
























































































































































Figure 5.3 Flow duration curves under current climate,
together with perturbed curves representing changed conditicns
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change in the yield, whilst in the more humid basin a 1 per
cent change in potential evapotranspiration led to the same
change in yield. They concluded that the effects on reliable
yield (and also on storage reliability)} depended more on
changes in precipitation than in evapotranspiration.

Similar studies are underway at IH, but for now it is possible
to make some educated guesses about effects on reservoir
reliability using a generalised storage-yield diagram, where
volumes are expressed as percentages of the mean annual runoff
volume and yield is expressed as a percentile from the flow
duration curve (Beran, 1984). Such standardized diagrams are
relatively consistent across a large area, and indeed one
diagram may be applicable for much of Britain (Figure 5.4).

If flows were to increase by a certain percentage, yield could
increase too, with the shape of the flow duration curve
influencing the change in reservoir reliability. Example
calculations of the effect on reliability of a change in
climate are shown in Table 5.2, for hypothetical reservoirs in
northern England (where summer precipitation is assumed to
increase) and the east Midlands (where summer precipitation is
assumed to decrease). In both cases the desired yield is the
flow exceeded 80 per cent of the time (approximately 23 per
cent and 12 per cent of the average daily flow in the northern
and midland sites respectively) and the reservoir has a storage
equal to 4 per cent of the mean annual runoff volume, giving a
10 per cent chance of failure in any one year. The flow
duration curves for the two sites were adjusted as described
above, and the Table is used in conjunction with Figure 5.4. To
summarise, under the scenarios adopted the chance of emptying
for the reservoir in northern England would fall from one year
in 10 to one in 25, whilst the reservoir in the east Midlands
would fail more frequently, in approximately one year in seven.

These results apply of course to hypothetical reservoirs with a
relatively high risk of emptying, and further studies are
necessary to clarify the impacts of climate change on resource
reliability under a wide range of conditions. The sensitivity
of a reservoir depends on yield and storage relative to average
flows. A small reservoir with a low level of regulation, for
example, will be more sensitive to the duration of dry spells
than average precipitation and evapotranspiration (Law, 1989).

5.3 Research needs for surface water resources impacts

Water resource availability and reliability are determined more
by variability over time than mean conditions, except at high
levels of reservoir regulation. At present only preliminary and
approximate attempts can be made to estimate the effects of
changes in climate on flow variability, and there is a clear
need for more detailed studies in Britain. Such studies need to
combine short-time scale input information (daily rainfall or
temperature, for example) with conceptual models of the
rainfall-runoff process. The characteristics of the input data
will influence strongly the results obtained, and it is
therefore necessary to attempt to understand and model the
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Figure 5.4 A standardised storage-yield diagram for Britain
The graph shows reservoir yield as a flow exceeded a given
proportion of the time, and reservoir size as a percentage of
average annual runoff.
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Table S.2 Estimation of change in reservoir reliability using
a standardised storage-yield diagram

Yield
Frequency of shortage

flow exceeded 80% of the time (Q80)
one failure in 10 years (10%)

nn

Required volume of storage = 4% of annual runoff volume

“Northern England resexrvoir"

10.7 m3s™1
2.44 m3s”1
338 x 10° m3
13.5 x 10% m3

Average daily flow (ADF)
Q80 = 22.8% ADF

Annual runoff volume (ARV)
Volume of storage

Assume annual flow increases by 15%
New annual runoff volume 390 x 10° n3
Storage as % 3.5% of ARV

Adjust flow duration curve by raising by 15% throughout
Q80 becomes (84

New reservoir characteristics:

Yield = Q84 Volume = 3.5%

Reliability changes from 10% chance of failure to 4% failure
rate

"Midland England reservoir"

0.02 m3s~1
0.0024 m3s~!
0.631 x 10° m3
0.025 x 10° m3

Average daily flow (ADF)
Q80 = 11.9% ADF

Annual runoff volume (ARV)
Volume of storage

wnwnn

Assume annual flow increases by 7%
New annual runoff volume 0.675 x 10° m?
Storage as % 3.7% of ARV

Adjust flow duration curve by raising high flows by 15% and
reducing low flows by 15%
Q80 becomes Q76

New reservoir characteristics:

Yield = Q76 Volume = 3.7%

Reliability changes from 10% chance of failure to 15% failure
rate
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potential future changes in climatic variability. The key
characteristics of the catchment {and reservoir, where
appropriate) which determine sensitivity to climate change need
to be identified, and attempts must be made to learn how to
generalise results from site-specific studies using catchment
characteristics. The study of generalised flow duration curves
and storage-yield diagrams will both help understanding of
important controls on sensitivity to change and enable some
generalised estimates of impact to be made. It is also
necessary to run some comparative experiments to compare the
relative effects of climate change and land use change, to
place climate change in context.

5.4 Effects of climate change on groundwater resources

Groundwater makes a very important contribution to water
resources 1in many parts of the world - not least Britain, as
indicated in Chapter 4 - and it is somewhat surprising that
there have been very few studies into the possible effects of
climate change on recharge and groundwater levels. Only Bultot
et al (1988) appear to have considered changes in groundwater
storage, during their study of three small Belgian basins.

