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PREFACE

There is growing and widely accepted evidence that the climate of the earth is changing, in part
due to human activity. It is also becoming clear that climate change will affect health. This effect
will be felt more strongly in some countries than others but there is a clear need to understand the
likely eftects in the UK in order to develop strategies to mitigate such effects and to understand
the extent of adaptation that may occur. In addition, the increased burden likely to be imposed on
the National Health Service should be understood. The need for medical facilities to cope with
the increased demands produced by more patients suffering from familiar disorders such as heat
stroke or skin cancer and perhaps from comparatively unfamiliar disorders such as malaria and
Lyme disease, should be addressed.

It 1s clearly important that the impacts on health should be addressed both qualitatively and
quantitatively. It is appreciated that considerable effort has been put into the former and that the
list of potential problems has been well defined. The quantitative approach has, however, lagged
behind. At the request of Ministers at the Department of Health the Expert Group on Climate
Change and Health in the UK was formed in early 1999. The group included experts from the
meteorological and climate change fields and also from physiology, public heath, epidemiology and
microbiology. A series of meetings were held to identify key areas of concern and, in particular,
those areas likely to be susceptible to quantitative study and analysis.

It was not the purpose of the group to predict the likely extent of climate change in the UK. It
was recognised that a set of widely accepted climate change scenarios for the UK had already been
developed under the UK Climate Impacts Programme (UKCIP). The existence of the UKCIP has
been an important factor in enabling the work of this group to proceed smoothly.

The group adopted the UKCIP climate scenarios for the 2020s, 2050s and 2080s and considered
the likely impact of variables such as increased temperatures, increased storminess and raised sea
levels on health. Both primary eftects, for example, the direct effects of warmer summers, and
secondary eftects, for example increased prevalence of ticks and insect vectors of disease, were
considered.

It was accepted from the outset that this report would represent only a first look at a difficult
problem. It was agreed that a preliminary analysis, carried out over a short period leading to a series
of tentative conclusions and firm recommendations should further work be considered necessary,
would be the aim of the group. It is recognised that new studies in a number of relevant areas,
underway during the preparation of this report, are nearing completion and will need to be taken
into account. That the work was completed in such a short time reflects the commitment and
expertise of the group: the Department of Health is grateful for the time and effort that members
of the group devoted to this work. The Department is also grateful to the staft of the MRC
Institute for Environment and Health who carried the administrative burden of producing the
report and aided members throughout: Emma Green and Emma Livesley made particularly
important contributions. Julia Cumberlidge, Emma Jenkins and Claire Townsend have also made
important contributions.



The report was completed in 2000 and published for comment, in early 2001. A small number of
individuals and organisations commented upon the report. The tone of the comments was
favourable though some omissions and a few errors were detected. The time allowed for comment
was extended at the request of several organisations. Details of individual comments are available
on request from the Department of Health.

[Miss Emma Jenkins, Department of Health, Skipton House (693D), 80 London Road,
London SE1 6LH]

A small editorial group was set up in late 2001 to consider the comments that had been received
and to amend and correct the text. Once this work had been completed the Report was published
in its final form.

The findings of the Report are summarised in the Executive Summary. The overall picture is
worrying. Research to refine the preliminary estimates of ettects provided here and to probe effects
of climate change that we have not been able to consider is clearly needed: recommendations have
been responded to by Government Departments. The case for studies of methods of mitigation of
the predicted effects is strong. That efforts should be made to reduce the likely extent of climate
change goes without saying - that such climate change will pose a challenge to health in the UK
during the coming century is equally clear.

Dr R L Maynard
Department of Health
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Executive Summary

1. The Department of Health asked the Expert Group on Climate Change and Health in the
UK to advise on the likely effects of climate change on health in the United Kingdom (UK).
This report presents the Group’s findings. The available evidence has been examined and it has
been concluded that climate change will have a significant effect on health in the UK. The
various features of the changing climatic pattern of the UK will affect health in different ways
and not all the effects are likely to be negative. The probable warming of our winters, for
example, is likely to be associated with a decline in winter mortality. On the other hand, a rise
in sea level and an increase in the frequency of severe winter storms will make flooding of low-
lying coastal areas more likely. Our examination of the evidence has led to a number of
conclusions and recommendations; these are summarised below. One significant conclusion is
presented here. It is recognised that far too little is known of the likely effects of climate change
on health in the UK and we recommend that an expanded research programme should be put
in hand as a matter of urgency.

2. The current review of evidence has been based on data provided by the UK Climate Impacts
Programme (UKCIP).These data have been invaluable and the staff of the UKCIP have played
an important part in the work of the Group. We do not seek here to summarise the work of
the UKCIP - this has been presented elsewhere. The climate scenarios produced by UKCIP
for the UK in the 2020s, 2050s and 2080s have been used and the implications of the changes
in the UK climate indicated in these scenarios have been considered. It is clear that climate in
the UK is changing and will continue to change: UK winters will become less cold but wetter,
summers will become warmer and probably drier in some places. Whilst the overall frequency
of gales may not change greatly, the frequency of severe winter gales is likely to increase and
this, in combination with an increase in sea level may cause severe flooding in low lying coastal
areas. We note, with concern, the difficulties inherent in predicting changes in the UK climate
and recognise the possibility of non-linearities in the pattern of climate change. For example,
melting of the Antarctic ice cap or a significant change in the thermohaline circulation of the
oceans could produce profound eftects. We accept however, that such events though possible,
are unlikely, and have excluded them from our analysis. It is understood that should conditions
change and such events become probable, this analysis will need to be revised.

3. In considering ways of approaching our task three approaches were identitied:
[ the use of spatial analogues;

[ the use of predictive modelling (involving both biological and empirical-statistical
models); and

[ the use of expert judgement.

4. Spatial analogues seemed particularly appropriate when considering possible changes in the
prevalence of vector-borne diseases. Modelling was used, for example, in dealing with the
effects of climate change on levels of air pollutants and their effects on health. Expert
judgement was applied throughout.

5. Inlooking at the relationship between temperature and health, we have considered the eftects
of both cold and hot weather. The UK has the highest cold weather excess mortality in
Europe, with an estimated 60 000-80 000 cold-related deaths. The determinants of this excess



and the contributory role of temperature per se have not yet been fully quantified.
Nevertheless, assuming that temperature plays an important role in mortality, we estimate that
by the year 2050 excess cold weather deaths will have declined significantly, perhaps by 20 000
per year. This estimation assumes that other social and material conditions do not change. We
also estimate that heat-related deaths occurring in the summer will increase from about 800
to around 2800 per year. A significant increase in hospital admissions is also likely. We caution
against comparing the estimated reduction in cold related deaths with the increase in summer
deaths, since the mechanism and time-frame by which temperature affects health differ
between cold and warm weather.

Cases of food poisoning in the UK that are linked to warm weather have been increasing
rapidly. This increase is likely to continue, and perhaps accelerate, as summer temperatures rise.
An increase of about 10 000 cases each year by 2050 is estimated: clearly worrying even when
seen against the background of the approximately 100 000 cases that currently occur each year.
However such an increase is not inevitable, indeed, it may be largely preventable if effective
measures are adopted. This is a theme that runs through this report: early and appropriate
action may mitigate many of the effects on health of climate change.

Much has been written about the possible effects of climate change on the prevalence of
vector-borne diseases in the UK. We have focused on malaria and tick-borne diseases
including Lyme disease and encephalitis. By 2050 the climate of the UK may be such that
indigenous malaria could become re-established, but this is unlikely to present a major
problem. Local outbreaks of malaria caused by Plasmodium vivax may occur in the UK and
precautions should be taken by those living in low lying salt-marsh districts to avoid mosquito
bites. The picture in other countries is less encouraging and significant changes in the global
distribution of malaria caused by Plasmodium falciparum are likely to affect travellers returning
from abroad. This particularly dangerous form of malaria is unlikely to become established in
the UK due to conditions being unsuitable for the breeding and survival of the particular
species of mosquito that can act as its vector. While more contact with ticks is likely, predictions
of a significant increase in tick-borne diseases in the UK are not well founded. The risk of tick-
borne encephalitis, now significant in parts of Europe, is likely to decrease.

The UK has an excellent reputation for providing safe drinking water and good sanitation.
This record and the measures upon which it is based are likely to prevent a significant increase
in water-borne diseases as the UK climate changes. Cholera and typhoid, for example, are most
unlikely to become problems in the UK. Outbreaks of disease caused by the protozoal
organisms of the cryptosporidium group do, however, occur. Oocysts of these organisms can
survive current methods of water treatment and this has been addressed in new regulations.
Algal growths and algal blooms may increase and closer monitoring of water used for
recreational purposes may be necessary. The overall impact of such changes is likely to be small.
Whilst drought may well continue to be a major problem in many parts of the world its effect
on health in the UK is expected to be small. The use of alternative sources of water for
drinking during periods of drought may present problems and increased monitoring and
treatment of supplies may be needed.

The likely increase in occurrence of severe winter gales is a cause for concern. Deaths during
severe gales are commonplace, as are severe injuries. These reflect people being simply blown
over, being struck by flying debris or being crushed by falling trees or collapsing buildings. The
likely loss of electrical power supplies during severe storms adds very significantly to these
problems. Recommendations are therefore made for improved inspection of buildings,
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particularly hospitals, and a re-examination of building standards. Better forecasting of gales
and better design and more frequent exercising of disaster plans may well help to mitigate the
worst effects.

Attention is drawn to the considerable amount of original material in this report that deals
with windstorms and the risk of coastal and riverine flooding. There seems little doubt that
the risk of severe flooding of coastal areas is likely to increase as a result of rising sea levels and
increased storm surges. Flooding that spreads inland from coastal areas may be catastrophic
though we recognise there is a lack of development in the field of predicting both the
probability of, and the risks likely to be attendant upon, such events. This should be addressed
as a matter of urgency. Dealing with severe floods that leave perhaps tens of thousands of
people temporarily homeless will always be difficult. Good forecasting and planning are of
critical importance.

In general, levels of air pollution in the UK are falling and will continue to fall for some time.
This decline, coupled with climate change, is likely to lead to a decline in air pollution-related
deaths and illnesses. It is likely, however, that a small increase in levels of tropospheric ozone
will occur and that associated deaths and episodes of illness will increase. Estimates of the
effects are summarised in the table shown below.

Summary of effects on health of changes in levels of air pollutants likely to be
associated with climate change

Pollutant Year 2020 Year 2050 Year 2080

Particles Large decrease Large decrease Large decrease

Ozone (no threshold) Large increase (by about Large increase (by about Large increase (by about
10%) 20%) 40%)

Ozone (threshold) Small increase Small increase Small increase

Nitrogen dioxide Small decrease Small decrease Small decrease

Sulphur dioxide Large decrease Large decrease Large decrease

12. At the same time as the UK climate is changing, emissions of chemicals are reducing levels of

13.

ozone in the stratosphere and penetration of ultraviolet (UV) radiation from the sun to the
earth’s surface is increasing. Warmer summers may well lead to increased outdoor activity and
certainly to an increased risk of exposure to UV radiation. An increase in skin cancer and eye
damage will follow unless steps are taken to limit exposure. Our estimates of the extent of the
likely increase in these conditions are predicated upon the achievement of commitments made
in the Montreal Convention and the subsequent Copenhagen Amendments to reduce the
production of chemicals that damage the ozone layer. However, if current world levels of
emissions remain at today’s levels, the UK could expect 30 000 extra cases of skin cancer each
year by 2050. If, on the other hand, the commitments of the Copenhagen Amendments are
met then this could be reduced to 5000 extra cases per year. We estimate that 2000 excess cases
of cataract may also occur each year by 2050. Measures to prevent a large part of such increases
are possible through the use of sun screening creams, broad brimmed hats and the limitation
of exposure.

Many countries, including the UK, are making efforts to reduce emissions of greenhouse gases
and so limit the extent of climate change. Some of the UKCIP climate scenarios for later this
century take these into account. Measures to reduce emissions may also have secondary and
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beneficial effects on health. Reduced traffic speeds have been shown to reduce road accidents.
A decreased dependence on motor transport could encourage walking and the use of bicycles
which would also improve health. Efforts to improve insulation of houses may contribute to a
decline in cases of cold-related deaths and illness. However, such benefits will need to be
considered in light of possible deteriorations in indoor air quality resulting from decreased
ventilation.

In conclusion, we have considered the likely eftects of climate change on health in the UK.
We acknowledge that there are considerable uncertainties relating to these predictions. For the
purposes of this summary we focus on the Medium-High scenario for the 2050s (see Sections
1.2.1 and 1.2.3). More detailed analyses are provided in the following chapters. Briefly, our
conclusions can be summarised as follows:

1 cold-related deaths are likely to decline substantially, by perhaps 20 000 cases pa;
[ heat-related deaths are likely to increase, by about 2000 cases pa;
[ cases of food poisoning are likely to increase significantly, by perhaps 10 000 cases pa;

[ vector-borne diseases may present local problems but the increase in their overall impact
is likely to be small;

[ water-borne diseases may increase but, again, the overall impact is likely to be small;

[ the risk of major disasters caused by severe winter gales and coastal flooding is likely to
increase significantly;

[ in general, the effects of air pollutants on health are likely to decline but the effects of
ozone during the summer are likely to increase: several thousand extra deaths and a similar
number of hospital admissions may occur each year;

[ cases of skin cancer are likely to increase by perhaps 5000 cases per year and cataracts by
2000 cases per year;

[d measures taken to reduce the rate of climate change by reducing greenhouse gas emissions
could produce secondary beneficial effects on health.

When the preparation of this report began we were asked to advise on the implications for the
NHS of the eftects of climate change on health in the UK. Given the uncertainties
surrounding our estimates of likely effects on health, such advice is particularly difficult.
However, in general terms and given adequate planning and resources, the NHS should cope
well with the impact of climate change on health in the UK. An exception to this perhaps
optimistic conclusion is provided by the possibility of major coastal flooding on a scale not
seen in the UK since 1953. Should such an event occur, and climate change may well increase
the risk of such an event occurring, local NHS resources would be likely to be overwhelmed.

We wish to emphasise that many of the possible effects of climate change on health in the UK
discussed in this report may be reduced by research and planning. A list of recommendations
is provided that, if adopted, would prevent a significant part of the effects described in this
report.

10



1 INTRODUCTION

Professor A] McMichael' and Ms RS Kovats®
" Australian National University, National Centre for Epidemiology and Population Health
? London School of Hygiene and Tropical Medicine, Department of Epidemiology and Population Health

In recent years there has been a marked increase in research activity directed at better
understanding of the links between climate variability, climate change and health. Climate change
could potentially affect a range of geophysical, ecological and socio-economic systems which
influence human health. Effects may be mediated through a short and direct chain of causation
such as increased mortality from heatwaves, but other effects, particularly those mediated through
changes in ecosystems or socio-economic circumstances, may be complex and require
multidisciplinary research in order to advance understanding. It is also important to acknowledge
that climate change is not occurring in isolation but in the context of other large-scale societal and
environmental changes such as changes in land use, biodiversity, urbanisation and economic growth
or decline. These may also affect patterns of health and disease, both directly and via their influence
on climate change and society’s responses.

The growing awareness of the prospect of climate change has stimulated several assessments of its
likely impacts on human population health. In particular, the United Nation’s Intergovernmental
Panel on Climate Change (IPCC) has comprehensively reviewed the scientific literature on this
topic in the Third Assessment Report (IPCC, 2001 WGII Chapter 9)'. A comprehensive assessment
of the health impacts of climate change has been undertaken by a Task Group convened by the
WHO, the World Meteorological Organization (WMO) and the United Nations Environment
Programme (UNEP)”. The potential impact of climate change on human health has been identified
as one of the priorities for action at the recent European Third Ministerial Conference on
Environment and Health (London, June 1999)°. The primary recommendation in relation to
climate change submitted jointly by the European Science Foundation, WHO and the EC was “to
improve the epidemiological and mechanistic science base and develop predictive methods for the
assessment of future health risks of human-induced climate change and increased exposure to UV
radiation”.

Countries that are signatories to the United Nations Framework Convention on Climate Change
(UNFCCCQ), including the United Kingdom, are obliged to undertake national assessments of the
impacts of climate change. Few countries have conducted reviews of the potential health impacts
of climate change*'. The Canadian Global Change Programme (CGCP), set up in 1992, also had a
wider remit to identify and prioritise research themes in health sciences related to global change’.
Within Europe, national impact assessments, which cover various sectors (e.g. agriculture, industry)
have been published for most countries. The US Government has recently completed “The US

National Assessment Potential Consequences of Climate Variability and Change™.

On the formal research front, very few resources have been allocated to climate/health research.
This is beginning to change in the UK, as evidenced by the joint funding support by the Medical
Research Council (MRC) and the Natural Environment Research Council (NERC) for
competitive research proposals on environment and health, including climate variability, climate
change and health. The then Department of the Environment, Transport and the Regions (DETR)
has also funded, during 1998-2001, multidisciplinary research linking projected global climate

11



change scenarios from the Hadley Centre to modelled health outcomes. Government agencies and
research institutions in the US have taken a more proactive approach to research funding than those

in Europe.

The modest targets for greenhouse gas emissions agreed in Kyoto under the UN Convention on
Climate Change are likely to have little eftect on the projected rises in temperature within the next
50 years. As we are already therefore committed to climate change, societies will need to adapt in
order to minimise the adverse effects on health and social well-being. A shortcoming of many
climate change impact assessments has been the superficial treatment of the adaptive capacities and
options of diverse populations. The WHO-European Centre on Environment and Health working
group on the early implications of climate change for human health has identified the need to
strengthen surveillance in Europe for climate-sensitive diseases as a priority’. This will facilitate
obtaining better data about changes in disease as they occur and to improve our understanding of
climate/disease relationships and adaptation to climate change.

12
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1.1 The Relationship of the Health Effects Report with the UK
Climate Impacts Programme

Dr M McKenzie-Hedger and Ms M Gawith
UK Climate Impacts Programme

This study on the Health Effects of Climate Change in the UK, which is led by the Department
of Health, will also have the status of a sectoral study within the UK Climate Impacts Programme
(UKCIP). Through this Programme it has already been possible to make links to other work on
the impacts of climate change in the UK and it is hoped this process can be further developed.
Cross-sectoral, integrated research is necessary for two reasons: the impacts of climate change will
trigger a cascade of eftects across sectoral, regional and national boundaries; and the ability of one
sector to adapt to climate change impacts may be constrained by the competing demands of
another. Experience in operating the UKCIP has found that health issues attract considerable
attention across a range of stakeholders.

UKCIP is part of the ongoing research strategy on climate change of the Department for the
Environment, Food and Rural Affairs (DEFRA) which has the lead within Government on the
broad climate change issue. UKCIP’s establishment specifically followed the second report in 1996
of the UK Climate Change Impacts Review Group which was a sectoral assessment by experts
based on the HadCM1 climate model. DEFRA decided that a stakeholder-led integrated
assessment would be the most appropriate next stage. A detailed scoping study by a team of experts
identified the structure' and approach with first priority studies - UKCIP was funded by DEFR A
from 1997. UKCIP is charged with coordinating and integrating stakeholder-led assessments on
the impacts of climate change in the UK at a regional and national level. The bottom-up,
stakeholder-led structure of UKCIP has attracted considerable international interest as an
innovative methodology.  Links have been established with other national coordinated
programmes, including the USA, Canada and the Caribbean region.

At the heart of UKCIP is a core Programme Office. The Programme is advised by a Steering

Committee comprising representatives of key Government Departments, public agencies, the

private sector and Non-Government Organisations. A Science Panel oversees the integrity of the

work and a User Panel enables stakeholders to interact directly. There are also now a number of
steering committees for projects operating within the Programme.

The Programme currently has no direct funds of its own to undertake research, so works largely

in a ‘bottom-up’ mode, supporting organisations - the “stakeholders” - to initiate studies which

assess their own vulnerability to climate change and work out their adaptation responses. The
conceptual framework is of modular studies, which can be used to prepare an integrated national
assessment. Integration will be achieved principally through:

[ the common use of core data sets and scenarios;

[ development of networks of funders and researchers;

4 developing and applying specific methodologies.

Underpinning products for the programme in the form of Technical Reports are separately funded

by DEFRA:

[ Report on climate change scenarios® (see the presentation of the UKCIP98 scenarios in
Sections 1.2.1 and 1.2.3 which are then used in several chapters). A new set of scenarios is
being prepared for Spring 2002.

[ An analysis of socio-economic scenarios’ - a study intended to provide baseline socio-
economic scenarios for the UK was completed in 2001 and may be of use in next stages of
health research.
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[ Risk, uncertainty and decision-making - this work has been undertaken by consultants with
the assistance of the Environment Agency (EA) and is intended to provide guidance to policy-
makers on how they can plan for climate change without complete information. The report

will be published in 2002.

[ Costing the impacts of climate change - the purpose of this study is to develop appropriate
methodologies that non-economists can use to perform ‘desk-top’ climate change costing
analyses at a local/regional scale, disaggregated by sector. Technical and summary reports will

be published in 2002.
Studies within the Programme fall into two major groups, sub-UK (or regional) studies and
sectoral studies. The sub-UK studies have all briefly covered health issues. This report is expected
to provide inputs for developing methods and approaches at a sub-UK level in future UKCIP
studies. So far the following studies are underway or completed:

Sub-UK/regional studies

A Scotland - report launched in December 1999, funded by the Scottish Executive?;

[ A scoping study for Wales was completed in February 2000, funded by the National Assembly
for Wales®;

d A scoping study for the North West England was completed in December 1998, funded by a
regional consortium of local government, the regional Government Office, NGOs, and the
EA®%;

[ A scoping study for South East England was completed in November 1999, funded by an
intra-regional consortium of local government, the regional Government Office, NGOs, the
EA and Country Life magazine’. A regional co-ordinator has now been appointed to take
forward climate impacts work in the region;

[ A major conference for South West England took place in October 1999 and a scoping study
is now planned;

[ A regional scoping study was completed for the East Midlands of England in mid-2000%, with
an initial assessment underway in the West Midlands;

A conference on climate impacts on the North East of England was held in May 2001;

4 A scoping study is underway in Yorkshire and Humberside commenced in Autumn 2001; and

[ A London scoping study is at inception.

In view of the great interest in the health issue from the perspective of public awareness, most

studies examined the impacts on health for their areas. The methods used involved interpretation

of existing climate change/health studies by the teams of consultants (which did not include health
experts). All regions:

[ Anticipated reductions in winter deaths;

(d  Did not view health as a critical climate impacts issue for their region;

[ Saw health as integral to other issues (water quality; housing quality; provision of and access to
health care services; changes in exposure owing to lifestyle changes); and

[ Called for further research into the subject.
The Wales scoping study concluded that human health will be affected, but that impacts will be
minor compared with other factors affecting future health, and reduced winter mortality would
not be offset by a rise in summer mortality due to asthma, water-borne and insect-borne diseases
and skin cancer. A sectoral evaluation of the severity of climate change impacts in Wales
consequently ranked health as 1 on a scale of 1-5 (5 = high impact) owing to projected reductions
in overall mortality.
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Delegates at the Climatic Challenge Conference in the south west of England concluded that the
region could be particularly vulnerable to certain health impacts, particularly:

[ Extreme high temperatures, owing to its elderly population and high number of visitors during
the height of summer when heatwaves are most likely to occur and:

[ Lyme disease which could become more common in the region as lifestyle changes may
increase exposure to carriers of the disease.

It was thought that the public health and socio-economic infrastructure within south west England
would probably be able to cope with adverse effects on health but that further research into the
issue was needed.

Health was identified as a sector likely to benefit from climate change in the north west England
scoping study.’

Sectoral studies

In addition to this health study, a small number of detailed sectoral studies have been completed.
UKCIP is supporting these studies, infer alia, through the acquisition of datasets and dissemination
of results. The following studies may produce outputs and develop methods which may be of use
in taking forward research on health impacts.

[ Biodiversity - two studies have been completed: The DEFR A-funded Biodiversity Review’
was a scoping study which used a literature review and expert judgement to determine the
implications of climate change for nature conservation policy in the UK. Another quantitative
modelling exercise, the MONARCH project (Modelling Natural Resource Response to
Climate Change), was led by specialised agencies and NGOs and published in 2001". A
second phase is now underway. Possible links could be developed with studies on vector borne
diseases.

(d  Built environment - a major initiative was launched in Autumn 2001with the Engineering and
Physical Sciences Research Council (EPSRC) and UKCIP to fund research into the impacts
of climate change on the built environment over the next three years.

(d  Other sectoral studies currently underway are: a scoping study on the impacts of climate
change on gardens, led by the Royal Horticultural Society and National Trust; an assessment
of impacts on the marine environment, to be completed in 2005; and a study on climate
change impacts on water demand (CC:DEW).

[ One of the priority studies identified from the original scoping study for UKCIP was the need
for integrated assessments of impacts of climate change on the water sector. To develop
methodologies a major study (REGIS) was funded by DEFRA and UKWIR® (the research
arm of the privatised water industry) for two years looking at four sectors (water, land use,
biodiversity and coasts) in two regions (East Anglia and North West England), which was
completed in summer 2001. Data gathering on extreme events and floods for this project
informed the work in Sections 4.5 and 4.6 of this report.

[d  The results of the first three years of the Programme are presented in a report published in
June 2000". This report also gives consideration to the next stages of UKCIP.
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1.2 What is Happening to Global Climate and Why?

Dr M Hulme', Dr G Jenkins’, Dr N Brooks', Ms D Cresswell’, Dr R Doherty’,
My C Durman’, Dr | Gregory’, Dr ] Lowe® and Dr T Osborn’
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Climatic Research Unit, School of Environmental Sciences, University of East Anglia

Summary

[ The climate of the UK is now warmer than it has been in at least 350 years. The average
temperature during the 1990s was 0.5°C higher than that during the period 1961-1990.

