artificial.

This has resulted in improved measures for the resilience of

communities and for policies of adaptation, mitigation and

sustainability. The scientific problems and appropriate measures

are different all over the world depending on the natural

conditions and the societies involved, so capabilities must be

geographically distributed throughout countries and regions. In

China, India and South Africa, environmental information

services connected to universities are growing fast.107–109

Academic research and teaching is responding to these

developments, moving from individual scholarship- and dis-

cipline-based organisation to the development of multi-

disciplinary centres.110,111 Such centres are capable of studying

the merits of integrated solutions, using previous research on

integrated assessments of climate change policies.112

These research centres, however, can only dimly foresee how

future environmental hazards and longer term climate change

will affect society. They need to be responsive as societal and

environmental events occur, such as unexpected outbreaks of

internationally contagious disease, the sudden disappearance of

polar ice-fields (e.g. the Larsen field in 2002) or unprecedented

drought (as, for example, in one of the rainiest places in the

world in India).113–115 New policies became necessary after the

damaging tsunami on the Asian and African coasts in 2004

affected the communities there enormously.

Even if they are tentative, background explanations of such

environmental events are expected by both the public and the

media.116 Without an understandable commentary on the

evolving global environment, the public and politicians find it

difficult to understand and accept environmental policies.45,117

Environmental centres are also expected to respond to the quite

reasonable questions and varied opinions of different groups of

the public, politicians and professionals.110 Recently, 90% of

actuaries who were polled in London said they accept the reality

of climate change (perhaps because they are familiar with

uncertainty). By contrast, a rough sample of the opinions of civil

engineers at a large meeting in London in October 2007

indicated that more than 50% remain sceptical; many of them

quoted the uncertainty of climate models.

Clearly there is still much work to do in establishing better

understanding between scientists, engineers and leaders of

society concerning the complex but vital issues of resilience and

sustainability.118
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