As a general rule, groundwater recharge in Britain takes place
in winter once the summer soil moisture deficits have been
replenished, and ceases in late spring when soil moisture
deficits reappear. The actual recharge period varies between
years, however, and sometimes recharge occurs in summer (in the
Permo-Triassic aquifers in the Eden Valley in Cumbria, for
example) or is limited in winter (as in the winter of 1975/76).
Nevertheless, an increase in winter effective rainfall should
lead to an increase in groundwater recharge and hence
groundwater levels.

It is difficult to estimate the magnitude of the effect,
because of the lack of a simple relationship between winter
rainfall summed over a fixed time period and recharge, but
diagrams such as Figure 5.5 provide the basis for some crude
estimates. Annual replenishment in the chalk in the Anglian
Water area (taken from Hydrological Data UK Yearbooks) is
plotted against the October to March rainfall over the whole of
the region, and it is possible to infer that for each increase
in winter ra%nfall of 10mm, recharge increases by approximately
70 million m”. This crude estimate applies of course only to
East Anglian chalk, and very different effects could be
noticeable elsewhere. An increase in groundwater recharge would
mean not only increased groundwater resources in summer but
also, in some areas, higher summer river flows (as described in
Section 5.2).

There are, however, qualifications to this simple impression of
increased resource availability. Infiltration to groundwater is
influenced by infiltrations capacity, which may impose an upper
bound on the amount of the extra winter rainfall that can
actually be accepted into the aquifer. Surplus rainfall would
simply run off, and groundwater recharge would not rise by as
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Annual replenishment (10°m®)

Figure 5.5
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much as the increase in winter rainfall would imply. In Britain
this is most likely to occur with the Permo-Triassic
sandstones, which have lower infiltration capacities and
hydraulic conductivities than the chalk and upper greensand
aquifers. Bultot et al‘'s (1988) conceptual model predicted a
reduction in groundwater levels in one of their study
catchments, where streamflow generation was dominated by
surface processes (such as saturation overland flow). They
attributed the lower groundwater levels toc improvements in the
conditions necessary for surface or near-surface flow, and
hence a reduction in the amount of water available for
infiltrating all the way down through the soil profile: this
perhaps reflects the low infiltration capacities and
conductivities of the catchment scils and geclogy.

One of the most sensitive British ecosystems to react to change
may be the chalk (or indeed other limestone) bourne. Many are
already seeing normal headwater positions moving downstream
under the effect of well pumping. It is very possible that some
redress would occur in a warmer wetter winter scenario,
particularly as an accompanying move to less frequently frozen
ground could assist infiltration.

In summary, it appears that higher winter rainfalls, were they
to occur, would lead to increased groundwater recharge and
hence higher groundwater levels - possibly throughout the year
- but that in some areas this increase may be limited by the
constraints of aquifer properties. The effects of a sea level
rise on coastal aquifers is considered in Section 6.3.

5.5 Research needs for groundwater effects of climate change

The importance of groundwater as a resource in Britain requires
that studies are undertaken on the potential effects of
increased winter rainfall on groundwater recharge. Such studies
must be based on the analysis of past recharge data and an
understanding of the hydraulic characteristics of aquifers,
together with predictions of the effects of climate change on
scil moisture variations over tine.

5.6 Impacts of climate change on demand for water

Estimates of future demand for water are as difficult to make
as estimates of water supply following climate change. Some
studies have considered the effect of climate change on demand
for water, and Callaway and Currie (1985) concluded that "The
location, timing and magnitude of many different types of
demand for water may be quite sensitive to the effects of CO,
build-up on temperature and vegetation". However, many non-
climatic factors also influence demand for water:

i) Denmography factors: demand for water will increase as

population increases. This is likely to be less significant in
the UK than in other parts of the world:
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ii}) Socio-econonic factors: as economies and social attitudes
towards water change, so will water demand;

iii) Policy and institutional factors: demand for water may be
influenced by institutional policies towards water. Water
recycling and re-use may be improved, for example, or
alternative pricing structures aimed at managing demand may be
introduced. Losses from mains leakage may be reduced.

Climate change aside, most forecasts predict an increase in
demand for water at a range of scales (Gardiner and Herrington,
1986; MacDonald and Kay, 1988). With a change in climate, these
forecasts may need to be dramatically revised. Unlike many
commododities, demand for and abstractions of water are to a
large extent determined by its supply, and the most significant
effect of climate change on water use may be through its impact
on water supplies.

It is convenient to consider the impact of climate change on
water demand in the UK by the three main sectors, agriculture,
industry and domestic.

Changes in agricultural demand for water

Agriculture in all its forms is a major user of water in
Britain, and the one most influenced by climatic variability
and change. Much of the rainfall intercepted and evaporated
from vegetation in Britain can of course be considered to be
agricultural use, but agriculturalists also draw heavily on
surface and groundwater resources with consequent implications
for other water users. '

The Advisory Council for Agriculture and Horticulture predicted
in 1980 (ACAH, 1980) a four-fold increase in agricultural
demand by the end of the century, due mainly to increases in
abstractions for irrigation. Most of this is used for "sub-
irrigation”, or the watering of crops by seepage from
watercourses, and summer flows in many lowland rivers are
significantly reduced by such consumption. Evans (1983)
estimated that the amount consumed in sub-irrigation in the
Fens area in a 1 in 20 year dry summer is approximately
equivalent to a half of the volume of the Grafham Water
reservoir. Demand for sub-irrigation can be expected to change
considerably in a warmer, CO,-rich weorld, as crop water
requirements increase and transpiration rates reduce. This will
have consequences for flows in many lowland areas.