[ Current understanding would suggest that the rate of future warming in the UK is likely to
accelerate. Average temperatures by the 2050s are likely to be between 0.8° and 2.3°C warmer
than the 1961-1990 average.

[ This continued warming is likely to lead to a number of changes to UK climate. Among these
will be more frequent and more intense summer heatwaves, less severely cold winter weather
and an increased risk of winter river floods.

The changing global climate

Evidence for the warming of our planet over the last 200 years is now overwhelming'. This is seen
not only in climate observations, but also in physical and biological indicators of environmental
change, such as retreating glaciers and longer growing seasons. It is also becoming increasingly clear
that human activities have contributed to this warming®. It is likely that the climate during the next
hundred years will be the warmest that human society has experienced. The rate of climate change
is unprecedented in human history and may bring significant risks for human health.

On longer, geological time-scales the climate of our planet has obviously changed by very
substantial amounts. The evidence for this comes from ice cores, deep-sea sediments and
continental records. Over Antarctica, for example, estimates suggest that regional temperatures have
fluctuated by 10°C or more over glacial and inter-glacial cycles. These cycle lengths are typically
between 20,000 and 100,000 years. Globally, these temperature fluctuations have been perhaps half
this amount. Changes in the past have also been quite rapid, at least on some occasions. It is thought
possible, for example, that about 12,000 years ago temperatures around the North Atlantic Basin
may have fluctuated by between 5° and 10°C over a period of only a few decades, although it is
not clear that planetary temperature has fluctuated as rapidly as this. While these historical
fluctuations in regional and global climate have been large, and possibly rapid, they occurred either
before humans had evolved to their present status, or else before the beginnings of civilised human
societies. It is hardly valid therefore to draw inferences from these past climate changes about the
likely significance of future climate change; they hardly provide a useful analogue for the present
and future impacts of climate change on twenty-first century society.

For the last millennium, recent work® has established the first reconstructions of northern
hemisphere surface air temperature, based on a combination of tree-ring, ice core, coral and
historical documentary evidence (Figure 1.1). While the uncertainty of this series increases further
back in time, the data indicate relatively cool centuries between 1600 and 1900, they highlight the
effect of large volcanic eruptions in cooling the planet in certain years (e.g. 1601), and clearly
suggest that the observed twentieth century warming has been most unusual. The year 1998 was
probably the warmest of the last millennium.
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Figure 1.1

Record of Northern Hemisphere mean summer surface air temperature
(1000AD to 1998AD) reconstructed using pales-data and expressed as
deviations from the 1961-1990 average of 20.5°C (observed data shown in red)
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Figure 1.2

Record of annual global mean surface air temperature (1856—-1998)
expressed as deviations from the 1961-1990 average of about 14°C. The
smooth curves show the trend line (bold) and associated error margins
(shading and thin line)
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Instrumental climate data allow us to monitor more accurately the changing global mean air
temperature since 1856. These data show a global warming at the surface of between 0.4°and
0.8°C, with the six warmest years all occurring in the last decade (Figure 1.2). For the majority of
land areas the recent warming has been greater at night than during the day, partly reflecting
increased cloudiness over land. The warming has been greater over land than sea. Data series are
much shorter for upper air temperatures, but radiosonde measurements taken since the 1960s
suggest that the lower stratosphere has been cooling at a rate of about 0.5°C/decade.

The human influence on climate

Why should the surface of the planet have warmed in such a way, while the lower stratosphere has
cooled? Global climate can vary naturally, due both to what is called ‘internal variability” within
the climate system and to changes in external forcing unrelated to human activities - for example,
changes in the sun’s radiation or volcanic activity. Recent climate model experiments show that
these natural causes of global temperature variability cannot, on their own, explain the observed
surface warming and stratospheric cooling’. When these experiments are repeated with rising
historic concentrations of greenhouse gases and shifting distributions of sulphate aerosols, much
better agreement between observed and modelled global patterns of surface and stratospheric
temperature change is achieved. Although the precise contribution of human activities to global
warming cannot yet be stated with confidence, it is clear that the planet would not be warming as
rapidly if humans were not currently emitting several billion tonnes of carbon into the atmosphere
each year. The IPCC concluded in their Third Assessment Report in 2001 that “...most of the
observed warming over the last 50 vyears is likely to have been due to the increase in greenhouse gas
concentrations” .

Possible future climates and sea-level rise

Given that humans are likely to be implicated in the cause of global warming, and recognising that
the potential consequences of a rapidly warming climate for natural and human systems are great,
it becomes important to estimate the possible range of future climates we will experience over
future decades and centuries. Fundamental to this exercise are estimates of future greenhouse gas
emissions, whether from energy, industrial or land-use sources. Of particular importance are
estimates of future carbon dioxide emissions, the greenhouse gas that alone causes about 60 per
cent of the human-induced greenhouse effect. Recent calculations® suggest that, given the range
of possible future emissions, the current 1999 CO, concentration of about 370 parts per million
volume (ppmv) will rise by 2100 to between 550 ppmv and 830 ppmv. These concentrations
compare with concentrations before the industrial age of only about 280 ppmv.

What effect will this increase in carbon dioxide and other greenhouse gas concentrations have on
global climate? This depends largely on how sensitive the Earth’s climate is to rising greenhouse
gas concentrations*. By combining a range of choices for climate sensitivity with the range of
possible future emissions, a range of future changes in global temperature and sea level can be
calculated. The annual global-mean surface air temperature over the period 1961-1990 was about
14°C and this has already risen to 14.3°C during the 1990s. Models predict that the planetary
temperature will reach between 15.3" and 18.6°C by 2100, representing rates of change of between
0.1° and 0.4°C per decade. This compares with a global warming rate of 0.15°C per decade since
the 1970s and of about 0.05°C per decade since the late nineteenth century. By comparison, the

* The climate sensitivity is defined as the change in global mean temperature that would ultimately be reached
following a doubling of carbon dioxide concentration in the atmosphere (e.g. from 275 ppmv to 550 ppmv). The
Intergovernmental Panel on Climate Change (IPCC) have always reported the likely range for this quantity to be
between 1.5° and 4.5°C, with a central estimate of 2.5°C.
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planetary surface air temperature is estimated to have reached only between 15.0°C and 15.5°C
during the last interglacial, warm, period 125 000 years ago.

One of the most striking consequences of a warming climate will be the rise in global mean sea
level. Observed sea-level has risen by between 10 and 25 c¢cm over the last century, reaching its
highest level during the 1997/1998 El Nifio event, and recent calculations suggest a future rise of
between 22 cm and 124 ¢cm by 2100 compared with average 1961-1990 conditions. The largest
contribution to this sea-level rise comes from the expansion of warmer ocean waters, while
melting land glaciers contribute up to 20 per cent.

Mitigating climate change and adapting to its effects

How much of this anticipated climate change can be averted by reducing greenhouse gas
emissions? The short answer is ‘some, but not much’. For example, under the terms of the Kyoto
Protocol, signed in 1997 but not yet ratified, greenhouse gas emissions from industrialised countries
have to fall to 5.2 per cent below their 1990 levels by 2010°. This target, if achieved in isolation,
would reduce future global warming by at most 0.2°C’. Of course, post-Kyoto targets will be
needed to achieve a greater reduction in the global warming rate. For example, Figure 1.3 shows
the effect on global temperature of stabilising CO, concentrations in the atmosphere at either 750
ppmv or 550 ppmv, relative to an unmitigated emissions scenario that is similar to the UKCIP
Medium-High scenario (see below). Even under the 550 ppmv scenario global temperature
continues to rise through the twenty-second century before eventually stabilising at just more than
2°C warmer than present day.

Given this prospect of future climate change it is important that our climate change management
strategy includes efforts both to mitigate climate change (pursuing options for emissions
reductions) and to adapt to some of the more inevitable consequences (designing our resource and
management systems to cope with changing climate and emerging climate change impacts). To
pursue both these objectives, and especially the latter, it is important that we understand some of
the possible health impacts of climate change in order to be better prepared to take any early
actions that will be needed to safeguard public health.

1.2.1 What are climate change scenarios?

Climate change scenarios present coherent, systematic and internally-consistent descriptions of
changing climates. These scenarios are typically used as inputs into climate change vulnerability,
impact or adaptation assessments, but are used in many different ways by many different individuals
or organisations. Some studies may require only semi-quantitative descriptions of future climates,
perhaps as part of a scoping study. Others may need quantification of a range of future climates,
perhaps with explicit probabilities attached, as part of a risk assessment exercise. Others may require
information for very specific geographical areas. There is also a range of time horizons that may be
considered relevant, depending on the type of decision to be made. Water companies may be
concerned with operating conditions over the near-term (10-20 years), while coastal engineers or
those making decisions about investments in forestry, may need to consider longer-term horizons.

Climate change scenarios are most commonly constructed using results from global climate model
(GCM) experiments. These model experiments provide fairly detailed descriptions of future
climate change that can be used to inform vulnerability and adaptation assessments. GCM-based
scenarios, however, are uncertain descriptions of future climate for a number of reasons®.
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Figure 1.3

Effect on global temperature of stabilising CO, concentrations in the
atmosphere at 750 ppmv or 500 ppmy, relative to an unmitigated emissions
scenario that is similar to the UKCIP Medium-High scenario
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A fundamental source of uncertainty in describing future climate originates from the unknown
world future. How will global greenhouse gas emissions change in the future? Will we continue to
be dominated by a carbon-intense energy system? What environmental regulation may be
introduced to control such emissions? Different answers to these questions can lead to a wide range
of possible emissions scenarios. Since any climate change GCM experiment has to choose an
emissions scenario, different choices can lead to quite diftferent predicted climate outcomes. The
main modelling uncertainties in climate change prediction stem from different values of the
climate sensitivity of the climate models and from the contrasting behaviour of different climate
models in their simulation of regional climate change.These latter differences are largely a function
of the different schemes employed to represent important processes in the atmosphere and ocean
(known as parameterisations) and the relatively coarse resolutions of the models. In the Hadley
Centre GCM, for example, the UK land area is represented by just four gridboxes, making it
impossible to differentiate between the climate change predicted for, say, the Lake District and
Merseyside or for the Wash and the Thames Estuary.

For these two reasons - unknown future emissions and uncertainties in climate modelling -
together with the current unpredictability of natural climate variations, it is preferable to talk about
future climate change scenarios rather than future climate predictions. The climate scenarios used
in this report are based on those published in 1998 for the UK Climate Impacts Programme - the
so-called UKCIP98 scenarios’. These scenarios rely largely on two sets of GCM experiments
completed by the Hadley Centre during 1995 and 1996.These experiments were undertaken using
a coupled ocean-atmosphere GCM called HadCM2". This model has been extensively analysed
and validated and represents one of the leading global climate models in the world. These
UKCIP98 scenarios have been widely used in UK climate impacts assessments over the last 3 years
and it is therefore appropriate to base this current report on these same scenarios. A new set of
national UK climate-change scenarios are to be launched by the government during April 2002 -
the UKCIPO2 scenarios - and these will be based on new, higher resolution modelling work
completed by the Hadley Centre and reflect new developments in the science of climate change
as reported in the Third Assessment Report of the IPCC. Obviously, these new scenarios have not
been used in any impacts assessments to date, although in qualitative terms the changes in climate
for the UK in the UKCIP02 scenarios are broadly similar to those reported in UKCIP98.

Although GCMs provide the most credible basis for constructing climate change scenarios, it is
important to make some comments about the use of spatial analogue climates. Spatial analogue
climates have generally been used in one of two ways in climate scenario and impact studies: 1) as
a means of generating a climate scenario for a region, and i1) as a means of considering the sort of
impacts climate change may induce in a region. We will comment briefly on each of these in turn.

When using spatial analogues to construct climate scenarios, the contemporary climate of a
geographically distant location is used as an analogue for the future climate of the target location.
The analogue region is usually identified simply on the basis of the assumed future change in
annual mean temperature at the target location. Thus the climate of southwest England by 2050
may be said to resemble the present climate of the Bordeaux region in France following a 2°C
warming, simply because Bordeaux is presently about 2°C warmer than southwest England. This
approach to climate scenario construction is seriously flawed since climate cannot be transposed in
space simply on the basis of an annual mean temperature. For example, the seasonal and
multivariate character of climate at a location is intimately bound up with the local topography
and land surface characteristics and cannot be captured by annual mean temperature.
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The second use of spatial analogues to identify possible impacts has more legitimacy. Here,
multivariate future climate scenarios for the target location are derived using GCM results for a
given time period.The question is then asked, “Where, at the present time, are there climates similar
to those the target location will experience in the future?’. Lessons may then be learned from these
derived analogue regions about the range of climate-dependent ecosystems, diseases, etc. that the
target location may experience in the future. As long as this search for analogue climates uses
multivariate techniques for climate matching - for example, by matching the annual range of
temperature, precipitation seasonality, humidity regimes - rather than just the annual mean
temperature, then this use of analogue regions may have some value. It should be noted, however,
that their approach says nothing about the rates of change, nor the ability of species to migrate.
This latter approach to analogue climates is further discussed in Sections 3.2 and 4.3 with regard
to particular health applications.

Given these difficulties in making firm predictions about future climate, how should we proceed?
Should we try to make the ‘best’ judgement or most likely estimate of future greenhouse gas
emissions, employing the ‘best’ model available and then create the ‘best’ estimate of future climate
change? This is the sort of approach that leads to a ‘best guess’ or ‘business-as-usual’ climate
scenario. Alternatively do we consider a wide range of emissions scenarios and climate modelling
uncertainties to try and capture a wide range of possible climate outcomes for a region like the
UK? In this case it is necessary to judge where the important extremes in the range of possibilities
lie, but still keep the number of resulting climate scenarios to a manageable number. The approach
adopted in the UKCIP98 scenarios was to present four alternative scenarios of climate change for
the UK spanning a ‘reasonable’ range of possible future climates. Some of the key assumptions
behind the UKCIP98 climate scenarios are listed in Box 1.1. The future changes in climate
described here are based on these UKCIP98 scenarios, paying particular attention to the period of
the 2050s for all four scenarios and for all three time periods - 2020s, 2050s and 2080s - to the
Medium-High scenario. We also include a number of additional analyses that did not appear in the
original UKCIP98 scenario report. Section 1.2.2 below is concerned with recent observed trends
in UK climate; the ranges of future global and UK climate changes are described in Sections 1.2.3
and 1.2.4. Finally, Section 1.2.5 discusses the main sources of uncertainty in climate predictions.
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Box 1.1: The UKCIP98 Climate Scenario Assumptions

d  Since no single climate-change scenario can adequately capture the range of possible climate
futures, four alternative climate scenarios for the UK are presented - Low, Medium-Low,
Medium-High and High.

[ This range of scenarios derives from different values for the climate sensitivity, from different
future levels of anthropogenic forcing of the climate system, and from difterent global climate
models. The range adopted is consistent with the IPCC Second Assessment Report.

(d  The scenarios result from future changes in greenhouse gases alone. Changes in natural forcing
factors such as volcanoes or solar variability are not considered; neither are changes in the
concentration or distribution of sulphate aerosols created by human emissions of sulphur
dioxide. The effects of sulphate aerosols on climate are highly uncertain, in addition to which
their effects are likely to be transitory and of diminishing magnitude, especially over the UK.

[ Three future time periods are considered: the 2020s, the 2050s and the 2080s.

d The Medium-High scenario is used widely, but not exclusively, in this report, since more
climate model simulations and analyses have been completed under its assumptions than for
the other scenarios. The Medium-High scenario assumes a future increase of 1% per annum
in greenhouse gas concentrations. This 1s regarded as a convenient assumption regarding the
outcome of future anthropogenic emissions rather than as a ‘best-guess’ outcome. Where
possible, the alternative UKCIP scenarios - Low, Medium-Low and High - are also used for
the 2050s period.

d It is assumed that Global Climate Model results have meaning at the scale of individual
gridboxes (typically 300-400 km), but we generally do not attempt to interpret these results
on smaller scales.

1.2.2 Observed trends in UK climate

Following the transition from a glacial to an inter-glacial world - a transition that took perhaps
from about 15,000 to 10,000 years ago to be fully complete - the average temperature of the UK,
when estimated for periods of 50 years or more, has fluctuated by no more than about £1°C. For
example, the period from 1650 to 1700 - the so-called ‘Little Ice Age’ - was no more than 1°C
cooler than the twentieth century average. Associated with these small fluctuations in temperature
have been fluctuations in rainfall amount and seasonality, although these changes are harder to
reconstruct in quantitative terms from proxy evidence, like peat bogs and tree rings, than are those
for temperature.

For the last three and a half centuries in the UK we can be rather more certain about the extent
of climate variability and change. The UK possesses some of the longest instrumental climate time
series in the world, the longest being the Central England Temperature series' which extends back
to 1659 and is homogenous since 1772. This presents a unique opportunity to examine climate
variability in the UK on long time scales based on observational data. It would be advantageous if
these long time series could be treated as describing purely natural climate variability, thus enabling
better identification of the level of human-induced climate change that is truly significant. This
may not be a correct interpretation, however, since, at least during the 20th century, human forcing
of the climate system has been occurring through increased atmospheric concentrations of
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greenhouse gases. A more probable interpretation of these long instrumental data series, therefore,
is that they illustrate a mixture of natural climate variability and human-induced climate change,
with the contribution of the latter increasing over time.

It is nevertheless very instructive, before future climate change scenarios are examined, to look
back and appreciate the level of climate variability that the UK has been subject to in recent
generations. This will give us a background for examining year-to-year, decade-to-decade and even
century-to-century variations in relevant climate indices. It is within this history of past climate
that the British environment, economy and society, including our health management system, has
evolved and to which it has in some measure adapted. Just as future climate change can only be
sensibly interpreted against a background of observed climate variability, so too the impacts of
future climate change for the UK can only be properly evaluated in the context of environmental
and societal adaptation to past climate variability.

Changing temperatures

The annual values of the Central England Temperature (CET) series are plotted in Figure 1.4,
together with a version smoothed with a 100-year filter to emphasise the century time-scale
trends. From the CET data, three observations are emphasised. First, there has been a warming of
UK climate* since the seventeenth century. A linear trend fitted through the time series suggests a
warming of about 0.8°C over three hundred years and of about 0.6°C during the twentieth
century. Second, this warming has been greater in winter (1.1°C) than in summer (0.2°C). Third,
the cluster of warm years at the end of the record means that the last decade, 1990 to 1999, has
been the warmest in the entire series, with four of the five warmest years since 1659 occurring in
this short period.

The CET series can also be used to examine changes in daily temperature extremes, although only
since 1772". Figure 1.5 shows the frequencies of ‘hot” and ‘cold’ days in central England over this
period. There has been a marked reduction in the frequency of cold days since the eighteenth
century particularly during March and November. The annual total has fallen from between 15 and
20 per year prior to the twentieth century to around 10 per year over most of the twentieth
century. There has been a less perceptible rise in the frequency of hot days, although several recent
years (1976, 1983, 1995 and 1997) have recorded among the highest annual frequencies of such
days. As with annual temperature, the last decade has seen the highest frequency of such days in the
entire series averaging about 7.5 hot days per year, nearly twice the long-term average. The warm
year of 1995 recorded 26 hot days in Central England, the highest total in 225 years of
measurements.

Changing precipitation

There are no comparable long-term trends in annual precipitation, whether over England and
Wales or over Scotland. Variations over thirty-year time scales have, nevertheless, on occasions
exceeded £10 per cent on an annual basis, or over 220 per cent on a seasonal basis. These are quite
large fluctuations in multi-year precipitation and taking such estimates to be the background level
of natural precipitation variability on these time scales has important implications for how water
and other moisture sensitive resources are best managed in the UK. There have been systematic
changes in the seasonality of precipitation, however, with winters becoming wetter and summers
becoming drier (Figure 1.6). This increasingly Mediterranean-like precipitation pattern has been
evident both in Scotland (not shown) and in England and Wales.

* Although the Central England Temperature record is based on measurements in a triangular area bounded by London,
Manchester and Worcester, the year-to-year values are highly correlated with temperature variations over most of the
UK.
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Also noticeable over recent decades has been an increase in the proportion of winter precipitation
falling in the heaviest intensity events (rain and snow storms), a trend that has been noted across
most of the UK". The shift towards higher intensity precipitation in winter has been mirrored by
a shift towards less intense precipitation in summer (Figure 1.7). There have been no coherent
national trends in the precipitation intensity distributions of spring and autumn.

Figure 1.4

Central England temperature annual anomalies (degrees Celsius) for the
period 1659-1999 expressed with respect to the 1961-1990 mean (shown
by horizontal line). The smooth curve emphasises century time-scale
variability
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Figure 1.5

Occurrence of ‘hot’ and ‘cold’ days derived from daily mean temperature in
the CET series from 1772-1999. ‘Hot’ days are with T,... greater than 20°C
and ‘cold’ days are with T,.., below 0°C
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Figure 1.6

The difference between winter and summer precipitation over England and
Wales for 1766-1998. The series is with respect to the 1961-1990 mean
(shown by horizontal line). The smooth curve emphasises thirty year time-

scale variability
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Figure 1.7

1961-1995 trends (fraction per 35 years) in the contribution of precipitation
events falling in each of the 10 amount quantiles to the total winter, spring,
summer and autumn and annual precipitation, after averaging the
contribution time series across all UK stations. Statistically significant
trends at 90% are marked with black dots”
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Changing storminess

The available data on gale frequency over the UK only extend back to 1881 and this series shows
no long-term trend over the 120-year period™. Gale activity is highly variable from year-to-year.
For example, a minimum of two gales occurred in 1985 and a maximum of 29 gales occurred in
1887.The 1961-1990 average is for just over 12 ‘severe gales’ to occur in the UK per year, mostly
in the period November to March. The middle decades of this century were rather less prone to
severe gales than the early and later decades and the highest decadal frequency of ‘severe gales’
(15.4 per year) since the series began in 1881 was recorded during 1988 to 1997.

Changing sea level

A final indicator of trends in UK climate relates to sea-level. Climate warming is anticipated to
lead to a rise in global mean sea level, primarily because of thermal expansion of ocean water and,
secondly, because of land glacier melt. Long-term series of tide-gauge data for a number of
locations around the UK coastline have been analysed”. All of these series indicate a rise in mean
sea level, ranging from 0.7mm/year at Aberdeen to 2.2mm/year at Sheerness. These raw estimates
of sea-level change need adjusting, however, to allow for natural rates of coastline emergence and
submergence resulting from long-term geological readjustments to the last glaciation. The adjusted
net rates of sea-level rise resulting only from changes in ocean volume range from 0.3mm/year at
Newlyn to 1.8mm/year at North Shields. These data provide convincing evidence of a rising ocean
around the UK coastline.

1.2.3 Future changes in global climate

Starting our description of future climate change at the global scale allows us to explore the relative
importance of the two most important factors that affect our estimation of future climate change
over the UK, namely, how will greenhouse gas emissions change in the future and how will climate
respond to this change. The first factor depends upon what assumptions are made about
population, consumption and energy technology, while the second factor depends inter alia upon
the value of the climate sensitivity (Section 1.2). The UKCIP98 scenarios selected four global
warming outcomes (Table 1.1) by combining two difterent greenhouse gas emissions futures with
three different values for the climate sensitivity. The spatial and temporal changes in UK climate
were subsequently related to these four different rates of global warming. None of the UKCIP
analyses considered the modest direct cooling eftect of sulphate aerosols. The four UKCIP98

scenarios were:

[ Low: IS92d emissions scenario with a low (1.5°C) climate sensitivity;

[ Medium-Low: the HaddCM2 GGd experiment (~IS92d emissions and ~2.5°C sensitivity);

d Medium-High: the HadCM2 GGa experiment (~I1S92a emissions and ~2.5°C sensitivity); and
a

High: IS92a emissions scenario with a high (4.5°C) climate sensitivity.
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Table 1.1 Global climate change estimates for three future time-slices for

the four UKCIP98 scenarios.

1980s 1990s 2020s 2050s 2080s

AT AT AT ASL  CO, AT ASL  CO, AT ASL  CO,

degC  degC degC cms ppmv degC cms ppmv  degC cms  ppmv
Low 0.13 0.29 057 7 415 0.89 12 467 1.13 18 515
Medium- 0.13 0.29 098 8 398 1.52 18 443 1.94 29 498
Low
Medium- 0.13 0.29 1.24 12 447 211 25 554 311 41 697
High
High 0.13 0.29 1.38 38 434 2.44 67 528 347 99 637

Note: Changes in global temperature and sea-level are calculated with respect to the 1961-90 mean. The time-slices are
thirty-year means centred on the decades shown. No sulphate acrosol effects have been considered. The data for the 1980s
and 1990s are observed global-mean temperature changes, again calculated with respect to the 1961-90 mean.

ASL: change in sea level

AT: change in temperature

These four scenarios predict global warming by the period 2010-2040 (i.e., the 2020s) by between
0.6° and 1.4°C, a decadal rate of warming of between 0.11° and 0.28°C/decade. The observed rate
of global warming for the last two decades has been about 0.14°C/decade*. By the period 2071-
2100 (i.e., the 2080s), the UKCIP98 scenarios predict a warming range of 1.1°C to 3.5°C. The
global mean sea-level changes and carbon dioxide concentrations associated with the four
UKCIP98 scenarios (Table 1.1) similarly reflect a range of values that may be used in climate
change impacts assessments. Pre-industrial carbon dioxide concentrations (~ 275 ppmv) double by
the 2050s under the Medium-High scenario and the average 1961-90 concentration (~ 334 ppmv)
doubles by the 2080s under this scenario. Changes are more modest for the Low and Medium-
Low scenarios, so that even by the 2080s concentrations remain below double the pre-industrial
level (515 and 498 ppmv respectively). Global mean sea-level rises throughout each scenario, but
the rate of rise varies from about 2 cm per decade for the Low scenario to about 9 cm per decade
for the High scenario.

