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EXECUTIVE SUMMARY

The risk of climatc change due 10 global warming became one of biggest scientific, political and public
issues of the 1980s, and likcly 10 remain important during the 1990s and into the next century.

The primary objectives of this report arc (o summarise the current scientific consensus on global warming,
to review the implications of climate change for cach of the NRA ‘s seven core functions, and 1o identify
climate change parameters of greatest relevance 10 the NRA. ‘

The consensus of the Intergovernmental Panel on Climate Change is that, unless mitigating actions are
taken, global temperatures will rise by approximatcly 3°%C per decade and the global mean sea level in 2030
will be around 18cm higher than at present. However, these estimates are very uncertain, and their is even
greater uncertainly in estimated changes at the scale of the UK and, especially, in rainfall. The best guess
of the UK Climate Change Impacts Review Group is that by the middle of the next century winters in the
UK will be wetter than at present, and for therc to be no change in summer rainfall. Evaporation would
be higher because of the increased temperature. These are not predictions of climate change, but are to be
regarded as feasible, realistic scenarios of possible future conditions. Rainfall changes are of most significance
for the NRA, but scenarios for rainfall change are particularly uncertain; estimates of possible changes in
short-duration, flood-producing rainfall arc extremely uncertain,

There arc two lcvels of uncertainty in estimating the impacts of climate change in a particular sector. Firstly,
there is the uncertainty in estimating possible changes in climate, as indicated above. Secondly, the
relationship between climate and response may be poorly understood and Inadequately quantified. Some of
these relationships are quite well defined - such as those relating river runoff (o rainfall and evaporation
inputs - and it is possible to make quantified asscssments of the implications of given climate change
scenarios; other relationships - particularly in the ecological field - arc less well known and it is currently
noi possible 10 make quantitative estimates of possible change.

The most important cffects of climate change for the NRA will be on ceasial flooding (which is likely to
become much worse) and on warer resource availability (which may cither increase or decrease, depending
on the exact climate change). There will be lesser effects on water quality, fluvial flooding (although this
might be quite significantly affecied; little is known), fishcrics and conservalion. The recreation and
navigation funciions will also be affected by climate change, but to unknown and uncertain degrees.

Most of the rescarch effort has so far concentrated on the implications of climate change and sca level rise
on coastal flooding (indicating its importance to the NRA), and there have also been a number of projects
concerned with water resources. Other arcas have received much less attention.
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1. INTRODUCTION: CLIMATE CHANGE AND THE NRA

1.1 Objectives of report

The objectives of this report are to:

1. Summarise for the National Rivers Authority the cufrent status of the scientific understanding
of global warming and the prediction of its effect.

2. Review the implications of climate change for all core function activities of the National Rivers
Authority, given current information, and identify the most sensitive areas and activities.

3. Identify the climate change parameters of greatest relevance to the National Rivers Authority.
4. Identify reccnt and current research relevant 1o climate change and the NRA,
3. Identiy a number of priority arcas for future consideration.

1.2 The role of the National Rivers Authority

The National Rivers Authority (NRA) was establishcd by the 1989 Water Act as a Non-Deparimental
Public Body. It has statutory responsibilities for water resources, potlution control, flood defence,
fisheries, conscrvation, recreation and navigation in England and Wales, and these seven arcas represent
the core funclions into which the NRA is organised. The NRA is both an erecutive authority - in flood
defence, conservation and navigation in particular - and a regulatory authorily.

The NRA works closcly with the Department of the Environment (DoE), The Ministry of Agriculture,
Fisheries and Food (MAFF) and the Welsh Office. The DoE is the agency ultimately responsible for
meeting government and EC policy dircctives on water, and discharges this responsibility through the
NRA (7). It also sets performance targets, approves Drought Orders and gives permission for large NRA
investments and activitics. MAFF and the Welsh Office arc involved in flood defence, and give grants
to the NRA 1o undertake flood defence schemes.

The NRA nceds to be informed about ¢climate change (i) 1o help in its exceutive role, (i) to help in
its regulatory role (when approving licence applications and sciting constraints) and (iii) to understand
the pressures and problems facing those it regulates.

1.3 Structure of report

The report summarises current understanding of the effects of climate change on cach of the seven NRA
core functions. Each chapier deseribes a different core function (although recreation and navigation are
combined), and has a similar structure covering (i) potential cffects of climate change on the
physicaliological system, (ii) implications for NRA activities, (iii) information requircd by the NRA
and (iv) a summary of the key impacts and important climate parameters. Chapter 2 summariscs the
curreat scientific understanding of global warming and climate change (o provide a background context.

A bibliography of relevant reports (published and unpublished) is given in Annex A, and Anncx B lists
recent and current rescarch projects. Both are organised by core function.



1.4 The organisation of climate change research in the UK

The Global Autmosphere Division of the Department of the Envitonment is the lead government agency
in the ficld of climate change. It works in the following main areas:

1. Support for the Hadley Centre for Climate Prediction and Rescarch at Bracknell. This is the
main centre for climate modelling in the UK, and is a part of the Metcorological Office.

2. Support for the UK contribution to the Intergovernmental Panel on Climate Change (IPCC).

The IPCC was established by WMO and UNEP 1o provide information on climate change to
decision-makers.

3. Support for the Climate Change Impacts Review Group (CCIRG). The CCIRG was set up,
under the chairmanship of Professor Martin Parry, 10 consider the potential impacts of climate
change in the UK. It has produced one report (CCIRG, 1991), and is maintaining a watch on
UK and imernational developments.

4. Support for a project 10 relate the output of climate models (such as those from the Hadley
Centre) 10 the demands of the impact assessment community. This project is based at the
Climatic Research Unit of the University of East Anglia. .

S Support for a "core-modelling” project, centred at the institute of Terrestrial Ecology and the
Institute of Hydrology, which aims to develop a methodologies for estimaling the ecological and
biogeochemical impacts of climate change, respectively.

The Global Atmosphere Division of DoE does not support research into impacts in specific areas, and
this is the responsibility of interested departments or agencies. The Water Direciorale of the DoE, for
example, has developed a programme concerned with the implications of climate change for water
resources (Chapiers 3 and 4), and the Environmenial Policy Division of MAFF has a large programme
(£1.075million in 1992/93) investigating climate change and agriculture. The Flood Defence and Land

Sales Division of MAFF has supporied work into the effects of sea level rise, as indeed has the NRA
(Chapier 5). '

Figure 1.1 summariscs the relationships between the various commitices with an interest in climate
change in the UK, concentrating on those most relevant o the NRA. The DoE Water Directorate
"Impact of climate change on water resources” Advisory Commilicc was established 0 oversee the Water
Directorate’s rescarch programme, led by the Institute of Hydrology.
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Figure 1.1 Relationships between committees concerned with climate change in the UK



2. CLIMATE CHANGE: PRINCIPLES AND SCENARIQS FOR ENGLAND AND WALES

2.1 Introduction

The aim of this chapter is 10 summarise the processes which lic behind global warming and to provide
an introduction to the methods used 10 create scenarios for possible fulure changes in climate in
England and Wales. The chapter also looks at evidence for climate change.

The information in this chapter is largely drawn from ihe United Nations Intergovernmental Panel on
Climate Change (IPCC). The IPCC is sponsored by two United Nations bodies, namely the World
Metcorological Organisation (WMO) and the United Nations Environment Programme (UNEP). [t was
established in 1988, and three Working Groups submitted their reports at the Second World Climate
Confercnce in Geneva in November 1990. Working Group One concentrated on the scientific aspects
of climate change (Houghton et al, 1990), whilst Groups Two and Three reviewed impacts (lzrael et al,
1991) and policy responses (xox) respectively.

Onc hundred and seventy scientists from 25 countries contributed to Working Group One on the
scientific asscssment of climate change, and a further 200 were involved in the peer feview of the report;
the report is therefore widely accepted as the most authoritative statement on the current understanding
of climate change due to increasing concentrations of greenhouse gases. A supplementary report
updating the 1990 asscssment was published in April 1992 (reference..), to provide information for the
negotiations for the international Convention on Climate Change which will be considered at the United
Nations Conference on Environment and Development (UNCED) in Brazi! in June 1992.

2.2 Climate change: processes and prediction

22.1  The physics behind global warming

The Earth”s climate sysiem is driven by energy cmitted from the Sun. Some of the solar radiation
(approximately a third) is reflected directly back into space, whilst the rest is absorbed by the land, sea
and, to a much lesser extent, the aumosphere. The Earth s surface is warmed by this absorbed radiation,
and emits long-wave infra-red radiation back towards the atmosphere. Some of this long-wave radiation,
however, is absorbed and then re-emitted by a number of trace gases, and warms the surface and lower
atmosphere. This is known as the "greenhouse effect”, because the trace gases which are transparent 1o
the incoming short-wave solar radiation but block the oulgoing long-wave radiation are acting in a
similar way 10 the panes of glass in a greenhouse. Figure 2.1 illustrates the greenhouse cffect.

If it were not for the grecnhouse effect, the mean temperature of the Earth’s surface would be
approximately 33°C cooler than it is at present. The problem of global warming ariscs because of the
increasing concentration of the important trace gases in the atmosphere, and strictly should be termed
the "enhanced greenhouse effect”.

There are three other major factors which influcnee the energy budget in the lower atmosphere, and
hence global temperatures. The first is the long-1erm variation in the output of radiation from the Sun;
there is some variability over the 11-year solar cycle, and there may also be longer-period changes.
Variations are, however, small in comparison with the radiative effect of increased greenhouse gas
concentrations. The sccond is fong-term change in the Earth’s orbit, affecting the scasonal and
latitudinal distribution of energy received; these changes are probably responsible for ice ages. Again,
variations in the last few decades have been small compared with the radiative effect of greenhouse



gases. Ncither of these factors are affected by human activity. The third factor affecting global energy
budgets is the presence of acrosols, or small particles, in the atmosphere. Aerosols reflect and absorb
radiation. The most imporiant natural perturbations arise from volcanic eruptions, when large quantities
of dust are ejected into the lower stratosphere. Acrosols are also emitted into the atmosphere by human
activity, and the 1992 Supplement o the IPCC Scientific Assessment concluded that sulphate acrosols
resulting from sulphur emissions (from industry and power gencration) had mitigated (o an extent the
effects of increasing greenhouse gas concentrations (although this does not mean that sulphur emissions
are "good™: they are responsible for acid rain, and as emission controls become more effective, their role
in curbing the greenhouse cffect will diminish).

Finally, it is important to remember that global temperatures vary from year (o year or decade to decade
without any changes in componcenis of the global energy balance. These fluctuations - the El Nino, which
affects periodically at least the Pacific Ocean, is the best known - arise from the different response times
of land and sea to seasonal temperature changes, and because it somelimes takes ‘several years for
conditions 10 build up to such a level that some threshold is crossed. These *natural” fluctuations are
discussed further in Section 2.3.

222 Greenhouse pases

Water vapour is by far the most important greenhouse gas, and the other natural greenhouse gases are
carbon dioxide, methane, nitrous oxide and tropospheric ozone. The concentrations of these latter trace
gases in the atmosphere have incrcased due 10 human activity, and another group of man-made gascs -
the chlorofluorocarbons (CFCs) - were not present in the atmosphere before their invention in the
1930s. The concentration of water vapour in the atmosphere is not directly affected by human activity,
but is instcad detcrmined within the climate system; water vapour in the atmosphere will increase with
global warming, and further enhance it. Table 2.1 shows (he key greenhouse gascs, indicating pre-
industrial and present atmospheric concentrations, the annual rate of increase, and the major human-
influenced sources.

Carbon dioxide is the most important greenhouse gas apart from water vapour, and the increase is
primarily duc to deforestation and the combustion of fossil fuels. Emissions of carbon dioxide into the
atmosphere depend on economic development and the efficiency of energy usc and can be ¢stimated and
modcelled with reasonable accuracy, but there is a considerable uncertainty about the rate at which
oceans and terrestrial biota can absorb ¢xira carbon dioxide and so remove it from the atmosphere.

Pre-industria)l Present {1990) Annual rate Major sources
concentration concentration of increase
Carban 280 ppmv 353 ppmv 0.5% fossi) fuels,
dioxide deforestation
Methane 0.8 ppmv 1.72 ppmv 0.9% rice production, cattle
rearing
Nitrous | 288 ppbv 310 ppbv 0.25% internal combustion
Oxide engine, agriculture
Ozone no_data no data no_data
“ CFC-11 0 pptv 280 pptv a3 aergsols, refrigeration
" CFC-12 0 pptv 484 pptv 1% aerosols, refrigeration

Table 2.1: Important greenhouse gases (Houghton et al, 1990)



Mcthane is produced by a variety of anacrobic (i.e. oxygen deficient) processes, and the major human-
influenced sources are rice production and cattle rearing. Biomass burning, coal mining and the veating
of natural gas have also increased almospheric concentrations, and fossil, fuel combustion may have led
10 a reduction in the rate of operation of chemical reactions which remove methane in the atmosphere.
Global warming may relcase the large stocks of methane which are currently held in the frozen Arctic
tundra. The sources of nitrous oxide are less well-known, although it is likely that agriculture has played
a part in the increase in concentrations since_pre-industrial times. Tropospheric ozone should have
increased duc to emissions of nitrogen oxides, hydrocatbons afid carbon monoxide, although there are

few measurements 10 quantify this increase; it has a short lifetime, s0 its concentration varies over space
and time. o

Chlorofluorocarbons (CFCs) are not only implicated in the destruction of stratospheric ozone, but are
also greenhouse gases. The 1992 Supplement has suggested however that the depletion of ozone in the
stratospherc has approximately offset the radiative effect of CFCs, so that the net contribution of CFCs
to global warming is less than previously assumed.

223 Modelling the climatic effect of increasing greenhouse gas concentrations

Increases in greenhouse gas concentrations alter the cnergy budget in the lower atmosphere, which leads
lo increased temperatures which result in changes o global and regional climate patterns. The links
between human activity, greenhouse gas emissions, greenhouse gas concentrations, atmospheric
temperature and regional climate are, however, very complicated and are characterised by a number of
important positive and negative feedbacks.

The effects of increased greenhouse gas concentrations on regional climate can only be simulated using
a physically-based representation of atmospheric and oceanic processes. General Circulation Models
(GCMes) arc based on the laws of physics and use parametcrised descriptions of physical processes which
operate at the smallest scale (such as cloud formation and dcep mixing in the ocean). An aimospheric
model - which is essentially the same as a weather forecasting model, although it is run for a period
of several years rather than a few days - is coupled with an equally complicated model of ocean
circulation. Most climate change experiments have compared a simulation of the current climate with
a simulation assuming a doubling of atmospheric carbon dioxide concentrations (the assumed doubling
of carbon diuxide concentrations allows for the effect of the other greenhouse gases). The simulations
show the equifibrium or long-term average climate under current and future stable higher-greenhouse
gas conditions, and the change in global average temperature duc 10 a doubling of carbon dioxide
predicted by different GCMs lies between 1.5°C and 4.5°C (Bolin ¢t al, 1986; Houghton et al, 1990).
It is important to note that these simulations show only the long-term stable effect of a doubling of
carbon dioxide concentrations, and they do not indicate when these cffects will be reached.

In praciice, greenhouse gas concentrations are continually increasing and the climate system takes time
lo respond to the changed cnergy balance. Even if carbon dioxide were 1o stabilise once it had doubled,
it would 1ake several years before the climate system had reached a stable response. A small number
of experiments have therefore used GCMs to simulate the time-dependent or rransient response of
climale to an increasing concentration of greenhouse gases. These transient models must include a more
realistic dynamic simulation of the interactions between the atmosphere and the occans, because it is
these interactions which detcrmine the time 1aken by the climate system to respond. Transient
simulations, however, 1ake a very long time 1o run (XXX days for the UK Meteorological Office 1o
simulate 100 years, for example) and are very CXPERSIVE in computer resources, and so cannot at present



be used 1o compare the cffects of different greenhouse gas emissions scenarios or different assumptions
about the fecedbacks beiween grecnhouse gas sources and sinks.

A two-stage approach to estimating the regional effects of different greenhousc gas emissions scenarios
has therefore evolved. The first stage uses a relatively simple model 1o simulate global average
temperature changes;, the second uses a GCM 10 estimate regional climatic changes, given the change in
global temperature predicted from the first model.

Early one-dimensional models estimated changes in global average temperature from input changes in
greenhouse gas concentrations, using simple representations of global average energy balances and
oceanic upwelling and diffusion (Houghton et al, 1990). More recent models (such as IMAGE and
STUGE: Wigley et al, 1991) start off with assumptions aboui economic development and encrgy policy,
and run through a number of linked modules 10 estimate subsequent changes in global average
tempcerature; even these do not at present include all the feedbacks in the system (Such as those
resulting from the release of methane when permafrost thaws).

The second stage adds regional detail using the results of GCM simulations expressed as change (in
regional temperature or rainfall, or any other characteristics) per degree of global average warming; the
patterns are simply rescaled using the estimated change in global average temperature. IZor example, if
one GCM simulates a 10% increase in annual rainfall over a particular region for a 4°C increasce in
global average temperature, then this is equivalent to a 2.5% increase per degree of global warming; if
a particular emissions scenario resulls in a 3.U°C increase in global average temperature by 2050, then
annual rainfall over that region would be estimated 1o be 7.5% higher under that scenario. The key
assumption here is that the spatial pattern of change will not vary as climate evolves; this is unrealistic -
and has shown to be so from the results of the few long sequences that have been generated using a
climate model with gradually changing greenhouse gas concentrations - but fittle else is feasible at
present.

Current GCMs simulate the characteristics of the present climate reasonably well, although all are less
good at simulating rainfall than temperature. There are, however, a number of limitations to current
models:

1. Their spatial resolution is coarse: GCMs work on a grid spacing that is typically around 300km
wide. Fine scale regional detail is therefore very difficult 1o simulate.