The amount of water in Britain withdrawn for spray-irrigation
has increased in recent years, and is closely linked to summer
s0il moisture deficits (Evans, 1983). Spray irrigation is
required to maintain yields of certain crops in eastern England
in eight or nine years out of ten at present, and if summers
become drier as well as warmer this need can be expected to
increase. Set against this increase, however, are possible
changes in the efficiency of irrigation water use and, in a
more complicated way, possible changes in agricultural




practices as a result in changing economic and policy
conditions.

At present, the abstraction for general use with livestock
represents the largest compogent of difeft agricultural demand
(approximately 170 million m”® - 465 Mld™+ - and mostly from
public supplies: ACAH (1980)). However, whilst this is an
important element in demand for good quality water, it is
believed to be relatively insensitive to changes in climate.

Changes in agricultural demand can have an indirect effect on
the water resources available to other sectors by altering
river flows and groundwater recharge, and can have a direct
influence through changes in managed abstractions (for spray
irrigation, for example). Estimation of the impacts of such
changes requires information on changing crop-water
requirements in a changing climate.

Changes in industrial demand for water

Much of the industrial demand for water (excluding water for
cooling - see Chapter 7) is not directly sensitive to changes
in climate, and climate change can be expected to influence
industrial abstractions only through its effect on supply
reliability. Changes in industrial demand and abstractions will
reflect general economic health, changes in industrial
structure and changes in attitudes -and policies towards water
use, and these effects may be greater than those of climate
change. Since the drought of 1976 many industries have improved
their efficiency of water use, in order to limit disruption in
dry years (Parker et al, 1986).

Changes in domestic demand for water

Household demand in Britain currently accounts for
approximately a quarter of total demand, and is predicted to
increase in absolute terms. This increase will reflect changes
in water use rather than increases in population totals, and
estimates of future demands are therefore dependent to a degree
on assessments of changes in, for example, ownership of washing
machines. Hall et al (1988) describe a detailed study of water
use in the South West Water area, and whilst they do not
consider explicitly the effect of possible climate change, it
can be inferred from the areas of demand itemised that domestic
water use per capita is probably insensitive to changes in
climate. Garden sprinkler usage will probably increase, but
this constitutes only a small proportion of domestic demand
(less than 3 per cent at present: WAA, 1988). However, total
domestic demand in some areas may be expected to increase in a
warmer world. If warmer summers encourage greater tourism in
South West England, for example, total summer demand will rise:
the supply infrastructure in the South West is currently geared
towards meeting peak summer demand. In 1985/86 thf average
daily supply in the South West rose from 412 Mld™* in the
lowest week to 506 Mld ~ in the peak of the summer season
(South West Water, 1987).




5.7 The effect of climate change on demand for water: research
needs

The links between climate and demand for water are currently
less clear than the links between climate and water supply, and
more research is needed into both the direct sensitivity of
demand to climate and the effects of supply changes on demand.
It is important to understand also the consequences of changing
non-climatic influences on demand and abstractions. The timing
and spatial distribution of demand may be very different in a
changed climate, and studies of the possible increases in peak
summer demand due to increased tourism in, for example, the
South West would help with long-term resource planning.
Regional-scale studies of changes in demand and supply are
needed in order to ascertain the relative importance of the
many potential changes in the water resources of the UK (Chen
and Parry (1987) summarise 'a regional scale study in the
western US, showing changed ratios of demand to supply with
changes in supply). Finally, case studies of the impacts of
recent climatic effects on water demand and management response
(Glantz and Wigley, 1987; Riebsame, 1988) will help
understanding of possible future changes and consequences.

It is quite possible that the evolution of water resource
availability in the UK over the next 100 years will be
conditioned as much by changes in demand as by climatically-
induced changes in supply.
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6. HYDROLOGICAL CONSEQUENCES OF S8EA LEVEL RISE

6.1 Magnitude of the rise

Sea level rise is probably the most worrying of the
consequences of the greenhouse effect in the mind of the
public. The DOE core scenario for sea level rise is that given
by Jelgersma et al (1987) which in turn was taken from the work
of Robin (1986). Robin derived his forecast of 80 cm (+85,-60)
largely by forward projection of the trend of the recent past
although with some consideration for the components which make
up the change. These three components are:

Thermal expansion of the ocean
Meltwater from major ice sheets
Meltwater following glacier retreat

to which could be added the more speculative and much larger
consequences of the collapse of unstable ice sheets. At given
localities one must also consider isostatic and other local
adjustments which will continue independently of the greenhouse
effect.

Since the publication of the Scope 29 report, scientists
investigating the problem of sea level rise, eg Warrick (1989)
and Oerleman {198%) have tended to base estimates on the
summation of the three individual components listed above. In
the early stages of greenhouse warming it is now thought that
increased precipitation over ice cap regions will diminish the
cryospheric contribution to sea level rise. Also there has been
an increasing appreciation of the role of thermal inertia in
slowing the rate of warming. The upshot of these recent
evaluations is to reduce the earlier projections to within
Robin's low to medium range. A revised working estimate of 50
cn rise by the middle of next century may now be favoured as
more likely than the earlier estimate.