1.2.4 Future changes in UK climate

This Section presents a summary of climate changes for the UK for the four UKCIP98 scenarios
defined in Section 1.2.3.The change patterns for the Low scenario are derived from the HadCM2
GGd experiment and for the High scenario from the HadCM2 GGa experiment. In each of these
cases, the GCM patterns are scaled by the respective global warming curves to yield magnitudes of
change for the UK consistent with these low (1.1°C warming by the 2080s) and high (3.5°C) rates
of global warming. The patterns of change for the Medium-Low (1.9°C warming by the 2080s)
and Medium-High (3.1°C) scenarios are extracted directly from the respective HadCM2
experiments, GGd and GGa. Climate changes are presented for one of three future thirty-year
periods centred on the 2020s, the 2050s and the 2080s. The climate changes for each of these

* This observed rate of warming is quite consistent with UKCIP98 scenarios, although being calculated over only 30
years of data one should be cautious about over-interpreting the significance of this consistency.
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periods are calculated as the change in thirty-year mean climates with respect to the 1961-1990
average. The 2020s are therefore representative of the period 2010-2039, the 2050s of 2040-2069
and the 2080s of 2070-2099. The changes shown here are those anticipated to result from
greenhouse gas forcing of the climate system under the assumptions discussed in Section 1.2.1.
Natural climate variability (i.e., the noise of the system) will in reality modify these magnitudes
and patterns of change, whether this variability is internally generated or whether it results from
external factors such as solar variability or volcanic eruptions (Section 1.2.5).

Changes in temperature

Figure 1.8 shows the changes in annual-mean temperature for the four UKCIP98 scenarios. For
all scenarios and for all seasons (not shown) there is a northwest to southeast gradient in the
magnitude of the climate warming over the UK, the southeast consistently warming by several
tenths of a degree Celsius more than the northwest. Warming rates vary from about 0.1°C per
decade for the Low scenario to about 0.3°C for the High scenario. Although in general warming
is greater in winter than in summer, this is not always the case. In the Medium-Low scenario for
example, summers over southeast England by the 2080s are 2.4°C warmer than the 1961-1990
average, while winters warm by only 2.0°C. The year-to-year variability of seasonal and annual-
mean temperature also changes. Winter seasonal mean temperatures become less variable (because
of fewer very cold winters), while summer seasonal mean temperatures become more variable
(because of more frequent very hot summers).

The consequences of rising mean temperature and changing interannual temperature variability
are changing probabilities of very hot years (and seasons). Table 1.2 shows the changing
probabilities that the annual mean temperature anomaly experienced in central England in 1997
will be exceeded in the future*. Under all four scenarios, such an annual anomaly becomes much
more frequent, occurring once per decade by the 2020s under the Low scenario and nearly seven
times per decade under the High scenario. By the 2080s, virtually every year is warmer than 1997
in the Medium-High and High scenarios, and between 55 and 90 per cent of years are warmer
than 1997 in the Low and Medium-Low scenarios.

* 1997 was the third warmest year ever recorded in the UK, nearly 1.1°C warmer than the average 1961-1990
temperature.
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Figure 1.8

Change in mean annual temperature (with respect to the 1961-1990 mean)
for thirty-year periods centred on the 2020s, 2050s and 2080s and for the
four UKCIP98 scenarios. Top row: Low scenario, changes are scaled from
the HadCM2 G Gd ensemble-mean. Second row: Medium-Low scenario,
changes are from the HadCM2 G Gd ensemble mean. Bottom row: High
scenario, changes are scaled from the HadCM2 G Ga ensemble mean.
Background fields are interpolated from the full HadCM2 grid, while the
highlighted numbers show the change for each HadCM2 land gridbox over
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Figure 1.9

Cumulative probability distributions of model-simulated daily minimum
(winter) and daily maximum (summer) temperature for Scotland (top row)
and southeast England (bottom row). The blue curve shows the pre-
industrial distribution, the green curve the 1961-1990 distribution and the
red curve the 2080s distribution under the Medium-High scenario
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Table 1.2 Percentage of years in southern UK exceeding an annual-mean
temperature anomaly of +1.06°C above the 1961-1990 mean (i.e., the
observed 1997 annual anomaly for central England) under the four
UKCIP98 scenarios

1961-1990 2020s 2050s 2080s
Low 6 13 26 56
Medium-Low 6 47 74 88
Medium-High 6 59 85 99
High 6 67 89 100

The 1961-90 values are based on model simulations and not on observations

The distribution of daily temperature extremes also changes in the future. Figure 1.9 shows, for the
Medium-High scenario by the 2080s, the new distributions of daily minimum (winter; Figure 1.9
left) and maximum (summer; Figure 1.9 right) temperatures for two regions in the UK. The shapes
of the distributions do not change greatly, but they are all displaced by approximately the mean
seasonal warming expected by the 2080s. Thus for southeast England in winter, the mildest nights
are currently about 12-13°C, but by the 2080s some winter nights reach 15°C. Similarly in summer
over Scotland, the hottest days currently reach between 23-24°C, but by the 2080s some daily
maxima reach 27°C. Some further specific examples of changing probabilities of model-simulated
daily temperature extremes are shown in Table 1.3*.

Table 1.3 Probability of daily temperature extremes for Scotland and SE
England derived from the HadCM2 model for the UKCIP Medium-High
scenario

Winter nights below Summer days above 25°C
freezing
Scotland SE England Scotland SE England
Present: 1961 0.28 0.20 0.00 0.06
-1990
Future: 2080s 0.11 0.07 0.01 0.18

These probabilities are for climate model gridbox regions (~10 000km?) and therefore the absolute probabilities will

differ from those measured at individual stations

* It should be noted that all these quoted temperatures refer to model-simulations; although the relative changes may
be credible, the absolute numbers cited will differ from site observations.
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Changes in these distributions of daily temperature extremes will lead to changed probabilities of
‘hot” and ‘cold’ spells of different duration. Figure 1.10 shows one example for the southern UK
for the Medium-High scenario. This Figure plots the occurrence of hot and cold spells of four or
more consecutive days with daily maximum temperature above one of two thresholds (25°C or
28°C) and with daily minimum temperature below one of two thresholds (-2°C and -6°C). The
effect of climate warming is quite dramatic. During the twentieth century there were on average
1-2 cold spells (-2°C threshold) per winter. After the year 2040, only four such cold spells are
recorded. Conversely for hot spells, less than one hot spell (25°C threshold) per summer was
recorded during the twentieth century, but after 2040 more than two such hot spells are recorded
on average each summer. The increase in hot spell frequency where daily maximum temperatures
are sustained above 28°C is even more noticeable (Figure 1.10). Further work is possible to
examine the changing frequencies of days with high temperature and high humidities.

Figure 1.10

Frequency of ‘hot’ and ‘cold’ spells in southern UK from 1860 to 2099 as
simulated by the HadCM2 model for the Medium-High scenario. Hot spells
are four or more consecutive days with T,... greater than 25°C or 28°C. Cold
spells are four or more consecutive days with T,,, less than -2°C or -6°C
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Changes in precipitation

Figures 1.11 and 1.12 show the per cent changes in total precipitation for winter and summer for
the four scenarios and the future time periods. The patterns of precipitation change are less
consistent between seasons and scenarios than the equivalent temperature changes. Annual (not
shown) and winter precipitation increases for all regions, periods and scenarios, although the
annual increases by the 2080s for the Low and Medium-Low scenarios are very modest at only a
few per cent. Winter precipitation increases are largest and reach 20 per cent or more for the 2080s
in the High scenario. Increases in winter precipitation of this magnitude are certainly significant.
For the summer season, there is a general tendency for drying in the south of the UK and wetting
in the north. These changes are modest, however, and probably only significant in the southeast of
the UK and for the 2080s period in the Medium-High and High scenarios. The other two seasons
(spring and autumn) are not shown here, but autumn displays patterns of change broadly similar
to winter, while precipitation changes in spring are generally very small (not significant).

Despite these contrasting changes in mean seasonal precipitation, all seasons experience an increase
in the year-to-year relative variability of seasonal precipitation throughout the UK. This means that
seasonal precipitation totals will differ from the average level by greater amounts more often in the
future than at present. Two examples of what this may mean for future precipitation anomalies are
shown in Table 1.4. The probability of summers experiencing rainfall deficits of 50 per cent or
more increases very substantially. By the 2080s such dry summers occur once per decade compared
to once per century under modelled present-day climate. In contrast, the probability of successive
dry years - defined as a two-year precipitation deficit of 10 per cent or more - changes little in the
future. By the 2080s, such successive dry years actually becomes less likely because the increased
summer precipitation deficits are more than compensated by increased precipitation in other
seasons. The statistics in Table 1.4 relate to precipitation only and make no allowance for increased
moisture deficits induced by higher evaporation losses. The warming UK climate is likely to lead
to higher evapotranspiration rates. For the Medium-High scenario for example, summer potential
evapotranspiration increases by up to 10 per cent or more over southern UK. Summer droughts,
when defined in terms of precipitation minus evaporation, are likely to become much more
frequent in the future, especially over the southern UK.
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Figure 1.11

Change in winter precipitation (with respect to the 1961-1990 mean) for
thirty-year periods centred on the 2020s, 2050s and 2080s and for the four
UKCIP98 scenarios. Top row: Low scenario, changes are scaled from the
HadCM2 G Gd ensemble-mean. Second row: Medium-Low scenario,
changes are from the HadCM2 G Gd ensemble mean. Bottom row: High
scenario, changes are scaled from the HadCM2 G Ga ensemble mean.
Background fields are interpolated from the full HadCM2 grid, while the
highlighted numbers show the change for each HadCM2 land gridbox over
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Figure 1.12

Change in summer precipitation (with respect to the 1961-1990 mean) for
thirty-year periods centred on the 2020s, 2050s and 2080s and for the four
UKCIP98 scenarios, changes are scaled from the HadCM2 G Gd ensemble
mean. Bottom row: High scenario, changes are scaled from the HadCM2 G
Ga ensemble mean. Background fields are interpolated from the full
HadCM2 grid, while the highlighted numbers show the change for each
HadCM2 land gridbox over the UK
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Table 1.4 Percentage of years experiencing various seasonal precipitation
anomalies across southern UK for present climate (1961-1990) and for
three future thirty-year periods for the Medium-High scenario

1961- 2020s  2050s 2080s
1990

Summer precipitation below 50% of average 1 7 12 19

A 2-year precipitation total below 90% of 12 1 14 6

average

The 1961-1990 values are based on model simulations and not on observations

It was noted in Section 1.2.2 above that the intensity of daily winter precipitation in the UK has
been observed to be increasing over recent years. Increases in the intensity of daily precipitation
over the UK are also a feature of the UKCIP98 climate scenarios, in both winter and summer
seasons. Interestingly, the increase in the intensity of daily summer precipitation occurs despite the
overall reduction in seasonal totals, at least over the southern UK. This future increase in
precipitation intensity, particularly in the winter half-year, is likely to increase the risk of riverine
flooding in various UK catchments. Analysis of the daily precipitation regimes over the UK in the
Hadley Centre Regional Climate Model (RCM)* confirms these increases in precipitation
intensities'®. In the RCM, the most intense daily precipitation events - those events that occur just
1 per cent of the time - increase in frequency by the 2080-2099 period under the Medium-High
scenario by about 50 per cent in summer and by up to 150 per cent in winter.

Changes in storminess

Storminess is measured here in terms of gale frequencies over the UK, these gale frequencies being
derived from large-scale surface atmospheric pressure fields. Changes in the frequencies of three
different categories of gales are shown in Table 1.5 for the Medium-High scenario. For the winter
season, there is a suggestion that overall gale frequencies may decline in the future, although very
severe winter gales may increase. Note that the changing sign of the changes in severe gale
frequencies between the three periods indicates that a clear anthropogenic signal in severe gale
frequencies is not easily detectable from the noise of natural climate variability. Summer gales are
much less frequent (less than two per year) than winter gales and consequently any changes in
summer gale frequencies are likely to be small.

* The RCM operates at a spatial scale of 50km, compared with the GCM (from which the UKCIP98 scenarios were
derived) resolution of about 300km
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Table 1.5 Changes in seasonal gale frequencies over the British Isles for
the 2020s, 2050s and 2080s for the Medium-High scenario shown as per
cent changes from the 1961-1990 mean

1961-1990 2020s 2050s 2080s
Galeslyear %change %change %change
Winter gales 10.9 -1 -9 -5
Winter severe gales 8.5 -1 -10 -5
Winter very severe gales 1.4 +8 -10 +11
Summer gales 1.8 +3 0 +14
Summer severe gales 1.1 0 -2 +15
Summer very severe gales 0.1 +25 -16 +9

The 1961-1990 frequencies are calculated from climate model outputs and not from observations

Related to this analysis of gale frequencies are changes in airflow characteristics over the UK. Three
aspects of airflow are analysed: flow strength, vorticity (i.e., anticyclonic or cyclonic flow) and flow
direction. This analysis suggests a tendency for autumns to experience windier conditions, with a
reduction in northerly and easterly flow and an increase in southwesterly and westerly flow.
Summers become slightly more anticyclonic in character with more westerly and northwesterly
flow, while winter and spring become slightly less anticyclonic. These changes in airflow
characteristics may be important for certain aspects of the UK environment, for example air
pollution levels in cities or episodes of acid deposition.

Possible changes in the frequency of lightning may also be suggested under the Medium-High
UKCIP98 scenario. Lightning frequencies are related to convective thunderstorm activity.
Although lightning frequency is not modelled explicitly in HadCM2, on the basis of sensitivity
experiments performed in other climate modelling centres” and the changes in convective
precipitation estimated by the HadCM2 model, by the 2080s, lightning frequency over the UK for
the Medium-High scenario may increase by about 20 per cent. This conclusion is consistent with
the picture of increasing precipitation intensities that emerged earlier.

Changes in sea-level

Changes in mean sea level around the UK coast will be very similar to the global mean shown in
Table 1.1. Although there will be regional diftferences in the rate of sea-level rise due to climate
change, for the UK region the HadCM2 experiments generate results that for the 2050s are
generally within 2 or 3 cm of the global mean. For the 2050s, for example, sea level rise around
the UK coast is about 10 per cent higher than the global mean.This occurs due to regional changes
in ocean currents and atmospheric pressure that lead to greater rates of thermal expansion and
water accumulation in the northeast Atlantic compared to the global average. What is more
important when evaluating these sea-level changes, however, is to consider natural vertical land
movements and changing storm-surge regimes.
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Vertical land movement (a naturally rising or falling coastline) occurs as a result of isostatic
adjustments. The UK is tilting as a result of such adjustment, so that much of southern UK is
presently sinking and much of northern UK is rising. We show some representative rates for the
UK coastline in Table 1.6, alongside the climate-induced changes in sea level for the 2050s. The
two most extreme regions for vertical land movements are East Anglia, sinking by 9 cm by the
2050s, and western Scotland, rising by 11 c¢cm. Under the lower-estimate scenarios of climate-
induced sea-level rise these natural land movements can be very significant in exacerbating or
reducing the estimated climate-induced change in mean sea level around the UK coast.

Table 1.6 Representative changes in sea level (cms) around the UK coast
by the 2050s due (i) to global climate change only (‘Climate’) and (ii) to the
combined effect of climate and natural land movements (‘Net’)

Low Medium-Low Medium-High High

Climate Net Climate Net Climate Net Climate Net
West Scotland 13 2 20 9 28 17 74 63
East Scotland 13 8 20 15 28 23 74 69
Wales 13 18 20 25 28 33 74 79
English Channel 13 19 20 26 28 34 74 83
East Anglia 13 22 20 29 28 37 74 83

The global-mean climate-induced sea-level changes shown in Table 1.1 are used here, but adjusted by 10 per cent to
account for slightly higher rates of increase around the UK coastline. Changes are with respect to average 1961-1990
levels

A second factor to consider in relation to sea-level rise and coastal flooding risk is the changing
nature of storm surges. A rise in mean sea-level will result in a lower surge height being necessary
to cause a given flood event, leading to an increase in the frequency of coastal flooding. If surge
statistics remain the same in the future this changed flooding risk may be calculated quite simply.
However, surge statistics may change for a number of reasons. The tracks and intensity of mid-
latitude cyclones may change in the future and the formation and evolution of storm surges may
also change, particularly in shallow waters. Recent model analysis* has explored these issues for the
UK coastline and we cite one example for Immingham, on the North Sea coast.

Under current climate and meteorology, a storm surge height of 1.9 m at Immingham is estimated
from models to occur on average once every 500 years. A rise of 50 cm in mean sea level (expected
by about 2090 in the Medium-High scenario), and a simple calculation assuming other factors
remain unchanged, suggests a new return period of about 30 years for the 1.9 m surge. Allowing
for changes in storm activity and surge propagation further reduces the 1.9 m surge return period
to about 12 years, a 50-fold increase in flooding risk by 2090. This same analysis can also be
expressed in terms of the increased height of the 1-in-500 year surge - an increase of 80 cm from
1.9 m to 2.7 m (50 cm due to the background rise in mean sea level and 30 cm due to changed
storm surge statistics). Such potential changes in risk of coastal flooding raises concerns about the
adequacy of our coastal protection infrastructure and our ability to provide early flood warnings.
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1.2.5 Consideration of uncertainties

The future climates of the UK illustrated in this section are modelled scenarios. They are plausible
and self-consistent descriptions of future UK climate, but they originate from different assumptions
about future emissions of greenhouse gases. Furthermore, the transformation of these emissions
into future climate change estimates is itself beset with uncertainty due to the role of other climate
agents and poorly-represented processes in the climate models.

The existence of uncertainties does not imply the absence of knowledge. There are some aspects
of future climate change we may have greater confidence in than others. Although formal levels of
confidence cannot be applied, we judge that we are more confident about future increases in
carbon dioxide concentrations and in mean sea level than we are about increases in storminess or
about more frequent summer droughts. On the other hand the likelihood of rapid, non-linear
changes in regional climate is simply unquantifiable at the present time.

It is worth briefly rehearsing five of the main sources of uncertainty about future climate
prediction since all of these qualify the descriptions of future UK climate summarised here. These
five main sources of uncertainty are:

unknown future greenhouse gas emissions;
natural climate variability;

different responses between different global climate models;

a
a
a
d  poorly resolved regional and local climate changes; and

4 the possibility of abrupt, non-linear changes in the climate system.

Uncertain future greenhouse gas emissions

The UKCIP98 scenarios assume two different future growth rates for greenhouse gas emissions:
1% per annum growth in net atmospheric greenhouse gas concentrations for the High and
Medium-High scenarios and 0.5% per annum growth for the Medium-Low and Low scenarios.
The 1% per annum growth rate approximates the IS92a emissions scenario, which has been widely
used as a standard emissions profile, while the 0.5% per annum growth rate approximates an
emissions profile more like IS92d. The current (1990s) growth rate in net greenhouse gas
concentration is approximately 0.8% per annum. These IS92 emissions scenarios presume that no
intervention occurs and are based on different assumptions about future population and economic
growth and about different energy futures. It is possible of course that future concentration growth
rates may fall outside this range. The new set of emissions scenarios being prepared for the IPCC
Third Assessment Report (the SRES scenarios) also assume non-intervention, and the range of
their greenhouse gas concentration growth rates is from about 0.4% per annum growth to about
1.1%.

Whether or not one sees these different emissions profiles as equally likely, it is clear that the
UKCIP98 Medium-High and Medium-Low scenarios span a reasonable, but not comprehensive,
range of the possible future climate outcomes that are due to different anthropogenic forcing rates.
[t is important, nevertheless, to consider at the very least each of these two emissions futures in an
impact assessment. We have no objective way of assessing which of these two futures, or indeed any
other future one may define, is the more likely".
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The effects of natural climate variability

Other factors that are also not ‘predictable’ will almost certainly affect climate, in particular cooling
due to volcanic dust and both warming and cooling due to the changing energy output of the sun.
However, the effect on climate of even a major volcanic eruption, such as Mt Pinatubo in 1991,
disappears after a few years and so, barring an unusual succession of major energetic eruptions,
modifications due to volcanoes of the climate change scenarios shown here are likely to be small.
Although the direct output of the sun aftects climate, this effect has been small over the past 100
years and there are no indications that these quite modest eftects will change in the future. There
are theories that the sun can affect climate in indirect ways, such as its ability to modify cosmic rays
and, potentially, cloud cover, but these theories remain speculative.

The natural internal variability of the climate system may also modify the climate change scenarios
described here. For example, natural internal climate variability may cause the 30-year average
climates described here to vary in temperature by up to £0.6°C in winter and up to about £0.4°C
in summer and in precipitation by up to about +10% in both summer and winter. This latter result
means that it is possible that for some of our scenarios and for the earlier time periods, natural
precipitation variability may even switch the sign of average seasonal precipitation changes, more

so in summer than in winter.

Uncertainties arising from climate modelling

The UKCIP98 climate scenarios are based on results from the HadCM2 climate model
experiments, results from other GCM experiments were not used. There are several climate
laboratories around the world, however, that perform similar climate experiments to the Hadley
Centre. Different global climate models yield different estimates of regional climate changes,
sometimes quite large differences, and it is difficult to know which are inherently more believable.
For example, a number of other leading global climate models show more rapid annual warming
over the UK compared to the UKCIP98 scenarios, in some cases by almost 0.1°C per decade. For
precipitation, all leading models show an increase in annual and winter precipitation over northern
UK, but differ in their response in the south of the country and in summer. Some models show
more extreme summer drying than the UKCIP98 scenarios and some models show less drying.
Quantifying such differences between models is important if the full range of uncertainty is to be
sampled™.

Obtaining regional scenario information

The climate scenario information for the UK has been depicted at the spatial scale that is resolved
by the HadCM2 climate model, namely 2.5° latitude by 3.75° longitude. This model resolves only
four discrete regions within the UK, roughly describable as ‘Scotland’, the ‘Scottish/English
borders’, “Wales’ and ‘England’. The coarse resolution of global climate models such as HadCM2 is
necessary in order for them to run on even the largest supercomputers but it has a number of
implications for the climate change scenarios derived from them. First, the coarse GCM grid
greatly simplifies the coastline and topography of a country like the UK. For example, the Shetland
Islands do not exist in HadCM2 and the ‘Scotland’ gridbox has a uniform elevation of 221 metres.
These simplifications of geography may alter the larger-scale circulation in the model and make
the modelled response to anthropogenic forcing, even at the GCM resolution, different from
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reality. Second, within each gridbox there is a great deal of heterogeneity in the land cover
characteristics that interact with the atmosphere. This heterogeneity cannot be captured by a GCM
and, again, means that the large-scale modelled response to external forcing is greatly simplified.
Third, and largely because of the first two limitations, within a single GCM gridbox there may in
reality be quite different climate responses to anthropogenic forcing. Thus warming over the east
of Scotland may be different to warming over the west. The UKCIP98 scenarios cited here cannot
discriminate between such local difterences.

This coarse spatial resolution of GCM-based scenarios 1s therefore a limitation in their application
to a range of impact assessments. These assessments may either be quite localised - around a single
river catchment or urban area - or may operate on a national scale, but with a spatial resolution of’
kilometres or tens of kilometres rather than hundreds of kilometres, for example a national land
use classification assessment. Just how much of a limitation this is requires some consideration of
the problem of ‘downscaling’ climate change information. A downscaling analysis for the UK is
beyond the scope of this Report, but it should be noted that more detailed regional climate change
scenarios may modify some of the climate descriptions presented here. For this reason, Regional
Climate Models have been developed with a higher resolution (typically 50km), but extending
over a domain smaller than global (e.g. Europe). They are driven by boundary conditions taken
from a GCM and hence are subject to uncertainties present in the GCM, but they do provide a
much more realistic and detailed representation of current climate and hence give more detailed
regional climate predictions than do GCMs.The new set of national UK scenarios - the UKCIP02
climate-change scenarios - use results from RCM experiments.

Rapid or non-linear climate change

The UKCIP98 climate scenarios have been derived from climate models that include the best
possible representation, consistent with current understanding and computing limitations, of
processes in the atmosphere, ocean and land that will determine climate change. However, we do
not understand the climate system well enough to be able to rule out other outcomes. It has been
suggested, for example, that relatively rapid climate change could occur if the climate system shows

a non-linear response to increased greenhouse gas concentrations.

One example of this would be a change in the thermohaline circulation (THC) of the world’s
oceans. The THC consists of strong ocean currents that transport large amounts of heat around the
world. It has been suggested for some time that a collapse of the THC in the north Atlantic could
cause cooling over northwest Europe. The THC brings warm sub-tropical water into the North
Atlantic and this water loses its heat to the atmosphere, hence keeping northwest Europe, and
particularly the British Isles, warmer than it would otherwise be. A recent model experiment in
which the THC was artificially switched off left the British Isles some 3°C cooler than at present.
It is thought that under certain climate regimes the THC could flip from an ‘on’ state to the colder
‘oft” state. The last time this is believed to have happened in a major way was in the Younger Dryas
era, about 11 000 years ago, when Europe experienced a substantial cooling for a few centuries,
interrupting the general warming coming out of the last ice age. There is also some suggestion that
weaker variations in the THC have occurred more recently, resulting in less dramatic, but still
significant, climate variability on a number of different time scales.