2. GCMs use "paramcicrisations” of processes which operate at scales smaller than the grid
resolution. These processes include cloud formation and the exchange of mass and energy with
the land surface. Some of the parameterisations are very simplificd, and GCM cstimates of the
effects of climate change have been shown o be quite dependent on, for example, the model
used for cloud formulation (reference..).

3. The links beiween the ocean and the atmosphere are currently not represenied very realistically.
This is particularly important when simulating the dynamic evolution of climate.

These limitations mean that high resolution and short duration climate characieristics - such as the
occurrence of heavy hourly rainfall over south cast England - are not neccssarily simulated very
accurately at present, and that it is not realistic to use GCMs 1o estimate possible changes in such
characteristics. In the most gencral terms, climate modellers are confident about model predictions of
global average temperature change, quite confident about regional seasonal temperature changes, not



confident about scasonal rainfall changes, and very sceptical about regional predictions of rainfall at
durations of less than a month. They also have very little confidence in predictions of changes in year-
to-year variability.

224  IPCC climate change scenarios

The Intergovernmental Panel on Climate Change made predictions of future global climate change using
scveral climale simulation models and assumptions about future emissions of greenhouse gases, and
these are summarised in Table 2.2,

Scenario Increase per decade Increase by 2030 Global mean sea
over present value level rise {cm)
by 2030

Business-as-uysua) 0.3% (0.2 to 0.5} 1.2°C_ (0.8 to 2.0) | 18cm (8-29)
Scenario 8 0.2% 0.8°% 15cm

" Scenario € just over 0.1%C 0.5°C 15¢m

" Scenario D 0.1%¢ 0.4°C 14cm

Table 2.2 IPCC climate change predictions (Houghton et al, 1990). Some of the figures are read

from graphs.

The four emissions scenarios represent different assumptions about future greenhouse gas emissions. The
"Business-as-Usual” scenario assumes that few or no steps are taken (o limit greenhouse gas emissions,
and that they increase in line with predicied global economic development; the fourth scenario (Scenario
D) assumes stringent controls, with a reduction in carbon dioxide ¢missions 0 50% of 1985 levels by
the middle of the next century. The 1992 Supplement saw no reason to change these cstimates of
change, despite the additional modelling studics completed since 1990, It is important o hote that even
if emissions of greenhouse gases were (0 be significantiy reduced tomorrow, there would still be some
increasc in global temperature because of the time taken for past changes 10 work through the
atmospheric and, particularly, the ocean system. This is known as the climale change "commitment”.

A change in global temperature and precipitation would also lead 1o a change in the mean global sea
level. Factors contributing 0 a change in sea level are the thermal expansion of sca water in a warmer
world, the melting of valley glacicrs and changes in the Antarctic and Greenland ice sheets. The IPCC
concluded that thermal expansion and glacicr melt will have the greatest cffect, but also stated that
uncertaintly in changes in the large ice shects make a major contribution to the uncertainty in the
predicted sca level change. [ncreased precipitation on the Antarctic ice sheet, for example, would mean
that more precipitation is stored as snow and that sea level would fall slightly; at the other extreme it
has been suggested (Tooley..) that a sudden outflow of ice from the West Antarctica ice sheet would
lead 10 a rise in sca level of several metres. This is regarded by the IPCC as being highly unlikely. Table
2.2 also shows the IPCC estimates of changes in global sea level The similar predictions for 2030 under
emissions scenarios B, C and D reflect the current commitment to climate change; further in the future
the predictions for these scenarios diverge.



2.3 Evidence for climate change

23.1  The global context

Analysis of observational temperature records has shown (Houghton et al, 1990) an increase in global
average lemperature since 1900 of around 0.5°C. 1990 was the warmest year since the heginning of the
global average time scrics in 1860, and 1991 was the second warmest: the seven warmest years on record
have occurred since 1980. Figure 2.2 shows the time series of estimated global average temperature from
1860 10 1991, expressed as a departure from the 1951 10 1980 average. Figure 2.3 compares the observed
global temperature record with the simulated global temperature from one run of a climate model, in
which the concentration of greenhouse gases in the atmosphere was gradually increased above pre-
industrial levels (the model includes the effect of sulphate aerosols and stratospheric ozone depletion);
there is a strong degree of consistency between the observed and simulated time serics.

The graphs, however, do not prove conclusively that global warming is taking place. There are four
probicms.,

L. The evidence is circumstantial: there is no proven link beiween the graph of increasing
greenhouse gas concentrations and the graph of increasing temperatures, although a physical
explanation has been: proposed.

2. The observed temperature record could reflect “ordinary” deeade-lo-decade or long-term
fluctuations, occurring cither as a result of inbuilt rhythms within the global climate system or
from changes in solar radiation (although, as mentioned in Section 2.2.1, variations in solar
radiation reccived are small compared with the radiative effects of higher greenhouse gas
concentrations).

3 The global average iemperature record is produced from many records covering different periods
of time and using different methods. One potential problem is that a sizeable number of
lemperature recording sites have been increasingly surrounded by urban arcas, and that
temperatures will therefore have increased; Jones ¢t al (1989) estimate a maximum bias due to
urbanisation of 0.1°C/100 years, so urbanisation around temperature recording sites cannot
account for all the obscrved increase. Diffcrences in measurement technique have been corrected
for in the records wherever possible.

4, The observed regional temperature changes do not everywhere match the changes predicted by
climate models. This could, of course, bc because the climate model simulations are locally
wrong,

This last problem draws attention to the point that possible future changes in climate will not be
uniform. Some regions will change more than others, and it is possible thal some regions would become
cooler in the [uture (this is shown by some transient climate model simulations). The regional variability
in response 10 global warming means that it is not possible 10 use local data alone to detect change.

Although it is not possible at present to prove conclusively that global warming is taking place, there
is no evidence to prove that increased greenhouse gas concentrations are nor leading to global warming,
The detection of climate change, however, is difficult both because the signal is uncertain - globally and
regionally - and because it will be masked by large year 10 year variability. The IPCC in 1990 predicied
that "the uncquivocal detection of the greenhouse effect from observations is not likely for a decade or



more” (Houghton et al, 1990, pxxix).
232 The 1988 10 1992 drought in south east England

Large parts of southern, central and eastern England have experienced prolonged drought conditions
since the summer of 1988. Over this period the low flow statistics for many lowland rivers have been
largely redefined. The drought cannot be definitively attributed to climate change, however, for several
reasons:

1. Although cxtreme, recent hydrological events are not necessarily outside the limits of historical
behaviour.
2. Ycar-to-year and decade-to-dccade variability are too great for significant departures from

"average” behaviour to be detected over a period of just a few years.

3 {t would be easier 10 blame climate change for the drought if the climate of recent years (dry
in the south east and very wet in the north and west) were similar 10 predictions of the future
climate of the UK. However, the UK is represented by only four or five GCM grid points on
the western-most extreme of a continent, and the south east has just one point. GCMs cannot
therefore be expected to simulate well current UK climate - and its spatial variability - and
comparisons between recent observed anomalies and fulure simulated climatic patierns cannot
be made with any confidence.

2.4 Climate changc scenarios for England and Wales

241 Scenarios

It is not possible to make accurate predictions of climate change for a region as small as England and
Wales; the limitations and coarse spatial scale of current climate simulation models were mentioned in
Section 2.2.3. Estimates of the implications of global warming must therefore use scenarios of fulure
climate change. A climate change scenario is a {easible, internally-consistent hypothctical estimate of
possible future climatic conditions. It is not to be considered as a forecast or a prediction, and any
impact analysis must consider a range of feasible scenarios.

242  The Climate Change Impacts Review Group scenarios

The Climate Change lmpacis Review Group (CCIRG) was cstablished by the Department of the
Environment in 1990 .10 review the implications of climate change for a wide range of activities within
the United Kingdom (CCIRG, 1991). As part of its review, the CCIRG created a set of climate change
scenarios for the UK.

The scenarios were produced using the methods summarised in Section 2.2.2; estimates of global average
lemperature changes under different emissions sccnarios were based on relatively simple one-dimensional
cnergy balance models, and particular estimates for the UK were detcrmined by rescaling estimates made
using scveral climatc models. Table 2.3 summarises the CCIRG estimates of changes in mean
lemperature, precipitation and sca level by 2010, 2030 and 2050, under the IPCC "Business-as-Usual”
scenario.



2010 2030 2050
Summer Winter Summer Winter Summer Hinter
Temperature (°C) 0.7 0.8 1.4 1.5-2.1 2.1 2.3-3.5
Precipitation (%) 0 (15) 3 (=3) 0 (=11) 5 {#5) 0 (:i6) 8 (:8)
Sea level {am) 8 (4-13) 19 (9-29) 31 (15-45)

Table 2.3 Climatc change scenarios for the UK (CCIRG, 1991).
In general terms, the scenarios assume (i) increascd rainfall in winter and (i) no change in summer
rainfall, but as Table 2.3 shows, there is considerable uncertainly over these estimates. The local effect
of sca level change, of course, would depend on local land movements.

The scenarios show changes in mean rtainfall, temperature and sea level. Climate models are not yet
sufficicntly reliable to estimate with confidence changes in the year to ycar variability in these
parameters, and the CCIRG assumed that the standard deviation of seasonal rainfall and temperature
would not change. Current climate models also cannot be used to estimate changes in short-duration
climatc characleristics - such as daily or even weekly rainfall - so the CCIRG made no assumptions
about changes in such ¢vents.

24.3  Changes in potential evapotranspiration

The CCIRG also made no atiempt to create scenarios for possible changes in evaporation, which is of
cours¢ an important element in the hydrological cycle. An increase in lemperature would be expected
10 increase the rate of cvaporation (by, according to Budyko (19..), 4% per degrec Celsius), but the
changes in evaporation would also depend on changes in humidity, windspeed, net radiation and water
availability. Arnell et at (1990), in their simulation of the effects of climate change on UK river flow
regimes used (wo scenarios of change in potential evaporation. On¢ assumed an increase of
approximately 7% (with the greatest percentage increases in winter), whilst the other assumed an
increase of 15%.

Sensitivity studies at the Institute of Hydrology (Reynard, 1992 pers. comm.) have shown that the effects
of a given lcmperéturc increasc on potential evaporation are very dependent on the assumed change in
humidity. If refative humidity were 1o increase then the effect of the increased temperature would be
offset; if it were 10 decrease, however, then the increase in potential evaporation would be cven higher.
The relative importance of changes in temperature, humidity, net radiation and windspeed vary between
seasons.

There has been some controversy over changes in plant transpiration with incrcasing concentrations of
greenhouse gascs (reference.). Experimental cvidence shows that plant stomatal conductance reduces as
carbon dioxide levels increase, and plant transpiration (and hence water use) is reduced. However, plant
growth increascs as carbon dioxide levels increase, and whilst transpiration per lcal might decline, the
number of leaves might increase. The effect of an increase in carbon dioxide depends on plant
characteristics. In the field, however, a lack of nutrients might prevent a plant from responding to
increased carbon dioxide levels. At the caichment scale, the volume of water evaporated by plants would
change also as the vegetation mix within the catchment alters. This vegetation change might reflect
directly changes in climate - an increase in plants which can tolcrate summer drought, for example -
or might reflect changes in farming and land use practice.



244  The Link Project

[n the last few years there have been both rapid developments in the simulation of the climale system
and increasing demands for climalc change scenarios (rom impact rescarchers. The Global Atmospheres
Division of the Department of the Environment thercfore established a project to provide a link
between the climate modelling research at the Hadley Centre for Climate Prediction and Research and
the diversc impacts community. This link project is based at the Climatic Research Unit of the
University of East Anglia (Mr David Viner), and has four aims (LINK Newsletter, 1992):

L To liaise with the impacts community 1o determine the nature of their climate change data
requirements,
2. To provide information to the impacts community to help them become familiar with the

proper interpretation of GCM data.

3 To liaise with the Hadley Centre so that archived GCM data can be tailored 1o the needs of
the impacts community (climare model sinwlations produce vast quantities of outpui; only a small
proportion is saved).

4. To develop and provide a range of climate change scenarios for the UK in forms suitable for
usc by the impacls community.

The project will ensure that consistent climate change scenarios are being used in studies in different
sectors, and will also mean that climaic modellers are aware of the types of information required by

those interested in the impacts of climate change.

2.5 Estimating the implications of climate change

Atlempts 10 estimate the implications of climate change can start from two different directions. One
approach is to begin with a climate change scenario (or sct of scenarios) and determine the
consequences of that scenario for the activity of interest. The second approach is 1o identify a number
of critical activities or concerns and work "backwards™ 10 assess how sensitive they are o climate change,
and what changes would cause most problems; these sensitivitics can then be compared with feasible
climate change scenarios.

Most climate change impact studies - in all ficlds - have so far followed the first approach, but it is

likely that as autention shifis towards managed systems that the second approach will be increasingly
used.

The outline methodology for a climate change impact study (following the first approach) is quite
simple:

1. Define a ser of climate change scenarios.
2. Apply a model of the system of intcrest with current climate data, and simulate sysiem
performance.



3 Apply the same model with climate data perturbed according to the climate change scenarios,
and simulate system performance again.

4. Comparc system performance under current and changed conditions.

The important part of this methodology - apart from the development of climatc change scenarios,
discussed in carlier sections - lies in the selcction of an appropriate model of the system of interest.
Ideally the model should be capable of being applied both under current conditions - where it was
developed - and under a changed climaite. Feasible models range from empirical-statistical models (such
as those based on regression) to physically-based simulation models using a large number of measurable
parameters. In practice, the paramelers of empirical-statistical models tend to be strongly dependent on
the data used for calibration, and the implicd sensitivity 1o climate change may be controlled both by
the exact magnitudes of the parameters and the form of the model itself. At the other extreme,
physically-based models have large input requirements and operate at high time resolutions; Sections
2.2 and 2.4 have indicated that changes in such inputs cannot at present be eslimated with reliability.
Most climate change impact studies therefore use some form of "realistic” conceptual model, with
physically-comprehensible parameters calibrated under current conditions.

2.6 Climate change parameters relevant 10 the NRA

The rest of this report reviews the possible implications of climate change for all NRA activitics, but

this final section 10 this chapter summarises the parameters of climate change that arc of most relevance
to the NRA.

Table 2.4 shows a number of important parameters, logether with subjective assessments of the reliability
of predictions of change.

The major implication of this table is that some NRA activitics will have to wail longer for “reliable"
estimates of relevant climate change parameters; high-intensity, short-duration rainfall is currently the
most difficuit 10 assess. This does not mean thait it is (oo carly 10 evaluate the sensitivity of these
activities 1o climate change, but it does imply that some activities will have 10 use a rather wider range
of scenarios than others and that it must be recognised that prediclions are more uncertain.
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3. WATER RESOURCES
31 Introduction

The NRA "aims 10 asscss, manage, plan and conserve waler resources and to maintain and improve the
quality of water for all those who use it" (NRA, 1990; p24). More particularly, the NRA manages water
resources through abstraction and impounding licences. Licence applications arc ¢valuated on the basis of
the availability of water and the environmental consequences of the absiraction or impoundment, and are
reviewed against the framework of a national and regional water resources strategy. The NRA itself operales
some river flow augmentation schemes - such as the Ely-Ouse transfer scheme in Anglian region - which
are primarily designed to support abstractions.

Climate change due 10 global warming may affect the NRA ‘s water resources activities in three main areas:

1. There may be a change in the ability of a water resources system 1o supply water.
2. There may be a change in  the demand for water.
3. There may be a change ‘in the instream demands of a river system necessary 10 maintain

environmental quality.
Possible changes to the instrcam demands are covered in Chapiers 4 and 6.

Climate change is not the only change which will be affecting water resources. Demand for water will
increase according to population growth, consumption per person (affected by ownership of appliances and
the use of domestic meters), the level of economic activity and progress made in reducing leakage and
losses. The NRA’s Water Resources Development Strategy Discussion Document (NRA, 1992) estimates
that the demand for public water supply alone will increase by 18% beiween 1990 and 2021. The eura
demand - ncarly 3200 ml/day over the whole of England and Wales - is similar to the total amount
currently withdrawn for public supply in the Wessex and Southern Regions combined, and is concentrated
in south and east England. If there is no further resource development, the available reliable yield would
be insufficient to sustain public water demands by 2021 in Anglian, Thames, Southern, Wessex and the
South West Regions (NRA, 1992). Even with the implementation of planned resource developments, it is
likely that major water imports will be needed into the south cast of England. Climate change will be
superimposed on these very large changes. In some cases the effects of climate change will cxapgerate
pressures further; in others, the effects of climate change may be trivial compared with the other changes
taking place.

3.2 Changpes in_surface waler resources

Al ihe national scale, approximately two-thirds of all public water supplies are taken from surface water
resources. Water is taken directly from rivers, from public supply reservoirs, from rivers rcgulated by
upstream regulating reservoirs, and from rivers whose flow has been augmented by artificial recharge of
groundwalcer.



There have been around 30 studies worldwide into the implications of climate change for river flow regimes,
and over 100 papers have been published in the literature. Two of the studies have looked at river flow
regimes in the UK (Arnell et al, 199); Cole et al, 1991). The studics have used a variety of methodologics
and climate change scenarios, but it is possible 1o draw one general conclusion: the effects of a given climate
change scenario can vary considerably berween catchments. The more arid the catchment the greater the
relative effect of changes in rain(all and evaporation on runoff. Catchment geology affects the distribution
of change through the year.

Figure 3.1 summariscs the hydrological system in a simplified form, and indicates the areas of each
component which might be expected 10 change as climate changes. It is uscful to distinguish between the
direct effects on river flows of changes in rainfall and evaporation inputs and the indirect effects of changes
in land cover and soil structure conscquent upon climate change.