6.2 Hydrological aspects

Sea level rise has many critical technical and social
consequences among which are a number of concern to
hydrologists:

Impeded drainage from low lying coastal plains.
Flooding in estuaries where the joint action
with fluvial discharges is also important
Groundwater level rise on the coastal plain
Saline intrusion into the coastal groundwater
Urban drainage and sewage outfalls in littoral
settlements

Pumping and sea-wall protection to low lying
fenlands and similar areas

Saline intrusion into estuaries affecting
freshwater intakes

RS




Regime changes in lower stream courses due to
outfall siltation and change.

There has been no concerted research yet published that has
attempted to address these issues worldwide or in the UK. Local
and regional authorities are aware of the extent of sea defence
works under the current climate and sea level regime but the
identification of future risk areas at a national scale has not
begun. The Durham University Quaternary Research Laboratory
have prepared maps at the scale of 1:2.5M (Figure 6.1) and MAFF
have digitized areas below the 5 m contour. A major session at
the 1989 River and Coastal Engineers conference will tackle an
overview of some of the topic listed above.

6.3 Technical problems

Given a particular scenario for sea level rise there still
remain difficulties demanding research before the hydrological
consequences can be evaluated. The following paragraphs
illustrate these for some of the section 6.2 list.

Urban and land drainage on the coastal plain

Some estuaries are of considerable length, eg Yorkshire Ouse
and Severn, and so the potential impact length and number of
influenced tributaries is accordingly high. The level of
economic and agricultural activity is frequently very great and
such terrain may contain important trunk routes. While 50 cm
may not appear to be a large figure it has to be recalled that
many arterial drainage scheme designs turn on level differences
of a few centimetres. In the riparian zone 20 cm can make the
difference between a water meadow and an agriculturally
productive field. An extra hour of tidelocking can impose a
need for expensive extra storage or pumping in urban areas. The
greenhouse scenario for additional winter rainfall is an
aggravating factor in evaluating the impact of climatic change
on land drainage.

Pumped fenland drainage

There are some 15,000 kn? of land in the UK whgre free gravity
drainage is restricted, of which some 9,000 km“ requires
partial or total pumping (Beran, 1982). Much of this land lies
in the East Anglian fenland and includes some of the most
productive agricultural land in the country. Sea level rise
will affect this area in several ways. The head against which
pumps will operate will increase. Current design principles
adopt a duty point for pumps in the upper part of the expected
working range but the addition of 50 cm or 1 m would certainly
require considerable adjustment for efficient working. The
change in the runoff to the pumped area remains indeterminate
and is already complicated by the interplay between inflow
rate, tide or river level into which the pump discharges, and
electricity tarrif or pump operation routine (Figure 6.2).
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Figure 6.1 General indication of areas at risk from sea
level rise in the UK. The map shows the major coastal lowlands
that lie below an altitude of 5 m AOD.
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Figure 6.2 Water levels and pump output from a Lincolnshire
fenland catchment. The diagram illustrates the complex
management and design problems faced at the interface between
land systems and the sea which will be exacerbated by sea level
rise. The tidal signal can clearly be seen as can the tendency
for drain level to rise through the tidal peak due to the
avoidance of pumping where possible against a high head.
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The increased head against sea and river levees will increase
seepage considerably and hence increase saltwater incursion and
overall pumping costs. However these are minor considerations
when set against the larger problem of maintaining the
integrity of the levee bank itself (which is of course a soil
mechanics rather than a hydrological problem).

River training and@ regime problems

It is important for navigation, and effluent and intake design
that rivers have a free and stable outfall to the sea. Sea
level rise will reduce gradients and induce instability in
lower courses. It is not possible to generalise about estuarial
stability and its upstream consequences because of the role of
interacting processes such as the acretion and erosion cycle,
wave action and longshore drift. Also episodic flood events are
important in determining river geometry so assumptions must be
made about changes in storm frequency and joint probability
with fluvial flooding. Similar matters have been raised in
Boorman et al (1988). Dutch work reported by Hekstra (1989)
indicates increases in tidal range, and changes to currents
wave climatology in the North Sea as a result of sea level
rise.

Flood protection along estuaries

This problem becomes one of acute interest to hydrologists
where there is a risk of flooding both from high tides and
surges from the seaward side and also from fluvial flooding
from upstream. This is of very widespread occurrence around
British coasts due to our high tidal range and mature landscape
with associated shallow-graded lower rivers courses. In some
cases, notably the Thames, Great Ouse and Yorkshire Derwent,
barrages have been built to exclude sea water from the upper
estuary. Clearly sea level rise will bring an altered pattern
of tide and surge wave propogation and some barriers may prove
inadequate ultimately.

The Thames barrier and downstream coastal protection works were
constructed to a standard which allowed for a sea level rise of
76 cm per century up to the year 2030; the rate of rise was
computed from previous trends. Upstream of the Thames barrier
flood protection presents a particularly complicated picture
because the closure operation must be complete soon after the
preceeding low tide in order to provide upstream flood storage.
In consequence the decision to close has to be based on a
forecast of the subsequent high tide and surge (Figure 6.3).
The CEC report (reported in Warrick, 1989) will contain
simulations of estuary response to historic surge events such
as that of February 1953.