The Hadley Centre model, in common with some others, shows a slow weakening of the THC as
greenhouse gas concentrations increase®. It is important to realise, however, that the slow cooling
due to this effect will only partially offset the general warming from the increases in greenhouse
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gases. The north Atlantic will still warm, but parts will warm at a slower rate than if the THC had
remained constant. A sudden, more dramatic collapse of the THC has not been seen in any
experiment using the most comprehensive climate models. Nevertheless, we must take the
possibility seriously because of the potential major impact of such an event. Large unforced
variations in the THC have been seen in some climate models, albeit less dramatic than those that
occurred during the Younger Dryas, but which still lead to significant climate impacts on the UK.
There are also some model studies that suggest that THC variability becomes larger as a result of
global warming. The likelihood of a major collapse of the THC, and hence a much reduced
warming over the UK or even a cooling, does not appear to be high. At present, however, we have
little no way of assigning even a nominal probability to such an event occurring. For the purposes
of this report this possibility has been ignored.

Another potential non-linearity in the climate system stems from the response of the natural
carbon cycle to human-induced climate change; this factor is not included in the UKCIP climate
scenarios. The Hadley Centre has recently developed a climate model which for the first time
includes an interactive carbon cycle. This shows that human-induced climate change could result
in the dying back of some natural forested areas, with a consequent release of additional carbon
dioxide into the atmosphere. Higher temperatures may also cause soils to give up some of their
stored carbon. Both these factors lead to a substantially higher model-simulated atmospheric
carbon dioxide concentration in the future, and hence to a more rapid climate change. This result
is preliminary, but at least indicates the potential for amplification of climate change via a positive
carbon cycle feedback.

A third area for concern lies in the behaviour of the west Antarctic ice sheet (WAIS). It is possible
that a much more rapid rise in sea level than suggested in our scenarios could occur should the
WAIS disintegrate. The WAIS 1s grounded below sea level and is therefore potentially unstable. If
it were to disintegrate completely, global sea-level would rise by about five metres, possibly over as
short a period as 200 years. This would present major disruption to our coastal regions. Predictions
about the contribution of the WAIS to sea-level rise are difficult and uncertain for at least two
reasons. The first is the complexity of processes determining the stability of the WAIS and the
second 1s the uncertain relationship between changes in accumulation and discharge of ice due to
global warming and the effects of natural millennial-scale trends in climate. The most likely
scenario” appears to be one in which the WAIS contributes relatively little to sea-level rise in the
twentieth century, but over following centuries higher discharge rates from the ice sheet increase
its contribution to sea-level rise to between 50 and 100 cm per century. Furthermore, by the end
of the next century, temperatures may have risen sufficiently for melting of the Greenland ice sheet
to double the rate of global sea-level rise indicated in Section 1.2.3%.
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1.2.6 Research needs

[ There remains a fundamental need to improve our ability to model global climate using global
climate models.

[ A robust range of future climate scenarios should be developed that are derived from regional
climate models and which better represent changes in daily weather extremes.

[ A better understanding of the processes and thresholds that may lead to abrupt, non-linear
changes in the climate system is needed.

1.2.7 Further reading and sources of information

Publications

CCIRG. Review of the potential effects of climate change in the United Kingdom. HMSO,
London, 1996.

Gregory JM and Oerlemans J. Simulated future sea-level rise due to glacier melt based upon
regionally and seasonally resolved temperature changes. Nature 1998; 391: 416-419.

Hadley Centre. Climate change and its impacts: some highlights from the ongoing UK research
programme: a first look at results from the Hadley Centre’s new climate model. The Met
Office/DETR: UK, 1998.

Hadley Centre. Climate change and its impacts: stabilisation of CO, in the atmosphere. The Met
Oftice/DETR: UK, 1999.

Hulme M and Barrow EM, eds. Climates of the British Isles: present, past and future. Routledge:
London, UK, 1997.

Hulme M and Jenkins GJ. Climate change scenarios for the United Kingdom, UKCIP Technical
Note No.1. Climatic Research Unit: Norwich, UK, 1998.

Mitchell JFB and Johns TC. On the modification of global warming by sulfate aerosols. J Climate
1997; 10: 245-267.

Osborn TJ, Hulme M, Jones PD and Basnett T. Observed trends in the daily intensity of United
Kingdom precipitation. Int | Climatol 2000; 20: 347-364.

UKCIP. The UKCIP Brochure. UKCIP: Oxford, 1998.

Wigley TML. The Kyoto Protocol: CO2, CH4 and climate implications. Geophys Res Lett 1998;
25:2285-2288.

Woodworth PL, Tsimplis MN, Flather RA and Shennan I. A review of the trends observed in
British Isles mean sea-level data measured by tide gauges. Geophysical Journal International 1998; 136:
651-670.
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Web sites
The Climate Impacts LINK Project: http://www.cru.uea.ac.uk/link/

The Hadley Centre for Climate Prediction and Research: http://www.met-
office.gov.uk/sec5/sec5pgl.html

The UK Climate Impacts Programme: http://www.ecu.ox.ac.uk/ukcip.html

The British Atmospheric Data Centre (BADC): http://tornado.badc.rl.ac.uk/

The Inter-governmental Panel on Climate Change (IPCC): http://www.ipcc.ch/

The IPCC Data Distribution Centre (DDC): http://ipcc-ddc.cru.uea.ac.uk/

The IPCC Special Report on Emissions Scenarios (SRES): http://sres.ciesin.org/index.html

The LARS Weather Generator: http://www.lars.bbsrc.ac.uk/model/larswe.html

The Tyndall Centre for Climate Change Research: http: //www.tyndall.ac.uk/
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2 PUBLIC PERCEPTION OF THE HEALTH IMPACTS OF
CLIMATE CHANGE

Dr ] Murlis', Dr G Davies’
'Department of Geography, UCL
*Environment & Society Research Unit, UCL

2.1 Introduction

This section covers the health effects of climate change as people perceive them. It summarises
what is known about how well the links between climate change and health are understood and
about public attitudes to climate change as a factor in health. It attempts to set out some of the
questions the different constituencies of the public might have on the subject.

A knowledge of the public perception of the health impacts of climate change is important for a
number of immediately practical reasons:

[  as a measure of the effectiveness of official communication about the topic;

[ as a guide to the questions that Government and scientists will have to answer in dealing with
public concern;

(d as a factor to be considered in setting priorities for research;

[ as an indication of the potential for change in behaviour to address the problem of climate
change; and

[ as a measure of the likely strength of public pressure for political action on climate change.

There is also the prospect that a study of public understanding will reveal lay knowledge that will
contribute to the understanding of the problem and of potential solutions.

There is now a considerable body of information on the broad topic of public understanding of
environmental change, derived from surveys, work in groups and media analysis. Much of this work
has been undertaken to obtain a more rounded understanding of public attitudes towards the
environment for the purposes of developing and implementing environmental policy and
environmental information programmes. The aim has been to describe the shades of opinion across
society, the relationships between expert and lay knowledge of the environment, and to examine
how public appreciation of problems and the desirability of finding solutions could be a basis for
action.

There are broadly two approaches, with a distinction between survey work focused on cognitive
issues of individual understanding' and work in groups exploring cultural and moral dimensions,
aimed at a knowledge of contextual understandings of climate change’.

Studies made of public perceptions of environmental problems therefore include investigations of’
the way in which the issues are understood by difterent sections of society and their evaluation of
and attitude towards them'. The relative importance of environmental issues to other public
concerns has been investigated, as has the degree of public support for action at political,
community and personal levels through risk analysis techniques’.

There are a number of international comparisons which seek to explore difterences between
different societies either through large scale surveys* or in-depth work with small groups’.
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Since we now live in highly pluralist societies a single unique ‘public attitude’ or ‘opinion’ on any
specific environmental issue is unlikely, although some societies display a more developed
consensus than others. In general, the different constituencies of the public (referred to frequently
in the literature simply as ‘publics’) must be expected each to present a spectrum of opinion.
Similarly it can be expected that there will be considerable differences between the most
commonly held views of the different publics. There is, therefore, an issue about the general
relevance of work done on public perception, even where the results are taken from a sample
chosen to represent a cross section of the wider public in a particular society.

There is also a question about the degree to which perception should be translated into a
propensity for action. Where surveys suggest support for particular official positions or policy
initiatives, does this continue to apply even where the consequences might be problematic at an

individual level?*¢7

Despite these methodological issues, several broad common themes have emerged from the work
on public perception of the environment. This section aims to describe some of these themes as
they apply to the specific issue of health and climate change.

However, within the study of public understanding of the environment, the problem of health
impacts of climate change is highly specific and there is little work available. The principle route
into the topic is therefore through a combination of work on the broader issues of climate change
and health and the environment.

2.2 Public Understanding of Climate Change

There is a large amount of published work on public understanding of climate change. Much of
it derives from interest in the cognitive or psychological processes by which people make sense of
the risk associated with climate change®. There is also work on the understandings people acquire
from the representations of the climate change as shown, for example in the media’. There are a
few studies of the way in which the understanding reached is embedded in (and affected by) the
broader notions of citizenship and individual and institutional responsibility in different societies®.
The following is an attempt to summarise the broad themes that emerge from this work.

There is considerable consensus amongst investigators that the problem of global warming is now
understood by lay publics as a reality and as an issue of concern within society. It tends to dominate
discussions of global environmental problems. However, most studies suggest that global warming
is no longer peoples’ main social or environmental concern; crime and unemployment commonly
rank above the environment' and of environmental concerns, air pollution and toxic waste are
generally perceived as more pressing than climate change™.

Studies also show that people have a strong tendency to use ‘global warming’ as a catch-all phrase,
so that the problems of stratospheric ozone depletion and air pollution in general often become
included within it". There is also evidence that there is a tendency to confuse climate and
weather'”. Some investigators believe this to be driven, at least in part, by the media treatment of
recent episodes of severe weather. It is widely recognised that there are cycles of media attention
and that these have a powerful role in influencing the type and framing of issues within the public
arena for debate". Environmental issues, including global environmental change, are subject to
these cycles of attention' and where periods of higher media attention to environmental issues
coincide with particular catastrophic events or risk issues, these are often conflated in both the
framing strategies of the media and in lay discussions.

51



Apart from increased incidence of severe weather, people may attribute changed agricultural yield,
species extinction and health effects to climate change; the health impact is seen largely in terms
of an increase in skin cancer'. When environmental issues are framed as health concerns any gender
variation in the perception of risk tends to disappear”.

People’s perception of the responsibility for action seems diffuse. There is wide understanding that
pollution from energy conversion and industry is the prime cause of climate change, but few
people make the link between their own energy consumption and greenhouse gas emissions. This
is a common finding in studies of public understanding of climate change: the failure to link global
impacts to the personal action of individuals'.

Studies of public reaction to environmental risk issues suggest a considerable mistrust of
governments companies or experts. However, there seems to be a strong belief that governments
should take the lead in resolving environmental problems'. This is linked to feelings of lack of
personal efficacy identified above, as well as the social desire for institutional accountability.

There appears to be a moderate degree of trust in the ability of experts to address climate change
effectively, more so than in their ability to address other key concerns such as crime or traffic
accidents. However, there is less confidence in expert ability to address climate change than
environmental pollution in general or health risks such as AIDS or heart disease™.

Studies of perception between different societies suggest that the patterns described above are
broadly repeated, though with diftfering emphasis. A comparative study of public understanding in
the UK and the Netherlands, for example, found that the mistrust of claims of safety was
particularly pronounced in the UK. The citizens of the Netherlands had a firmer ‘social contract’
with their government and institutions, and seemed more willing to accept change’.

2.3 Public Perspectives on Environment and Health

At a local scale, people routinely include issues of health in their evaluations of their environment.
In particular, the main issue associated with traffic pollution is that it is a threat to health".

Perceived risk to health seems to be a major factor in determining whether or not individuals will
take environmental action'. Studies of claims made by campaigning groups and the media suggest
that such groups tend to focus on the health aspects of environmental issues, probably because these
make a powerful and direct appeal to the individual, motivating people politically but without
making an overtly party political point®.

Experience in the United Kingdom suggests that the most effective campaigns for both non-
government organisations (NGOs) and government are those where health effects can most
directly be linked to environmental pollution in public perception. The unleaded petrol campaign
in the UK was driven by the health impacts of exposure to lead. In Germany the leading issue was
that unleaded petrol was essential for the introduction of new vehicle technology (catalytic
converters) to reduce other pollutants from petrol driven vehicles. This was translated into action
in the two countries in different ways.

In Germany there was political and individual support for the Federal German Government
campaign in Europe for stringent emission standards, but little interest in unleaded petrol as an issue
in its own right. In the UK the Government ran an aggressive campaign to promote unleaded
petrol with vigorous NGO and public support, but failed to elicit much enthusiasm from the
public for the campaign on vehicle emission standards.
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2.4 Health and the Global Environment

The main focus of public concern at a global level seems to be the belief that the stratospheric
ozone layer will be affected by global warming, with the threat of increasing levels of skin cancer'.
This is interesting in itself as it suggests that the link between the ozone layer and health has been
established, even in countries like the UK with generally low levels of sun. There seems therefore
to be no intrinsic reason why an issue of global concern cannot be linked to local health impacts.

Despite the considerable volume of published and well publicised work on health impacts of
climate change, there are few studies which have explored the detailed public understanding,
beyond the general appreciation that there may be health effects mostly linked to skin cancer.
However, it is likely that the issue will enter the public domain more forcefully following the
publication of this report. As the debate moves from scientific and policy circles to the public arena
an explosion of contested understandings and competing claims can be expected. There will then
be a vigorous public debate with the potential for a more informed discussion of public health in
a changing climate. There will also be an opportunity to study public understanding of the specific
health issues likely to arise as climate changes.

2.5 Conclusions

Despite considerable public awareness of climate change there is little evidence to indicate whether
there is good understanding of it health impacts. Such evidence as there is tends to the conclusion
that public understanding conflates climate change with the depletion of the stratospheric ozone

layer and thus skin cancer.

There is, however, the prospect that the connection between climate change and health, once
established by the public, will invigorate the debate on the scale and nature of action to be taken.
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3 METHODS TO ASSESS THE EFFECTS OF CLIMATE
CHANGE ON HEALTH

Professor A] McMichael', Professor A Haines® and Ms RS Kovats’®
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’London School of Hygiene and Tropical Medicine, Department of Epidemiology and Population Health

Summary

[ A variety of methods are required to assess the potential impacts of climate change on human
health, including: spatial analogue studies, predictive modelling (biological models or
empirical-statistical models) and expert judgement.

(d  Climate impact and adaptation assessments should incorporate the following steps: selecting
the most appropriate climate and socio-economic scenarios; validation and calibration of
models; description of sources of uncertainty; sensitivity analyses; and the evaluation of
adaptation strategies and autonomous adjustments.

[ Itis difficult to detect any impacts of climate change on health outcomes in the UK at present.
Monitoring of health indicators, including enhanced surveillance of diseases sensitive to
climate, needs to be developed in order to detect and respond to impacts.

3.1 Introduction

The assessment of health outcomes in relation to climate change is a complex task due to three
distinctive features:

[ the large spatial scale (i.e. national, regional or global);

4 the long temporal scale (20-100 years);

d  the level of complexity in the systems being studied. This type of health risk assessment must
accommodate the multiple uncertainties from environmental and social changes that aftect

health.

The assessment of the health impacts of climate change refers predominantly to processes that are
likely to occur over future decades.We are committed to making forecasts by estimating how future
environmental scenarios will affect health'. We must rely on current knowledge and theory - even
though we cannot be sure of the extent of their applicability to future, and uncertain, climate,
environmental and social conditions. Because of the multifactorial nature of disease, assessing the
role of climate as a single factor involved in disease occurrence requires careful analysis. On the
global scale, factors such as population density, availability of food, sanitation, and the quality and
accessibility of health care, as well as the level of economic development, must all be considered.
For the UK, the increasing number of elderly people and other changes in vulnerable populations
need to be addressed. Understanding the capacity of a population to adapt to new climate
conditions is also essential in order to achieve a more realistic assessment of the potential health
impacts of climate change®’.
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The IPCC* has developed guidelines for climate impact assessments in order to ensure

standardisation across sectors and disciplines”’. Figure 3.1 illustrates the various steps that are

required in impact and adaptation assessment following the current paradigm of a “top-down”

scenario based approach. The assessment of adaptation (i.e. responses to the impacts of climate

change) is often neglected in such assessments.

There is an acknowledged need to develop improved methods for estimating the health impacts of

climate change’. The scenario-based modelling approach is clearly limited by the lack of data, the

lack of models and the complexity of human disease (see below). Therefore, assessments have also

addressed current vulnerability to climate variability. For example, the US national assessment®,

addressed the following questions:

[d What are the current environmental stresses and issues for the United States that will form a
backdrop for potential additional impacts of climate change?

d How might climate variability and change exacerbate or ameliorate existing problems?

d What are the priority research and information needs that should be addressed so policy
makers can be better prepared to reach wise decisions related to climate variability and change?

[ What research is the most important to complete over the short term? Over the long term?

[ What coping options exist that can build resilience into current environmental stresses, and
also possibly lessen the impacts of climate change?

Figure 3.1

Steps in climate impact and adaptation assessment?

| 1. Problem definition |

| 2. Selec; 'method |<—

y
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method

|

| 4. Select scenarios |

l

| 5. Assess impacts |
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autonomous | —
adjustments

|

7. Evaluate
adaptation
strategies

* Inter-governmental Panel on Climate Change
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The UK Climate Impacts Programme (UKCIP) is developing a stakeholder-led approach to
climate impact assessments in the UK by bringing organisations in the public and private sectors
together to undertake sectoral- and regional-based impact assessments within an integrated
national framework (Section 1.1). UKCIP is based on two main premises. First, that climate
impacts research driven by stakeholders will provide information which meets their needs for
planning how to adapt to climate change. Second, that by providing an integrative framework
within which studies are undertaken, individual sectors will obtain a more realistic assessment of
climate change impacts’. The conceptual framework is one of modular studies that can be used to
prepare an integrated national assessment. Integration is achieved principally through the use of
common datasets and scenarios; development of networks of funders and researchers and
development and application of specific methodologies.

The integrated approach to climate impacts assessment is important, as climate impacts are likely
to transcend ‘sectoral’ or regional boundaries, with impacts in one sector affecting the capacity of
another sector, or region, to respond". This is particularly true of health issues, which are inherently
complex and affected by broader social and environmental changes. The magnitude of health
impacts experienced will depend, for instance, on impacts on water resources management,
transport, and coastal and flood plain infrastructure, as well as the responses to these impacts.
UKCIP experience is also revealing that many stakeholders are using the health issue to stimulate
awareness of climate change and to promote research into its wider impacts, an approach which is
facilitated by the integrated framework of the UKCIP. By integrating results of modular studies
UKCIP seeks to provide information that will enable appropriate adaptation strategies to be
developed to take account of impacts and interactions across sectors and regions. The assessments
will also be used to strategically inform Government policy on the need to mitigate and adapt to
climate change.

3.2 Methods available for estimating the effects of climate
change on health

There are several methods available to assess future risks to population health from climate change
(Table 3.1):

[ using (partial) analogue studies that foreshadow future (projected) aspects of climate change;

[ using early evidence of changes in health status due to observed climate change, especially in
climate-sensitive, early-responding, health phenomena;

[ using existing empirical knowledge and theory to conduct predictive modelling (or other
integrated assessment) of likely future health outcomes.
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Table 3.1 Methods used to forecast future health impacts of climate change™

Methodology Measurement

Function

Analogue Qualitative or
studies quantitative

Describe basic climate/health relationship, e.g.
correlation of interannual variation in malaria incidence
with minimum November temperature

Analogue of a warming trend, e.g. association of changes
in malaria incidence in highland areas with a trend in
temperature

Impacts of extreme event, e.g. assessment of mortality
associated with a heatwave

Geographical analogue, e.g. comparison of vector
activity in two locations, the second location having a
climate today that is similar to that forecast for the first
location

Early eftects Empirical

Analysis of relationships between trends in climate and
indicators of altered health risk (e.g. mosquito range) or
health status (e.g. heat-attributable mortality)

Predictive Empirical-
models statistical models

Process-based /
biological models

Integrated
assessment models

Extrapolation of climate/disease relationship in time
(e.g. monthly temperature and food-poisoning in a
population) to estimate change in temperature-related
cases under future climate change

Extrapolation of mapped climate/disease (or vector)
relationship in time and space to estimate change of
distribution of disease (or vector) with future change in
climate

Models derived from accepted theory. Can be applied
universally, e.g. vector-borne disease risk forecasting with
model based on vectorial capacity

Comprehensive linkage of models: ‘vertical linkage in
the causal chain and ‘horizontal’ linkage for feedbacks
and adaptation/adjustments, and the influences of other
factors (population growth, urbanisation, and trade). e.g.
modelling the impact of climate change on agricultural
yield, and hence on food supplies and the risk of hunger

When selecting the methods, several factors needed to be considered such as the scale of the

‘exposure’ unit and of the ‘effects’. One of the major problems of estimating future impacts is the

mis-match between the spatial and temporal scale of environmental factors that affect health (e.g.

local concentrations of air pollutants, focal vector distributions) and scenarios of future climate

change (global climate model grid boxes). It is important to distinguish between long-term climate

change and short-term meteorological change, including daily, monthly, or interannual variability

and extreme events. Many health outcomes are sensitive to short-term meteorological extremes

such as heavy rainfall or high temperatures but are not likely to be significantly affected by long-

term, incremental, climate change, unless these same meteorological extremes also change in

frequency or character.
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3.2.1 Analogue studies

Knowledge of the relationship between climate and health outcomes is a prerequisite to any formal
attempt to forecast how future climate change is likely to aftfect human health. We can assume that
some aspects of the future will be similar to the present or past and, by analogy, current or past
impacts of climate on health will be relevant in the future. However, some major impacts or
climate-change induced ‘surprises’ cannot be foreseen, such as emerging diseases or rapid climate
change (Section 1.2.5).

There are two approaches to the use of analogues. The first uses situations that simulate anticipated
aspects of future climate change that can be considered as a type of climate change ‘scenario’. The
second approach looks at impacts associated with an ‘analogue’ situation.

There are three basic types of analogue studies™
[ historical trends (e.g. local warming trend, decreases in precipitation);
[ historical events (e.g. extreme weather events, floods, drought); and

[ cross-sectional spatial analogues (e.g. one current location, X, is compared with another
current location,Y, the present climate conditions of which are deemed analogous to the future
conditions of X).

Recent trends in the UK climate may provide an opportunity to look for associated changes in the
incidence of climate-sensitive diseases. It is important that several levels of evidence are addressed
before a causal relationship between observed climate change and changes in health outcome is
inferred. However, because health outcomes over a long period of time are likely to be significantly
affected by non-climate factors (e.g. changes in reporting) it is difficult to attribute unequivocally
any changes in health outcomes to observed climate change.

Studies of the impacts of extreme weather events on health have focused primarily on the
mortality associated with weather-related disasters. Extreme events in the UK can be linked with
loss of life and long-term psycho-social impacts (Sections 4.5 and 4.6). The study of the
consequences of heatwaves for health is of relevance because they are likely to increase in
frequency under conditions of climate warming (Section 4.1).

Assessments of the health impacts of climate variability can provide useful information about
climate-health relationships. Climate variability occurs on a variety of timescales, from days
(synoptic) to months (seasonal) to interannual (sometimes driven in the UK by the North Atlantic
Oscillation) to decadal. Many studies have now shown correlations between outbreaks of diseases
such as malaria or dengue and El Nifio and La Nifia years'?. However, the use of a cyclical event
such as El Nifio as an analogue for future, long-term climate change is not straightforward and,
further, UK climate is not significantly affected by El Nifio.

The use of spatial analogues is discussed in more detail in Section 1.2.1. Such analogues can
sometimes be used to explore the effect of a change in climate on vector species. An example of a
spatial analogue is used in Section 4.3 to investigate the impact of climate change on vector-borne
diseases.
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3.2.2. Has climate change already had an impact on health in the UK?

The UK has experienced an increase in average annual and seasonal temperatures this century
(Section 1.2.2). There is good evidence that this warming has affected natural ecosystems by
influencing patterns of plant growth and distribution” and changes in the distribution and
behaviour of animal species’. Changes in the northern limit of the pathogen-transmitting
European tick, Ixodes ricinus, over the last two decades have recently been attributed to observed
warming in Sweden".

With respect to health outcomes attributable to observed climate change, the debate has primarily
focused on malaria in the highlands of Africa, as well as recent well-publicised vector-borne disease
outbreaks in the US. There is a particular problem with detecting the influence of long-term

climate change in health outcome data™

. This is for two main reasons. First, there is large
interannual variability in most health outcomes. Second, the past 10-20 years have seen changes in
factors that are not climate related that would affect health outcomes in the UK, including:
improved reporting of disease incidence, improved detection, changes in health care, changes in
treatment, and changes in exposures not related to climate. For example, improvements in case
detection and reporting are primarily responsible for the observed increases in the number of cases

of Lyme disease in the UK (Section 4.3).

The time frame of the emergence of the health impacts of climate change depends on several
factors'.

[ The delay that exists between environmental event and onset of ill-health, which ranges from
almost zero (storm-induced injury for example), to weeks or months (vector-borne
infections), to years and to decades (UV-related skin cancers).

[ Factors influencing ‘detectability’, given that a change really does occur. The extent and quality
of information and variability in the background or pre-existing level of disease must be
considered. The detection and attribution of health impacts of climate change will depend on:

- sensitivity of the response to climate change;
- threshold eftects; and
- sensitivity of response to non-climate (e.g. confounding) factors.