Practically all catchment-scale impact studies have concentrated on the direct cffects of climate change.
Allempts arc being made at estimating the possible changes in land cover due to climate change (refercnce..)
- although it is important to remember that land cover in the UK is largely a function of land use
management decisions, not directly of climate - but there have been no attempts yet 1o tie these land use
changes in with studies of the effects of changes in rainfall and evaporation. There have been very few
studies into possible changes in soil structure, although a number of suggestions have been made: higher
temperatures would lead to a loss of organic'maucr. for example, and hence a decrease in the ability of the
soil to hold moisture; higher temperatures could also encourage clay soils to shrink and crack, whilst
increased waterlogping would encourage the development of gleyed profiles (CCIRG, 1991).

Figure 3.2 shows the percentage change in average annual runoff across the UK by 2050 assuming (i) no
change in summer rainfall but an 8% increasc in winter rainfall (CCIRG scenario from Table 2.3) and (ii)
two diffcrent changes in potential evaporation. Figure 3.2a assumes an annual increase in potential
evaporation of around 15%, whiist Figure 3.2b assumes an increase of 7% (Arnell ¢t al, 1990). The changes
were estimated by applying a very simple monthly water balance model to monthly rainfall and potential
evaporation data from MORECS (the Meteorological Office Rainfall and Evaporation Calculation System:
Thompson et al, 1981) averaged over the period 1961 1o 1980. There are two important points to note from
Figure 3.2. Firstly, there is a very large difference between the two different assumptions about evaporation.
Figure 3.2a shows a reduction in average annual runoff across all but the north west, whilst Figure 3.2b
indicates an increase in runoff across the whole country. Sccondly, there is a large differcnce in impact
across the UK, with the south cast showing the greatest relative reduction (Figure 3.2a) and the smallest
relative increase (Figure 3.2b). Figure 3.3 illustrates further the difference between different climate change
scenarios, for a group of several MORECS cells in south east England. The shaded area defines the region
spanned assuming the rainfall scenario above and the two potential cvaporation scenarios; the upper line
shows the cifect of the wettest CCIRG rainfall scenario (Table 2.3) with an increase in evaporation of just
7%, whilst the lower line shows the effect of the driest CCIRG rainfall scenario with a 15% increase in
evaporation. The area of uncertainty within the upper and lower limits is obviously rather large, and serves
to indicate how differences between different climate change scenarios are amplified when the scenarios are
applied to a hydrological system.

The effect of a given climate change scenario on monthly flow regimes depends on the current climate of
that catchment and the catchment geology (Arnell et al, 1990). Figure 3.4 shows changes in monthly runoff -
as a percentage departure (rom the current mean - for three different catchments, assuming the climate



change scenario presented in Figure 3.2b (the acrual numbers are not 1o be taken 100 seriously here; the point
of Figure 3.4 is to show the relative behaviour of different carchments). Catchment A is a lowland catchment
in castern England. Summer rainfall is not very effective at generating runoff because potential evaporation
is much higher than rainfall. Changes in summer rainfall or potential evaporation thercfore have relatively
little effect on summer flows, but have a greater effect of coursc on flows in autumn, because they
determine the time when soil moisture deficits are replenished. Catchment B, however, is an upland
catchment in rorth cast England. Here summer evaporation is very close to summer rainfall, and a change
in either sends the catchment into a water surplus (more summer rainfall) or a deficit (less rain or higher
evaporation). There is therefore a very large percentage change in summer runoff, although the absolute
amount may be quite small. The river flow regime in Caichment C is dominated by drainage from a chalk
aquifer, and summer flows are totally dependent on the amount of winter recharge; river flows could be
higher even during a warmer, drier summer, if groundwater recharge were 10 increase (Section 3.3).
Although the actual numbcers shown in Figure 3.4 arc conditional on the climate change scenarios used and
the form of runoff simulation model, it is expecied that the relative behaviour of the different catchments
is well represented.

There have been far fewer studies of the effects of climate change on reservoir reliability and the
implications for the reliability of an entire water system. Cole et al (1991) ran some daily flow sequences
representing current and future conditions through a reservoir storage-yield analysis, and found that relative
changes in reservoir reliability (expressed in terms of failure to supply a given yield, or the yicld available
with a given reliability from a specific storage volume) were greater than the percentage changes in inflows.
A reduction in annual runoff of 8% in the south east, for example, led 40 a reduction in reliable yicld of
a hypothetical rescrvoir of between 8 and 25%. The differences between different climate change scenarios
would therefore be amplified even further when fed through a hydrological model into a water resources
system model. Smithers and Bunch (1991) went further, and ran a number of climate change scenarios
through a model of the water supply system operated by North West Water Services. They looked at the
reliability of this "real” intcrconnected water supply sysiem, and showed that the operational costs of climate
change varied between X and Y according to the scenario used.

Although there have been very few studies of potential changes in water supply systems, it is already
possible 10 conclude that it will be very difficult to predict the effects of a change in climate on a specific
system without undertaking a detailed modelling study. Figure 3.5 shows the stages in the simulation of the
cffects of climate change on water supply system reliability. Between cach stage is a "filier”, which may
amplify the change being passed through the chain or possible dampen it down. Different catchments will
respond in diffcrent ways to changes in climate inputs. The response of a water supply system will depend
on how it is configured and the pressures it is currently under. A highly-pressured sysiem - with high
demands and little spare capacity, for example - will be sensitive to a much smaller change in river inflows
than a system with a greater amount of buffering capacity. The more inter-connected the system, the better
it will be able to cope with changes in climatic inputs.

33 Changes in_groundwalcr_resources

Approximaicly one third of all public water supplies in the UK derive from groundwater, and in large parts
of the south east groundwater is the dominant source. There have, however, been no studics of the potential
implications of climaic change for groundwater recharge in the UK (and indeed, there have been very few
studies anywhere clse).



Groundwater recharge in the UK generally takes place in winter, once potential evaporation rates fall betow
rainfall and the soil moisture deficits that built up over summer are replenished. Recharge ceases in spring
when soil moisture deficits begin to develop again. Some well-fissured or shallow aquifers can be recharged

during summer, but as a general rule the most important aquifers are only recharged during the winter
season,

The effect of climate change on groundwater recharge will therefore depend on the extent 1o which any
shortening of the recharge season - due 10 more persistent soil moisture deficits in a warmer world with
possibly drier summers - is compensated by an increase in rainfall during winter. A reduction in spring
rainfall would have major implications for the availability of groundwater resources during the summer.
Experience during the winters of 1988/89 and 1989/90 suggests that it is better to have limited rainfall in
carly spring rather than slightly more effective rainfall carlier in the recharge season. Prolonged steady rain
is also more effective at recharging groundwaters than short period intense rainfall, so if winter rainfall in
the future were to be concentrated into shorter periods, recharge would be reduced.

34 Effects of rising sca level

A rising sca level would have two polential consequences for water resources; saline intrusion into coastal
aquifers and a threat to surface water abstractions close (o the tidal limit.

3.41  Saline intrusion into coastal aquifers

The Water Rescarch Centre has, under contract (o the NRA, surveyed coastal aquifers potentially at risk
from saline intrusion. All 1en regions of the NRA have aquifcrs which may suffer from saline intrusion,
although most of the 29 at-risk units are along the south coast (Clark and Morgan, 1991). At the national
scale, the effect of sea level rise on groundwater resources will be minimal, but local problems might arise.
The WRc is currently modelling the impact of sea level risc on saline intrusion in a number of case study
aquifers (results??).

3.42  Sea level rise and surface water abstraction poinis

Approximately 35 public supply absiraction points are located close to the tidal limits of a river (Clark and
Morgan, 1991). NRA policy is to favour abstractions near the tidal {imit (NRA, 1992), because upstream
abstractions remove waler along the whole length of the river.

The Water Rescarch Centre, again under contract 1o the NRA, is reviewing the risk to low-lying public
water abstractions in a number of estuaries, and has concluded (?) that the effects of sea level rise would
be slight. The effect of sca level rise on the tidal limit wouid, of course, depend on estuary geometry, and
estuaries which amplify sea level rise by the largest amount will be most affected.

35 Climate chanpe and demand for water

[t was noted in Section 3.1 that demand for public water supplies in England and Wales is projected o rise



by 18%. or ncarly 3200ml/day, by 2021. This increase is independent of climate change, and it is possible
that global warming will lead to further increases. The implications of climate change for demand for water
are currently being studied at the Department of Economics of the University of Leicester under contract
lo the Water Directorate of the Department of the Environment. The project is scheduled to finish in
March 1993. Some conclusions, however, can alrcady be drawn.

The greatest impact of climate change is likely 10 be on the demands for garden walering and the demand
for summer spray irrigation.

Domestic garden watering by hosepipe can consume up to 30l/day, and is the major contribution to peak
demands in southern and eastern England. Demand is highest on a warm late spring evening after a few
dry days (and can be particularly high on a Friday). Demand for garden walering can represent around 5%
of the total volume of water supplicd 10 domestic customers during 2 year, 50 an increase of, say, 10% due
1o higher temperatures would only produce an increase in annual domestic demand of 0.5%. However, the
contribution to domestic demand from garden watcring is concentrated in the summer scason, and an
increase could have very important implications both for water resource availability during summer and the
ability of the water distribution system to cope with peaks. Changes in the demand for garden watering will
also be affected by pricing policies introduced over the next few years; the precise effect of different tariff
structures awaits further study.

Spray irrigation in England and Wales tends to be undertaken to maintain high quality produce - especially
of vegetables - rather than to allow crop production to take place at all. Many vegetable farmers have
contracts which specify thai their produce must reach certain quality standards, and in many areas in
southern and castern England this quality can only be guaranteed by irrigating during summer dry spells.
Around 56% of spray irrigation liccnces in England and Wales are in Anglian Region, and a further 18%
are in Severn-Trent (NRA, 1992). Abstraction for spray irrigation is alrcady restricted in particularly dry
years, and was banned completely in Anglian Region in the summers of both 1990 and 1991. Higher
temperatures and possibly drier summers can be expected 10 lead to increased demand for spray irrigation
over the next few decades, although the rate of change may be greater influenced by economic factors such
as the price of vegetables and, also, the price of water. The NRA currently encourages farmers 1o irrigate
in summer using water stored during high flows in the previous winter. As this practice increases - aided
by tariff incentives encouraging winter abstraction - a greater proportion of the summer irrigation
requirements will be met from winter river flows, so demands from rivers in summer might be reduced.
Current NRA policy might, if successful, therefore reduce the sensitivity of water resource systems in spray
irrigation areas (o climate change.

The major contribution to peak demands in northern and western England comes from burst pipes following
a frecze and a thaw. In a warmer world, burst pipes might be expected 1o occur less frequently, but cold
"pipe-bursting” events are still likely to occur. There is 100 little information on potential changes in the

frequency of extreme frosts 10 estimate future losses from busrt pipes.

The remaining area which might be influenced by climate change is the demand for cooling water. Higher
river waler temperatures (Chapter 4) would mean that more water would be required (o perform the same
amount of cooling. There is, however, litile information on the effect of water temperature on cooling water
requirements.



The instream demands of aquatic ecosysiems and water quality maintenance might also be expected 0
change as river flow regimes alter and water temperatures increase; these demands arc considered further
in Chapters 4 and 6.

3.6 Effect on NRA waler resources activitics

Climate change is likely to have implications for operational NRA water resources activities and for design
and resource planning,

3.6.1 Operational implications of climate change

The potential operational implications of climate change for the NRA water resources function include (i)
dealing with requests for new or revised licences, (ii) responding to drought conditions and preparing or
reviewing Drought Orders and (iii) increased monitoring to ensure that licence conditions arc both being
met and remain appropriate. Under current rules, compensation would need 10 be paid if licences were
revoked or revised.

Increasing demands and possible reductions in supplies from established sources mean that abstractors will
be seeking new water supplies and therefore applying for new licences. Abstractors may also want to revise
existing licences to, for example, reduce compensation flow requircments or abstract larger volumes. Reviews
of licence applications already consume a large proportion (x%??) of NRA water resource staff time, and
an increase in applications would add further pressure.

Staff time is also under heavy pressure during drought conditions. Resources need to be assessed,
supplementary sources located, abstractors and public liaised with, and Drought Order applications reviewed.
An increasing frequency of droughts would obviously mean that such activitics become more frequent, and
could become the norm. In the extreme case, the NRA would have (o treat summer drought conditions as
routine rather than as some kind of emergency. This increased "familiarity” with drought should mean that
more cffective drought management plans are developed and followed, and a grealer experience of
appropriate responses built up.

The NRA currently monitors compliance with licence requirements (both routinely and occasionally). Under
an evolving climate it might be necessary to undertake more monitoring both to cnsure that abstraclors
continue 10 meet licence conditions and, perhaps more importantly, to assess whether the licence conditions
remain appropriate. It might be the case that lower river flows or groundwater levels mean that licenced
amounts would need 1o be reduced; in other cases, an increased availability of water might mean that larger
volumes could be abstracted.

It would be difficult for the NRA 10 change licence conditions on the basis of predicied future flows or
groundwaler availability, even if climate change were widely accepted or even "government approved,

because the actual numerical estimate of change in a particular catchment will remain uncertain for many

years. Individual predictions would therefore be open to legal and technical challenge, except in the unlikely
event that a single climatc change scenario became accepted as "best possible professional practice® (nore
that predicied furure change in sea level is more likely to be accepied - Chapier 5 - because there are no
specific affecied parties ready 10 appeal). Any revision to licence conditions would therefore necd 1o be based



on receat experience, hacked up with the justification that this recent experience is not just an unusual
occurrence which will be followed by a return 10 "normality”. This important issuc appcars again in Chapter
4, and is considered in more detail in Chapier 9. Revocation or revision of licences, of course, also means
that compensation may need o be paid to licence-holders. This would be an additional revenue cost which,
under current NRA rules, would need o be covered from abstractors; an increasc in the rate of revocation
of licences would therefore lead 10 an increase in abstraction charges.

The possibility 1hat climate is evolving and that conditions on current abstraction licences may not remain
appropriatce implies that the NRA should require that licences are reviewed periodically (HOW MUCH 1S
THIS DONE AT PRESENT??). This would enable greater flexibility in coping with climate change - but
would of course entail additional work.

3.6.2 Design and planning

Each NRA region has 1o assess the water resources currently available in that region, and to predict what
resources will be available over a planning horizon of the next few decades. The NRA national water
resources development strategy estimates resources and demands in 2021, and by then temperature could
be 10C higher than at present (Table 2.3).

One approach would be for a regional resource assessment 1o include four different sets of figures. One
would show resources during a defined bascline standard period (1961 1o 1990, for example). The other

three would be based on three "approved” climate change scenarios; a "best guess”, a "driest” ¢stimaie and
a "wetlest” estimale.

The differences between these scenarios at present would be rather large (Section 3.2), but would indicate
the degree of sensitivity of water resources in a region o possible change. It may be that the effects of
changes in resource availability will be considerably less than the effects of (also uncertain) changes in
demand, and can be ignored. In some regions even the "driest” climate change sccnario might lead to few
resource problems; in other cascs, it might be appropriate to play safe and basc asscssments of futlure water
resource poltential on the worst case scenario.

Climate change implies that regional resource assessments need to be periodically reviewed given evolving
experience and improving predictions of future conditions.

3.7 Information_nceded by the NRA

The NRA nceds a number of tools and pieces of information in order 10 cope cffectively with the
tmplications of climate change for water resources. In particular, thc NRA requires:

L. Models which are capable of simulating river flows and groundwater recharge under future climate

conditions. A review of models used in the NRA has recently been completed (NRA, 1991
"Fawthrop™).



2. Advice on whether climate really is changing - bascd on the interpretation of globai, not local, data.
This advice could take the form of a policy directive, stating for example that the NRA should
accept IPCC and Department of the Environment stalements aboul climale change: the issue is
discussed further in Chapter 9.

3. A set of "approved” climale change scenarios, showing changes in daily rainfall and potential
evaporation (although some applications could get away with weckly scale data). The Link Project
at the Climatic Research Unit (Chapter 2) should provide the technical support for these scenarios.

4. Mcthodological advice on (i) expressing resource availability against an evolving background (does
the concept of the 1 in 50 year cffective rainfall remain useful? Would it be appropriate o
reference all reliability predictions to a common standard period, such as 1961-1990?) and (ii) how
to use both observed data - validated bul possibly less relevant in the future - and predicted climate
data - which will be both speculative and highly uncertain.

The recent, current and proposed research projects relevant to water resources are listed in Annex B. To
summarise, current projects are looking at (i) the effects of climate change on river flow regimes, (ii) the
sensitivity of demand for water 10 climaie change, and (iii) the implications of sea level rise for water
resources. A proposal is currently being considered by MAFF for an investigation into possible changes in
demand for summer spray irrigation.

38 Key sensitivities and uncertainties

Table 3.1 shows seven potentially important implications of climate change for water resources, logether with
the climate parameters of relevance.

1. Low winter recharge of surface and groundwater resources: this is most affected by changes in
winter rainfall and the duration of the recharge season as influenced by soil moisture deficit periods.
It is currenuly very difficult 1o make precise predictions of changes in resource potential, because
climate model predictions of rainfall are very uncertain. The difference between different scenarios
arc very large (as indicated in Figure 3.3). The "worsi-case” effect of climate change would be to
increase the frequency of "dry" winters, although climate model predictions tend to be pointing
towards winters that arc wetter on average. The possibility of experiencing drier winters (or winters with
shorter periods of more intense rainfall) needs to be explicitly considered during the analysis of climate
model predictions.

2. Increased demands for spray irrigation: this would be affected by summer soil moisture deficits, but
the cffects of agricultural prices might also be very important. NRA policy of encouraging
abstraclors to irrigate using water stored during winter should help to mitigate the effects of
increased demand (as long as there is enough winter water available).