Even rivers with barriers may experience residual problems due
to sea level rise. Lincoln lies on the River Witham and due to
the restricted channel it is provided with extensive controlled
flood storage upstream of the city. Although the Grand Sluice
at Boston seals the Witham from the sea there is a clear tidal
signal visible well upstream due to the storage of floodwater
during the tidelocked period. Were the effect of sea level rise
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Figure 6.3 Level frequency relationship for the Thames
estuary. Line 5 shows the return period of different levels at
Tower Pier without the Thames barrier. Line 1 indicates perfect
barrier operation, ie no forecast error of North Sea surge so a
total guarantee that the barrier will always close as planned.
Line 4 shows the effect of a practical response to surge
forecast uncertainty with an element of built-in safety that
leads to line 4 falling below line 1 at low return periods. The
diagram also illustrates how flood protection must consider the

effect of sea level rise on extreme events, not on the mean sea
level.
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to lengthen the tidelocked period and decrease the channel
capagit¥ through Lincoln even marginally, say from 60 down to
50 m>s™, the strong non-linearity in the storage frequency
relationship would reduce the effective return period - eg from
100 years to near 60 years - of protection afforded by the
upstream storages (Institute of Hydrology, 1982).

Groundwater

The problem of saline intrusion into coastal aquifers is very
serious on the world scale - eg 1.2 million ha within the
Ganges Brahmaputra delta - but not hitherto of note in the UK
except in isolated instances. However it will be more than a
theoretical problem following any sea level rise. Many coastal
towns on the south and east coast withdraw water from aquifers,
particularly Chalk and Crag, close to the sea level limit and
these will suffer some restriction.

The precise form of the interface between fresh groundwater and
the sea 1s very dependent on local surface and subsurface
conditions and has not been made the subject of a general study
in the sea level rise context. The problem is exacerbated by
the near horizontal interface with the sea water that will
permit a disproportionate ingress of sea water. Theoretically a
wedge will form with the freshwater depressing the salt water
but an ideal form will not in general develop due to variations
in permeability. Mean sea level exercises a fixed control on
the equilibrium height of the water table adjacent to the coast
and at this point a rise may be expected to be reflected in
total. However the form of the phraeatic surface inland from
the coast will appear "damped" and approach asymptotically the
pre-rise surface.

i
As well as deep wells some limited use is made of shallow
aquifers on the coastal plain for domestic and horticultural
purposes. These will be at risk. However there is almost no
exploitation of dune supply as in the Netherlands where
salinization is a major concern (Goemans, 1986).

Definition of zones at risk from flooding

Any socio-economic study of the consequences of sea level rise
requires a definition of areas which are at risk. This is based
on maps, contours and spot heights. The problem of scale has
been referred to with preliminary studies at very large (Figure
6.1) and very small scales underway. Here we consider the
technical means for the strategically important medium scale
(eg 1:100,000) of identification.

Digital terrain models, which show land surface elevations on a
regular grid, are now becoming available. At the Institute of
Hydrology we work with a 50 m grid derived from the 1:50000
series contour and spot height information. As Figure 6.4 shows
this produces a believable impression of coastal morphology but
more work is necessary to evaluate the absolute accuracy of
interpolations. Problems which have been identified are that
the source data consists of the coastline (nominally mean high
water springs), the 10 m contour and a sparse network of spot
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Figure 6.4 The use of Digital Terrain data to identify risk
areas. The map is prepared by interpolating contour and spot
height data to a regular 50 m grid and plotting values within
required bands. The dark shading relates to land at risk from
high sea levels of 8 m, and the light shading indicates the
increased areas at risk from 10 m sea level. As in Figqure 6.2
the levels of land at risk relate not to mean sea level but to
high tide + surge + run-up + (in some circumstances) wave
height.
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heights. The disposition of these latter heights exercise
considerable influence on the resultant interpolated value and
can make the difference between a naive and a realistic ground
model.

Research should be pursued to introduce locally defined data on
the altitude of the mapped coastline, to superimpose the
channel information on the surface shape, and to investigate
the properties of alternative trend surfaces.
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7. OTHER IMPACTS8 ON HYDROLOGY AND WATER MANAGEMENT

7.1 Introduction

Chapters 5 and 6 have summarised some of the potential effects
of climate change on hydrology and water resources, but there
are many more possible areas of impact. These have generally
been less well studied, and it is frequently possible to make
only educated guesses about sensitivities and impacts. This
chapter attempts to itemise these additional consequences of
climate change.

7.2 Fluvial flooding

The possible increases in coastal flooding due to climate
change have been well publicised and studied, but it is
probable that patterns of inland fluvial flooding will change.
Most fluvial floods in the UK occur in winter or spring, and
are associated with prolonged heavy rainfall generating
saturated ground conditions. There are exceptions to this
general pattern, and some of the most damaging floods have
occurred following heavy summer rainfalls (at Lynmouth in 1952,
to take but one example).

There have been very few studies into the effect of climate
change on flood frequencies (although Bultot et al (1988) found
in their simulation studies that floods became more frequent).
However, there is an increasing number of studies into the
relatlonshlps between climate and flood generation (see Arnell
(1989) for a regional study in western Europe, for example),
and these studies may provide the basis for some suggestions
about future patterns of flood occurrence following climatic
change.

Increased winter and spring rainfall is likely to lead to an
increased frequency of flooding. Not only are heavy short-
period rainfalls likely to become more frequent (as suggested
by Wilson and Mitchell, 1987) but in a generally wetter world
catchments are more likely to be saturated for longer periods.
An assessment of possible changes in soil moisture contents
awaits improvements in the representation of hydrological
processes at the sub-grid scale in GCMs (as discussed in
Section 2.5).