There is a need for monitoring systems to be created in order to detect the early impacts of climate
change on health.'*"" It 1s likely that the first detectable changes will be changes in the geographic
range (latitude and altitude) of certain vector-borne infectious diseases and/or in the seasonality of
these diseases. For example, summer-time food-borne infections (e.g. salmonellosis) may show
longer-lasting annual peaks. If extreme weather events (e.g. heatwaves, floods) become more, or
less, severe, then it would be possible to detect changes in the magnitude of health impacts
associated with such events. There has been no research to date that demonstrates an impact of
climate change on health in the UK.

3.2.3 Predictive modelling of global climate change and health

Modelling is often used by epidemiologists in the analysis of empirical data, for example, to gain
insights into the underlying dynamics of observed infectious disease epidemics such as HIV. Dose-
response relationships derived from epidemiological studies have been used to estimate the
attributable burden of disease. The estimation of the future health impacts of projected scenarios
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of climate change poses some particular challenges, both because of the complexity of the task and
the difficulties in validating the model against relevant historical data-sets and calibrating it against
external observations. There are several well-recognised limitations and drawbacks of predictive
models® which include:

4 the high level of aggregation (spatial and temporal);

4 the limited possibilities for data-based validation;

[ the limitations of pre-existing knowledge; and

[ the necessary simplifications in the specification of the model.

There are three main approaches to the predictive modelling of climate change and health:
empirical-statistical models, process-based or biological models, and integrated models (Table 3.1).
The choice of model depends on several factors, such as the purpose of the study and the type of
data available. The process-based approach is ideal but such models are difficult to develop. The
statistical approach is considered second best but is easier to do in the absence of full information.
Integrated assessment models use any or all of these methods to forecast the potential impact of
global climate change and other major environmental changes (e.g. population growth,
urbanisation) and policy responses upon human health.

Empirical-statistical models

These models are based on statistical models fitted to explain the observed short-term (daily to
annual) relationships between meteorological variables and health (or health-related) outcomes.
They may range from applying simple indices of risk to using complex multivariate models which
combine important environmental factors that affect the risk to health. Thus, these models
extrapolate from a climate-related (usually temperature-related) dose-response relationship derived
by observations or experiment. Where these models are based on good empirical observations they
can be useful in assessing the health impact of climate change. Examples of such models are used
in Sections 4.1 and 4.2.

A major consideration when using health models is whether confounding has been adequately
addressed. Methods of regression analysis are used for studying the effects of environmental
exposures (e.g. air pollutants, temperature) on daily counts of mortality where any seasonal eftects
are treated as confounders and are removed. A further consideration is their limited ability to
predict the effect of climatic events that are outside the range of present-day climate variability’.
An important criticism of these types of model is that they do not supply information on the
mechanisms of the climate-health interaction.

The complex spatial dimension of environmental exposures can now also be addressed using
Geographic Information Systems (GIS) and other technologies. Empirical-statistical models are
used to map changes in vector species or even disease distribution. Environmental data can be used
to identify factors that are predictive for vector distributions, principally meteorological variables
and vegetation indices from satellite data. Such analyses have been conducted for ticks, tsetse flies,

and mosquitoes'

. Spatial analysis of vector habitats, in combination with demographic and other
data, can establish the geographic patterns for risk of human infection. Such combinations of spatial
data can become very complex, and new spatial-statistical tools are being developed as spatial

analytic techniques evolve. Models incorporating a range of meteorological variables have been
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developed to describe a specific ‘bioclimate envelope’ for a particular vector or pest species (this
method 1s applied in Section 4.3 to estimate the impact of climate change on malaria and tick-
borne encephalitis distribution). However, there is sometimes a lack of suitable historical
health/vector data over sufficient geographical distribution that can be used to validate these
models.

Process-based or biological models

Process-based or biological models are based on established relationships between environmental
variables and disease-relevant biological factors. Such models incorporate mechanistic insights into
the underlying processes and are assumed to apply universally. Much climate/health research has
been focused on the process-based modelling that has been done in relation to future climatic

influences on the global distribution of malaria and dengue®'*.

Classical epidemiological models of infectious disease use the basic reproduction rate, R, defined
as the number of new cases of a disease that will arise from one current case when introduced into
a non-immune host population during a single transmission cycle”. With respect to vector-borne
diseases, the basic biological relations between temperature and the extrinsic incubation period of
the infectious agent have been determined by field studies and laboratory research. The process-
based model, by incorporating these equations and thus summarising the relevant processes, can
then be used to simulate health outcomes in response to specified climate scenario inputs. One of
the major criticisms for these models is the lack of full information, as only part of the R,
relationship is modelled”. Further, the global vector-borne disease models show the spatial
distribution of relative risk into the future, compared to the present day risk, but without addressing
any disease control measures. Thus large changes in risk are indicated at the fringes of transmission
where the absolute present risk changes from a very low baseline. This can be misleading as it does
not relate to the absolute level of disease risk.

The validation of the global models using historical data is an important part of the modelling
process. Therefore there is need to develop regional and local models that can be validated as well
and which would incorporate important local factors that affect disease transmission.

Integrated assessment modelling

Integrated assessment modelling is the combination of several models that describe quantitatively
the cause-effect relationship (vertical integration), and cross-linkages such as feedbacks and
adaptation or adjustments (horizontal integration). Typical integrated assessments models (IAM)
include the output of a global climate model (GCM), linked to first- and second-order impacts
models, as well as the driving greenhouse gas emissions scenarios which are generated by energy-
economic models. IAMs are considered to be the most comprehensive treatment of the
interactions between scenarios of climate change and society. [AMs address impacts across different
sectors and across different regions. They are a very useful tool of decision-making, in particular,
for questions relating to mitigation policies and what amount of climate change can be ‘tolerated’.

The major advantages of using more fully integrated assessment models are:

[ the linkage of a rich variety of modules which permits exploration of relationships and
development of new concepts;

[d the inclusion of interactions and feedback mechanisms; and

[ the enhanced communication between scientists of many disciplines, and between scientists

and decision-makers*.
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The major disadvantage is that, as yet, health impacts have not been incorporated into such models,
although a malaria/dengue model is included as one of the impacts in the TAR GETS model”.

3.3 Use of scenarios

The climate change scenarios used for this assessment have been described in Sections 1.2.1-1.2.5
One of the major difficulties in using scenarios for health impact assessment is spatial scale, as GCM
scenarios are provided at a coarse geographical and temporal resolution. Downscaling is the
method by which the output of a GCM is made more specific, using additional local or regional
topographic and meteorological information. It has not been possible to employ any downscaling
in this assessment due to limited resources.

It is important to specify the baseline when undertaking an impacts assessment. Often it is implied
that the current situation is the baseline. For some health conditions it is difficult to get accurate
incidence or prevalence data and, therefore, assumptions about the use of baseline information must
be made clear. The baseline should not only include climate but also social, environmental and
health conditions and how they change over time. Some global and regional socio-economic
scenarios have been developed which include projections of population growth and economic
development over the next 100 years. National socio-economic scenarios have also been developed
for the UK.

Climate change scenarios are typically presented for 3 time slices (the 2020s, 2050s and 2080s),
which may not be appropriate for planning in many sectors. Health service managers typically plan
only 5-10 years in advance and this should be considered when designing health impact and
adaptation assessments.

3.4 Uncertainty analysis

A number of factors contributes to uncertainty in forecasting future impacts (Figure 3.2). It is
therefore recommended that this uncertainty is disaggregated in this assessment. The IPCC has
developed formal methods to look at uncertainty, such as assigning levels of confidence to
particular statements.

Sources of uncertainty include:

future climate change itself (Section 1.2.5);

climate-biological relationships upon which health depends, e.g. vector-ecology;
climate-human health relationships;

problems with predictability due to stochastic behaviour in the system;

uncertainties due to simplifications in models; and

U o oU dJdd

future socio-economic change and adaptation, including human behaviour.

Confidence intervals are used in classical empirical epidemiology but it may not be possible to
provide these for the results of scenario-based health risk assessment. However, it is important to
specify the likely range of uncertainty and the magnitude and direction of error.
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Figure 3.2

Sources of uncertainty in climate health impact and adaptation assessment*
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3.5 Adaptation

It is likely that decision makers will respond to the impacts of climate change. Such responses may
lead to adaptation by a range of mechanisms. An important part of the assessment is the description
of vulnerability, specifically the identification of vulnerable groups in order to target adaptation
strategies.

Active adaptation i.e. that which is not spontaneous, requires decision-making. New policies
should be focused on those individuals or groups within a given population that are particularly
vulnerable if they are to be effective. Adaptation strategies for specific health outcomes are
discussed in the respective chapters. Adaptation strategies should be evaluated to confirm that they
reduce health impacts and are cost-effective.

Autonomous adjustments are defined as those which are undertaken spontaneously by individuals
or enterprises in response to incremental change. With respect to health, these would include
physiological responses in the human population (e.g. acclimatisation), as well as changes in
behaviour in response to heatwaves (e.g. drinking more fluids). Other autonomous adjustments
could occur in the UK infrastructure, such as changes in housing design in order to reduce indoor
temperatures.

64



3.6 Monitoring and surveillance

Monitoring of the potential impacts of climate change on health is needed in order to'*'":

[ inform policy makers about the magnitude of the actual or potential impacts of climate
change;

[ provide data for empirical studies of climate-health relationships;
[d model validation/calibration; and
[ evaluate adaptation strategies.

Most current surveillance systems that monitor infection have been designed to detect particular
causes, such as in foodborne disease, and individual risk factors, such as overseas travel. The
monitoring of the effects of climate change requires a more comprehensive approach to infection
actiology and should examine the possible influence of climate both on the environmental sources
of pathogens and on human behaviour. Table 3.2 indicates some of the requirements for such a
monitoring scheme.

Another challenge for climate-health research is the size of data sets required. While trends in any
one country will be a starting point, improved co-ordination of data on infection across regions,
and even countries, will be needed”. A range of sources of data and types of study design can be
used to improve understanding of the potential health impacts of climate change. Increasingly, the
linkage of monitoring systems for climate, the oceans and the land surface will provide better
information about the diverse impacts of climate change on the earth’s geophysical and ecological
systems.

Monitoring and surveillance activities clearly have a close relationship to research in that data from
such activities can be analysed to develop or test hypotheses about climate-health relationships.
Data from monitoring and surveillance systems can help to improve predictive models, and models
in turn may suggest vulnerable regions or populations that may be particularly appropriate to
monitor.
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Table 3.2 Summary of global health impact monitoring requirements®

Health impact

Location

Data requirements

Vector-borne
diseases, e.g. malaria,
dengue

Margins of distribution both
latitude and altitude, e.g.
highlands of East Africa for
malaria

Areas with sporadic or seasonal
epidemics

Mortality data

Primary care data

Communicable disease surveillance
centres

Vector data from local field surveys

Land use/vegetation data (remote sensing)
Need for current datasets to be
standardised

Water-borne diseases,
e.g. cholera,
Cryptosporidium

Current areas of endemicity and
sporadic disease

Mortality data
Communicable disease surveillance data

Disease related to
marine ecosystems,
e.g. cholera

Oceans
Coastal populations

Disease surveillance, e.g. cholera cases
Sampling of phytoplankton for pathogens,
biotoxins, etc.

Remote sensing for algal blooms, etc.

Heat-related mortality

Urban populations in developing
and developed countries

Daily mortality and morbidity (chronic
cardiorespiratory) data

Extreme-weather
events e.g. floods,

storms

All regions

Mortality data

Disease surveillance, e.g. gastro-intestinal
diseases

Data on impacts of disasters

Sea-level rise

Vulnerable populations, e.g. on
low lying islands

Ground water quality
Diarrhoeal disease surveillance

Malnutrition/food
supply

Critical regions

Population nutritional status
Land use data
Socio-economic data

3.7 Discussion and conclusions

The anticipation of health impacts of global climate change has prompted a rapid evolution of
concepts and methods for characterising and estimating those impacts. Some of the scientific tasks
can be accomplished by the empirical study of analogous situations. Some may be amenable to
study by following early changes in indices related to health, as climate and other environmental
change continues. However, much of the task must be addressed through scenario-based risk
assessment, using various types of predictive modelling. The quality of modelling also depends
greatly on the quality of the data. Models should be validated before they are used in the
assessment. One problem with validating health impacts models is that many climate-health
relationships are population-specific. For example, temperature-mortality relationships may vary
widely between cities in temperate countries. It would be difficult to find independent data with
which to validate such models, as health outcomes are dependent on cultural values such as
behaviour, diet etc.

66



The cost of impacts to health is another consideration. There are established ways of costing health
outcomes and costs to health care provision that should be incorporated into future health impact
and adaptation assessments™?>.

The piecemeal epidemiological evidence available to date, and the certainty that aspects of the
future will not be direct extensions of the past or present, ensures that our knowledge base is
incomplete for predicting the range, timing and magnitude of future health impacts of global
environmental changes. Uncertainties in modelling are therefore unavoidable, and explicit caveats
must be stated. Further, the inevitable interaction between these global changes, both as processes
and in their induction of health impacts, compounds the difficulty of predictive modelling.
Increasing scientific effort is underway to develop integrated mathematical modelling that takes
account of many of these aspects, including developing the capacity for down-scaling global
models to regions and countries, taking account of local physical, ecological and demographic
factors.

3.8 Research needs

A To develop methods for quantitative risk assessment that better address public health issues in
the context of climate change.

[ To develop methods of integrated modelling that adequately addresses health impacts at the
appropriate temporal and spatial resolution.

d To develop datasets with health outcome or vector data over sufficient geographical
distribution to create and validate predictive models.
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4 OVERVIEW OF CLIMATE CHANGE IMPACTS ON
HUMAN HEALTH IN THE UK

4.1 Heat- and cold-related mortality and morbidity and climate
change

Dr G Donaldson', Ms RS Kovats®, Professor WR. Keatinge’, Professor A] McMichael’

" Queen Mary and Westfield College, Biomedical Sciences Division

? London School of Hygiene and Tiopical Medicine, Department of Epidemiology and Population Health
* Queen Mary and Westfield College, Department of Physiology

* Australian National University, National Centre for Epidemiology and Population Health

Summary

[ High temperatures have significant adverse effects on mortality and morbidity. In the UK,
heat-related deaths begin to occur when mean daily temperature rises above the minimum
mortality band of 15.6-18.6°C.

[d Under current climate conditions, an estimated 800 ‘heat-related” deaths occur in the UK per
year (defined as excess deaths above this temperature threshold). It is estimated that these
deaths are accompanied by approximately 80 X 10° days additional NHS hospitalisation.

A The impact of climate change on temperature-related mortality can be estimated from the
observed temperature-mortality relationship, assuming that this relationship is causal and does
not change in the future. The Medium-High climate change scenario would result in an
estimated 2800 heat-related deaths per year in the UK in the 2050s (an increase of 250% when
compared with 800 heat-related deaths per year under current climate conditions) and an
estimated 280 X 10°days per year of heat-related NHS hospitalisation in the 2050s (compared
with 80 X 10° under current climate).

[d  These estimates are likely to be overestimates in the long-term since they ignore ameliorative
effects of physiological acclimatisation and adaptive changes in lifestyle, which could be
expected in time to reduce the impact of hot episodes.

(d The increases would be more than matched by a fall in cold-related deaths (to 60 000
compared to 80 000 under the current climate) and hospitalisation (to 6100 X 10’ days per year
compared to 8200 X 10° under the current climate) due to progressively milder winters, as the
climate changes. Nevertheless, as a discrete category of excess morbidity and mortality, these
heat-related events should be countered independently, by advice on heat avoidance
behaviour, improved indoor ventilation and air conditioning.
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4.1.1 Introduction

Mortality and morbidity rise in hot weather, particularly in elderly people'*’. Heatwaves in the UK
have been associated with significant short-term increases in mortality*®. Fortunately, compared
with most parts of Europe and the US, extreme high temperature episodes (‘heatwaves’) are
relatively infrequent in the UK. However, it has been projected that the equivalent of the hot 1976
summer in the United Kingdom, very unlikely in today’s global climate (i.e. occurring once every
310 years), would occur every 5-6 years under the anticipated warmer climate of 2050° (Section
1.2.4).

This section describes separately the changes in mortality and hospitalisation to be expected from
effects of heat and of cold with the increases in temperature expected over the next century. Many
more deaths occur in winter than in summer. Therefore any changes in future winter temperatures
may be the predominant influence on year-round mortality rates. Behavioural and physiological
adjustments are likely to modify this relationship even in the absence of specific policies. Some
specific adaptation options are described below.

4.1.2 Factors in heat-related mortality

Hot weather increases daily mortality in Greater London. Very few deaths are certified as heat-
related in the UK and the observed increases in deaths during heat episodes are mainly from
cardiovascular, cerebrovascular and respiratory disease. Rooney ef al.,* estimated excess mortality in
England and Wales associated with the 1995 heatwave (30 July-3 August) at 619 deaths (8.9%
increase). Heat-related mortality due to coronary thrombosis and cerebral thrombosis can be
explained by loss of salt and water in sweat, with reduction in plasma volume and consequent
thrombogenic increases in red cell and platelet counts, plasma cholesterol and blood viscosity.” Table
4.1 gives the breakdown of heat-related mortality by age, sex and attributed cause in England and
Wales during the 1995 and 1976 heatwaves (Figure 4.1). These data indicate that the impact of
heatwaves is greater in an urban area (Greater London) than in the population as whole.

Elderly people are particularly vulnerable to heat stress, particularly those in hospital or long-term
care institutions. Vulnerability to heat in old age is linked to intrinsic changes in the regulatory
system or to the presence of drugs that interfere with normal homeostasis (Table 4.2). In the USA,
a case-control study of acute heat-related deaths in the 1995 major Chicago heatwave indicated
that the people involved were already ill, confined to bed, unable to care for themselves, isolated,
or without air conditioning®. Preliminary analyses of the impact of the 1995 heatwave in Greater
London and England and Wales’ suggest that excess mortality was proportionally higher in more
deprived populations.

A proportion of the ‘acute’ effect of heat on mortality is probably due to the hastening of death in
people who are already ill by a few days or weeks. A Belgian study" calculated that 15% of the
excess mortality represented this effect, but such ‘harvesting’ is difficult to quantify. Air pollutants
may also have significant eftects on daily mortality. However, as high temperature episodes are often
associated with high pollution episodes (particularly of tropospheric ozone, see also Section 4.7),
it 1s difficult to separate the effects. Some studies suggest an interaction between air pollution and

10,11

high temperature
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Figure 4.1

Daily mortality during the 1976 heatwave in Greater London (all cause
mortality). Mortality (7-day moving average), temperature (mean daily
temperature (°C) from Holborn weather station)
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Table 4.1 Comparison of excess mortality during 1995 and 1976 heatwaves
(excess calculated from 31-day moving average in same year)*®

England & Wales Greater London
1976 Excess 1995 Excess 1976 Excess 1995 Excess
deaths % deaths % deaths % deaths %
Age (years)
0-15 5.9 4.5 13.5 131
16-64 7.2 8.2 12.0 15.6
65-74 7.2 8.4 10.2 13.2
75-84 11.5 8.5 19.5 14.9
85 and over 14.8 10.3 21.6 20.1
All ages 9.7 8.9 (8.6)* 15.4 16.1 (15.4)*
Sex
Males 7.9 6.2 13.4 8.3
Females 11.6 11.3 17.4 23.3
Cause of death
Neoplasms 6.3 5.3 9.4 12.0
Ischaemic heart disease 7.7 8.1 14.9 5.6
Cerebrovascular disease  12.7 11.3 22.0 38.9
Respiratory disease 15.8 12.4 22.7 15.7

* Values are age-adjusted to the age-at-death distribution of 1976

Table 4.2 Risk factors for heat stress®

Risk factor

Comments

Extreme old age
Dependency
Drugs
Cardiovascular

Neurological

Mental condition
Endocrine
Skin disorders that impair sweating

Infections

>80 years

Bedridden>semi-dependent>mobile

Especially phenothiazines, antidepressants, alcohol, diuretics
Congestive heart failure, ischaemic heart disease

Cerebrovascular disease, autonomic impairment, head
injury, cerebral tumour or abscess

Dementia, confusional states

Diabetes mellitus, hyperthyroidism, hyperpituitarism

Respiratory, gastrointestinal and septicaemia

73



4.1.3 Factors in cold-related mortality

In the United Kingdom excess winter death has been estimated to represent 20 000-50 000 more
deaths per year than would be expected from mortality rates in the rest of the year”. However, such
calculations were based on mortality in the four months December-March, as an excess over the
daily mortality in the rest of the year. Since mortality actually rises in the autumn long before
December, these estimates underestimate total ‘excess’ mortality in cold weather. This seasonal
excess is now declining (even after allowance for diminution of influenza epidemics)”'* but is still
one of the highest in Europe®.

Increased mortality from coronary thrombosis in the cold is associated with haemoconcentration
(thickening of the blood), which occurs as fluid is lost from the circulation after vasoconstriction
in the cold™'*", and with increased blood pressure and with raised fibrinogen levels due to
respiratory infections in winter'®". Arterial thrombosis due to these changes causes just over half of
the excess winter deaths, and respiratory disease approximately a further 20%. There is evidence
that housing factors and the substantial numbers of elderly living in fuel poverty may influence the

risk of excess winter deaths*-*!

. Inadequate indoor heating and outdoor clothing are likely to be
important factors, therefore, in the observed associations with social deprivation. Recent studies of
Europe and Russia show that mortality increases to a greater extent for a given fall in temperature
in regions such as the UK and Greece that have relatively warm winters, than in colder countries
where priority is given to keeping warm regardless of other factors. This was associated with cooler

15,22,23

homes and wearing of less effective clothing outdoors in countries with mild winters

4.1.4 Previous modelling of future impacts of climate change on
temperature-related mortality

Studies that have estimated the direct health eftects associated with climate change have been
concentrated in the United States and Europe. All are based on extrapolations of statistical models
of the short-term association between daily or weekly mortality and temperature. An air mass-
based synoptic approach has been applied to mortality studies in the US, Canada and the UK*?>.
Kalkstein and Green* estimate that, in the USA, increases in heat-related deaths will be greater
than decreases in cold-related deaths by a factor of three. Other studies, based on the linear
extrapolation of the temperature-mortality relationship, indicate that reductions in winter
mortality in some regions may be greater than increases in summer mortality in temperate
countries™”. A UK study has estimated that approximately 9000 fewer winter-time deaths
(representing a 2-3% reduction) would occur annually by the year 2050 in the UK with 2-2.5°C
increases in winter temperature®. Few studies have estimated the impact of increased frequency of
temperature extremes, but Gawith ef al.,”” have estimated potential changes in the frequency and
intensity of heatwaves in one city (Oxford) in the UK.

4.1.5 Method of current assessment of the impact of climate change on
mortality in the UK

In our work for this report we have calculated the mortality changes that would occur by a range
of possible scenarios of climate warming if the current temperature-mortality relationship, with
linear extrapolation at its warm end, does not change. Data on daily deaths from all causes in the
UK were obtained from death registration data for 1976-1996, and mortality rates calculated using
annual mid-year population estimates. Morbidity data on in-patient hospital days were calculated
from NHS admissions data for England (1995-1996) and Wales (1996-1997) and from the average
length of stay in hospital for all except psychiatric patients.

Central England Temperature (CET) is a weighted mean temperature for England and Wales
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derived from measurements at four dispersed meteorological stations (Squires Gate, Lancashire;
Manchester Airport; Malvern, Worcestershire; R othamsted, Herts). Temperatures for Scotland were
the mean of Aberdeen and Glasgow stations; those for Northern Ireland were the mean of Belfast
and Armagh. Occasional missing values were replaced by interpolation. Data were not lagged, since
unlagged data gave the steepest mortality/temperature relationship for heat-related mortality.

The 3°C temperature band in which mortality was lowest was calculated and mortality in this band
used as the baseline. Heat-related deaths are defined as all deaths on days with mean temperature
above 18.6°C. Cold-related deaths are defined as all deaths on days with mean temperature below
15.6°C. The estimates of heat and cold-mortality are based on analyses without correction for
season, and they assume that the excesses of deaths on hot and cold days are due to temperature
and not to non-thermal factors such as changes in exposure to infection or in diet. Estimates of
temperature impacts on mortality would be somewhat lower if adjustments for season were made.
Time-series analysis of short-term changes in temperature and mortality strongly indicates
temperature as the most important explanatory variable for increased mortality in winter”. The
impacts for three climate scenarios for seasonal temperature increases by the 2020s, 2050s and
2080s were assessed (Sections 1.2.1-1.2.5). All estimates of future mortality were based on the
current UK populations. The climate scenarios for increases in temperature were calculated from
a baseline of the observed climatology of 1961-1990. Databases are not available for daily mortality
in the earlier part of that period, when mortality data are in fact greatly distorted by influenza
epidemics. Regression analysis showed no significant change between the midpoints of the two
periods, 1976 and 1986, after allowance for effects of influenza. Data were grouped in 1°C steps
for graphs.

4.1.6 Results

Figure 4.2 illustrates the relationship between temperature and all-cause mortality for the United
Kingdom and its component parts. Mortality in the UK was minimal with temperature in the
range 15.6 to 18.6°C, and rose approximately linearly with rise or fall in temperature from this
minimum mortality band. Total annual heat-related mortality above the band of minimum
mortality was 14 per 10°, or 798 deaths in the whole population of the UK, on 13 days per year
at temperatures above the minimum mortality band (Table 4.3).Total annual cold related mortality
for the same period was 1409 per 10° or 80 X 10° deaths for the whole population, on 312 days
per year colder than the minimum mortality band. The pattern was broadly similar in other parts
to the UK (Figure 4.2), except that temperatures above 22°C were absent in Scotland.