3. Increased demands for garden watering: this will be affected not only by changed temperatures, but
also by the ownership of hosepipes and sprinklers and, perhaps most important, by the price
charged for water. Economic faclors may be more important than climatic influences.



Pipe bursts during thaw: it is unlikcly that there will be no extreme freczes in the future, so it is
possible that losses in pipe bursts might not be reduced. More information is necded on the
climatic conditions associated with pipe bursts, however, before it will be possible to predict changes
in their frequency.

Saline intrusion: current .indications are that this will be relatively unimportant, although NRA

policy of encouraging abstractions as close to the tidal limit needs to take sea level rise into
account.

Increases in demand for water: it is probable that increases in the demand for water due (0
population growth and economic development will in many regions be of equal or greater
importance than the cffects of climate change (although like climate change projections, forecasts
of future demand are unccriain). {t is an unfortunaic geographical coincidence that the areas
expected to have the greatest growth are also those regions showing the greatest sensitivity to

change in climate and wherc there is the greatest difference between different climate change
scenarios.

Deterioration in water quality: this might be affected by climate change - as will be considered in
Chapter 4 - but will also be affected by developments in the use of agro-chemicals and water
treatment. Locally these trends may also be rather more important than the direct effects of climate
change on water resources.



Critical activity

Reievant climatic parameters

Other relevant parameters

Low winter recharge of resources

l. Amount of winter
rainfall
2. Duration of winter

recharge season: spring
and autumn soil moisture

deficits
| 3. Potential evaporation
High summer irrigation demand 1. Summer so0il moisture 1. Increased interest in
deficits irrigation by farmers
I 2. Summer evaporation
High demands for domestic garden | 1. Peak temperatures in l. Increased ownership of
watering spring and summer garden sprinklers
2. Evaporation in spring 2. rice of water
and summer
Pipe bursts during thaw 1. Frequency of freeze and
thaw: minimum
temperatures
Saline intrusion into aquifers 1. Sea level rise
and river intakes
Increasing demands for public i. Rate of economic
water supplies development
I 2. Population change
3. Water efficiency use of
domestic appliances and
industry
I q, Price of water
Declining water quality 1. increased temperature 1. Application of
2. Changes in flow and agricultural chemicals
recharge regimes 2. Trends in water
treatment

Table 3.1:

Critical water resources activitics, and relevant climatic parameters.
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Effect of different climate change scenarios on average annual runoff by 2050 for a portion
of south east England.
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4, POLLUTION CONTROL

41 Introduction

to NRA-controlled waters (it currently has around 139,000 discharge consents)? It will impose conditions
on the consents which depend on the characieristics of the receiving waters.

To dFaMesqualdy L. TE Mk
e majot¢itficyity with warer quality management has been the lack of formal water _q/ugli jectives
ifist which £landards and_consents dan be determined~EGro Comynity’airccliv covering

bathing waler quality.and drinking water quality.-ha{hccn in fopte since”1%x (others?), @nd in4991+
the NRA preparing proposgls for-a set of statutory water quality objectives (SWQOs) and
associated water quality standards/(NRA Water Quality Report No. 5, 1991). These proposed stalutory
objectives and standards will incorporate a set of water use categories, each with approprialc water
quality standards, and a revised water quality classification scheme which will have wider application.
SWQOs can then be sct for individual stretches of water by identifying the appropriate use classes and
the corresponding quality standards and incorporating any further standards required under EC
legislation. This sysiem will enable target water classes 1o be achicved taking both diffuse source and
point source pollutants into account. The NRA is also establishing water protection zones to prevent
the comtamination of water sources. [t has so far concentrated on the definition of nitrate-sensitive zoncs
around groupdwater sources, and a number of test zones have been defined.

It is useful to distinguish between "natural” background water quality and "man-made” quality, or
pollution. The "background” water quality of a river or aquifer is defined by the natural chemical and
biological constituents of the water, and tends 1o be controlled by catchment soil, rock type and natural
vegetation. It is not oflen a management issue, except where some components of the background water
quality need to be removed before the water goes 10 public supply. Sediment, for cxample, has to be
settled out, and hard water from chalk aquifers is often softened. Water draining from upland peat bogs
may have a discolouration which necds to be removed (Naden...).

The bulk of the NRA water quality management and pollution control activitics, however, are directed
towards river and groundwater poliution both from point-sources (such as discharges from scwage works,
storm drainage sysiems and industry) and from non-point sources (such as farmland). Climate change
will affect water quality and pollution both dircetly and indirectly. Direct impacts may be considered to
stem from the changing climatic inputs 10 the hydrological system, the alteration of the processes and
pathways by which water reaches river channels and by changing the Now regimes within channels.
Indirectly, the changed climaie regime will potentially promote a change in land use which will in turn
impact upon water quality. The complex sysiem of feedbacks and responses 10 both climatic and non-
climatic controls (Figurc 4.1) makes the climatic induced signal in water quality hard to detcct and also
may cause the climate signal o be masked by other fufure changes such that the impact of climate
change may, in operational terms, be considered 1o less significant. At the same time, however, climate
change and its effect on waler quality will be set against increasing public intcrest in water quality, an
increasingly tight regulatory framework (SWQOs), and the necd for long werm planning for water
Fesource management systems within a changing cavironment. Meanwhile, the water industry will be
becoming increasingly concerned about how it can pay for the improvements in water qualily demanded
by the EC, the NRA and the public.



Consideration of the effects of climate change on water quality are conveniently split into two distinct
areas, the uplands and the lowlands. Upland streams tend to be fast flowing, oligotrophic streams and
high in dissolved oxygen and with catchments wholly, or significantly, draining land which is.not under
intensive agricultural production systems. In such systems the water quality reflects: dominantly the
physiographic characteristics of the catchment, that is, soil type and bedrock geology, but often modified
by the input of anthropogenic pollutants from the atmosphere, mainly acidic compounds. Lakes in
upland areas are usually well mixed due to the high precipitation input and short residence times and
so although thermal stratification is not uncommon in summer, eutrophication is not presently a
problem. Lowland rivers, on the other hand, are generally slower flowing, with low turbulence and so
dissolved oxygen content is generally below saturation. These rivers drain areas of large population and
their catchments are intensively utilised in agricultural production and so tend to have high nutrient
concentrations.

From the point of view of operational water quality management, upland waters are relatively simple
to manage as a resource since they are used predominantly for supply and recreation. Lowland rivers,
on the other hand have to suffer a duplicity of function in that they not only provide water for
abstraction but also a transport pathway for removal of effluents.

4.2 Changes in lowland water quality

River water quality problems in the lowlands can arise from (i) high concentrations of a wide range of
pollutants including nutrients and toxic chemicals, or (ii) from low concentrations of beneficial elements,
notably dissolved oxygen. Both direct and indirect climatic influences will inter-react to cause a change
in pollutant concentrations. For example, the concentrations of toxic chemicals will be directly effected
by changing flow conditions. An increased flow producing a dilution and a decreased flow a
concentration effect, providing the input flux remains constant. High temperatures alone might, for
example, lengthen the survival time of pathogenic bacteria although water concentrations will be further
modified by changes in flow. Indirectly, changes in land use will also complicate the pollutant response
in that climatic change might lead to increased pesticide and fertiliser usage, thereby increasing the
loading to surface waters and, a change in the runoff pathway, through different cropping patterns, soil
moisture conditions and land management strategies. Overall, the impact on water quality must be
carefully considered for each pollutant and generalities are difficult. It is, however, useful to consider
in more detail the likely response of nitrate and Dissolved Oxygen as examples of the complex system
of feedbacks and processes requiring consideration.

Nitrate and dissolved oxygen concentrations are determined through a complex series of mechanisms,
involving chemical reactions, bacterial transformations and flow. In simple terms, assuming no inputs,
nitrate concentration in a river reach is the product of the initial concentration minus losses from
denitrification plus addition through nitrification processes. The initial concentration is a function of
the flow rate whilst both nitrification and denitrification are biologically mediated reactions which are
influenced by the water residence time in the reach and the temperature. Increased temperature will
cause an increas€ in the rates of both reactions through increased microbial activity but, since nitrate
concentrations are usually higher in proportion to ammonium concentrations, denitrification is the
dominant-process and consequently, nitrate concentration decreases. Lowered flow in the reach increases
the water residence time allowing more time for the microbial breakdown (0 occur and so should also
reduce nitrate concentrations. Assuming a hotter and drier scenario for much of the south-east these
relationships indicate that lower nitrate concentrations can be expected in lowland rivers. Running this
lower flow scenario through a more complex river quality simulation model, however, indicates that



nitrate concentrations will generally increase (Figure 4.2). This results from unchanged effluent inputs,
and so effectively higher initial concentrations since flow is lower, which overwhelm microbial effects.
Although the increase is relatively small, discharge consents may need adjusting to maintain the river
quality objective. Furthermore, the changed flow distribution has a potential effect on the distribution
of water chemistry concentrations. This has implications for the setting of effluent discharge consents
given that SWQOs will be set at 95 percentile levels. Warmer and drier summers may also cause

autumnal flushing of nitrates into the water course, as occurred following the break of the drought in
1976 (Figure 4.2).

A change to lower flows in summer would have a direct effect on dissolved oxygen concentrations
through reduced dilution and this would combine with a temperature effect as warmer water is able to
hold less oxygen. In a stream with a single large BOD pointsource, the interaction between de-oxidation
and reaeration produces the characteristic downstream oxygen sag. The effect of the warmer, drier
climate will be to pull the sag curve lower (Figure 4.3).

Deoxygenation can also be brought about by the growth of algal blooms and a scenario of lower flow
and higher nutrient concentrations might promote algal growth. Such occurrences can cause fish Kills,
clogging of river intakes and lead to toxicity problems. There is controversy, however, over whether
recent blooms of toxic blue-green algae, experienced particularly in 1989, 1990 and 1991 result from
"natural” processes or as a result of increased agricultural pollution. These years were certainly
characterised by higher-than-usual temperatures (and are thus "natural"), but the blooms may have been
due to ingreased concentrations of phosphates derived from farmland. In practice, the answer is probably

some combination of the two and this represents a case-in-point of the uncertainties in purely climate
induced water quality impacts.

4.3 Changes in upland water quality

The quality of upland streams may be considered to be essentially controlled by “natural” processes
within their catchments and represent the “background” water quality on which the downstream
pollution is imposed. Present water quality problems stem mainly from increased acidity in response to
deposition of anthropogenic sulphur and nitrogen compounds. Here the indirect effects of climate
change will probably be limited to marginal areas which have become economically viablé for land
improvement with a subsequent increase in stocking density and fertiliser or pesticide application. The
main direct impact of increased temperature would be an increase in nitrate comicentrations through
mineralisation of organic nitrogen in the soil. This might be enhanced by a more seasonal rainfall
regime causing increased soil moisture deficits in some areas. The result would undoubtedly be an

' increase in surface water acidity and might cause lake productivity o increase although eutrophication

is unlikely to be a major problem.

Future responses in upland water quality to long range transboundary air pollution are a main
consideration with respect to climate change. Increased rainfall may concentrate flow through the upper
soils with low acid neutralisation capacity and so will increase the frequency and magnitude of acid
episodes. In upland areas, deposition of acidic compounds is increased through cloud, or occult,
deposition whereby plant and ground surfaces filter moisture droplets directly from the atmosphere. This
is a particular problem in areas under commercial conifer plantation. If cloud cover increases as a result
of increased temperature and rainfall, the pollutant loading would be enhanced in sensitive upland areas,
and again particularly 1o upland forests. Increased drying of soils under a more seasonal rainfall regime
with higher evapotranspiration will cause sulphur and nitrate mineralisation and promote increased



acidification. All of these effects must be considered in the light of possible future decreases in pollutant
emissions which will tend to reduce their impact. Furthermore, many of these effects may prove to be
transient; nitrate mineralisation, for example, will only occur until the source of available nitrogen is
depleted and changes in flow pathways might be influenced by long term changes in soil structure.

The discoloration of water by peat decomposition products (McDonald et al. 1991, Naden 1992) will
«be enhanced under suggested climate change scenarios. Higher summer témperatures, coupled with
slightly lower summer rainfall, will lead to an increase in soil moisture deficits and, thus, an increase
in the rate of peat decomposition by bacterial action. Organic fractions with the ability to discolour
“water are one of the products of this decomposition. The take-up of these products is dependent on
pH, while removal of the resulting discoloured water is directly proportional to the rate of water
throughflow. Increased winter rainfalls will, therefore, exacerbate the washout of these coloured waters.
Thus, what is envisaged is a_greater rate of both colour production and release. Furthermore, a more
variable climate, with a greater propensity for dry summers, would lead to a bigger build-up within the
peat of the organic fractions which cause water discoloration, resulting in enhanced autumn flushes of
colour, as has already been witnessed following recent dry summers.

4.4 Changes in_phytoplankton

Most species of planktonic algae can survive and grow at temperatures well in excess of those predicted
for a warmer world. Hawkes (1969) has examined the temperature tolerance of different groups of algae
and suggested that diatoms grow best at temperatures below 25°C and blue-green algae at temperatures
above 30°C. There are, however, notable exceptions, such as the diatom Acnanthes marginulata which
can tolerate temperatures up to 41°C (Patrick, 1969) and the blue-green alga Oscillatoria rubescens
which is commonly described as a cold water form. In physiological terms, most groups of algae
photosynthesise most efficiently at temperatures of around 25°C. The rate of carbon fixation could
therefore increase with increasing temperature, but factors other than temperature usually limit net
production. Global measurements of phytoplankton primary production (Westlake et al, 1980) certainly
demonstrate that annual net production is not strongly correlated with latitude. Lakes at high latitudes
and high altitudes, nevertheless, tend to have lower production rates unless they are particularly rich in
nutrients. In a warmer world, the net annual production of some Scottish lochs could conceivably
increase but increases elsewhere would probably be checked by qualitative changes in the plankton.

In most U.K. lakes and reservoirs, the most pronounced effect of global warming will be those related
to the growth and succession of different species of algae. Phytoplankton growth increases rapidly at
temperatures between 10 and 20°C and only begins to decline at temperatures above 25°C. Winter
temperatures in the U.K. are predicted to increase by 2 or 2.5°C in a warmer world. Such an increase
would accelerate the spring growth of phytoplankton but could also influence patterns of succession
much later in the year. For many slow growing species of phytoplankton, their growth rate in early
summer is often controlled by the number of cells that overwinter in the open water. Mild winters
invariably increase the size of this spring innocculum which so often provides the “springboard” for
subsequent summer blooms.

In recent years, several species of bloom forming algae have clearly benefited from a succession of mild
winters. In the South Basin of Windermere, for example, blooms of the blue-green alga Oscillatoria
agardhi have tended to appear in warm summers that were preceded by mild winters. Figure 4.4 shows
the effect of a series of mild winter on the average summer crop of Oscillatoria in this mesotrophic lake.
Note that strong summer growths (Figure 4.4a) are only recorded in the late 1980s when warm summers
are combined with mild winters (Figure 4.4b).



Current atmospheric circulation models suggest that global warming will fundamentally alter the
distribution of pressure belis across Central Europe.  The seasonal succession of phytoplankton in lakes
is now known to be influenced by the timing as well as the strength of wind-induced mixing (Reynolds,
1987, Steinberg & Hartmann, 1988; George et al, 1990). Reynolds (1984) has developed a suite of
models that can be used (o predict patterns of seasonal succession and these are now being linked to
a physical model of lake stability. In most 1ecmperate lake, the first species 1o appear arc the diatoms
that can grow when the water is cold and (he days are relatively short.  These diatom blooms can
collapse for a varicty of rcasons, bul thermal stratification and sedimentation usually accelerates their
rate of decline. Once the diatoms have gone, a variety of small flageliates then tend to dominate the
plankton. These small forms have high rates of growth but can only survive if the water column is
periodically mixed by the wind. When the water is warm and there is relatively little wind, slow growing
forms like the bloom forming species of blue-green algae become dominant. Many of these bloom
forming species are able to move freely in the water column by regulating their buoyancy so are
unaffected by long periods of calm weather. In some shallow , highly eutrophic lakes, dense blooms of
blue-green algac appcar every summer. In deeper, lakes, however, their summer growth is largely
controlled by weck 1o week changes in the intensity of wind mixing. Long-term studies of
phytoplankton succession in the South Basin of Windermere (Talling, 1989) certainly demonstrate that
the growth of the blue-green alga Oscillatoria agardhi is strongly influcnced by the wind. This buoyant
alga grows well in a siable water column but growth can be suppressed by quite short periods of intense
mixing. Figure 4.5 contrasts the summer phytoplankton of Winderemere in an unusually calm ycar
(1989) and an unusually windy year (1985). In 1989 (Figurc 4.5a) thc latc summer plankion was
dominated by Oscillatoria but in 1985 (Figure 4.5b) this “climax” community was suppressed by periodic
wind mixing. It is not yet known whether calm summers will become more common in a warm world.
Problem blooms of algae will, however, appear much earlier in the year and will thus be able o take
advantage of any calm periods that do occur.