Higgs (1987) has related flood magnitude and frequency in each
vyear in the upper Severn basin to the frequency of occurrence
of different Lamb Weather Types, showing that years with a
greater frequency of westerly air-flows tend to experience more
floods. If information on changes in weather types can be
obtained from GCMs, it may be possible to draw inferences about
future flood occurrence.

Although snowmelt floods are currently not frequent in the UK,
in some years large floods are caused by a combination of
melting snow and heavy rain (in 1947, for example). As winters
become warmer it can be expected that the amount of
precipitation falling as snow would decrease, on average, and
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that there would be fewer snowmelt-based flcods. However,
estimates of the effect of climate change on snowfall are
currently very uncertain, and the links between snowfall and
snowmelt floods are complex (depending on the amount of
associated rainfall, the rate of change in temperature and the
delivery of radiant energy).

Increased summer temperatures can be expected to increase
convective activity and hence might trigger more frequent
thunderstorms and associated flooding if enough moisture were
available. The generation of thunderstorms is dependent on the
interaction between temperature and moisture in the atmosphere,
however, so is not easy to predict: there are no published
studies of possible changes in the propensity to generate
thunderstorms. In a drier summer it is probable that soil
moisture contents will be lower, and that a greater amount of
the event rainfall would be needed to raise soil moisture
contents before a flood could develop. Finally, many of the
largest summer floods in recent years have been caused by
thunderstorm cells associated with intense and prolonged
depressions tracking across the UK from the west. The frequency
of occurrence of such summer depressions may change in a warmer
world.

7.3 Reservoir safety

Reservoir safety issues are receiving much attention at
present, following the implementation of the 1978 Reservoir
Safety Act, which requires each reservoir to be inspected and
its design standard evaluated. The design standard for
reservoir spiliway design varies from the one in 150 year flood
for small reservoirs to the probable maximum flood (PMF) for
large reservoirs in high risk areas. The calculation of design
floods involves an estimation of both extreme rainfall
frequencies and windspeeds (which influence wave build-up).
Research is currently underway at the Institute of Hydrology
into improved techniques for estimating extreme rainfalls
(Dales and Reed, 1989), but information on joint probabilities
of heavy rain, snowmelt and wind is not available.

Climate change will have an influence on reservoir safety
through changes in both the occurrence of extreme rainfalls and
maximum wind velocities. However, it is difficult to estimate
the consequences because, as has been repeatedly emphasised,
the present state of GCM modelling does not allow the
estimation with confidence of changes in short-duration
effects. Reservoir design flood calculations frequently use
design rainfalls with durations of less than 24 hours as the
median reservoired catchment is less than Skm“. Nevertheless,
estimates of sensitivities in risk could possibly be made by
adjusting current rainfall frequency curves according to best
scenario estimates of change.
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7.4 Hydropower generation

Hydroelectric power schemes provide under 3 per cent of the
total electricity generated in the UK, but their use is
primarily to meet peak power demand. Schemes are concentrated
in Scotland and upland Wales, and whilst most consist of a
simple reservoir, some are pumped storage schemes where cheap
electricity is used to pump water back up into a reservoir to
be released at times of peak electricity demand. Climate change
can affect hydroelectric power generation both through changes
in power demand (e.g. the possible shift of some winter demand
to summer due to the substitution of air conditioning for
heating) as well as through changes in the water available for
power generation.

Hydropower production is determined by the volume of water
stored, the head of water and turbine efficiency. As volumes of
storage increase due to higher winter rainfalls the potential
for power generation increases too, but the increase would be
limited by reservoir capacity. Changes in the volume of
reservoir storage over time are related to flow variability as
well as reservoir size, and changes in variability will
therefore affect the ability to meet particular power demands.
Finally, changes in flood potential in winter may lead to
alterations in reservoir operating rules: for example, it is
conceivable that an increased risk of high winter flows would
require reservoirs to be maintained at lower levels during
winter.

While it would be relatively straightforward to determine the
possible effects of climate change on hydropower generation for
a given scenario condition, such a study has not been done in
the UK. Studies in the Great Lakes Basin have examined the
potential for increased power generation under a changed
climate (Singh, 1987: Cohen, 1986).

There are at present very few "run-of-river" hydropower schemes
in the UK. Such schemes cannot store water, and the potential
for, and reliability of, power generation is dependent on flow
variability, and hence the shape of the flow duration curve. An
increase in river flows would mean that run-of-river schemes
become more viable, although an increase in variability giving
more frequent low flows would work in the opposite direction.

7.5 Water for cooling

Abstractions for power station cooling are a major withdrawal
in the UK (as indicated in Chapter 4), although have been
decreasing as power generation has tended to be located at
coastal sites. The demand for cooling water will possibly alter
as demand for power changes, but the greatest impact of climate
change may be on the potential supply of cooling water. An
increase in total runoff implies a greater availability of
cooling water, while changes in variability may mean a
reduction in availability in certain times of the year. The
temperature of the cooling water is also important, and as
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river temperatures rise in a warmer world (George, 1988) more
water will be demanded to achieve the same amount of cooling.
The consequences of climate change for power station cooling
depend also, of course, on the degree to which current demands
are constrained by resource availability. In the Trent basin,
for example, changes in the use of water for cooling would have
significant downstream resource consequences.