The estimates of the impact on mortality of each scenario of climate change, assuming no change
in the relationship between temperature and mortality, are presented in Table 4.3. The estimated
increase in annual heat-related mortality for the 2050s with the Medium-High scenario of
temperature increase is 49 per million, or 1995 additional deaths for the UK population, a 253%
increase. The estimated decrease in annual cold-related mortality for the 2050s (with the
temperature increase) is much larger in absolute terms, 356 per million, or 20 292 less deaths for
the UK, though in percentage terms a reduction of only 25%.
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The ratio of annual patient days in hospital to annual deaths in England and Wales was calculated
as 102 days in hospital per death (Table 4.3). Under the Medium-High scenario of temperature
increase this indicates an annual increase in patient days due to heat of 204 x 10°, and a decrease
in patient days due to cold of 2070 x 10° by the 2050s for the UK population.

Figure 4.2

Temperature and ‘all-cause’ mortality for the United Kingdom and its
component parts

United Kingdom England and Wales
55 1 1

Daily deaths per 10° population

-10 0 10 20 30 -10 O 10 20 30
Temperature (°C) Temperature (°C)
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Table 4.3 Effects of climate change on mortality and morbidity

2020s 2050s 2080s

Outcome Baseline | Medium | Low  Medium Medium High Medium

(1990s) | High Low High High
Expected rise in summer | 0 +1.30 +0.83 +1.40 +2.00 +2.30 +2.47
(JJA) temperature (°C)
Days per year >18.6°C 13 25 20 28 35 38 41
Heat-related deaths per 14 32 24 34 49 57 63
year, per 10° population
Total heat-related deaths 798 1824 1368 1938 2793 3249 3519
per year (UK)*
Patient-days per year in 0.081 0.186 0.140  0.198 0.285 0.331 0.359
hospital due to heat (10°)
Expected rise in winter 0 +1.23 +0.83 +1.43 +1.90 +2.20 +2.83
temperature ("C)
Days per year <15.6°C 312 285 294 280 270 264 249
Cold related deaths per 1409 1172 1247 1136 1053 1002 899
year per 10° population
Total cold-related deaths 80313 66804 71079 64752 60021 57114 | 51243
per year (UK)*
Patient-days per year in 8.192 6.814 7.250  6.605 6.122 5.826 5.227
hospital due to cold (10°)

* Estimates are calculated on 1996 population estimates, i.e. assume no population change

Note: Heat-related deaths are defined as all excess deaths on days with mean temperature above 18.6°C. Cold-related

deaths are defined as all excess deaths on days with mean temperature below 15.6°C. The calculation is

undertaken for the whole year and thus the estimates of cold-related deaths are higher than those produced by

considering only the four coldest months of the year

Bold entries denote heat- and cold-related deaths and NHS hospitalisation per year, at baseline and with

Medium-High estimates for 2050s

The adverse effects of heat will be concentrated into a small number of days, 35 days per year on
the Medium-High estimate of summer temperatures by the 2050s. This represents an average of
8143 patients in NHS hospitals with heat-related illness on each of these hot days. Again, heat-
related illness here implies admissions that are attributable to high temperatures and does not imply
a diagnosis of hyperthermia, heat stroke, heat exhaustion, etc. This assessment is not able to forecast
whether the ‘hot’ days would occur in a cluster, although this has important implications for health-
care facilities that may come under stress during heat episodes due to increases in admissions.

The fact that variability as well as the mean level of summer temperatures is expected to increase
(Section 1.2.4) will tend to increase heat-related mortality above these estimates, but a number of
other factors, probably larger in their effects, will tend to reduce the changes in both heat and cold
related mortality; as will ‘harvesting’, the tendency for the excess mortality to affect the most
vulnerable people, who are thereby removed from the pool of people at risk subsequently.
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Some of the winter mortality may be due to non-climate seasonal factors, such as seasonal changes
in diet. More important, physiological adaptation to heat, and spontaneous adjustments of the
population to the changed climate by improvements in housing, clothing and behaviour, can in
time be expected to reduce the changes in mortality due to climate change.

4.1.7 Discussion and conclusions

Our main estimates are based on the Medium-High scenarios of average temperature increase. The
projected temperature changes under the High or Low scenario would change the estimates
substantially. However the main uncertainty in these estimates of the impact of climate change on
heat related mortality is the extent to which, even without specific adaptation strategies,
physiological adaptation and factors such as behavioural changes and increased use of equipment

such as of air conditioning in hot weather, will reduce them®

. Estimates given are, therefore, worst-
case assessments for the Medium-High scenario. Physiological acclimatisation to hot environments
can occur over a few days, and this can explain why the impact of the first heatwave on mortality
is often greater than that of subsequent heatwaves in a single summer’*”. The rate at which
infrastructural changes will take place without specific help and advice is likely to be much slower.
Neither the size nor the time course of these modifying factors can be predicted with any
confidence. However, in practical terms it is clear that preventive measures will be needed to
counter substantial initial adverse effects of heat, and probably also to counter lasting adverse eftects
of hotter summers that may affect the population. Systematic monitoring and review of actual

changes in temperature and mortality will clearly be important.
Policy options to reduce the impact of thermal stress include:
[ advice on how to stay cool including the use of portable fans;

d  improved ventilation of homes, public buildings, hospitals and other residential institutions and
workplaces;

[d installation of air conditioning; and
[ changes in working hours to cooler times of day.

Heat-watch warning systems have been implemented in some cities where heatwave mortality is
high, and might be of value in southern England. With the exception of air conditioning, such
measures are generally simple and inexpensive, but need to be in place before hot weather comes.
A fan in place before a heatwave is worth many installed as the heatwave passes its peak. Raising
awareness of heat-related illness among those who care for the elderly would also be an important
preventative measure. The elderly are particularly vulnerable to hyperthermia, particularly those in
hospital or long-term care institutions”. The need for a pre-emptive campaign to reduce heat stress
is not negated by the fact that we predict that global warming will produce larger decreases in cold-
related mortality and morbidity. Heat- and cold-related mortality may in any case affect a different
subset of the population.

4.1.8 Research needs

[ Assessment should be made of the speed of spontaneous adaptation by populations to warmer
climate, and monitoring of actual changes in UK mortality and morbidity as temperature rises
should be undertaken.

[ Better assessment of the populations most at risk in heatwaves is required, and of future
changes in the frequency and character of extreme temperature events.
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4.2 Food poisoning and climate change

Professor G Bentham
Centre for Environmental Risk, University of East Anglia

Summary

[d Food poisoning is associated with warm weather. The predicted increase in UK temperatures
is likely to be accompanied by an increase in cases of food poisoning.

[ Using the climate scenarios discussed in Sections 1.2.1-1.2.5 it is estimated that between 4000
and 14 000 extra cases of food poisoning might occur each year in the UK as a result of climate
change. Our best estimate is about 10 000 extra cases each year.

(d  This significant effect might be largely prevented by improvements in food storage, preparation
and hygiene close to the point of consumption.

4.2.1 Food poisoning and climate change in the UK

Food poisoning is an important cause of morbidity in the general population and can lead to death
in vulnerable individuals such as elderly or sick people. The costs of treatment and the loss of
working time also make it an important economic problem'. Furthermore, it is a problem that has
been increasing rapidly® and by 1998 there were 94 000 notified cases per year in England and
Wales. Since many cases are not notified this is likely to be a large underestimate of real incidence.
There remains considerable controversy about the causes of the rising trend in food poisoning. It
could be related to changes in methods of food production such as the shift towards intensive
rearing of poultry and other animals. It could lie in changing patterns of retailing or catering or in
changing behaviour by consumers*. Superimposed on this rising trend is a pattern of seasonal
changes with a high incidence in the summer and fewer cases during the winter (Figure 4.3). Hot
summers may produce particularly large increases in food poisoning. For example, the Chief
Medical Officer' suggested that the exceptionally large number of cases of food poisoning in
England and Wales in 1989 may have been partly the result of the unusually long, hot summer of
that year.

Figure 4.3

Notified cases of food poisoning per day in England & Wales 1975-1995:
monthly data
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Roberts’ reviews the potential sources of infection in food, noting that foods of animal origin are
the primary source of many foodborne infections. The factors which may cause problems include
methods of animal husbandry, including building design and use of animal foodstufts,
transportation of live animals, and slaughter and processing practices. Organisms present in live
animals may be transferred through food processing and preparation and appear in the final
product. A large number of animals may reach the slaughterhouse excreting micro-organisms, and
in the case of poultry, for example, continuous line processing may propagate the spread of
infection from carcass to carcass. Ready-to-eat foods will often receive heat treatment in
processing, but are unlikely to be sterile, whilst the safety of chilled foods is particularly dependent
on correct storage temperature and attention to shelf life. Food preparation may also play an
important role, with preparation too far in advance of consumption being recorded in 57% of
outbreaks of food poisoning in England and Wales in 1970-1982°. Storage at ambient temperature
was a factor in 38% of outbreaks, inadequate cooling in 32%. Food handlers may also spread
infection by carrying organisms on their hands, particularly those constantly handling raw foods of

animal origin.

Weather conditions could influence food poisoning risk in a number of different ways. One of the
most direct 1s that high temperatures favour the multiplication of pathogenic micro-organisms in
food. For example, multiplication of the salmonellas that are an important source of food poisoning
in the UK is strongly temperature dependent with growth occurring above about 7°C and
reaching an optimum at 37°C’. High temperatures may also have an influence on human health
risks by aftecting infection rates in food animals, for example by the multiplication of bacteria in
animal feed. Other indirect influences on human risks could include a weather-influenced shift
towards dietary items or forms of food preparation (e.g. barbecues) that are associated with
increased risk. It is noteworthy that the peak of food poisoning notifications is typically in late
summer, coinciding with or shortly following the period when the maximum temperatures are
reached. However, an important exception to the relationship between ambient temperatures and
multiplication of bacteria in food is campylobacter, which is now the commonest bacterial cause
of food poisoning in the UK. Unlike salmonella, this generally requires temperatures above 30°C
for growth to take place®. Nevertheless, it does show a clear pattern of a seasonal peak in early
summer; but what (if any) the influences of weather conditions might be on this pattern remains
to be elucidated.

The recognition of the seasonality of food poisoning incidence and of the various ways in which
weather conditions might affect the microbiological safety of food have led to the suggestion that
climate change could increase food poisoning risk’. There are two published studies'' that have
attempted to estimate quantitatively the potential effects of climate change on food poisoning
notifications in England and Wales. This has been done by using evidence from the recent past as
a guide to what might happen in the future if climate change leads to significantly warmer
conditions. Irrespective of long-term trends in climate there is considerable natural variability in
temperature and, in recent years, there have been several spells of high temperatures that provide
analogues for the conditions that might become more common as a result of the enhanced
greenhouse effect. Regression analysis has been used to develop statistical models of the
relationship between the monthly incidence of food poisoning and temperatures in England and
Wales in recent years (adjusted for longer-term trends and seasonal factors) and these have then
been used to provide estimates of the possible impact of future warmer summers. In spite of
differences in the data and statistical methods that were used these produced very similar findings;
only the results of the later study' are reviewed here.
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Figure 4.4 shows a tendency for the food poisoning notification rates to be higher in the months
with warmer temperatures. However, Figure 4.5 shows an even stronger positive association
between the food poisoning rates (de-trended) and the temperature one month earlier. A regression
analysis showed that mean temperature (of the same month) and the mean temperature one month
earlier explained 72% of the variance in the de-trended food poisoning notifications, rising to 75%
when the dependent variable was transformed into logarithms. Longer lags for temperature were
not significant at the P=0.05 level. The association with the temperature of the same month
underlines the need for improvements in food storage, preparation and hygiene close to the point
of consumption. However, the stronger association with temperature in the previous month points
to the importance of conditions earlier in the food production process, possibly including animal
husbandry and slaughtering. After adjustment for seasonal factors the association with the
temperature of the same month weakened to the point where it became marginally non-significant
(p = 0.073). However, the association with the temperature of the previous month remained highly
significant (p <0.001). The resulting regression model of the association between temperature and
food poisoning notifications (adjusted for trend and seasonal factors) was then used to estimate the
impact on food poisoning notifications of scenarios of +1, +2 and +3°C temperature increases.
This produced estimates of increases in food poisoning notifications of 4.5%, 9.5% and 14.8%
respectively. If applied to the total of 94 000 notified cases of food poisoning for 1998 these would
represent absolute increases of ~4000, 9000 and ~14 000 cases. It should be emphasised that
because of the under-recording of food poisoning the real number of additional cases might be
considerably higher. These results suggest that higher temperatures as a result of climate change
might exacerbate the food poisoning problem which is already a significant threat to public health.
However, although unwelcome, it should be emphasised that the estimated changes are small
relative to the large increases that have occurred over the last twenty years as a result of other
factors.

Figure 4.4

Food poisoning notification rate (actual/trend) and mean temperature of
same month
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Figure 4.5

Food poisoning notification rate (actual/trend) and mean temperature of
previous month
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4.2.2 Research needs

A large amount is already known about the microbiological causes of food poisoning. Further

research into improved means of food storage and preparation is needed as is research into how
best to convey to people involved at all stages of food supply the importance of high standards of
hygiene. This is more a matter for a public education campaign than for research.
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4.3 Vector-borne diseases and climate change

Professor DJ Rogers', Dr S Randolph', Dr S Lindsay’ and Dr C Thomas’
" University of Oxford, Department of Zoology
? University of Durham, Department of Biological Sciences

Summary

a

a

It is possible that indigenous malaria may be re-established in the UK by 2050. It is, however,
unlikely to pose a major problem to health in the UK.

Local outbreaks of malaria caused by P vivax may occur and people who live in low-lying salt
marsh areas should be advised to take precautions to avoid being bitten.

Changes in the global distribution of malaria are likely and thus an increase in malaria caused
by P, falciparum is probable in travellers returning to the UK from certain countries that are
presently malaria-free. This particularly dangerous form of malaria is unlikely to become
established in the UK in part due to conditions being unsuitable for the breeding and survival
of the particular species of mosquito that acts as the vector.

It is not possible to predict the effect of climate change on the abundance of ticks in the UK;
warmer and drier weather is likely to have a number of effects on the biology of ticks and
some of these will run counter to others.

Human contact with ticks is likely to increase as a result of changing land use for agricultural
and recreational purposes. There may be an increase or decrease in the proportion of ticks
infected with the Borrelia genotypes which cause Lyme disease.

Predictions of a significant increase in tick-borne diseases, such as Lyme disease are not well
founded.

None of the climate change scenarios considered in this report suggest that there will be an
increase in the incidence of tick-borne encephalitis (TBE). Indeed, changes in the climate of
Central Europe are likely to reduce the areas affected by TBE; thus the risk to UK holiday-
makers may also decrease.
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4.3.1 Introduction

Diseases caused by vector-borne pathogens are the result of complex interactions between three
very different sorts of organism:

[d the vertebrate host;
[ the invertebrate (usually arthropod) vector; and
[ the parasite (viruses, bacteria, etc.).

Each partner in the triangle is responsive to environmental changes in ways that make it very
difficult to predict the altered outcome of these interactions. Rates of the biological processes (e.g.
birth, death, development, biting by blood-sucking vectors, transmission between host and vector)
vary independently and often in opposite directions in response to each climatic variable. Increased
temperature, for example, generally accelerates development of both vectors and pathogens within
those vectors, and causes vectors to bite more frequently (increasing transmission rates), but may
cause higher vector mortality rates (which decreases transmission). Increased dryness may
exacerbate vector mortality, and additionally decreases the availability of breeding sites for vectors
such as mosquitoes. Although temperature and dryness may vary together, they will do so to
different extents in different regions. In temperate regions with markedly seasonal climates, indices
of mean annual climate changes alone are not sufficient for predictions of the risk of infection in
the human population. For example, no matter how suitable most of the year may become in the
United Kingdom for sub-tropical vectors, either a hot dry summer or an insufficiently warm
winter may act as a bottle-neck, reducing vector survival.

We therefore urge caution in drawing conclusions about the future incidence of infection from
existing relationships between single climatic variables and disease. In general, more than a single
variable will determine transmission rates, and correlations observed today may fall apart, or at least
change shape, if the underlying biological processes are disrupted by climate change beyond the
normal fluctuations upon which those correlations are based.

4.3.2 Methodology

Baseline and modelled climatologies

The CRU 10 km British Isles climatology and 0.5° Global climatology (UKCIP Technical Report
No. 1 1998, hereafter UKCIP98, Appendix 4) were used to interpret and model present-day
distributions of vector-borne diseases. To these surfaces were added the HadCM2 model
(difference) predictions for the ‘Medium-Low’ and ‘Medium-High’ scenarios. These differences
were also scaled up or down by factors derived from UKCIP98 Appendix 6 to produce the
equivalent ‘High’ and ‘Low’ global surfaces for the 2020, 2050 and 2080 periods. The same
correction factors were applied to all climate variables (i.e. including vapour pressure and
precipitation), following current accepted practice (M Hulme pers. comm.). Thus the future scenarios
are a combination of the observed 1961-1990 climatology and the predicted GCM differences
under the variety of scenarios considered: this, rather than using both modelled 1961-1990
climatology and difterence information, also follows standard practice (M Hulme pers. comm.).

Before using any of the future scenario information the HadCM2 monthly imagery had to be re-
sampled to the same image dimensions as the 0.5° global datasets. This was done using cubic spline
interpolation, by columns and then by rows.
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Modelling disease distributions

There are a number of options for modelling the impact of future climates on vector-borne and
other transmissible diseases. This section discusses the alternatives investigated here.

a) The Biological approach

All biological processes are temperature sensitive, but the impact of this sensitivity on disease
transmission is often difficult to predict. The temperature dependence of a number of important
variables has been established experimentally, and may be included in predictive transmission
models for a warmer world. Arising from this, developmental processes are often modelled by day-
degree summation, where temperature differences from a developmental threshold are summed
over time until a total is reached that represents the total developmental requirements, at which
point development is judged to be complete. Such temperature summation may be used to model
the incubation period of a parasite within vector insects, thus providing another input into general
models for transmission.

The biological approach is used to predict the impact of the various GCM scenarios on the potential for
transmission of vivax malaria in different parts of the UK.

Whilst biological modelling of this sort is the ideal solution to the problem of predicting the
impact of future climates on disease transmission, present models are unable to predict how
mosquito abundance (an important component of such models) will change under different
scenarios of climate change. Warming conditions from a cold temperature start are likely to increase
vector numbers, but from a warm temperature start may well decrease numbers. Such population
changes are ignored in all existing models of this sort, and model predictions are therefore of risk
relative to the present day assuming constant vector numbers. In addition, the models tend to be
driven only by temperature variables; the influence of all other variables is ignored. Increasing or
decreasing moisture, in concert with temperature changes, is a critical factor that should also be
considered.

Methods such as this, and the following ones, make predictions about the changing potential risk
from biting vectors. Whether or not this potential risk is realised depends on the human response
to varying biting frequencies; for example, while a low biting rate may be ignored, higher rates may
elicit avoidance behaviour which reduces human-vector contact.

b) The Statistical approach

In this second approach, the present-day distributions of vectors or diseases of potential importance
are statistically matched to current climatic variables, to provide a multi-variate description of
present-day areas of disease risk. This understanding is then applied to future scenarios, and future
distributions are predicted for them. The approach, therefore, is essentially a ‘pattern-matching’
exercise, from which conclusions may be drawn about the likely climatic sensitivity of vectors
and/or diseases. Obtaining a good fit of the present-day distributions to present day climates is a
necessary first step in this modelling exercise. Distributions are modelled here using maximum
likelihood methods and discriminant analytical models with step-wise inclusion of temperature,
vapour pressure and precipitation variables. Before analysis, all climate surfaces were temporally
Fourier smoothed' and the means, maxima and minima of the smoothed variables were used in
the analysis. The step-wise inclusion method identifies sequentially those variables most important
in distinguishing presence and absence areas: we imagine that this reflects their biological
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importance (although this assumption urgently needs to be tested). For the present report, the top
five selected variables only were used to make the predictive maps. Climate matching is well able
to capture the rather subtle interactions between predictor variables (many of which co-vary) that
are often important in shaping distributions.

The statistical or pattern-matching approach is illustrated for the cases of global malaria and tick-borne
encephalitis (TBE) in Europe. The changing distributions of both diseases are modelled for a variety of
future scenarios. Changing risks, both to the UK direct and to UK travellers to various regions, are
predicted.

The drawback of the pattern-matching approach is that it is essentially a statistical inference
method, based on the past, that may not be a reliable guide to distributions in a climatically
changed world where co-variation between climate variables may be different. It is also possible
that the variable selection method will identify biologically spurious variables: it is therefore
important to select the variables submitted to the analysis on the basis of prior biological
understanding.

c) The Climate Envelope approach

This is a version of the above approach that matches current UK climates to other parts of the
world and then examines what diseases are prevalent in them. Presumably there is some risk that
the same diseases could affect the UK, depending also upon relative standards of living in the
matched countries. The risks of future diseases may then be investigated by matching future UK
climates to present global climates, to answer the question “Where, at the present time, are climates
similar to those that the UK will experience in 20, 50 or 80 years’ time?” The diseases now
prevalent in such areas may be those we need to guard against.

The climate envelope approach is applied to current and future UK climates. It is the only approach
possible for situations where we lack any biological information for process-based modelling, or disease or
vector distribution maps for the statistical approach.

The interpretation of the results from the climate envelope approach involves substantial
guesswork, not only because disease situations in other countries are even less adequately known
than in the UK (with the notable exception of the USA), but also because the ways in which
people live within their environments vary in so many ways. For example, if future UK climates
match those of southern France today, what are the future risks in the UK of leishmaniasis, a
protozoal disease mostly of dogs in the Mediterranean region, but occasionally transmitted by the
sand-fly vectors to humans?

d) The Expert Opinion approach

When the above approaches cannot be applied, we must rely on expert opinion, often notable by
its absence, its contradictions, or its inaccuracy. This in reality reflects the poor quantitative
understanding we have of virtually all vector-borne and similar diseases - an ignorance that aftects
all prediction attempts in one way or another.

Currently the geographically variable importance of Lyme disease” reflects either biological reality,
or inadequate diagnosis: increasing recognition in the UK has resulted in increased numbers of
reported cases here’ which probably has nothing to do with global warming. When future
predictions are made of diseases such as this, already present in the UK, we fall back on a
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combination of biological insight to suggest how disease prevalence may change in vector
populations, and guessed predictions of how altered British leisure activities in the future warmer
world will affect human interactions with the infected vectors.

The expert opinion approach is used to make predictions about the future importance of Lyme disease,
caused by bacteria transmitted by ticks. Lyme disease already occurs in the United Kingdom, throughout
the rest of Europe and into the far East of the Russian Federation.

A number of other potential future problems for the UK can be identified using expert opinion
on the likely increase of insects and other creatures that are known to generate nuisance or public
health problems at the present time. Such problems often come to the attention of experts only
from articles in the local or national press, or from talking with colleagues whose advice has been
sought by the affected regional health authorities. Neither is a particularly reliable or consistent
measure of the real extent of such problems. Finally, expert opinion may be used to second-guess
the future arrival in the UK of migrant pests such as locusts, or of imported pests such as the Asian
tiger mosquito that has already spread rapidly in the USA.

Expert opinion is used in the Report to produce a list of potential problems in the UK from outbreaks of
urticaceous caterpillars, stinging insects or nuisance flies in houses or around kitchens to more direct threats
such as local outbreaks of blood-sucking black-flies (Simulium spp.).

4.3.3 Malaria

Malaria is one of the world’s most important infectious diseases killing between 1.5-2.7 million
people every year'. The disease is transmitted by inoculation of the parasite during feeding by
certain Anopheline mosquitoes, which breed in both fresh and brackish water. Despite attempts to
control this disease there are between 300-500 million clinical cases each year and this number may
be rising’. Of the four species of human malaria, Plasmodium falciparum is the most lethal and is
widespread throughout the tropics. P vivax is less harmtul, but is still responsible for much illness
and occurs widely in the tropics, although it is uncommon in much of Africa. The problem of
malaria is particularly worrying because of the rapid spread of drug-resistant strains of the parasite
and the possibility of untreatable forms of the disease.

Domestic malaria (predicted using the biological approach)

Malaria was a leading cause of death in many salt marsh communities in Britain between the 16th
and 19th centuries’ and there was even some indigenous malaria at the end of the 19th century.
Those areas most badly affected included the Fens, Thames estuary, south-east Kent, the Somerset
levels, the Severn Estuary, the Holderness of Yorkshire’ and the coastal districts of the Firth of
Forth®. Malaria declined progressively from the 1820s onwards due to a number of factors.
Drainage schemes in the marshlands shrank mosquito-breeding sites. Housing improved and
became less suitable for resting mosquitoes, which prefer damp and dark quarters. People began to
sleep in separate rooms, often upstairs, making it more difficult for a mosquito to locate a human
blood meal. Cattle numbers rose and were stabled away from homes, providing an alternative
source of blood and reducing the chances of malaria transmission. At the same time improvements
in medical practice occurred and quinine, an effective anti-malarial, became more affordable’.

In 1917 and 1918 there were around 330 cases of locally-transmitted vivax malaria when infected
servicemen returning from overseas were billeted near salt marshes on the Thames Estuary®. After
that, effective control was achieved by making malaria a notifiable disease, with appropriate swift
treatment and control action. All reported cases of indigenous malaria this century were vivax
malaria, except for one unusual case of falciparum malaria in Liverpool.
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Mosquito vectors and malaria transmission

It 1s highly unlikely that the most lethal form of malaria can be transmitted by British vectors,
although the potential for vivax transmission remains. There are five species of Anophelines in
Britain capable of transmitting both temperate and tropical strains of wvivax malaria: Anopheles
atroparvus, An. messeae, An. plumbeus, An. claviger, and An. algeriensis’. An. atroparvus can also transmit
European strains of P falciparum’®, but is completely refractory to strains of the same parasite from
the tropics (quoted in Ref. 9). This mosquito is therefore the most important potential vector of
malaria in the UK. Its distribution coincides fairly well with past patterns of malaria; it occupies
houses and feeds readily on people.