The factors that influence the growth and decline of river plankton differ fundamentally from those that
control the dynamics of lake plankton. At one time it was assumed that the “reiention time” of most
rivers in the U.K. was too short to support sustained growths of algae. In recent years, however, it has
become clear that traditional Fickian type dispersion models underestimate the retention times of
nutrients and plankion within a particular river recach (Bencala & Waliers, 1983). Experimental and
remote sensing studics (Reynolds & Carling, 1991) confirm the widespread existence of local patches
of slow-moving water wherever there are well-developed pools and meanders. Theoretical calculations
demonstrate that some of these dead zones can remain isolated from the main flow for up o twenty-five
days. Dense populations of planktonic algac can thus develop in these dead zones and act as “seed”
populations for the main flow. In a warmer world, with reduced summer flows we can expect these
“seed” populations 10 grow and have a more pronounced cffect on downstream waler quality.
Abstraction schemes that transfer water between catchments will also have a pronounced effect the the
dynamics of our river plankion. Algal “bloom” problems are most likcly to arise where water is
abstracied from the lower rcaches of a river and then transferred by canal o another river system.
L)

4.5 Changes in_estuarine and coastal water quality

There arc three main water quality issucs in cstuarics and the tidal reaches of rivers. The first is the
presence of satine water for part of the tidal cycle. The second is the distribution of sediments and their
movement during the tidal cycle. Thirdly, pollution brought down into the Lidal reach from the non-tidal
river may become trapped by the interactions of river flows and tides.
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Salinity, sediment and “freshwater-based® pollution in an estuary may all be affected by Clif$alc change.
A higher sea level would mean that the salt front would penetrate further up the estuary during each
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at present during low flow conditions, when flows are too small to flush sewage effluents.” Increased
ltemperatures and insolation would mean that biogeochemical processes would operate at a faster rate,
and might contribulc 10 a lessening of water quality problems. HR Wallingford are currently
investigating the implications of climate change for estuarine water quality, under contract to the
Department of the Environment.

Increased temperatures and insolation can also be expected to improve the quality of coastal bathing
waters. (information on sensitivity of biogeochemical activity in salt water (o temperature and sunshine?).
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ot x__,.»ﬂ The NRA’s pollution control activities can broadly be divided into three arcas; operational, design and
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(L\)cy . planning, and emergency response.

47.1 Operational activitics

consents i ‘ourses” There¢is unlikely to be a climate-induced change in dentand for
such consents, and the greatest effect of climale change will arise (rom changes in the ability of the
receiving waters 10 accept cffluent discharges. Consents will have to be geared to, for example, a lower
Q95 flow value. Lower stream discharges might mean that absolute discharge consents would need 1o
be reduced. Discharge consents expressed in terms of the quality of the receiving water will not be
affected.

Discharge consents are currently reviewed periodically, so can be changed to suit altered hydrological



conditions. [t would, however, be difficult 10 justify changing consents on the basis of long-term
predictions of change (because the discharger would not want (0 make any changes now), so alterations
would need to be based on recorded experience over a period of a few years. The NRA would therefore
need 1o be convinced - and be able 10 convince the discharger - that "unusual® behaviour over a few
years did represent changed conditions and was not simply a rare event which could be discounted in
the longer term.

If the sensitivity of receiving waters 10 pollution increases due to climate change, then there will be a
greater need for monitoring,

4.7.2  Design and planning
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g-term plangifig-work involvesZsciting water quality-objectives and iderilifying sourcesprotectigh
zenos. The proposed system of SWQO“s will be independent of climatic condilions since "water quality”
of a river is determined as the chemical characieristics of a sample derived from the water body. As
such, the water quality objective is determined as an acceptable level of chemical constituents within the
water sample, irrespective of flow although clearly, flow conditions play a major role in achicving that
critical chemistry.

The NRA is at prescnlgmg’lﬁh'i'n,% 10 identify a number of groundwater prolection zones, and is
considering how best to'define consistenily zone boundaries. One approach is 1o consider travel times

o the water abstraction point wwl}dﬁl@the' is 10 sclect a standard distance. Neither mcthod qf
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4.7.3  Emergency response

The NRA responds to emergencies resulting both from pollution cvents and from natural (or semi-
natural) events.

Man-made pollution events are not nécc&sarily going to incrcase in a warmer world (except to the extent
that changes in agricultural practice might lead to alterations in the potential for farm-based pollution).
The effect of a given polluting event, however, might vary in a warmer world. Lower river flows could
mean that an event would have a greater effect, whilst higher water temperatures could help to
ameliorate the impact of the pollution. Changed hydrological and temperature conditions are likely 10
mean that the sensitivity of a river (or indeed aquifer) to pollution changes; increascd temperatures
might have particularly significant effects on the sensitivity 10 algal blooms.

"Natural” events include Nushes of discoloured water from desiccating peak bogs. A changed climate
might mean that such events occur with a different frequency, and again, the sensitivity of the aquatic
system to such events might be altered.



Q , . X on vedvun droreys b JLa
o el %r\ (hpad . A
Nad Yoo e o vl b [ lomde” Vo

b‘\ m;m\ma\"t\ J\ M) A aband ego™ *“-‘l"f")

4.8 Information nceded by the NRA

The NRA needs information in the {ollowing areas:
?
1. Changes in the parameterslcontrolling water quality - primarily water temperatures, climate
inputs, river flows and larid use and, 1o a lesser cxtenl, soil structure,

2. Potential changes in specific systems currently experiencing water quality problems. These
include catchments suffering from excess nitrale concentrations and acid precipitation; how
would climate change cxacerbate (or ameliorate) current problems?. It would also be necessary
to identify situations most sensitive to climate change (which requires information on factors
controlling scnsitivity to change), in order to locate rivers or aquifers at particular risk.

3. Critical values nced to be detcrmined for specific water quality parameters in particular
locations - beyond which action is necessary - and efforts made to determine the likelihood that
chimale change would causc thesc critical values 10 be exceeded.

4. Information is needed on means of calculating water qualily statistics against a background of
an evolving climate. How meaningful will the Q95 value be, for example? How can historical
information be combined with predictions of future conditions?

5. Experience from recent extreme events - such as the 1976 and 1988-1992 droughts - can
provide very valuable insights into the bchaviour of the water quality system under stress.

6. Do recent extreme events represent changed conditions, or are they simply rarc events which
can be discounted? This applies (o the 1988-1992 droughts, and will also apply in the future:
how will it be possible to tell when an "unusual” event marks a sigmificant departure from the
long-term average?

Rescarch projects into climate change and waier quality are listed in Annex B. All the current projects
arc funded by the Department of the Environment.

49 Key sensitivitics and uncertainties

Table 4.1 shows three potentially important implications of climate change for water quality, together
with the climate parameters of relevance.

1. Change in flowfwater quality relationships: This will be affected by all factors influencing flow
7 regimes as well as the direct impact of increased temperature on biological activity. Effects will
vary in rcsponsc 1o the spatial variation in climatic parameters and also in response o changes
in land usc. These changes in land usc may be the result of climate change or induced by non-
climatic factors such as the level of agriculural subsidies and the EC common agricultural
policy. Any change in pollutant inputs o rivers and their caichments, in the form of effluent
discharges and agrochemicals, or in water abstraction from the river system will affect the water
quality flow relationship. These impacts and their uncertaintics can only be addressed through
the application of simulation models.

2. Increased magnitude of aulumnal flushing: This may cause operational concern in both the
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uplands and lowlands and will depend crucially on the pattern of rainfall in
through the year, in particular summer and autumn. Any increase in applic
agrochemicals to farmland would exacerbate the problem, as would any significant
towards rapid transit flow pathways brought about through increased cracking in drier soils

prablenwould—be—easity overcome—by relatively small changes 10 operational policy at the

relevant times.

Changes in upland water quality: Climatic parameters potentially exert the most influence in the
dctermination of upland water acidity and colour, for example, providing acidic deposition and
land use remains unchanged. It is likely, however, that international legislation will call for
decreased acidic deposition and so the recent trend in surface water acidification should reverse
¢ven under changed climatic conditions. Afforestation will probably continue o exert a

significant influence on surface water chemistry.
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Critical activity Relevant climatic parameters Other relevant parameters
[l Change in flow/water quality 1. Annual and spatial 1. Potential change in land
relationships rainfall and temperature use
. distribution 2. Changes in applications
2. Changes in flow regimes of agrochemicals
3. Changes in
discharge/abstraction
strategy
Increased magnitude of 1. Seasonality of flow 1. Agrochemical application
autumal flushing regime 2. Anthropogenic pollutant
deposition flux
Changes upland water quality 1. Change in soil moisture 1. Future land use policy
deficit 2. Future acidic emissions
2. Periodicity of rainfall strategy
3. Change in summer
temperature and rainfall
Increased frequency of algal 1. Change in air and water 1. Change in phosphate P
blooms temperatyures inputs
2. Change in windspeeds
Table 4.1: Critical pollution control activitics, and relevant climatic parameters
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Figure 4.1. The major climatic and non-climatic factors controlling water quality.



15,00

~—— Pressnt
“=="- Changed climate

Nirate (mgm

3Am L T T L L) ¥ T T )
Ly & &® & & P & & & &P & & & & &
o & o &V & & ¥ ¥ o ¥ IV & & & ol
g o e e g0 © g o e S R .
N N 2 ‘_'3 ‘-9 2 *\9 8 Y\Q '3‘ 'ﬁ'@ Q’@ 2 2 \ -
¥ b
Q\f y S \"Q \‘\:? P &,y#‘ 'F.,p < q»,f - . q’? < o 'b‘aé" .,\'dé‘



200 |
Datchet

—— Onginal Data |
- — Climate Scenario 3
.=..- Climate Scenario 4

—
N
(=]

T

Dissolved Oxygen (% Sat.)

0
01-Jan-74 12-Feb-74 26-Mar-7T4 07-May-74  18-Jun-74  30-Jui-74  10-Sep-74  22.Oct-74  03-Dec-74

Figure 4.3, Observed dissolved oxygen concentrations in the River Thames at Datchet during 1974 compared |
with those for a wetler climate (scenario 3) and a drier climate (scenario 4) using a water quality model, |
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Figure 4.4; Factors influencing the growth of the blue-green alga Osciflaroria agardhi in the south basin
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5. FLOOD DEFENCE
5.1 Introduction

The National Rivers Authority has powers 10 exercise a general supervision over flood defence and land
drainagc. In practice, this means that the NRA constructs and maintains flood defence schemes 1o alleviate
loss and damage from coastal and fluvial floods, implements flood warning schemes, liaises with planners
10 encourage wisc use of flood-prone land, and responds to flood emergencies. In 1991/92, £XX million was

spent on capital programmes along the coast, and a further £YY million was spent on schemes along inland
rivers.

There is an important difference between coastal fiooding and fluvial or inland Nlooding. Design standards
have historically been higher along the coast - because of the greater risk of loss of life - and the structural

responses to coastal and flooding are quite different. Coastal and fluvial flooding arc also affected by
different climate change parameters.

52 Changes in coastal flooding

There have becn several studies in the UK into the effects of climate change and associaled sea level rise
on coastal flooding. Some of these projects (Annex B) have been funded by the NRA, and cxplicit reference
to sea level rise was made as far back as the 199091 Corporate Plan (NRA, 1991). Figure 5.1 summarises
the effects of climate change on flood risk in the coastal zone.

Sea level rise Permanent inundation
Increased risk of storm flooding

Changes in storm frequency Threatened integrity of structure

Figure 5.1: Impacts of climate change on coastal flooding

The Climate Change Impacts Review Group cstimated that mean sea level would be between 90 and 290
mm higher than present by 2030, with a best estimate of 190 mm. The local effect, however, depends on
teclonic or isostatic changes in the land surface; south east England is falling relative 10 mean seca level,
whilst north west Ergland and Scotland is rising. The NRA has combined estimates of changes in global
mean sea level with isostatic changes 10 produce the regional estimates of change in sea level shown in
Table 5.1 (these values will be used in scheme design and planning - see Section 5.4).

Region Rise in mm/year Total rise by 2030 over 1990
) levels (mm)
Angiian, Thames and Southern 6 240
North West, Northumbria 4 160
Wessex, South West, Severn- 5 200
Trent, Welsh and Yorkshire

Table 5.1: Assumed risc in sea level by NRA region (NRA, 1991)



Although these assumed changes in mean sea level are uncertain, there is cven greatler uncertainty about
possible changes in the frequency of occurrence of storms and their associated high winds and storm tide
surges. Mid-latitude storms, such as those which affect the coasts of the UK, are driven by the equalor-1o-
pole temperature gradient, and if global warming causes this gradient to be reduced (because the poles may
warm by a greater amount than the cquator) then storm frequency would be expected to reduce (IPCC,
1990). Current climate models do not simulate small-scale disturbances such as storm systems at all well,
50 both the IPCC and the CCIRG siated that it was impossible at present (0 create feasible scenarios of
changes in storm frequency (IPCC, 1990; CCIRG, 1991). Holt (1991), however, attempted (under contract
10 the NRA) 10 usc climate model simulations 10 assess possible changes in storm frequency in the North
Sea. He found a slight increase over the next century, but the increase was well within the natural variability
that has occurred over the last 100 years. Ar present, therefore, it can be assumed that the change in mean
sea level will have a greater effect on coastal flood frequencics than a change in the rate of occurrence of
storms,

Figure 5.1 indicates that there are three potential impacits of climate change along the coast. The first -
permancnt flooding of land currently above sea level - is likely 1o be of limited economic importance,
because there are very few areas of unprotected land lying so close to the current sea levels. Higher sea
levels would of course have important implications for the owners of coastal facilities such as docks and
wharves, and might also increase pumping costs for the drainage of low-lying land.

The second impact of climate change listed in Figure 5.1 is far more important. An increase in mean sea
level implies that the risk of storm waves overtopping sea defences would increase. Figure 5.2 shows the
hypothctical effect of an increase in mean sea level of 200 mm on the estimated return period for a given
flood level (CCIRG, 1991). A level of 3.2m has, according to this example, a return period of 100 years;
if sea level were to rise by 200 mm then the return period between exceedances of 3.2m falls 1o 25 years
and 5 years for curves A and B. A relatively small increase in sea level can therefore have a very large
impact on the frequency of structure overtopping, and the impact is dependent on the slope of the level-
frequency curve. The flatier the curve, the grealer the increase in frequency for a given rise in sca level.
Curve A in Figure 5.2 - the fatter curve - is typical of conditions along the south coast of England, whilst
the east coast tends to have rather steeper curves such as Curve B. In praclice, a rise in sea level will not
simply mcan that the level-frequency curve shifts by an amount cqual to the change in sea level. Wave
. patterns may also change because of the altered depth profile in the run up 10 the shore, and therefore the
slope of the level-frequency curve might also change. Finally, the effect of a risc in sca level on the height
of wave crests as they rcach the shore depends on the form of the shoreline. Other things being equal, the
gentler the beach gradient the greater the increase in wave height for a given increase in mean sea level
(reference...).

An increase in sea level would not only increase the risk of a structure being overtopped, but could also
threaten the structural integrity of the coastal defence system. The beach protecting the toe of a structure
might be affected by erosion (or, perhaps by sedimentation under some circumstances), and a higher sca
level would mean the crosion of protective salt marshes.

It is very difficult 10 gencralise the impact of higher sea levels on coaslal flooding because of the importance
of local shoreline geography and beach form on the extent 10 which both storm still water levels and wave
heights are affecied.



The economic conscquences of a risc in sca level have not been directly quantified, but are likely o be very
large. Flood losses during the 1953 East Coast floods reached £30 million (at 1953 prices: fxx million at
1991 prices), and since then there has been considerable development in coastal flood risk areas. The
GeoDala Institute (1991) estimated the value of coastal land along the south coast between Bournemouth
and Bognor Regis 10 be up to £5745 million (£45 million of agricultural land, £1700 million of industrial

or commercial asscts and up 10 £4000 million of residential property), depending on planning policies
following loss.

53 Changes in fluvial flooding

Far less attention has been paid 10 the implications of climate change for fluvial flooding in the UK (or
indeed anywhere in the world). In the most general terms, there are three types of fluvial flood in the UK:

1. floods caused by prolonged heavy rainfall; these tend 10 occur between autumn and spring. They
are controlled by both antecedent moisture conditions (reflecting rainfall over a period of several
days) and the magnitude of the rainfall over the weltest one or 1Wwo days.

2. floods caused by intense rainstorms; these can be very localised, and tend to occur most frequently
in summer. The largest short-duration rainfali 10tals come from such events. They are primarily

affected by the short-duration peak rainfali, both from high-intensity cells within frontal systems
and from convective storms.

3 floods caused by snowmelt; the rate of snowmelt is often enhanced by rainfall. Snowmelt floods are
rare across central, southern and eastern England, but have been responsible for some of the largest
floods on record in this region. Snowmelt-based floods tend to affect large arcas. The factors
controliing snowmelt floods are the volume of snow accumulated, the temperature rise which
triggers melt, and the amount of rain that falls during the melt period.

Although it might be possible to infer from climate models that if (otal winter rainfall increases then the
antecedent conditions necessary for flooding would occur more frequently, it is not possible to estimate
changes in the rate of occurrence of short-duration rainfall totals (although meteorological experience
suggests that an increasc in stable anti-cyclonic conditions in summer would lead to an increasing frequency

of intense summer thunderstorms). Possible changes in the frequency of rainfall-induced floods are therefore
very difficult 10 assess.

Increased (emperatures should mean that volumes stored in snow packs would decrease - thus lessening the
potential for large volume snow-melt floods - but there have been no studies conducted in the UK o
s . 0. . .

Investigate the effects of a 1.5 10 2.1 C increase in temperature (by 2030) on snowpack volumes. The greater

the proportion of precipitation that currently falls as snow, the less the relative effect of increased
temperatures on snowpack volumes.

As is the case with longer-duration river flow regimes (Chapter 3), the cffect of a given climate change on
flood frequencies will vary between catchments. As catchment size increases, changes in the characieristics
of short-duration rainfall will be less important, and the food frequency curve of the caichment will be



more sensitive to changes in longer-term (such as weekly or even monthly) rainfall totals. A slowly-
responding catchment, such as one underlain by chalk, will also be more sensitive to rainfall integrated over
a long period than 0 changes in short-duration rainfall events. The proportion of event rainfall that
produces a flood hydrograph is influenced partly by the anteccdent wetness of a catchment - in the winter
season rclated largely to long-term rainfall totals - and partly by the soil characieristics of the catchment.
The greater the ability of the soil to absorb rainfall, the fower the proportion of the rainfall total that goes
lo generate the flood hydrograph. The degree of catchment urbanisation is also important; the greater the
proportion of the catchment covered by urban development, the greater the proportion of the rainfall that
gencrates the flood hydrograph. The lag between rainfall and peak flow, and hence the size of the peak for
a given volume of rainfall, is controlled by the characteristics of the channel network (such as its density
and configuration) and the channel slope. The steeper, denscr and more "efficiently packed” the network,
the shorter the lag time and the greater the peak flow for a given rainfall volume. Although no numerical
calculations have been made, it is possible to hypothesise that the effects of climate change on flood peaks
will be preatest in steep, responsive catchments.