7.6 Navigation

Inland waterways are in many areas of the world important
transport routes, and changes in climate could have significant
economic consequences. Sanderson et al (1988), for example,
estimated that lower levels in the Great Lakes Basin could lead
to increases in transport costs of some 30 per cent. In the UK,
however, only 1600 km of the 2400 km of navigable inland
waterways are used at present for freight (Brandon, 1987), and
flows in these waterways are heavily controlled. It is
therefore very difficult to estimate the effect of climate
change on navigability, although it is possible that the
suggested increase in annual runoff volumes would both allow
greater traffic and pose additional operational complications
on waterway managers.

Recreational use of waterways has increased considerably in
recent years, and currently more than 70 waterway restoration
schemes are in hand (Brandon, 1987). This increased use will
impose additional pressures on rivers and water resources
regardless of any changes in climate. It is important to note
that canals are supplied from reservoirs, many of which are
old, and that these reservoirs will be affected by changed
hydrological conditions.

Any assessment of the effect of climate change must take into
account both changes in hydrological inputs and operational
responses.

7.7 Water-based recreation

One recreational use of water was introduced in the previous
section. Much recreation takes place around water (as described
by Tanner (1973) and Parker and Penning-Rowsell (1980)), but
for many uses the amount of water is not critical. Water-based
recreation is probably, therefore, relatively insensitive to
changes in flow patterns induced by climate change, although
changes in water quality (Jenkins and Whitehead, 1989) will
affect both fishing and.bathing.

7.8 Urban drainage

Urban storm sewer drains are designed to cope with rainfall
events with relatively low return periods, typically of the
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order of one in five years. An increase in the frequency of
such rainfalls can be expected if the hypothesised
strengthening of the hydrological cycle occurs, and this will
have obvious consequences. It is possible that many current
drains will be found to surcharge more frequently. Further
studies on possible changes in short-peried rainfall will help
in the quantitative assessments of changes in risk.

7.9 Morphological consequences of hydrological change

The relationships between river basin morpholegy and hydrology
have been well studied, and geomorphology textbooks contain
many examples of morphological changes following sometimes
minor hydrological changes. These morphological changes in turn
can have implications for water resources and water users.
Perhaps the most obvious are change in river channel form,
leading to increased maintenance costs, and altered
sedimentation due to changes in both surface and channel
erosion. The relationships between changes in climate and
morphological changes which influence water resources are,
however, complex, and there are many feedback loops. Verhoog
(1987), for example, describes how changes in vegetation
associated with changes in climate may alter the resulting
changes in hydrological and geomorphological response. Studies
into the relationships between climate, morphology and
hydrology have a long history, but only recently have models
been developed which can be used to predict the consequences of
change in one or more of the inputs (Kirkby (1989), for
example) ;

7.10 Research requirements

The previous sections have itemised some of the possible
effects of changes in climate on water resources and water
users, and it is clear that there are still a great many
unknowns. In particular, research into the historical
associations between "flood propensity" and climate and
circulation characteristics needs to be enhanced, the
sensitivity of hydropower demand to water availability (given
hydropowers' role in peak periods) needs to be examined, and
the control of river temperature on cooling potential must be
investigated. Underpinning several areas of impact are studies
into the possible changes in the occurrence of short-period
rainfalls. Scenarios for such changes may be based on spatial
analogues or through association with weather types.

Finally, it is difficult to undertake generalised
investigations into many of the impacts of climate change on
the sectors summarised above. The consequences of climate
change are best studied by individual analysis of particular
examples.
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8 FPUTURE REQUIREMENTS

8.1 Policy issues

Policy deals with ultimate aims and enabling strategies within
which activities to achieve these aims can flourish. In the
water field one needs to be concerned with scientific and with
practical activities. The pervasiveness and importance of
hydrological and water resource studies may be summed up in the
following guiding principles:

Water plays a central role in energy partitioning
within the atmosphere and at the surface.

Water acts as an essential catalysing and
transporting medium in the biosphere and geosphere
allowing cycling of trace gases, nutrients and
organic materials within and between the land, ocean
and atmosphere.

The transfer function between climate and hydrology
involves threshold processes which sometimes amplify
and aggravate water resource consequences.

Because engineering works transfer water resources
from periods and locations of excess to periods and
locations of deficit, increases in the temporal and
spatial variability tend to have strongly non-linear
consequences to the reliability of such works.

The planning, design, construction and lifetime of
major water resource works is substantial, even by
comparison with climatic change. This means that
incremental adjustment to change is seldom a viable;
the ability to accommodate change must be thought
about and, if necessary, built in at the outset.

UK water design engineers in government, industry, and private
practice need to be made more aware of the non-stationarity
that exists in the environment, and to be aware of the possible
unidirectional changes flowing from global warming and climatic
change. This is largely a matter of education and information
but needs to be nurtured by educators and professional bodies.
This is quite a wrench from past established practice which is
predicated on the understanding that the past is our surest
indicator of the future.

Policies that permit ready response to extreme climatic and
hazardous events have to be set in train; indeed the lessons of
the 1976 and 1984 droughts have left the UK in a relatively
good position to deal with episodic events. Sustained or
regularly repeated events of a similar order will need to be
institutionalized so that, for example, drought orders and
consent waivers, can be more even more responsively set in
place.




Scientific hydrology was able to assist with those events by
informing managers of forward projections of resources,
linkages between surface and subsurface resources, and Cross-
basin linkages. The scientific background to inform policy
makers on the greenhouse future is discussed in the following
section.

8.2 PRIORITY RESEARCH FOR DOE REQUIREMENTS

Research requirements within each subject area have been
included in individual chapters. A strategy for research is set
out in this section which concentrates on priority topics
within DOE's policy remit.