Malaria and climate

P vivax is better suited to the British climate than is P, falciparum. It requires lower temperatures (by
1-2°C) than falciparum to develop equally rapidly in mosquitoes, and thus does better at cooler
temperatures. Vivax parasites, unlike falciparum parasites, also sequester in the liver of an infected
person, and are later released to infect new generations of mosquitoes in the spring. As few parasites
develop in mosquitoes below 15°C, the season for potential transmission is between June and
September.

Temperature and rainfall both influence the level of malaria transmission"

. Higher temperatures
increase the rates of mosquito development, female mosquito feeding and maturation of the
malaria parasites within the mosquito, but may decrease adult mosquito survival. Rainwater

provides mosquito breeding sites and a humid environment, conducive for vector survival.

Impact of temperature changes

Here the risk of vivax malaria in the UK is modelled for An. atroparvus (see pp 121-122 for
method). Maps of malaria suitability for a range of future climate scenarios (Figures 4.6 & 4.7)*
show the number of months that vivax malaria, if it were introduced, could persist each year in
different parts of the country. These maps are a rough guide of risk based on the effects of changing
temperature on variables in the transmission process, but they do not take into account changes in
precipitation, humidity or the availability of breeding sites. The impact of these additional factors
will vary with mosquito species; for example, mosquitoes inhabiting extensive salt-marshes are less
likely to be affected by changes in precipitation than are mosquitoes that breed in smaller water
bodies such as puddles, small ponds or in domestic containers.

The present-day distribution of malaria risk corresponds extremely well with past records of the
distribution of malaria in England (Figure 4.6a)", and Medium and High scenarios for 2050
highlight parts of Scotland where malaria was once common® (Figure 4.7). Thus we are confident
that our temperature-malaria model is relatively robust. Under all climate-change scenarios, the
risk of transmission is predicted to increase in the south of England, spreading northwards to the
Scottish borders.

At present, in only a few months in the south of the United Kingdom are temperature conditions
permissive for transmission of P vivax malarial parasites by indigenous vector mosquitoes. Although
such transmission occurred in the historical past, it is a minor threat at present because living
conditions have improved considerably since Shakespeare wrote of the ague (malaria fever). If the
climate becomes warmer, conditions for transmission become more favourable, and last for longer.
It is likely that our present standards of living will ameliorate this increasing threat to a large extent,
but not necessarily wholly in high risk areas. In regions of extensive saltmarshes in south-east
England, local inhabitants are plagued by large numbers of mosquitoes even today.

* The illustrations referred to in this section include maps and are collected at the end of the section.

90



Impact of habitat changes

The distribution of An. atroparvus is largely restricted to salt-marshes, because it breeds mainly in
brackish water. At present there are 42 251 ha of salt-marsh in Britain, with the largest areas, 8 525
ha, along the Greater Thames Estuary in Essex and Kent". Coastal wetlands are being reduced by
drainage and other land ‘improvements’. Rises in sea level” that breach sea defences and inundate
lowlands that are at present prevented from adapting naturally to saltwater, may result in less salt-
marsh. Elsewhere, gradual saltwater intrusion into coastal lowlands may increase breeding sites for
An. atroparvus. With summer droughts, other mosquito species may find more breeding sites in
pools left in river beds, and in water butts. There will be greater exposure to mosquitoes as people
stay outdoors in warmer summer evenings, or sleep with the windows open®.

[t is possible that climate changes will allow new vector species to become established in Britain.
This would be most serious if it involved better European vectors of vivax, such as An. saccharovi,
An. labranchiae, An. superpictus and An. sergentii.

Health authorities need to remain alert to the possibility of future European malaria outbreaks, as
in Italy after 40 years of being free of malaria™, or to the arrival in the UK of better European
vectors of malaria. Any malaria outbreaks in the UK, however, are likely to be on a small scale and
people at greatest risk (i.e. those who live near wetlands) are likely to take precautions against being
bitten by mosquitoes. Prompt reaction to any outbreaks will reduce the chances of endemic
malaria transmission in the UK.

Travellers’ malaria (predicted using the statistical approach)

There are two difterent threats posed by changes in the distribution of malaria in parts of the world
other than the UK. First, aircraft travelling from malaria-endemic countries may bring infected
mosquitoes into non-endemic countries. Such outbreaks occur around international airports, and
since 1969 there have been 60 such cases reported from Belgium, France, Germany, Italy,
Netherlands, Spain, Switzerland and the UK. The last case of airport malaria in England was in the
warm summer of 1983 near Gatwick airport”. In the same year two British women, who travelled
from London to Rome on an Ethiopian Airlines flight originating from Addis Ababa, contracted
malaria”®, presumably by being bitten during the flight by an infective mosquito from Africa.
Continuing (and enforcing) the practice of disinfesting cabins and cargo holds would guard against
this risk.

The second threat is of imported malaria, with its associated health system costs. There is no
vaccination against malaria, and chemoprophylaxis is not guaranteed to be fully effective against a
growing problem of multi-drug resistant parasites. Any increase in malaria endemic areas, alongside
expanding jet travel, will raise the chances of travellers returning to the UK with malaria, including
the far more dangerous forms found in the tropics. At present more than 2 000 cases of travellers’
malaria are reported each year to the PHLS Malaria Reference Laboratory. Of these, around 67%
are infections with life-threatening P, falciparum. The numbers of falciparum cases are rising (Figure
4.8); of 81 deaths in the last 10 years, 95% were due to falciparum malaria.

Global changes in falciparum malaria endemicity

The present distribution of falciparum malaria' is captured well (78% accuracy) by five climate
variables, minimum and maximum temperature conditions, precipitation and vapour pressure
(Figure 4.9a). Only in Iran and south-east Brazil are there significant areas of false positive
predictions (SE Brazil is in fact shown as a low-risk area on some malaria maps). Under the
Medium-High climate-change scenario (Figures 4.9b-d), the most significant threat to UK citizens
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travelling abroad is the progressive spread northwards of potentially malarious areas through
Mexico into the southern states of USA.The potential of malaria in Florida is particularly serious
given the tourist industry and the common perception of zero-threat there, although Florida’s very
active anti-mosquito services would undoubtedly react swiftly. Similarly, south-west Turkey, an
increasingly important holiday destination, could become a high risk region for falciparum malaria.
Globally, only central Brazil and Venezuela appear to lose their suitability for malaria.

These same changes, apart from those in South America, are predicted by the 2050s under all
except the lowest scenarios of climate change (Figure 4.10).

Certain parts of the world frequently visited by tourists from UK, especially those on package
tours, will become increasingly suitable for falciparum malaria in the future. These areas include
Florida and other southern states of the USA and south-west Turkey. UK health authorities should
monitor the variable success of the local authorities at these holiday destinations, to combat any
increasing malaria risk to UK travellers abroad.

4.3.4 Tick-borne infections

Tick-borne pathogens are almost all zoonoses, circulating naturally amongst wild vertebrate hosts,
but also infecting humans that are accidentally bitten by the vector tick. In Europe, the tick Ixodes
ricinus is the principal vector of two pathogens that frequently infect humans: bacteria of the
Borrelia burgdorferi complex, that cause Lyme disease, and the virus that causes TBE. In addition,
humans are occasionally infected with viruses that cause mortality in sheep, e.g. louping ill virus,
and with protozoa, Babesia spp., that cause redwater fever in cattle.

The major biological risk factors for all tick-borne infections are the distribution, abundance and
pattern of seasonal activity of the vector ticks". Ticks feed only once per life stage, as a larva, a
nymph and an adult, between which they spend long developmental and host-seeking periods on
the ground. Not all hungry ticks are infected. Nymphs are regarded as the most significant risk,
because infection prevalence in them is usually higher than in larvae, having been amplified as
larvae feed on infected hosts. Furthermore, nymphs are more abundant and smaller (less noticeable)
than adults.

Interacting with these risk factors are human activities, outdoor occupations and leisure pursuits
that bring humans into contact with ticks.

Lyme disease (predicted using the expert opinion method)

Lyme disease is widespread and prevalent throughout Europe and the UK, occurring more or less
wherever ticks occur. The number of cases reported annually in the UK (less than 200)* is far lower
than in mainland Europe despite similar densities of infected ticks. One explanation is that a large
number of cases still go undetected and unreported, although UK GPs are increasingly aware of
the problem. There is some evidence that the strain of Borrelia in the UK is different: intensity of
infection in ticks is very low and isolation of live bacteria is very much more difficult”. Perhaps
this results in lower rates of transmission to humans. Furthermore, the infection prevalence in ticks
is geographically highly variable, depending on host factors (see below).

A climate-induced change in risk in the UK?

There i1s no simple correlation between temperature and incidence of Lyme disease in the UK.
Data presented in Cannell ef al.,” show that the annual number of cases reported in the UK from
1986 to 1997 have increased since 1994, but there is no significant correlation with mean summer
temperatures in central England.
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Tick distribution

Ticks are currently distributed throughout the UK, from northern Scotland to the south coast.
Climatically, therefore, the whole of the UK is suitable for ticks. Their presence in any one locality
is determined principally by the presence of suitable hosts for the adult ticks; while larvae and
nymphs feed on vertebrates of all sizes, from mice and blackbirds to pheasants and deer, adults are
confined to large mammals such as deer, sheep and cattle. In addition, the habitat structure must
afford the right micro-environment for tick survival, with good vegetational cover above a
substantial litter or mat layer that retains moisture. This usually coincides with deer habitats
(deciduous woodlands)” and rough grazing. Improved pastures for sheep grazing are rendered
unsuitable for ticks.

® Any increase in tick-infested areas is more likely to be the effect of changing agricultural and
wildlife management practices than the effect of changes in climate alone. This has been seen
in Scotland, for example, where grouse moors have been invaded by bracken. Increasing deer
populations will support ticks in more places (as appears to have happened in the north-east

USA).

Tick abundance

Ticks are most abundant where hosts (particularly for the adult stage) are abundant, and where the
overall climate is warm enough to allow rapid development between tick stages and sufficiently
wet to allow good survival between feeds. A favourable microclimate created by vegetation is also
important.

® [t is almost impossible to predict reliably any change in tick abundance with climate change,
because it will be the outcome of two opposing forces: higher temperatures, especially over
winter, will accelerate development and may eliminate diapause (a period of winter
quiescence, when ticks do not feed), while drier summers will limit tick host-seeking activity
and increase mortality directly. Only a climate-driven population model, which is not yet
available for I ricinus, will answer this question.

Seasonal patterns of tick host-seeking activity

In warmer regions ticks quest for hosts over longer periods of the year, starting earlier in the spring
and continuing later into the autumn. During the summer, unusually dry spells cause a sharp
decline in questing activity, from which the ticks may not recover if the dry spell is prolonged.

® [t is possible that: the main tick activity season may shift to earlier in the spring; there may be
a more pronounced autumn peak; and numbers of questing ticks may decline more
dramatically in mid-summer.

Host factors

Infection prevalence in ticks depends on the specific tick-host relationships in any locality, which
determines the circulation of the genetically diverse Borrelia burgdorferi complex. The four
genotypes found in UK have distinct transmission cycles by means of different vertebrate hosts™.
Pheasants, for example, are only competent to transmit two genotypes, B. garinii associated with
neurological disorders (e.g. Bell’s palsy) and B. wvalaisiana that has no associated pathology. In
woodlands with large populations of pheasants, circulation of the other genotypes by means of
mammals appears to be inhibited. Moreover, because pheasants feed mostly nymphal ticks, the
prevalence of infection is high only in the relatively few adult ticks which emerge from these fed
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nymphs. In woodlands where rodents and squirrels feed most immature tick stages, nymphs have a
much higher prevalence of infection with B. afzelii (associated with cutaneous symptoms) and B.

22,23

burgdotferi s.s. (associated with arthritis)””. On moorlands dominated by sheep, the specific

transmission cycle again results in high infection prevalence only in adult ticks™.

® Unless the predicted climate change has an impact on vertebrate fauna (which is possible) the
important risk factor of the type and abundance of the various Lyme disease vertebrate hosts
will not be affected.

Human behaviour/activity

With warmer weather, humans are likely to interact with ticks in their habitat more frequently and
for longer in the year. The creation of new leisure parks in forested areas should be a cause for some
concern, since this will increase the contact rates between humans and ticks.

® DPeople engaging in leisure activities are most likely to contact Lyme disease-infected ticks
during spring and autumn, when ticks are likely to be most active. Whether, under various
scenarios for climate change, there will be an increase in numbers of infected ticks at these
times is still uncertain.

Tick-borne encephalitis (predicted by the statistical approach)

At present, TBE is confined to recognisable foci within Central Europe, the Baltic region and

»2_ Currently there is a real risk of infection to

extensively through the Russia Federation
holidaymakers walking in these countries. We now understand that virus circulation depends on a
particular pattern of tick seasonal activity” which occurs only in certain parts of the tick’s
geographical range, where the seasonal temperature profile is typically continental (as opposed to
oceanic): high summer temperatures followed by rapid cooling in the autumn®. In regions that are

too dry, however, poor tick survival limits TBE virus maintenance.

The extent, although not the focality, of the present distribution can be predicted very well (86%
accuracy) from five climatic variables, including four variables of minimum and maximum
temperature conditions, together with the maximum vapour pressure as a measure of terrestrial
moisture conditions (Figure 4.11a).

A reduced risk of TBE in the future?

The predicted rise in temperature and decrease in moisture in the summer appears to drive the
distribution of TBE virus into higher latitude and higher altitude regions progressively through the
2020s, 2050s and 2080s (Figure 4.11b-d). The Alps, however, are always too high to accommodate
the virus. In the 2020s, France, Switzerland, Slovenia, Hungary and much of Austria are cleared of
TBE virus, and the range of this virus (though not necessarily its vector) has contracted to inland
regions of the Baltic states. By the 2050s, TBE has moved into areas at present free of infection,
notably the mountains on the Slovak/Polish border and further north-west in Scandinavia, but
central Europe is virtually cleared of TBE. This is consistent with the conclusion that increased
temperatures have already extended the northern limit of I. ricinus in Sweden”. The final toe-hold
in the 2080s is confined to a small part of Scandinavia, including new foci in southern Finland.
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A very similar pattern emerges with increasingly variable scenarios (Figure 4.12): the TBE virus is
pushed to the north-east of its present range, only moving westwards in southern Scandinavia.
Only under the Low and Medium-Low scenarios does TBE remain in central and eastern Europe
to any extent.

® None of the predicted climatic changes suggest that the UK will be threatened by the TBE
virus. Overall there may be a marked decrease in the extent of this pathogen, although some
areas free at present may be invaded, notably the highlands of the Czech and Slovak Republics
and parts of Scandinavia north and west of the present coastal endemic regions.

4.3.5 Possible sources of other vector-borne diseases
(predicted by the climate envelope approach)

At present, on the basis of co-varying mean temperature, precipitation and vapour pressure, similar
climatic conditions to those found in various parts of the UK are found extensively in northern
Europe, Asia west of the Caspian Sea, Japan and neighbouring regions of China and New Zealand
(Figure 4.13a).

Under the Medium-High scenario, the changed climate in the UK is predicted to match the
present climate in different parts of the world (Figures 4.13b-d). For example, by the 2020s parts
of the UK match more of the Mediterranean rim: does this pose a threat of leishmaniasis? Further
into the future for UK climates, the regions of similarity with present-day Europe then decrease;
by the 2080s the climate predicted for much of southern, central and north-west England does not
match any found in Europe today. If climate really is a determining factor for the arrival of new
diseases into UK, this exercise highlights the regions of the world from which we might expect to
import problems. With data on which diseases occur in these places at the present time, we should

be able to make more informed guesses of the future risks of exotic diseases to inhabitants of the
UK.

The same exercise has been done for the various scenarios in the 2050s (Figures 4.14a-d).

4.3.6 Other insect-related problems (predicted by the expert
opinion method)

We can only list a range of other insect-related problems which may change with the predicted
climate changes in the UK.

Of possible high significance

(A Flies and diarrhoeal diseases - the ‘buffet factor’. Contaminative spread of bacteria by nuisance flies
is likely to increase with any increase in the abundance of such insects.

A  Midges - relevant to tourism. The midge menace is already well known to the local people and
holiday makers in Scotland and elsewhere. An extension of warm summer conditions may well
increase the seasonal extent and abundance of these insects.

(A  Fleas - nuisance factor associated with cats and dogs. Fleas on domestic animals thrive in warm
conditions, such as those associated with domestic central heating; hungry cat fleas are
particularly likely to bite humans. An increasingly warm climate will increase such problems.
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a

Stinging/biting insects such as bees, wasps and horseflies - serious allergic reactions. Allergic reactions to
bee and wasp stings can be fatal in a minority of cases. Sensitivity appears to increase with
increased exposure, a possible outcome of warmer conditions.

Urticaceous caterpillars - allergies. Caterpillars of certain moths occur in vast numbers and live
communally, often spinning characteristic silk ‘tents’ that attract our attention. On contact with
human skin, the hairs of such insects can cause painful swellings and rashes that persist for
many days. The causes of outbreaks of such caterpillars are uncertain, but they may increase in
frequency in warmer conditions.

Others to be considered

a
a

Nuisance mosquitoes, or migrant pests such as locusts.

Introduced new vector species (e.g. An. albopictus, potential vector of both dengue and malaria,
accidentally introduced in the USA in used car tyres and spreading rapidly).

Black flies (e.g. the Blandford fly) - periodic and newsworthy outbreaks of these blood-sucking
flies occur in southern UK counties.

House dust mites - associated with allergies and possibly with asthma.

Plague - endemic in the USA, transmitted by fleas between rats and also (at least in humans)
directly from person to person.

Leptospirosis (e.g. Weil’s disease) - already present in the UK, related to direct contact with
rodents or with areas contaminated with rodent urine and faeces.

West Nile Fever. The virus that causes West Nile Fever is probably maintained by mosquitoes
of the Culex species. Outbreaks have been recorded in the USA and in France.

4.3.7 Priorities for future action and research

Since we are dealing with considerable uncertainties concerning vector-borne diseases, we feel

there are two priorities for future action. The first is to monitor changing risks as they are

happening, both within the UK and to holiday makers. The second is to examine the impact of

multivariable environments on the spatial and temporal patterns of disease distribution and

intensity for both temperate and tropical vector-borne disease systems.

Create a database against which to monitor change in incidence:

a

a

GPs to report centrally on any insect-associated conditions, e.g. wasp/bee stings, rashes from
caterpillars, tick bites

Any significant change in incidence should be the alert for focused research

Identify the threat to travellers/holidaymakers going to exotic places, mostly in the tropics:

a
a
a

Match holiday destinations to disease risk
Monitor risk in those places

Alert GPs in the UK to recognise disease symptoms and to report centrally
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Build on studies to date that have used remotely sensed satellite data for extensive studies of environmental
variables that determine vector-borne disease risk (e.g. for malaria, dengue, leishmaniasis, trypanosomiasis and
tick-borne encephalitis).

[ Identify the regions of high risk that might threaten inhabitants of the UK

d  Conduct satellite data analysis and related field studies to refine the predictions of risk to the
UK

4.3.8 Further reading
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1999.
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Figure 4.6 The number of months in which vivax malaria could be spread in the UK
The different colours represent the number of months each year that vivax malaria
could be transmitted. The red dots in Fig 4.6a show the distribution of malaria in

the 19th Century.

Present-day and Medium High Scenario for the 2020s, 2050s and 2080s.

Present day 2020
Scenario: Zgh16190 Scenario: Zgax2020

2050 2080
Scenario: Zgax2050 Scenario Zgax2080
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Figure 4.7 The number of months in which vivax malaria could be spread in the UK
The different colours represent number of months each year that vivax malaria
could be transmitted

Low, Medium-Low, Medium-High and High Scenarios for the 2050s

2050
Scenario: Zglx2050

2050 2050
Scenario: Zgax2050 Scenario Zghx2050
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Figure 4.8 Annual cases of malaria reported to the PHLS Malaria Reference
Laboratory, UK
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Open circles represent all cases of malaria and closed circles are those due to P. falciparum. Data courtesy of Dr David
Warhurst

101



Figure 4.9 a & b Global falciparum malaria

The present-day distribution of falciparum malaria is adequately described by
temperature, precipitation and vapour pressure data (Fig. 4.9a, 78% correct
predictions, 14% false positives and 8% false negatives). The predicted
probabilities with which local climates match those in malarious areas are
colour coded according to the inset probability scale. Predictions for the
HadCM2 Medium-High scenario of the 2020s, are shown in Figure 4.9b

Global malaria. Predicted areas of suitability, 1961-90 climate

. - Probability

1" =65- 10
L= 0.55- 0.649

D= 0.50 - 0.549
0= 0.45 - 0.499
0= 0.35-0.449
W= 0-0.349

/A = Observed

Global malaria. Predicted areas of suitability, HadCM2 2020s medium-high scenario
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Figure 4.9c &d Global falciparum malaria. The present-day distribution of
falciparum malaria is adequately described by temperature, precipitation and
vapour pressure data (Fig. 4.9a, 78% correct predictions, 14% false positives and
8% false negatives). The predicted probabilities with which local climates match
those in malarious areas are colour coded according to the inset probability scale.
Predictions for the HadCM2 Medium-High scenario of the 2050s and 2080s, are

shown in Figures 4.9c& d

Global malaria. Predicted areas of suitability, HadCM2 2050s medium-high scenario

Global malaria. Predicted areas of suitability, HadCM2 2080s medium-high scenario
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Figure 4.10a & b Global falciparum malaria. The present-day distribution of
falciparum malaria is adequately described by temperature, precipitation and
vapour pressure data (Fig. 4.9a, 78% correct predictions, 14% false positives and
8% false negatives). The predicted probabilities with which local climates match
those in malarious areas are colour coded according to the inset probability scale.
Predictions for the HadCM2 Low and Medium-Low scenarios of the 2050s, are
shown in Figures 10a & b

Global malaria. Predicted areas of suitability, HadCM2 2050s low scenario

. Probability
g =085+ 1.0
[l 0.55- 0.649 -
0= 0.50 - 0.549
0= 0.45 - 0.499
0= 0.35-0.449
W= 00-0349

s
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Global malaria. Predicted areas of suitability, HadCM2 2050s medium-low scenario
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Figure 4.10 ¢ & d Global falciparum malaria

The present-day distribution of falciparum malaria is adequately described by
temperature, precipitation and vapour pressure data (Figure 4.9a, 78% correct
predictions, 14% false positives and 8% false negatives). The predicted
probabilities with which local climates match those in malarious areas are colour
coded according to the inset probability scale. Predictions for the HadCM2
Medium-High and High scenarios of the 2050s are shown in Figures 4.10c & d

Global malaria. Predicted areas of suitability, HadCM2 2050s medium-high scenario

Global malaria. Predicted areas of suitability, HadCM2 2050s high scenario
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Figure 4.11 a & b Tick-borne encephalitis (TBE) in Europe

The present-day distribution of TBE in Europe is adequately described by
temperature and vapour pressure data (Figure 4.11a, 86% correct predictions, 12%
false positives and 2% false negatives). Predictions for the HadCM2 Medium-High
scenario of the 2020s, are shown in Figure 4.11 b

TBE in Europe. Predicted areas of suitability, 1961-90 climate
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O - Observed
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Figure 4.11 ¢ & d Tick-borne encephalitis (TBE) in Europe
The present-day distribution of TBE in Europe is adequately described by
temperature and vapour pressure data (Figure 4.11a, 86% correct predictions, 12%
false positives and 2% false negatives). Predictions for the HadCM2 Medium-High

scenarios of the 2050s and 2080s, are shown in Figures 4.11c & d

TBE in Europe. Predicted areas of suitability, HadCM2 2050s medium-high scenario
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Figure 4.12 a & b Tick-borne encephalitis (TBE) in Europe

The present-day distribution of TBE in Europe is adequately described by
temperature and vapour pressure data (Figure 4.11a, 86% correct predictions, 12%
false positives and 2% false negatives). Predictions for the HadCM2 Low and
Medium-Low scenarios of the 2050s, are shown in Figures 4.12a &b

TBE in Europe. Predicted areas of suitability, HadCM2 2050s low scenario
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Figure 4.12 ¢ & d Tick-borne encephalitis (TBE) in Europe.
The present-day distribution of TBE in Europe is adequately described by
temperature and vapour pressure data (Figure 4.11a, 86% correct predictions, 12%
false positives and 2% false negatives). Predictions for the HadCM2 Medium-High

and High scenarios of 2050s are shown in Figures 4.12c & d

TBE in Europe. Predicted areas of suitability, HadCM2 2050s medium-high scenario
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Figure 4.13a Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
period 1961-1990. The world map shows the global distribution of zones with same
mean values of each climate variable in the same period, with the detail for Europe

U.K. climate 1961-90 matched to 1961-90 Global

110



Figure 4.13b Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2020s Medium-High scenario. The world map shows the global
distribution of zones with the same mean values at the present time (1961-1990),

with the detail for Europe

U.K. climate HadCM2 2020s medium-high scenario matched to 1961-90 Global
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Figure 4.13c Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2050s Medium-High scenario. The world map shows the global distribution
of these same zones at the present time (1961-1990), with the detail for Europe

U.K. climate HadCM2 2050s medium-high scenario matched to 1961-90 Global
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Figure 4.13d Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2080s Medium-High scenario. The world map shows the global
distribution of these same zones at the present time (1961-1990), with the detail for

Europe

U.K. climate HadCM2 2080s medium-high scenario matched to 1961-90 Global
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Figure 4.14a Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2050s Low scenario. The world map shows the global distribution of these
same zones at the present time (1961-1990), with the detail for Europe

U.K. climate HadCM2 2050s low scenario matched to 1961-90 Global
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Figure 4.14b Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2050s Medium-Low scenario. The world map shows the global distribution
of these same zones at the present time (1961-1990), with the detail for Europe

U.K. climate HadCM2 2050s medium-low scenario matched to 1961-90 Global
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Figure 4.14c Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2050s Medium-High scenario. The world map shows the global distribution
of these same zones at the present time (1961-1990), with the detail for Europe

U.K. climate HadCM2 2050s medium-high scenario matched to 1961-90 Global
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Figure 4.14d Matching UK to Global climates

The UK inset shows the distribution of 10 climatic zones defined in terms of
temperature, rainfall and vapour pressure (mean, maxima and minima) for the
HadCM2 2050s High scenario. The world map shows the global distribution of
these same zones at the present time (1961-1990), with the detail for Europe

U.K. climate HadCM2 2050s high scenario matched to 1961-90 Global
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Predicting the areas of suitability for European vivax malaria using a biological
approach

The analyses to produce the maps of European vivax malaria in Figure 4.6 are based on the
concept of the basic reproduction rate (R.), which represents the number of future cases of malaria
derived from one infective case at the present time, before this case is cured, or the infected person
dies. Where R, is greater or equal to 1.0 the disease can become established; when it is less than
1.0 it eventually becomes extinct. One expression for R, is shown below:

R,= ma’bp'

-In (p)r

where,

ma = the number of bites per person per day/night. This was set equal to 1.0 in the present model

a = the frequency of feeding on a person, expressed as a daily rate;

a = | bites/person/day
u

where h is the proportion of mosquito blood meals taken from people (as opposed to other animals
that are not infected with human malaria) and # is the length in days of the gonotrophic cycle -
the interval between each egg-batch and, generally, each mosquito blood meal. The present model
assumes a mean value of h ot 0.42 for indoor-resting mosquitoes (e.g. An. maculipennis)'. u is length
of the gonotrophic cycle, described as follows:
u= _fi days
T- g,

Where f, is a thermal sum, measured in degree days, representing the accumulation of temperature
units over time to complete the cycle = 36.5°C, g, is a development threshold below which
development ceases = 9.9°C, and T is ambient temperature’.

p = the daily survival probability of adult mosquitoes. The present model takes the median value
of the mortality rate for An. atroparvus = 0.029/day (n = 24, range 0-0.294/day)'

n = the period of parasite development within the adult mosquitoes, in days (the sporogonic cycle).

n= __f days
T-g

Where f, is a thermal sum, measured in degree days, representing the accumulation of temperature
units over time to complete the development = 105 degree days, g, is a development threshold
below which development ceases = 14.5°C and T is ambient temperature'.

b = the proportion of vector females developing parasites after taking an infective blood meal. The
model assumed a value of 0.19°.