The implications of climate change for the frequency of occurrence of floods of a particular size depends
on the shape of the flood frequency curve as well as the change in the rainfall paramcters controlling
flooding in the catchment. In general, it can be expected thai, as is the case wilth sca levels, a relatively
small change in the magnitudes of floods would have a very large cffect on the [requency of flood damage,
with the greatest effect again where flood frequency curves have a small slope.

Most fluvial flood defence schemes are less cxposed 1o erosion than coastal defence schemes; they take the
form of embankmenits sct back from the main river channel or, more rarcly, bypass channels. Some schemes,
however, may be affecied by increased erosion if river flow regimes change and flood frequencies increase.
River sedimentation affects the capacity of channels to transmit food discharges, and any change in
sedimentation would have implications for scheme cfliciency.

54 Effect on NRA flood defence activities

NRA flood defence activitics can be grouped under four headings, maintenance and scheme review,
development control, capital works design and construction, and cmergencies,

5.4.1 Mainicnance and scheme review

Activitics under this hecading include day-10-day operational tasks and morc general asset management.
Operational tasks include weed cutling in rivers and remedial works o rectify localised erosion, Dredging
may also be necded in some rivers. Changes in river flows and sca levels might he expected Lo increase the
monitoring and maintenance requirements for flood defence structures, whilst weed growth might be
increased by higher temperatures and increased insolation (Chapters 4 and 7).

Asset management involves the review of the ability of flood defence schemes 1o meet their design
standards. The NRA is currently reviewing sea defences, and is looking in particular at the sitandard of
service provided by cach scheme, the current maintenance costs and the likely rate of deterioration of the
assel. Both maintenance costs and the rate of deterioration will change under climate change, and in
different ways for different schemes. Information on likely changes is nccded when assessing the costs and



benefits of maintaining a particular asset; climate change might alter prioritics or encourage different
attitudes to some assets. The benefits of improving some asscis may be less than the costs of the necessary
work - where low value land was being protected - implying that the assets would need o be abandoned.
This could of course-lead to local politicat problems, although Treasury rules preventing the atlocation of
central government grants to schemes that are not cost-effective would make it very difficult for the NRA
to actually undertake uneconomic work.

The University of East Anglia (Turner et al, 1991) estimated the costs and benefits of three alternative
responscs (0 four sea level rise scenarios imposed on the east coast from Hunstanton to Felixstowe, under
contract to MAFF. The responses were (i) to abandon the defences, (ii) to maintain the defences as they
arc and accept a lower standard of protection and (iii) o improve the defences 1o take account of sea level
risc.. The coastal region was divided into 115 flood units, and for each unit the costs and benefits of the
three responses were evaluated using a cost-benefit analysis; for the coastal strip as a whole, it would be
more cost-effective 10 maintain or improve the defences than to abandon them. The study was necessarily
very generaliscd.

542  Development control

At present the NRA advises planning authorities on development proposals in flood risk areas, but the
advice is not binding on the planning authority. In general, the NRA recommends against development in
the floodplain, both because of the risk (o any property occupants and because of the floodplain storage
that might be lost. Flood risk zones are mostly-based on the area inundated in the largest recorded flood,
as shown for most regions on Scction 24(5) maps produced in the late 1970s and early 1980s. Floodplain
maps are nol, with a few exceptions, based on particular frequency events (such as the 100-year flood),
although there is a move in the NRA towards the use of frequency-based risk maps (this would of course
be very costly, and would represent a major effort).

Climate change is unlikely 1o have an important effect on NRA development control policies or advice. A
particularly large event could result in the NRA increasing the size of a designated floodplain, but this could
happen regardless of climate change. Frequency-based risk maps would need to be revised if climate and
hence the flood frequency curve were to change, but the amount of uncertainty in floodplain determination
might not be much less than the effects of the change in Nood risk.

Attitudes in planning authorities 10 development in the floodplain might alter as climate changes,
particularly if a sequence of damaging events occur which can be attributed - even vagucly - 1o climate
change.

The NRA also advises planning authorities on the conditions that should be attached v permissions for
ncw devclopments off the floodplain. Planning authoritics increasingly require developers to provide some
means of mitigaling the cffects of their development on the downstream flood hydrograph and frequency
curve. This mitigation often takes the form of a balancing pond; climate change may mean that these
balancing ponds would need to be larger in the future.



5.4.3  Design and construction of capital works

Capital works for fluod defence are eligible for grants from MAFF if the benefits of the proposed scheme
can be shown o exceed the scheme costs. Most flood defence schemes were built 10 design standards
specified by the agency promoting the scheme (the old River Authoritics and Water Authorities) for
different types of land use. Urban flood defence was usually built to withstand the one in 50-year flood, for
example, whilst schemes intended to protect predominantly agricultural land were designed for floods with
return periods as low as once in five years. In practice, some flood defence schemes were built 10 a lower
design standards because a larger scheme was not cost-effective. Design standards for coastal flood defences
have tended to be higher than for river flood defence because of the risk of loss of life, and schemes
implemented aficr the 1953 East Coast floods had a nominal design return period of one in 1000 years.
Different authorities, however, had different policies with respect to design standards, and the NRA has
been developing a consistent national framework. This framework is based on the concept of level of service.
Floodplain land is allocated to one of five land use classes according o the density of development
expressed as a number of *house equivalents® in the reach. Each of the five land use classes has a specified
level of service; Class A land, for example (*highly urbaniscd™) should be protected to a standard of at least
one in 50 years. The actual level of protection provided by a new scheme will be dependent. upon costs and
benefits; Treasury grants are only available for cost-cffective schemes (quite what happens when no standard
of protection within the class limits is economically feasible has yet to be determined).

At present, thercfore, every floodplain reach is cither meeting its particular level of service, or is not
(although reviews have not yet been completed). It is unlikely that climate change would cause many reaches
1o change status - because the acceplable range of level of service for a class is very wide - although reaches
with a design standard close to the limit for that class might shift (urban areas with nominal design
standards of on¢ in 50 years are most likely 10 change status).

Changes in climate will have greater effects on the estimation of scheme design standard and capacily, the
justification of the scheme, and the actual physical design of the scheme.

The estimation of scheme capacity generally involves a statistical flood frequency analysis: how large is the
100-year flood, for example? Frequency analysis, however, assumes a stable climate, which will obviously be
inappropriate in the face of climaie change. The NRA has prepared a Policy Implementation Guidance Note
(TE/FD/OI) concerning climate change, which presents allowances which should be added to estimates of
design still water levels to show the effects of sea level rise. The cstimates are shown in Table 5.1. Nothing
similar has been prepared for river flood frequencies, although it is not feasible simply to recommend adding
a standard amount to estimates (rom present data: it was suggested in Section 5.3 that the effects of climate
change on river flood [requency will vary between catchments. How relevant is the Flood Studies Report
(NERC, 1975) under an assumption of a changing climate? The unit hydrograph procedure will probably
be more robust, because it would "only* be necessary (o provide revised rainfall frequency inputs
representing different climate change scenarios (although the equalions for estimating unit hydrograph
paramciers at ungauged sites are calibrated on past data). The regional flood frequency curves would need

to be revised in their entircty. One approach would be to calculate frequency analyses using data from a
standard pericd.

The evaluation of flood alleviation scheme bencfits combines the frequency distribution of flood magnitudes
with a sile magnitude-damage relationship. As currently applied, therefore, the approach assumes a stable



climate. If flood risk is increasing - as is likcly along the coast in particular - then the benefits of flood
alleviation will be underestimated.

The NRA guidance note PIGN TE/FD/001 gives rccommended ratcs of sca level rise (0 use when cvalualing
the implications of climatc change for coastal defence standards, but stops short of recommending that the
allowance be incorporated now directly in design. Instead, it siates that "regions will develop a flexible
approach and will decide on the timing for building in the allowances into their defence structures™. Schemes
should be designed now so that they can be revised as sea level rises or betier predictions of change are
made. In particular, the note suggests that foundations are designed and construcied so that defences can
be readily raised, but adds the important qualification that this would be subject to the scheme still being
economically-effective. A report from HR Wallingford (1992) has reviewed alternative coastal defence
designs (both embankments and vertical sea walls) and made some suggestions for flexible design. A similar
approach is necessary with fluvial flood defence.

544  Emergencics

This area covers cmergency action during a flood and flood warning. Climate change would not have a big
cffect on such activitics, although it might mean that they were more frequently undertaken. An increased

risk of flooding might also mean that flond forccasting schemes become more attractive in cost-benefit
terms.

5.5 Information needed by the NRA

information and tools are necded in the following arcas:

1. Advice on whether climate really is changing, and whether it should be considered in flood management.
To an extent the NRA has already accepied climate change along the coast.

"2, "Approved” scenarios for changes in the frequency of Nood-producing rainfall, the frequency of storms

and surges, and sca level rise; the third is much the casiest of the three.

3. Information on the relative sensitivity of different caichment 1ypes Lo changes in rainfall characteristics.
This would help identify caichments - and floodplains - at the grealtest risk due to climate change.

4. A procedure (o estimate the effects on flood characteristics of different rainfall scenarios. This will
require some form of physically-based model which can simulate flood characteristics reasonably accurately,
but which can be rcadily applied in ungauged catchments. Such a model might lic at the heart of a future
revision to the Flood Studies Report. '

5. Methodological recommendations on estimating flood risk against a changing climate. How useful are

recent data? How useful is the concept of the 100-year flood? How can scheme benefits be assessed against
a changing flood risk?

6. Information on Mexible design techniques for river Nood defence.



7. Information on the possible effects of changed river flows on erosion, sedimentation and the subsequent

integrity of flood defence works.

Annex B lists current and recent projects concerned with climate change and flood defence. All focus on
the coastal zone, and a considerable amount of progress on estimating changes in risk and developing
flexible designs has been made. Much of this work has been funded by the NRA.

5.6 Key sensitivities and uncertainties

Table 5.2 shows a number of flood defence issues sensitive to climate change, together with the relevant

climate parameters.

Critical activity

Relevant climatic parameters

Other relevant parameters "

Increased overtopping of coastal 1. Sea level rise
defences / reduced standard of 2. Storm frequency change
service 3. Change in wind
directions
Integrity of coastal defences 1. Sea level rise (and 1. Sediment supply
associated tidal
changes)
2. Storm frequency changes
Frequency of floodpiain 1. Frequency of flood- ]. Channel improvements
inundation / standards of producing rainfall 2. Land use change?
service 2. Ouration of saturated
conditions
Maintenance / integrity of river i. Frequency of flood- 1. Land use changes "
defences producing rainfatl (sedimentation)
2. Ouration of saturated
conditions
3. Increased water

temperatures

Storm sewer flooding

Intense short-duration
events

Table 5.2:

Critical flood defence issucs, and relevant climate paramelers.

1. Increased overtopping of coastal defences: this is the-most "catastrophic” effect of climatc change
for the UK, and has atiracied a great deal of attention within and outside the NRA. Small changes
in mcan sea level can produce very large changes in risk, with changes in the frequency of
overtopping dependent on local shoreline and beach gradicnts. The gentler the gradient, the greater
the relative effect of sea level rise on storm water levels and wave heights. Rising sea levels will
mean that it will become increasingly expensive 10 protect coastal flood-prone land to a given
standard of service; reviews of coastal flood defence provision are likely to provide the NRA with
its greatest political and community problems.

Integrity of coastal defences: rising sea levels mean changing patterns of wave erosion and

deposition, with consequent implications for the maintenance of coastal flood defences. Losses of
salt marshes would have particularly significant effects on some coastal defence systems.
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Frequency of floodplain inundation: it is unlikely that climate change will produce as large a change
in flood risk in inland rivers as along the coast (and could, of course, resull in a reduced flood risk).
Impacts will vary between catchments, with responsive, sleep or highly-urbanised catchments
calchments showing the greatest sensitivity to changes in short-duration rainfall characteristics.

Maintenance and integrity of river flood defences: river defences will be affected by changed pattcrns
of erosion and deposition following changes in river flow regimes and scdiment supplics. Increased

lemperatures and insolation would mean greater weed growth, with a consequent increase in the
necd for stream clearance.

Storm sewer flooding: increased high-intensity short-duration rainfalls would cause storm sewer
surcharge, with implications both for off-river” flooding nuisances and for receiving channels.
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6. FISHERIES
6.1 Introduction

The aim of the NRA fisheries function is 10 maintain, improve and develop fisherics. The fisheries
resource is managed by the NRA for three main reasons; firstly it is a wildlife resource in need of
conservation, secondly it is a managed resource exploited commercially, and thirdly il is a resource
exploited for rccreation. The fisheries function is in practice closely integratcd with the NRA’s
recreation, conservation and water quality functions.

Salmon and trout fisheries predominaie in the north and west (and trout are important in many chalk
streams in the south), and although coarse fisherics occur throughout the NRA, they have the greatest
relative importance in the south, cast and centre.

The NRA is responsible for licencing commercial fish farms (generally off-river) and the commercial
netting of ecls and ¢lvers, and also sells angling licences for recreational fishing. Most of the 1.2 million
licences sold cach year are taken up by coarse fishermen.

Figure 6.1 summarises the effect of climate change on freshwater fish. Fish physiology will be affected
primarily by water temperature changes, fish habirar will be affected by changes in flow regimes and
waler quality (including short-term poliuting events), fish food sources might change as flow regimes and
waler quality change, and finally changes in ocean circulation and freshwater flows might lead 1o changes
in salmon migrarion pauerns.

Higher water temperatures Fish physiology

Changed river flow regines\f : Fish habitat
Changes in water quality - Food sources
Changes in ocean circuiation \ Migration patterns

Figure 6.1 Impacts of climate change on fish

6.2 Changes in fish physiology and habitat

6.2.1  Fish physiology

The projected increases in winter temperature could adversely affect the spawning and cmbryonic
development of a number of fish species in the UK. The eggs and embryos of most fish tolerate a
much narrower range of temperatures than those tolerated by juveniles and adults.

Table 6.1 summarises the documented range of spawning temperatures for fourteen common species of
freshwater fish and noics the upper lethal limils quoted for their cggs. The most temperature sensitive
fish in the U.K. arc the whitefishes (Coregonus sp) and the charr (Salvelinus alpinus). These species
are often called “glacial relicts” and are assumed (o be landlocked remnants of species which at one
time migrated freely 10 and from the sea.  The current geographical distribution of these specics
(Wheelcer, 1977) is clearly related 10 temperature. Most of the lakes in which they thrive today are cool,
deep lakes in the west and north. In a warmer world, the winter iemperatures in many of these lakes



could come perilously close 10 the thermal limits for successful spawning.  The spawning performance
of most trout and salmon populations should not be adversely affected by the projected increases in
winter temperature.  Increased spring temperatures would, however, stimulate carly emergence and the
newly hatched larvac would be smaller in size and might not be able to find cnough food Lo survive.
Most of the other species listed in Table 6.1 spawn much later in the year. Roach, bream, carp and
perch spawn earlier in the year in Southern Europe so they would almost certainly adapt their
reproductive behaviour 1o the changing climate,

Species Spawning temperatures Lethal temperatures
Coregonus lavaretus 0-23 > 8

Salvelinus alpinus 3-15 > 8

Thymallus thymallus 6 - 10 > 14 !
Salmo trutta 1-10 > 13

Salmo salar 0-8 > 16

Salmo gairdneri 4-19 > 20

Perca fluviatilis = 5-19 > 16

Barbus barbus 14 - 20 > 20

Esox lucius 4 - 17 > 23 I
Cyprinus carpio 12 - 30 > 26

Rutilus rutilus 5 -2 ] > 27

Abramis brama 8 -4 > 28

Tinca tinca 18 - 27 > 31 Ii
Alburnus alburnus 14 - 28 > 31 ||

Table 6.1: Range of spawning and lethal temperatures for the eggs of a number of common freshwater
fish (all values 1o nearest *C).

The fish that spawn in the colder months of the year are also the ones most likely 10 suffer from an
increase in summer lemperatures. Table 6.2 lists the optimum and upper critical range of lemperatures
commonly quoted for the more temperature sensitive fish in the U.K. The most vulnerable lake fish
are the whitefish (Coregonus lavaretus) and the charr (Saivelinus alpinus). In some lakes, these fish
may be able 10 avoid high temperatures by moving deeper in the water column but in others the oxygen
concentrations al depth may be too low. The numbers of charr in the South Basin of Windcremere
have declined steadily throughout the 1980s (Mills et al, 1990). This decline follows an exiended period
of enrichment and coincides with a marked decrease in the summer concentrations of oxygen in deep
waler. To date the lowest oxygen deficits have, fortuitously, been recorded when the summers have not
been exceptionally warm (Figure 6.2). In a warmer world high surface tiemperatures and low decp water
oxygen concentrations are certain to coincide. The charr would then be confined (o very narrow range
of depths and would probably not be able o feed efficiently.

The most vulnerable river fish is our native brown trout (Salmo trutta). Most trout populations in the
U.K. should be able 10 survive, but their growih rate would be very much slower than it is today.
Elliott (1976 a, b and c) has published a series of papers that quantify the thermal limits for growth and
survival in brown troui. Figure 6.3 shows how the encrgy available for growth at a given temperature
decreases progressively as the food supply is reduced. At temperatures above 14°C the trout require
large amounts of food to compensate for the cnergy lost in the faeces and in excretory products.