Hydrological and water resource studies can be categorized as
follows:

i) Causes of change: which includes process
oriented studies on water in its atmospheric and land
phases and which are directed to an understanding of
the direction and magnitude of the greenhouse effect.

ii) Measurement and detection of change: which
include analyses of past variability, especially
through long time series of hydrological and climate
data; and also the maintenance of suitable data sets
for detecting the signal of ongoing change.

iii) Impact studies: in which scenarios for change
are used to investigate the consequences of the
greenhouse effect on water supply and other water
sensitive systems.

It is considered that the third area is the one of most concern
to DOE. A division of effort of 20, 20 and 60 per cent between
them would represent this emphasis. The lists that follow have
been set out in diminshing prioirity order within each subject
area, although all topics are ultimately essential to the
evaluation of climate change consequences and should be pursued
in time.

Causes of change

The twenty per cent of DOE supported effort to be directed
towrds process studies is needed to assist with the better
understanding of water and energy partitioning processes within
and from vegetation and the soil profile.

The most pressing unknown concerns the water use of
vegetation in the changed environment, though this is
of a scale that demands community cocllaboration for
experimental and modelling work. DOE involvement in
any future consortium would be welcomed.

One specific area for DOE support is the MITRE
collaboration in which IH is improving the
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description of land phase processes within the UK
Meteorological Office GCM.

GCM validation at all levels is important. One where
DOE support would be appropriate is the comparison of
GCM runoff with observed runoff. A pilot project over
Europe has shown the technical feasibility but the
comparison needs to be made for the UK area too.

Soil moisture processes have received very little
attention. In the initial stages this could take the
form of a desk study to identify possible
sensitivities.

Evaluaticn of change

It is considered that equal emphasis and funding be given to
studies that set the scene for the future and studies that
concern instrumental records (past and current), ie ten per
cent of climate change expenditure on each.

Development of secenarios of the future climate
underpins all impact studies. While a task for
climatologists and atmospheric modellers in the early
stage, it is hydrologists who provide the necessary
high temporal and spatial resclution and the
information on extreme values, from the "broad brush"
data provided by the modellers. DOE funding is
required for studies in this area.

Concerning instrumental records it is most important
to maintain a runoff record comparable with the
national rainfall record. Support for flow
naturalization activities should ‘therefore be funded
and DOE is the appropriate hody.

The report of the Working Group on Long Term
Reference Sites has recommended setting up a national
network for the study of global environmental change
(which includes climatic change). Many of these sites
require hydrological measurements to be made and it
would be appropriate for DOE to support an IH
involvement in this activity.

Policy response can learn from past extreme events.
The lessons of earlier droughts and floods should be
assembled and analysed.

Impact on water resources

Climate change impacts can be subdivided into those concerned
with supply and those related to demand. The major emphasis by
DOE shcould be placed on the former, eg 55 of the 60 per cent
allowed. Water supply issues can be further subdivided into
those concerned with water availability for use, and those
concerned with public safety.
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The impact on water availability for public supply
involves scenarios for low flow conditions and
technically divides into storage and non-storage
cases. Management and whole-basin issues also arise
and should be supported by DCE.

There are several hydrological aspects of sea level
rise which lie within DOE's responsibility including
urban drainage and surface and subsurface water
supply in the coastal zone. Other areas which use
IH's cartographic manipulation skills for definition
of risk zones impinge on both DOE and MAFF areas of
responsibility, and DOE support would assist
necessary development.

Groundwater resources in the UK will increase in
importance under the suggested scenario and a renewed
inventory of resources under an altered climate is a
necessary precursor to planning. There may also be a
requirement for process studies and local survey, eg
at coastal locations.

The principle public safety issue of concern to DOE
is that of reservoir safety. The impact on design
standards of certain scenario climates would be a
useful subject for a desk study and would consider
rainfall, runoff and wind.

A desk study into the sensitivity of the demand for
water to climate is needed in order to list the
relevant issues for the UK.

8.3 Priorities with a limited budget

It is considered that a timetable could be set up so that,
within a period of five years, DOE could be provided with
useful contributions in all these areas but would cost a
minimum of £300,000 per annum - more if substantial monitoring
and experimental work was supported.

With a budget of, say, £50,000 per annum, it would not be
possible to carry out tasks in parallel as several of the
minority tasks (in terms of effort) would fall below the
threshold that would justify a start being made. It is
considered important to maintain an involvement in all three
areas so the suggested percentage still pertains; £10,000 for
prediction studies, £10,000 for data analyses and £30,000 for
impact studies.

Area (i) is the hardest hit financial limitations as it is only
the initially lower priority tasks that are attainable within
the limits. Therefore GCM validation for the UK and a short
term desk study on soil moisture implications should be
favoured. It is considered that the two high priority tasks are
equally justifiably funded from Air Quality Directorate funds.
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At the outset all area (ii) effort should be concentrated in
scenario studies where procedures for extracting basin scale
information can be developed. In subsequent years the problenm
of naturalization of flows should be addressed, the other
topics as resources permit.

A piecemeal approach to area (iii)} is not viable so topics
should proceed mostly in series. Water supply impacts should
occupy £20,000 of the £30,000 as an ongoing commitment to this
fundamental area of DOE interest. The remaining sum would be
split among desk studies for individual topics; groundwater
resource evaluation is the most important one for early
treatment.
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