I = the rate of recovery of humans from infection with malaria. The usual assumption is that the
duration of each infection is therefore 1/r days. The model assumed that an infection would be
patent for 60 days, giving a value for v of 0.0167/day".

In the model the above formulae were used together with the various scenarios for climate change
in the UK. The model output the number of months of the year when R, is greater than 1.0,
indicating potential disease spread. Under conditions when R, is less than 1.0 for a considerable
proportion of the year, the disease probably cannot persist without continuous introduction from
elsewhere, or possibly as quiescent stages within apparently recovered people.
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4.4 Water-borne diseases and climate change

Dr R Stanwell-Smith
Public Health Laboratory Service

Summary

A The epidemiological study of possible links between climate change and water-related disease
is at an early stage. Information on long-term trends and further research are needed to make
reliable predictions about the climate effects on water-related health. It is important to note
that the health effects are not confined to infection, although this section focuses on water-
related pathogens.

(d  The evidence is at present mainly based on seasonal variation in water-related infections: most
organisms show strong seasonal cycles with timing of peaks of water contamination related to
latitude (especially Campylobacter) and possible response to seasonal changes in temperature and
rainfall (especially Cryptosporidium).

[d No convincing evidence of either drought or flooding effects on the incidence of water-
related organisms exists in the UK, possibly because of good water and sanitation infrastructure
and management, amongst other factors such as climate and prevalence of pathogens. The
absence of ‘drought’ or ‘flood’ associated infections in the UK contrasts with experience in
other countries, particularly those with less-secure sanitation structures.

[ Travel-related water-borne infections are relevant to UK estimates of climate change effects
on health, because of an increasingly mobile population and overseas exposure.

[d There may be a need for increased attention to the quality of water in swimming pools and
of bottled water quality both at home and abroad.

4.4.1 Introduction

Climate change may affect our water supplies in terms of quality, quantity and availability.
Evaporation is likely to reduce fresh water resources, with the additional influence of salt water
incursion due to higher mean sea levels. Reduction in ground water will affect aquifer water
resources and force greater dependence on surface waters, which have higher levels of
contamination. Chemical contamination is also likely to increase due to less dilution of industrial
pollutants. The likely increased incidence of extreme weather events poses a threat to water supplies
and the potential for contamination by means of flooding, increased run oft and damage to water
and sewage treatment works. Higher mean temperatures of surface water, and increased nutrient
load, will promote the growth of cyanobacteria, causing algal blooms. Finally, upland sources from
peat covered catchments are likely to contain enhanced levels of dissolved organic carbon,
particularly when re-wetting follows drought periods, producing risks of trihalomethane formation
on disinfection with chlorine'.

The health problems associated with these changes will depend on a number of factors:
A the degree to which UK water quality can be maintained;
[ the speed of climate change and the associated incidence of extreme weather events; and

[ behavioural and adaptive factors.
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Water-related behaviour is likely to be strongly affected by climate change, for example warmer
summers are likely to lead to an increase in the recreational use of water and increased water
consumption. At present, there is very limited information on the way changes in average
temperature and precipitation will affect the biosystems that determine the distribution and
viability of micro-organisms capable of producing disease. There is also very little information of
the association of climate parameters with the incidence of human and animal water-borne
infection. This section summarises the epidemiological issues in investigating water-borne disease,
the evidence of a link to climate variation, the potential effects of climate on water-related disease
and the research required to make further progress.

4.4.2 The epidemiological challenge in attributing water as a
cause of disease

The WHO? international definition of water-related disease is as follows:

Water-related disease is defined as any significant or widespread adverse effects on human health, such as
death, disability, illness or disorders, caused directly or indirectly by the condition, or changes in the quantity
or quality, of any waters. The causes of water-related disease include micro-organisms, parasites, toxins and
chemical contamination of water.

Current methods of ascertaining water-related disease

In the UK at present there is no statutory mechanism for reporting water-related disease, in
contrast to food poisoning. The latter includes gastrointestinal infections of unknown aetiology as
well as those where a water based aetiology is suspected or confirmed. How much water-related
disease contributes to current levels of food poisoning is unknown. Water companies are required
to report incidents that might present a risk to public health to the Drinking Water Inspectorate,
to local authorities and to area health authorities. The Inspectorate publishes its assessment of
incidents and any outbreaks of drinking water-related illnesses in its annual reports. The
uncertainty in attributing cause in water-related disease suggests that water-related disease may be
under reported and that it may be frequently unrecognised.

The attribution of disease to a water source is complicated by the fact that so many organisms can
be transmitted by water, but most also have other vehicles such as person to person spread. It may
be difficult or impossible to confirm a suspected water link for sporadic cases and small clusters.
For example, the association of Cryptosporidium spp. with water has been established for several large
outbreaks, but research and surveillance data on the causes of sporadic cases of C. parvum suggests
that animal contact may be a more important risk factor’. Similarly, epidemiological studies of
water outbreaks, particularly those involving private supplies, have implicated Campylobacter spp.**,
but the cause of most sporadic cases of campylobacter enteritis remains obscure.

With other types of disease associated with the environment, epidemiologists have been able to
apply various criteria to attribute cause. For example, the nine criteria proposed by Bradford Hill®
can be only rarely fulfilled, for both practical and ethical reasons. The first of these criteria, strength
of association, has been used to assess reported water-related outbreaks of disease in England and
Wales. Using evidence such as identification of the same organism in the water and in human cases,
results of analytical epidemiological studies and of documented water treatment failure, outbreaks
reported to the Communicable Disease Surveillance Centre (CDSC) have been classified as
‘strong’, ‘probable” and ‘possible’” (Table 4.4). The outbreaks known to CDSC and the strength of
association are reported at six monthly intervals. Most of the reported outbreaks are investigated
by descriptive, rather than analytical, epidemiological techniques.
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Table 4.4 Infections associated with water

Disease

Organism

Mode of transmission

Areas of risk

Aeromonas
associated diarrhoea

Aeromonas spp.

Consumption/exposure to
contaminated water

Worldwide

Amoebiasis Entamoeba Faecally contaminated Tropics; areas of poor
histolytica water or case to case sanitation & institutions
Amoebic meningo- | Acanthamoeba/ Exposure to contaminated | Worldwide: water the main
encephalitis Naegleria water reservoir. Fountains/spas
Campylobacter Campylobacter Contaminated water; Worldwide: carried by many
enteritis Jejuni chicken/pork; animal animals and birds. Private or
contact; case to case institutional water supplies in
transmission very UK
uncommon
Cholera Vibrio cholerae Faecally contaminated Most continents, including
01 /0139 water S.E. Europe. Natural
reservoir in estuarine waters -
shell fish association
Cryptosporidiosis Cryptosporidium | Faecally contaminated Worldwide: human and
parvum water, animal contact animal reservoirs

Cyclosporal enteritis

Cyclospora spp.

Faecally contaminated

Asia, S. America, Caribbean

diarrhoea related to
blue green algae

Cyanobacteria spp.

(coccidian water
parasite)
Dermatitis/ Toxins of Exposure in freshwater

lakes/estuaries; also via
consumption of water/

fish

water; case to case

Diphyllobothriasis Diphyllobothrium | Consumption of raw/ Subarctic, temperate and
latum /other undercooked fish from tropical zones
species lakes

Dracunculiasis Dracunculus Consumption of water Tropics

medinensis containing Cyclops larvae
(Guinea worm)

Fascioliasis Fasciola hepatica Consumption of Sheep and cattle raising areas
uncooked aquatic plants in the Americas, Europe,
bearing encysted forms Middle East, Asia and Africa
e.g. watercress

Giardiasis Giardia lamblia Faecally contaminated Worldwide; areas of poor

sanitation
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Disease Organism Mode of transmission | Areas of risk
Haemorrhagic Escherichia coli Faecally contaminated Probably worldwide:
colitis O157:H7/ water identified in N. America

verotoxin producing
E.coli

Europe, S.Africa, Japan
S. America and Australia

Hepatitis (viral) Hepatitis A Mainly case to case: also Worldwide
consumption of’
contaminated water/
shellfish
Leptospirosis Leptospira Exposure to contaminated | Worldwide except polar
(Weil’s disease) interrogans water regions
serovars
Melioidosis Pseudomonas Contact with water S. E. Asia, S. America
pseudomallei contaminated by the
saprophyte
Microsporidiosis Microsporidium Exposure to contaminated | Worldwide
(dermatophytosis + | spp. water
gastroenteritis)
Mycobacterial Mycobacterium Contact e.g. swimming in | Worldwide; association with
granuloma marinum contaminated water keeping tropical fish
Schistosomiasis Schistosoma Contact with free Tropics
(Bilharziasis)/ haematobium & swimming cercariae

Swimmer’s itch

other species

Shigellosis (bacillary

S. dysenteriae

Faecally contaminated

Areas of poor sanitation

dysentery) water: case to case
Streptobacillosis Streptobacillus Water contaminated by rat | Worldwide, uncommon in
(rat bite fever) moniliformis urine N. Europe/N. America
Tularaemia Francisella Exposure to contaminated | Temperate zones:

tularensis water (but mainly N. America, continental Europe,

arthropod-borne)

China, Japan

Typhoid fever

Salmonella typhi

Faecally contaminated
water

Areas of poor sanitation

Viral gastroenteritis

SRSV enteric
adenoviruses,
rotaviruses,
cytopathogenic
enteroviruses

Faecally contaminated
water (but mainly case to
case)

Worldwide
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Table 4.5 Criteria for estimating strength of association between human
illness and water

Criteria (a) the pathogen found in human case samples was also found in water
samples

(b) documented water quality failure or treatment failure

(c) significant result from analytical epidemiological study (case-
control or cohort)

(d) suggestive evidence of association from a descriptive
epidemiological study

Streng_th_ of (a) + (c), (@) + (d) or (b) + (¢)
association (b) + (d), (c) only or (a) only
(b) + (d)

Acute versus long-term water-related disease

There is little known about the long-term effects of exposure to unwholesome water, or of the
possible links between chronic disease and exposure to contaminated water at an earlier time.
Long-term effects have been postulated, particularly following chemical incidents, and also for
Campylobacter, Helicobacter pylori and cyanobacterial exposure by means of water, but as yet no long-
term, prospective studies have been undertaken.

Types of water covered by surveillance

The types of waters included in the surveillance of water-related disease include surface waters
(rivers, lakes), ground waters (any water in underground strata and boreholes), enclosed waters
(artificially created bodies of water separated from surface freshwater or coastal waters, including
those inside buildings) and sanitation (collection, transport, treatment, disposal and reuse of human
excreta through collective systems or small installations). From the risk assessment perspective,
public health practitioners need to be aware of the main contaminants in local waters, including
industrial pollutants as well as of the infection risk from livestock. The risk appraisal must also
include enquiring about infrequently used supplies, change in use of supplies or supplementation
of a public mains supply with water from a private well. Many institutions, including hospitals, have
a private well and some rely on this type of source or use it to supplement a mains supply.

Drinking water: definitions

Water intended for drinking is subject to vigilant surveillance and, in many countries for example
the UK, is controlled via a separate government agency. ‘Drinking water’ refers to wholesome,
clean and safe water intended for consumption by humans. Wholesome water is defined by
reference to the standards laid down in the Water Supply (Water Quality) Regulations, 1989. Such
water should be free of any micro-organisms and parasites and any substances, in numbers or
concentrations, which constitute a potential danger to human health. It includes water used in food
preparation and as a constituent in foods. Pollution of water indicates the presence or introduction
of products of human activity which have harmful or objectionable effects. In the Dangerous
Substances Directive (76/464/EEC), water pollution is defined as the discharge by man, directly
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or indirectly, of substances or energy e.g. heat into the aquatic environment, the results of which
are such as to cause hazards to human health, harm to living resources, to aquatic ecosystems,
damage to amenities or interference with other legitimate uses of water. Water contamination
differs from the definition for pollution in that the levels present may not necessarily cause harm.

Existing evidence of the effects of climate on water-related disease

The international definition of diseases associated with water refers to water-related, rather than
water-borne disease. The latter implies consumption of water, while disease may occur from direct
exposure to contaminated water or through exposure to vehicles contaminated by unwholesome
water. It includes ‘water-washed’ diseases related to poor hygiene consequent upon unsafe or
insufficient water supplies: examples include Hepatitis A and bacillary dysentery and fungal skin
infections or eye infections, such as trachoma. It is important to remember that such diseases may
be increased by a lack of water rather than contamination of water. It also includes diseases related
to waste water, ‘grey water’ (recycled) and solid waste disposal where there is a potential for water
contamination. The definition also encompasses disease related to chemical contaminants, which
may be by direct consumption of drinking water or exposure during swimming or washing.

Infections associated with water include several which are now mainly confined to tropical zones
and areas of poor sanitation (Table 4.4). Those of emerging importance such as C. parvum,
Campylobacter spp. and E.coli O157 are common in the UK and other parts of Europe®, although
most reported infections with these organisms are not known to be water-borne. Microsporidia
have received recent attention, following a report from France of intestinal microsporidiosis
associated with water in 1995 and concerns, similar to those about Cryptosporidium spp., of risks to
people with damaged immune systems. While immune deficiency is a strong risk factor,
microsporidial infection also occurs in the absence of any apparent deficiency. Two species of
microsporidia are commonly associated with diarrhoea: Enterocytozoon bieneusi and E. intestinalis.
The source may be farm animals and E. bieneusi has been identified in surface water, while E.
intestinalis and other species have been identified in tertiary sewage effluent. Temperature rises may
favour the survival of microsporidia in the environment and hence pose a greater risk of faecal-
oral transmission by means of water supplies. As with other spore forming protozooal infections
(Cryptosporidium spp., Giardia spp.), disinfection with chlorine is relatively ineffective and other
forms of water treatment are required to destroy microsporidia.

In addition to infections acquired by consumption or by direct exposure, many others are water-
associated in that water plays a part in transmission or in environmental survival of the reservoirs
of infection. Examples include legionnaires’ disease and malaria. The incidence of both infections
is likely to increase due to:

[ climate effects on the mosquito vectors of malaria;

d  increased use of air conditioning and humidifiers in hot summers and warm climates (travel
related legionnaires’ disease); and

[ increased travel and exposure in high risk areas.

A detailed discussion of the possible effects of climate change on malaria in the UK is provided in
Section 4.3. Many pathogens survive in water, but this is not necessarily the most efficient vehicle
of transmission. For example, small, round structured viruses are relatively chlorine resistant and
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survive in water following sewage discharge or in moist environments, but case to case transmission
is by far the commonest cause of outbreaks. Most water-borne pathogens can be transmitted by
other vehicles and few are characterised by poor case to case transmission. The exceptions are
Legionella pneumophila and Vibrio cholerae. Campylobacter spp. are of interest because of the negligible
case to case transmission, but the commonest species infecting humans, C. jejuni and C. coli, inhabit
the intestinal tracts of wild birds and domestic animals: poultry are readily colonised and most
broiler chickens sold in shops are contaminated.

Seasonal variation in water-related disease

The existing evidence shows seasonal variation in levels of water-related pathogens and increases
that may relate to warmer summer temperatures. While suggestive of a link to climate change, there
is little or no evidence, as yet, in the UK that the climate changes so far observed have affected
water-related pathogens. This is partly because of the generally good quality of our water supplies
and the precautions taken by water providers when breaches occur in water supplies. Water
treatment has removed traditional water-borne pathogens, such as Vibrio cholerae and Salmonella
typhi, from British water supplies and the very low frequency of these infections in the population
ensures that treatment failures carry a negligible risk of contamination by these pathogens. i.e., the
risk of water becoming contaminated is very low.The global increase in cholera has, however, been
linked to the El Nino oscillation and other climate influences such as enhanced survival in warmer
temperatures’, but poor sanitation remains the most obvious underlying cause of human epidemics.
Cryptosporidium parvum oocysts have proved able to penetrate water treatment in the UK, USA and
other developed countries, but the incidence of cryptosporidiosis, although seasonal, relates also to
practices in animal husbandry. Campylobacter spp. seasonality has attracted interest in a possible
association with climate. Time trends have demonstrated seasonality in several countries, but
although the seasonal pattern is more pronounced in Northern European countries, no correlation
has yet been found with latitude of country and the month of seasonal peak of Campylobacter spp.
reports. Campylobacter is now the commonest cause of bacterial gastrointestinal infection in the
UK: while typing systems exist, these are not yet sufficiently developed to distinguish different
epidemiological effects. Thus the influence of other vehicles, such as poultry and other foods,
cannot be excluded from the data to allow analysis of the possible association between water-borne
infection and climatic variables.

The evidence available from the investigation of water borne outbreaks of disease does not
demonstrate any clear association with climate. Recent outbreaks in the UK have been
predominated by Cryptosporidium parvum, with a possible trend towards more outbreaks associated
with swimming pools and private supplies. The emergence of Escherichia coli O157 as a cause of
outbreaks linked to small private water supplies indicates the wider distribution of this pathogen
in animal populations, but numbers are still low and there is no indication of a climate effect.

In summary, the evidence of seasonal variation is of interest to climate studies, but climate is likely
to prove only one of the factors influencing the current trends in these pathogens.

If studies show a convincing link with temperature or precipitation variation, the next task will be
to tease out all the other confounding factors and develop models of the potential contribution of
climate alone. While the lack of information and evidence is to some extent reassuring, there would
appear to be no room for complacency. Many of the more recently identified infections are water-
related (Cryptosporidium spp., Campylobacter spp., Legionella spp., Microspora spp.). This suggests both
that we have not had time to observe trends, and also that more organisms may emerge as the
climate effects increase.
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Potential effects of climate on water-related disease
The potential eftects may include:

[ changes in vector breeding patterns, e.g. mosquitoes;

d increased pathogen survival in natural waters e.g. Vibrio cholerae;
[ decreased quality of drinking water;
a

indirect effects due to increased exposure to water used in air conditioning e.g. Legionella
pneumophila;

L

algal blooms;

(M

increased leisure exposure to freshwaters and sea water;

[ effect of extreme weather events such as floods: increased risk of pathogens breaching the water
treatment and sanitation safeguards; and

[ increased exposure to water-related pathogens in other countries during travel from the UK.

Concern about the sustainability and safety of water supplies in Europe is beginning to change the
relative neglect of water as a source of disease. Water shortage and poor water quality remain a
central concern in developing countries and are estimated to cause the deaths of 1.5 million
children annually. Concern about the importation of water-related disease is also rising: the
concerns relate both to travel associated disease in visitors to countries with poor water control
and sanitation and also to foods contaminated by unwholesome water. Recent initiatives with
relevance to water surveillance include the proposed European Community Water Framework
Directive, with particular reference to sustainable water use and mitigation of the eftects of floods
and droughts. The European Water Protocol drawn up by the WHO and UNECE (UN Economic
Commission for Europe) places a greater emphasis on the health impact of water and the
implications for surveillance, indicators of pollution and early warning systems.

Blue green algae

Climate change may increase the incidence of problems related to blue green algae (cyanobacteria),
of which swimmer’ itch is one of the less severe, but irritating, effects". Skin reactions are the most
commonly reported effect in the UK. Contact with cyanobacteria has also been associated with
rhinitis, gastrointestinal complaints and atypical pneumonia'. Some algal toxins have tumour-
enhancing properties, suggesting the possibility of disease developing years after exposure, or after
prolonged exposure to relatively small doses of toxin. Little epidemiological research has been done
on the risk to human health from freshwater or coastal algal blooms.

While temperature is an important factor, the observed increase in freshwater toxic algal blooms
in recent years may be related to changes in agricultural run-oft or to reduced river flow and
associated increases in nutrient load. Increases in freshwater algae blooms have been observed in
unusually hot summers in the UK"™". The major bloom-forming species produce potent toxins,
including hepatotoxins and neurotoxins'. However, there is little correlation between the
composition of a particular bloom and the concentration of toxin present. Blooms cause serious
water pollution problems, requiring the use of alternative water sources and closure of waters used
for recreational and leisure activities. For example, during August and September 1989, substantial
growths of blue green algae were observed in UK inland waters. The most publicised was at
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Rutland Water in Rutland (Anglia Water), because of a putative association with the death of 20
sheep and 15 dogs which had contact with the water. However, no human health effects were
reported, despite a wide range of recreational water sports and activities at Rutland Water. Anglia
Water excluded their reservoirs from recreational purposes for a six-week period®”. Later that
summer, hospital treatment was required for two soldiers exposed to water during a canoeing
course in Staffordshire: the illnesses developed one day after the course and included abdominal
pain, vomiting, diarrhoea, skin blistering and atypical pneumonia'®. The illness was attributed to
ingestion and/or inhalation of toxic blue-green algae.

In coastal waters, the main risk from algal blooms is through contamination of shellfish. In the UK,
dinoflagellates have caused sporadic cases of paralytic shellfish poisoning (PSP) in spring, along the
north east coast of England and north and west coast of Scotland”. Problems with toxic
dinoflagellates have also been associated in summer months with coastal waters of France and
Spain. During the summer of 1999, the scallop fishery along the west coast of Scotland was closed
because of the risk of amnesic shellfish poisoning (ASP). There is no evidence that coastal algal
blooms have been affected by observed climate change.

Sewage in coastal waters

It is UK policy that all significant discharges of sewage are treated to at least secondary level
whether the discharge is to inland surface water, groundwater, estuaries or coastal waters. Some
discharges which impact on bathing waters or shellfish waters can receive even higher levels of
treatment such as UV disinfection or microfiltration. The dumping of sewage sludge to sea was
banned from the end of 1998. The treatment of sewage significantly reduces, but does not
eliminate, the potential for pathogens to be discharged into the aquatic environment and studies
have shown a small but significant risk of minor infection following exposure to seawater
contaminated by sewage'®"”. Climate change may alter the effect of such exposures, for example,
warmer waters will reduce the survival of sewage-derived pathogens but the frequency and
duration of exposure may be increased by warmer spring, summer and autumn weather.

The health implications of droughts and floods

The health implications of droughts and of floods vary greatly with location and circumstances. In
the UK there is no evidence to suggest significant health problems arising from either drought or
floods in recent years. This absence of health effects may be related to a number of factors and not
least to a well developed water and sanitation system and an informed public. However, water
availability has indirect influence on disease via hygiene and floods elsewhere in the world with an

increased spread of cholera, leptospirosis and infections associated with rodents™.

Droughts have a gradual onset and can occur anywhere, a critical factor being water usage.
Droughts may kill due to a lack of water for drinking and can lead to forced migration and
complex emergencies. Vulnerability to drought comprises a mix of social and political factors and,
in terms of global change, climate change is but one factor to consider amongst many others, such
as population growth.

The monitoring of drought and seasonal forecasting in many parts of the world provide
forewarning for drought management. Unlike many climatic and natural hazards, there should be
adequate time to implement, but not necessarily to plan, mitigation responses. Drought has
profound socio-political effects which extend beyond the issue of water management. In drought-
affected countries, the asse