Growth models based on these cxperimental results have recently been used to examine the cffect of
different temperature scenarios on the growth of brown trout.

Species Optimum range Upper critical range
Coregonus lavaretus 8-15 20 - 25
Salvelinus alpinus 5-16 22 - 27,
Thymallus thymallus 4 - 18 18 - 24
Salmo trutta 4-19 19 - 3¢
Salmo salar 6 - 20 20 - 34
Salmo gairdneri 10 - 22 19 - 30
Table 6.2: ‘The optimum and upper critical limits for the more lemperature sensitive species of fish

in the UK. (all values 1o the nearest °C).

Figure 6.4 shows a.family. of growth-curves calculated using “full ration” rates incremented for cvery
fifteen days. The curves cover the growth of the trout for the first two years of their life (ic. up to the
time where they become smolts and migrate 10 the sea). The ‘normal” curve is based on actual
lemperatures in a Lake District stream, and the two simulated curves show the likely effect of increasing
these average temperatures by 2 and 4°C.  Current “climate change” scenarios suggest that winter
temperatures in the U.K. could increase by 4°C and summer temperatures by 2°C. These growth curves
demonstrate that an average rise of 2 °C would ‘produce trout that were at least 30% smaller at the
end of their first year, Further increases in temperature would probably tead to a reduction in numbers
as well as growth since small trout are less likely 10 survive the winter.

6.2.2 Fish habiiat

The basic controls on fish habitat are water velocity and depth, channcl substrate, in-channel vegetation,
bank characteristics and vegetation, and water quality. Different fish species, however, have different
habitat requirements, and habitat preferences vary with fish life stage. In recent years there has been
an increasing interest in predicting fish habitats under different flow conditions, in order to define
"ccologically accepiable low flows™ (Bullock et al, 1991). This has involved the development of
relationships between habitat suitability and, so far, water depth and velocity, for a number of common
fish species and substrate types (Armitage and Ladle, 1991). In principle, these relationships could be
used with information on changed river flow regimes 1o estimate changes in habitat, but this has not
yet been auempted; this is partly because the methodologics for relating habitat to flow are still being
developed (under contract o the NRA). It is possible, however, 1o make some estimates of the effects
of changes in flow regime on fish habitat.

As the UK. climate becomes progressively warmer, summer droughts will become relatively common.
Lake fish are relatively well buffered against these climatic extremes, but river fish are very susceptible
1o prolonged droughts. Black Brows is a small sircam in central Cumbria that normally has a relatively
cquable flow regime. Long-term studies of the trout populations in this strecam (Elliott, 1985),
nevertheless, demonstrate that severe droughts can kill large numbers of young trout. Figure 6.5
summariscs the average yearly losses recorded from the parr stages of trout in this over a lwenty year
period (1969-1989). Annual losses have been calculated using Lhe well established method of “key factor
analysis” (Varley, Gradwel] & Hassel, 1973). In this method, population density is expressed on a
logarithmic scale and loss rates (k factors) calculated for successive stages in the life cycle. The time



series of k factors demonstrates that recent “early summer” droughts have had little effect but the
prolonged droughts of 1983 and 1984 killed large numbers of young trout.

6.2.3  Fish migration

Droughts that threaten the survival of young fish in the upper reaches of a river may also discourage
migratory fish from moving upstrcam. The FBA (now the IFE) has operated a salmon counter on the
River Frome in Dorset since 1971, An analysis of the monthly returns from this counter demonstrates
that there are usually two “runs’ of salmon in the year, one in the summer and one in the autumn. In
summer, the number of fish moving upstream is not closely related to the mean flow but very low flows
usually stop the fish from moving upstream. Figure 6.6 shows the ¢ffect that the dry summers of 1976
and 1989 had on the movement of salmon in the Frome. In 1976, very few fish moved upstrcam but the
number of potential migrants was also very low. In 1989, the stock of fish in the river was very much
higher 5o the limiting effect of the low summer flow was much more obvious. In a warm world, the
summer runs of salmon in many UK. rivers could weli disappear. The number of salmon moving
upstrcam in the autumn could, however, increase if summer droughts were followed by heavy rains.

Changes in ocean circulation patterns might also affect migratory routes, and hence the abundance of
salmon in rivers (reference?).

6.24  Food sources

A change in river flow regime and water quality will also of course affect fish food sources, and in
particular the abundance of invericbrates. Habitat suitabilily relationships, relating invericbrate
abundance to flow and channel characieristics, are currently being developed as part of the attempt to
define ccologically acceptable low flows referred to in Section 6.2.3. The inveriebrate community at a
site is a dynamic complex of interactions (Armitage and Ladle, 1991), and it will therefore be difficult
to model the detailed effects of climate change. The most likely affect would be a shift in the dominance
of species and increases or decreases in overall abundance, rather than radical changes in community
composition; it would be quite difficult 1o assess the impact of such changes on fish populations. The

greater the current pressures on food resources in a reach, the greater the impact of changes in those
resources on the fish population.

6.3 Effect on NRA fisheries actjvilies

The NRA will not be able 10 do very much 1o prevent fish populations changing as water lemperature
increases, flow regimes change and water quality alters. Tt might, however, need to reconsider stocking
policies and specific management activitics as "natural® species composition changes.

Increased water temperatures mighl mean that a given amount of pollution would have a greater chance
of causing significant fish kiils. This would mean more frequent response to fish kill emergencics, and
would encourage greater efforts to prevent pollution incidents.

Increased water temperatures might also resull in a change in the incidence of fish discases, with
subscquent implications for the management of discase outbreaks.



6.4 Information needed by the NRA

The NRA needs information on:

l. Potential changes in water temperature: the University of Excler is currently estimating changes
in the thermal regimes of rivers following climate change, under contract 1o the Department of
the Environment.

2. The effects of changes in river flow regime and water quatity on habitat suitability and hence
fish populations. The work currently heing undertaken in order to derive ecologically acceptable
low flows is directly relevant.

3. The cffects of changes in water wemperature on fish physiology and disease.

4, The changed sensitivity of fish to pollution, with higher water temperatures.

6.5 Key sensitivities and uncertainties

Table 6.3 shows the aspects of the NRA’s fisheries function most affected by climate change, together
with the relevant climate parameters.

Critical activity Relevant climatic parameters Other relevant parameters
Change in fish populations I. Water temperature
2. River flow regime
changes
3. Changes in water
quality
Sensitivity to pollution 1. Water temperature
incidents
Fish disease 1. Water temperature
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Figure 6.1: Distribution, m depth and time, of dissolved oxygen (umol 021 ) in the hypolimnion during

11988 and iemperature (°C) in the epilimnion during 1984, for the south basin of Windermere. The
halchcd arca indicates the exient 10 which temperature exceeded lhe preferred maximum for charr
(16 C) in a rccent warm year, and the isopleths {or oxygen show the extent of a recent substantial
deoxygenation in the hypolimnion. {f both phenomena occur in the same summer, charr would be
restricted to a layer of water between 10 and 20m depth, for periods of 1-4 months.
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Figure 6.2: Encrgy available for growth at different iemperatures and different feeding regimes.
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Figure 6.3: The predicied effects of increased lecmperature on the growth of brown trout (Elliot,
unpublished data).
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Figure 6.4: The year 1o ycar variation in the number of salmon moving up the River Frome in summer.
The numbers are numbers logged on a resistivity counter positioned in a gauging weir. The counter was

not operating in 1985.
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Figure 6.5: The year to year variation in the number of trout lost between the parr stages in May/Junc
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7. CONSERVATION

7.1 Introduction

The NRA aims 10 conserve and enhance wildlife, landscapes and archaeological features associated with
waters under NRA control. In practice, this means that the NRA is involved in conscrvation along river
corridors and the coastal fringe. The NRA undertakes conservation work both generally to improve the
cnvironment and when designing and implementing flood defence, water resources and water quality
schemes. Conservation interests may in some cases determine the NRA’s response to a proposal to abstract
or discharge water, and can have a very significant effect on the design of river and coastal defence schemes.

It is important 10 distinguish between changes in inland riverine ecosystems and coastal ecosystems.

7.2 Changes in freshwater wetland and river corridor ecosysiems

Climate change might have two types of effect on ecosystems in freshwater wetlands and river corridors.

Firstly, a change in temperature and paticerns of soil moisture deficit would lead to changes in the specgcs
composition of ecosystems. Cannell (in CCIRG, 1991) estimated that an increase in temperature of 1'C
would significantly alter species compositions in over half of the statutory protected areas in the UK. Species
most at risk are those ai the present limits of their distribution or in isolated communities. There has so
far been no work specifically on possible changes in wetland or riverine ecosystems, although Cannell (1991)
noted that a 1°C rise in temperatures would enable many dragonfly species 10 spread 1o northern England
and that higher temperatures could affect adversely the hibernation patterns of amphibians. Higher
temperatures might also mean the invasion of exotic species, and this might affect the integrity of river
structures. Japancse Knotweed, for example, is an exotic with a foothold in British rivers which, by crowding
out competition and dying back quickly in autumn leaves flood protection works and river banks bare of
protective vegetation. The effects of climate change on ecosystem composition will depend on the degree
of climate change, the ratc of change, and the local availability of species suited (o the changed conditions.

Secondly, changes in agricultural and land use practices - directly or indirectly dependent on climate change
- will affect both species composition in riverine cnvironments and, by altering catchment hydrological
processes, water and nutrient supply.

1.3 Changes in coastal ecosyslems

Approximately 10% of the notified nature reserves of the UK occur near sea level on the coast (Cannell,
1991), and salt marshes extend along XX% of the coastline of England and Wales.

Vegetation in salt marshes and mud flats is distributed according to the tidal regime and the degree of
submersion or emergence that the component plant species can withstand (Boorman et al, 1989). Sea level
rise would mean both longer and more frequent submersion and increased erosion due to the more severe
wave climate resulting (rom deeper waler seawards. Salt marsh zones would be deplaced landwards, with the



amount of displacement depending on the local change in tidal range; as an cxample, Boorman et al (1989)
showed that a risc (admittedly extreme) of 8cm in sea level would lead to the climination of the "general
salt marsh” zone (the zone covered only in higher spring tides) along a 12km stretch of coastline in Essex,
and a reduction in the arca of mud Nats by at least 20%. Salt marshes are often a part of a coasial defence
System, so any loss would have implications for the integrity of coastal structures.

The distribution of mud flat invertebrates depends on tidal range and the rates of c¢rosion and
sedimentation. In general, a rise in sea level would generally result in these communitics becoming poorer
and less diverse, and this would greatly reduce the large numbers of the many bird species that currently
feed, breed and roost in salt marshes (Boorman ¢t al, 1989). The reduced width of the shore zone would
also force birds to feed at higher densities, increasing competition.

Sand dunc habitats would be attacked by erosion, and would where possible respond by migrating inshore.
Given the freedom to move, large dune sites are therefore likcly to be relatively unaffected - as a whole -
by sea level rise (Boorman et al, 1989). Higher sca levels would also mean a ris¢c in the freshwater table
that sits above the underlying sca water, and an extension of dune slack plant communities. Small sand dune

Systems with limited scope for landward movement would be most affected by climate change, and may suffer
major losses of habitat (Boorman et al, 1989).

{mention Posford-Duvivier repori.what is in it?)

7.4 Effect on NRA conservatjon activities

The NRA aims generally 10 improve the ¢nvironment in and around watercourses and along the coasl, and

0 ensure thal conservation issues are considered when water management -schemes are designed and
implemented.

It is impractical w attempt 10 maintain a particular’ccosysiem against a background of a changing climate,
s0 the NRA would need to develop strategics for dealing with particularly exposed communities. The NRA
(and the public) would have 10 accept that some systems would evolve into a different structure, but might
be able 1o encourage the development of corridors linking some sites to allow migration.

Changes in the emphasis of river and coastal management activities due to climate change might also lead

1o changed pressures on conservation. An increasing interest in "soft defences”, for example, might mean
that conservation becomes even more intimately connected with coastal defence.

1.5 Information nceded by the NRA

The NRA requires information on:

1. Elements of wetland, riverine and coastal ccosystems showing the greatest sensitivity to change in

climate, and the sites at the greatest risk of significant change.

2. The sensitivity 10 change of individually imporiant species or communities (such as otters).



3 The rate of change in climate (particularly of temperature and ses level rise).
4. The relative importance of climate change and other changes, such as an alteration in land use.

The NRA may need scientific information to backup alleged "impotence” in the face of a changing
ecosystem,

7.6 Key sensitivitics and uncertainties

Table 7.1 shows the aspects of the NRA“s conservation function most sensitive to climate change, and
indicates the relevant climate parameters. The rare of change is particularly important.

Critical activity Relevant climate parameters Other relevant parameters
Loss of coastal marshes and 1. Sea ievel rise (amount
mudflats and rate) g
Loss of coastal bird habitat 1. Sea level rise (amount)
Change in riverine/wetland 1. Temperature (amount and 1. Land use change
ecosystem composition rate) 2. Local availability of
2. Soil mpisture deficit invading species
Change in “important™ species 1. Temperature 1. Land use change
Table 7.1: Critical conservation activitics, and relevant climate parameters.



8. RECREATION AND NAVIGATION

8.1 Introduction

The NRA’s recreation and navigation functions are very closely related, because much navigation is for
recreational purposes. In gencral, the role of the NRA is (o (i) develop the amenity and recreation potential
of waters and lands under NRA control and (ii) improve and maintain inland waterways where the NRA
is the navigation authority.

Common to both activitics is a requirement 1o -maintain water levels in rivers and 10 conserve water.

8.2 Changes in recrealion

Water-based recreation can take place on or in water (and inctudes canocing, boating, watcr contact sports

and angling) and along a river corridor or lake frontage. The main role of the NRA is to ensure a clean
walcr environment for recrcation; increasingly, this means ensuring that water meects certain objective
standards for specific water-based activities (such as the proposed Statutory Water Quality Objectives for
Water Contact Activities and the EC Directive on Bathing Water Quality).

The demand for tourism and recreation gencrally is very dependent on economic, social and technological
changes, and is generally increasing. The NRA plans, for example, to manage an increase in the number of
visitors 10 NRA facilities of 45% between 1989/90 and 1993/94 (NRA, 1991). Against this background,
climate change may be relatively unimportant. Both the quantity and "quality” of tourism ar¢, however,
rclated in some way to climate, although little is known about weather-related holiday or recreation
decisions (Smith, in CCIRG 1991). The number of UK residents heading to the Mediterrancan for a
summer holiday increases significantly foltowing a wet English summer, for example (Smith, 1990), and
temperature, rainfall, cloudiness and humidity all affect the quality of the "holiday experience™. For UK
lourism, increases in rainfall may be more significant than temperature increascs (Smith, 1991). Much water-
based recteation is short-term and often spontaneous, and it is very difficult to predict how it will respond
to climate change beyond making the rather obvious guess that demand for all forms of water-rclated
recreation will be higher if summers are warmer and dricr.

1t is slightly easier 10 assess the implications of climate change on the recreation poiential provided by a river
or water-course. Water-based recreation is largely determined by water quality (Burrows and House, 1989),
and the possible changes in water quality outlined in Chapter 4 will have obvious implications for recreation.
Changes in the frequency of occurrence of toxic algal blooms will be particularly important. Water depth
affects the ability 10 perform certain activities - particularly boating - and also influences the visual amenity
of the river corridor.

83 Changes in_pavigation

The NRA is the navigation authority for a number of rivers in the Anglian, Southern and Thames regions,
and in these rivers cnsures that the river is kept suitable for navigation and mainiains and operates
structures such as locks and weirs. In other areas, the NRA has powers to issue by-laws requiring riparian
owners 10 maintain waterways and prevent obstructions, and 10 require all boats to be registered. The British



Walerways Board is responsible for the UK’s canal network and for other navigable rivers.

The vast majority of the navigation on rivers for which the NRA is the navigation authority is recreational,
and commercial pavigation on NRA rivers is largely limited to the few harbours which come under NRA
control and tidal portions of some rivers (such as the Thames).

The main impact of climate change on navigation concerns the ability of the navigation authority (whether
the NRA or the BWB) 10 maintain water levels along the navigable reach. The less the amount of water
available during summer, the less able the river or canal will be 10 enable navigation. Navigation is restricted
in some rivers and canals in drought years, and in particularly extreme years can be prevented entirely, large
parts of the canal network in southern and castern England lacked sufficient water during the summer of
1976, and the recently-renovated Kennet and Avon canal in Berkshire could not open in 1990 because of
a lack of water. 7.2% of the British Waterways canal network suffered navigation restrictions during the
summer of 1990 (British Waterways, 1991). The effects of climate change on a navigation system, of course,
depend on the changes in water availability in the catchments providing water to that system (Chapter 3).
Supplics to a canal often come from a number of small, independent, reservoirs, and these are likely o be
particularly sensitive to climate change. (How much water does an "average canal system” use in a year?
Water used in each lock opcration?). Changed river flows wouid also affect sedimentation patterns within
a navigable waterway.

8.4 Effects on NRA recreation and navigation activities

NRA recreation managers will find it difficult to plan for any cffects of climate change on the demand for
recreation, and will be concerned much more with maintaining water quality standards for different water-
based activities (sce Chapier 4 for a discussion of the cffects of climate change on NRA water quality
activitics). The NRA would nced to be particularly concerned about minimising the outbreak of toxic algal
blooms.

There are three main areas in which climate change would affect the navigation function:

L. The operational management of river levels in rivers where the NRA is the navigation authority.
It may be necessary to develop new operational strategics (o conserve water.

2. Mainicnance activities in rivers where the NRA is the navigation authority; changes in
sedimentation patterns might necessitate alterations o dredging regimes.

3 Review of licences for the supply of water to navigation systems. Although demand from the
navigation authorities might not increase (except (o the extent that increased cvaporation might
increase losses from supply reservoirs and rivers), the supply of water might be altered and the
NRA might nced to reconcile a number of competing demands for a reducing resource.

85 Information_needed by the NRA

The NRA requires: : -



1. Information on the future rate of excecedance of water quality standards specified for particular
waicr-based activities (sece Chapter 4).

2. information on the ability of water supply systems to provide enough water o maintain navigation
in rivers and canals (sec Chapter 3). Navigation systems relying on large numbers of small supplies
may be particularly at risk.

3. Techniques for optimising navigation potential (by maintaining river levels) whilst minimising use
of water.

4, Information on changed scdimentation patterns in those rivers for which it is the navigation
authority.

8.6 Key sensitivitics and uncertaintics

Table 8.1 summarises the effects of climate change on recreation and navigation, and lists the relevant
climatic and non-climatic paramcters. The recreation and navigation functions are most influcnced by
Changes in water quantity and water quality, which are summarised in Chapters 3 and 4 respectively.

Critical activity Relevant climatic parameters Other relevant parameters
Demand for water-based 1. Temperature 1 Social, econcmic and
recreation 2. Factors affecting water technological changes
levels (Table 3.1)
3. Climate "comfort”
factors (cloudiness,
windspeed)
Water-course recreation . Water temperature
potential 2. Factors affecting water
guality (Table 4.1)
Water supply for navigation 1. Rainfall 1. Competing demands
systems 2. Factors affecting water
quantity (Table 3.1)
Sedimentation in river channeils 1. Factors affecting water 1. Land use change
quantity (Table 3.1)
Table 8.1: Critical recreation and navigation aclivitics, and relevant climate parameters.



9. SENSITIVITY OF NRA ACTIVITIES TO CLIMATE CHANGE

9.1 Arcas_of greatest_sensitivity

Different amounts of information are available for different spheres of the NRA s interest. In general,
this can be characterised as *quite a lot is known about sea level rise and its implications, a fair amount
is known about changes in water resources, less is known about changes in water quality, and nothing
numerical is known about anything elsc’. Many of the impact assessments made in previous chapiers
have had 10 resort 10 rather vaguc guesswork and generalisations.

There are two levels of uncertainty in estimating the impacts of climate change. Firstly, the amount (and
often direction) of change in relevant climate parameters is unknown and highly uncertain, although the
degree of confidence varies with parameter. Sccondly, there may be unccriaintics in cstimating the
conscquences of a given change in climate inputs, because the relationships between climate and
response are poorly understood. In some areas these relationships are well-defined - in rainfall-runoff
modelling, for cxamplc - whilst in others very little is known, and sometimes the relevant climate
parameters arc not even known. Where the climate-response relationships are known and can be
modelled, it is possible 10 eslimaie quantitatively the implications of different climate change scenarios,
even if there may be considerable uncertainty surrounding the scenarios themselves.

Each of the preceding chapters finishes with a summary of sensitive activities and relevant climate
parameicrs. Table 9.1 lists all the identificd sensitive activities, and indicates (i) the degree of uncerlainty
surrounding the relevant climale parameters and (i) whether the links between climate and response
are well-known at present. With respect 1o the climate parameters, the greatest uncertainty applies
where the activity is sensitive to changes in rainfall; the shorter the duration of rainfall of interest, the
greater the uncertainty. A "good” understanding of the links between climate change and response exists
only with resource recharge, saline intrusion along estuarics and into aquifers, and coastal flooding.
There is very poor understanding of these links in the conservation and recreation areas in particular.

Table 9.1 also gives a subjective assessment of the relative importance of cach area of impact t0 the
NRA

92 Coping with climate chanpge

The diffcrent NRA functions will need to respond differently 10 climate change, due to the different
degrees of sensitivity and uncertainty about climate change and system response. There are, however,
a number of themes common 1o all or many NRA functions.

1. [t is imporiant that some competent body - the NRA or the Department of the Environment,
for example - issue a policy slatement asscriing that climate change is a problem and requiring
it to be considered where appropriate. Such a statement already exists within the coastal defence
sphere. Furthermore, the stalement ought 10 make reference 10 a set of "approved” climate
change scenarios indicaling changes in al least monthly temperature, rainfall and potential
cvaporation, as well as changes in the frequency of occurrence of high-intensity rainfall. At
present the CCIRG scenarios should be used as a consistent starting-point, but over the next
few years the scenarios developed by the DoE-funded link project at the Climatic Research Unit
should become the standard.



Sensitive activity

Degree of
certainty in
controlling
climate
parameters

Understanding
of climate-
response
relationship

Importance to
HRA

lack of winter recharge

L2 3]

*tatt

high summer irrigation demand

tnd

high demand for garden watering

*

LE AR ]

reduced frequency of pipe bursts

an

saline intrusion along estuaries
and into aquifers

i)

lack of water for effluent
dilution

s

increased agricultural poliution

L3 1]

flushes after dry spells

mobitisation of soil minerals

increased frequency of algal
blooms

L

increased overtopping of coastal
defences

*hd

AAEAR

integrity of coastal defences

- W

Ak

changed frequency of floodplain
inundation

aknh

maintenance/integrity of fluvial
flood defences

m

flooding from storm sewers

L]

change in fish population

sensitivity of fisheries to
pollution incidents

i

LR 4

incidence of fish disease

LA

loss of coastal mudflats and
habitat

AR AER

change in composition of river
corridor ecosystems

loss of important species

xn

changed demand for water-based
recreation

changed potential for water-
based recreation

m

altered supply of water for
navigation

' &

sedimentation in navigable
} channels

KEY

. bad
**  poor
EX 2] good
enxs very good

- not at all

* badly

*r can be
quantified

" gmd

LA ]

LER )

LR

LR

-

]
N, |
——————— e

* low

sewen high

Table 9.1:

Aclivilies sensitive to climate change, and degree of uncertainty.



[t is necessary 10 identify critical values for each function and location, and determine the risk

that these vaiucs are exceeded as a result of climate change, in order to idenlify both sensitive
areas and at-risk activities.

An evolving climate background necessitates a flexible approach to water management. It is
important that scope for revision and review is incorporated in both exccutive actions - such
as building something that will last into the next century - and regulatory actions - such as
issuing licences to abstract or discharge,

Itis important to monitor changes in water systems, both to check to see how changes compare
with those expected due to climate change and modily the management response accordingly,
and to obtain data which will help define the refationship between climate and response.

Catchment plans can provide a framework for considering explicitly the effects of climate change
in a consistent and coordinaled way across all functional activities.

It is becoming increasingly important 1o calculate and specify hydrological characteristics over
a common siandard period.



10, PRIORITY AREAS FOR RESEARCH

10.1 Research issues

Annex B summarises the relevant research projects that have recently been completed or are underway.
Effort so far has concentrated very much on the coastal flooding problem - much funded by the NRA -
and, 1o a lesser extent, on possible changes in river flow regimes and water resources. Some work has
also been done on possible changes in strcamwater quality and coastal ecosystems.

Tables 10.1 and 10.2 suggest a number of priority areas (or rescarch, indicating the potential benefits
to the NRA from the project {(note that the projects are not ranked within each priority class). Some
of the proposed projects are of value 10 organisations other than the NRA, and joint funding may be
appropriate. Note that some areas of research do not appear in the Tables, because research is already
underway (Annex B); this is particularly truc of coastal flooding.

"jesearch area

Benefits of project

1. Impacts of climate change on catchment
potential evaporation

Essential element in estimating possible changes
in surface and groundwater resources

operation of an integrated water
management system

2. - Potential changes in groundwater recharge Potential changes in groundwater resources are
unknown; the areas most reliant on groundwater are “
those likely to be most sensitive to climate
change, and have the fastest growth in demand

3. Implications of climate change for How can the characteristics of a water management

system mitigate or exaggerate the effects o
climate change? Would changes in operating rules
be sufficient? Use an example system from the
south east?

in climate inputs, land use and river
flows on streamwater quality in sensitive

4. Is the 1988-1992 drought a sign of climate | Results would help managers assessing licence
change? requirements {but it is unlikely to be conclusive)
5. Combined and relative effects of changes Enable identification of relative importance of

different factors affecting streamwater qualit{;
results could be used to identify more generally

characteristics

catchments sensitive catchments
6. Critical thresholds for specific systems The project would consider how to identify
critical thresholds for specific water management
systems, and how to assess likelihood that the
thresholds are crossed. I
7. Impact of climate change on fluvial flood information on degree of potential change in flood

frequency curves, and sensitivity of different
types of catchment

8. Combining historical information with
scenarios of future climate

Methodological advice on how to actually use
climate change scenarios in scheme design and
planning.

9. Changes in agricultural practice, with
implications for agricultural poilution

Important for pollution control function

i0. Changes in algal blooms

Important for pollution control and recreation
functions

11. Sensitivity of important river ecosystems
to climate change

Information on response of ecosystems/key species
to climatic variability and change “

Table 10.1: High priority subjects for rescarch



X

Research area

Benefits of project

potential of a water-course

1. Expressing hydrological characteristics The project would enable the more accurate
against an evolving climatic background presentation of information on averages and risks.
2. Changes in fluvial geamorphology Information on changes in sedimentation and
erosion of value to flood defence and navigation
functions
3. Effects of climate change on recreation- Informaticn on factors affecting ability of a

system to sustain/attract recreation, and

therefore on sensitivity of recreation to climate
change

4. Sensitivity of fish to pollution incidents

Important for pollution control function

Table 10.2:

Medium priority subjects for research
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Effect of climatic change on guantitative aspects of United Kingdom water resources. Report (0
Department of the Environment. Institute of Hydrology, Wallingford. 94pp

Arnell, N.W. and Reynard, N.S. (1989)
Estimating the impacts of climatic change on river flows; some examples from Britain. Conference

on Climate and Water, Helsinki, 11-15 Scptember 1989. World Meteorological Organisation. Vol
1, 426-436.

Arnell, N.W. (1989)
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Anncx B
Rclevant rescarch projects



Funcilion:

"Climate change scenarios for the UK"

| Title

Funding Contracting Status Duration Comments
agency organisation
Climate change Dok (Global Climatic in progress 1991-1993 Hadley Centre
scenarios for the UK Atmospheres Research Unit - Impacts
Division) community
LINK project
Transient climate KAFF Climatic in progress 1491-1993 input to
change scenarios Research Unit agricul tural
impact
_ studies
Function: Water resources
Title funding Contracting Status Ouration Comments
agen¢ organisation
r“
Impact of climatic Dot (Water Institute of Complete 1986-198% Results
variability and change | Directorate) Hydrology presented in
on UK river flow . IH Report
reqimes 107,
Climatic change and NRA BOO9 Water Complete 1989-1990 Inherited
its potential effect Research from NW Water
on UK water resources Centre Authority
Impact of climate Dof (wWater Institute of | in progress 1990-1993 Part of Dot
change on water Directorate) Hydrology o Water
quantity Dtrectorate
"umbrel la®
project
Impact of climate Dot (Water Oept. of in progress 1991-1993 Part of Dot
change on demand for Directorate) Economics, Water
water Univ. of Directorate
Leicester "umbrel 12
project
Possible effects of NRA B0S.2 Water in progress 1990-1992
sea level rise on Research I
water resqurces Centre




Function:

Pollution control

Title Funding Contracting Status Duration Comments
agency organisation
.. 1 71 T
Impact of climate Dok (Water Institute of in progress 1990-1593 Part of Dot
change on water Directorate) | Hydrology Hater
quality Directorate
"umbrella®
project
Impact of climate DoE (Water Dept. of in progress 1991-1992 Part of DoE
change on the thermal Directorate) Geography, Water
regime of rivers Univ. of Directorate
Exeter *umbrella”
project
Impact of climate Dot (Water HR in progress 1991-1993 Part of OoE
change on estuarine Directorate) Wallingford Water
water quality Directorate
"umbrella®
project
Modeiling the impact DoE (Global Institute of in progress 1990-1994 Dok ‘Core_
of climate change on Atmospheres Hydrology Modelling
biogeochemical Division) programme,
processes wit
ecological
parts by ITE




Function: Flood defence

Title Funding Contracting Status Duration Comments
_agency _| organisation
Impact of climate NRA CO7 Water complete 1990-1991 1
change on sea defences Research
Centre

Economic appraisal of MAFF University of | complete 1990-1991
the consequences of East Anglia
climatic-induced sea
level rise (1)
Economic appraisal of HRA C07.1 Halcrow complete 1990-1991 NRA Anglian
the consequences of extension to
climatic-induced sea above MAFF
level rise (2) project

" Sensitivity of sea NRA C07.2 HR complete 1990-1991
defence structures to ¥allingford “
greenhouse effect

L Beach development due NRA -C07.3 HR in progress 1990-1992

[l to climatic change Wallingford
Climate change, sea EC DGXI Dept. of in progress 1991-1993 Part of EC-
level rise and Geography, scale study
associated impacts in Coventry and .
Europe Poly. consortium
Impact of sea level EC / WRPB and | Envirormental | in progress ? several
rise on coastal others Research linked
lowlands Centre, Univ. projects

of Durham

The economic impact of [ MAFF GeoData complete 1990-1991
predicted sea level Institute,
rise on the central Univ. of
southern coast of Southampton
England
Evaluation of tidal NRA CO7(91).1 | ..to go to not started 1992-7 PROPOSED
return periods - tender project

changes due to climate
change




Function: Conscrvation

Title Funding Contracting Status Duration Comments |I

agenc organisation E—

5“_ e ——

Environmental NRA FO1.41 Posford- in progress 1990-1992

opportunities under a Duvivier

scenario of sea level

rise

Climate change, rising | Dof Air Institute of complete 1989

sed levels and the Quality Terrestrial

British coast Division Ecology




TERRESTRIAL AND FRESHWATER SCIENCES

DIRECTORATE

Natural Environment Research Council

Polans House

Narth Star Avenue

Swindon SN2 1EU

Tel 0793 411500 Fax: 411502
Telex: 444293 ENVRE G

INSTITUTE OF FRESHWATER ECOLOGY

Windermere Laboratory
Far Sawrey, Ambleside
Cunbria LA22 OLP

Tel 09662 2468 Fax: 6914
Telex: 94070416 WIND G

River Laboratory

East Stoke, Wareham

Dorset BH20 6BB

Tel (0929 462314 Fax: 462180
Telex. 94070672 WARE G

Edinburgh Laboratory
Bush Estate, Penicuik
Midlothian, EH26 0QB .
Tel 031 445 4343 Fax: 3943
Telex: 72518 BUSITE G

Eastern Rivers Laboratory
Monks Wood Experimental Station
Abbots Ripton, Huntingdon
Cambs PE17 2LS

Tel 04873 381 Fax: 467

Telex: 32416 MONITE, G

Teesdale Laboratory

c/o Northurnbrian Water
Lartington Treatment Works
Lartington, Barnard Castle
Co Durham DL12 9DW

Tel 0833 50600 Fax: 50827

INSTITUTE OF HYDROLOGY

Maclean Building
Crowmarsh Gifford

Wallingford

Oxon OX10 8BB

Tel: 0491 38800 Fax: 32256
Telex: 843365 HYDROL G

Plynlimon Office
Staylitle, Lanbrynmair
Powys SY19 71DB

Tel 05516 652 Fax: 441

Balquhidder Office
Tulloch Lodge
Balquhidder, Lochearnhead
Perthshire FX19 8PQ

TelL 08774 257

INSTITUTE OF TERRESTRIAL ECOLOGY (NORTH)

Edinburgh Research Station
Bush Estate, Penicuik
Midlothian EH26 0QB

Tel 03] 445 4343 Fax: 3943
Telex: 72579 BUSITE G

Banchory Resoarch Station

Hill of Brathens, Glassel

Banchory, Kncardineshire, AB31 4BY
Tel 03302 3434 Fax: 3303

Merlewood Research Station
Grange-over-Sands, Cumbria LA1] 6]U
Tel 05395 32264 Fax: 34705

Telex: 65102 MERITE G

INSTITUTE OF TERRESTRIAL ECOLOGY (SOUTH)

Monks Wood Experhmental Station
Abbots Ripton, Huntingdon

Cambs PE17 2LS

Tel 04873 38] Fax: 467

Telex: 32416 MONITE G

Bangor Research Unit
University College of North Wales
Deinol Road, Bangor LLS7 2UW
Tel 0248 370045 Fax: 355365
Telex: 61224 BANITE G

Farzebrook Research Station
Wareham, Dorset BH20 SAS
Tel 0929 551518/9 Fax; 551087

INSTITUTE OF VIROLOGY AND
ENVIRONMENTAL MICROBIOLOGY

Mansfield Road, Oxford OX1 35R
Tel 0865 512361 Fax: 59962

UNIT OF COMPARATIVE PLANT ECOLOGY
Department of Animal and Plant Sciences
Unuversity ‘of Sheffield, Sheffield S10 2TN

Tel 0742 768555 Fax: 760159

Telex: 547216 UGSHEF G

CENTRE FOR POPULATION BIOLOGY
Imperial College, Sitwood Park

Ascot, Berks SL5 7PY

Tel 0344 23911 Fax: 294339

WATER RESOURCE SYSTEMS RESEARCH UNIT
Department of Civil Engineering, Newcaslle University
Newcastle-upon-Tyne NEI 7RU

Tel. 091 232 8511 Fax 091 261 1182

Telex: 5365¢ UNINEW G

UNIT OF BEHAVIOURAL ECOLOGY
Department of Zoology, University of Oxford
South Parks Road, Oxford OX1 3PS

Tel: 0865 271165 Fax: 310447

Natural
Environment
Research
Council

Terrestrial and Freshwater
Sciances

N N

.

N

'y N .

Y Ly - '

1 Y

-






