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Summary

This paper was presented to the 6th Scientific and Technical Review of EurAqua held in Lisbon, on 20-21 October 1999. The paper describes the organisational and legislative structure of the water supply and treatment industry in the United Kingdom. Water services are organised on a regional basis in the UK but particular reference is given to urban issues. The management, supply and treatment of water resources are outlined as is wastewater collection, treatment and discharge. The regulatory systems for drinking and wastewater standards and environmental impact control are described. Aspects of the measurement and management of urban hydrology and flooding are discussed. Ecological issues concerning the urban aquatic environment are addressed. The major UK water industry research organisations are identified and consideration is given to the future research needs for improved urban water management. The impact of compliance with EU Directives is included throughout as appropriate.
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1. General Introduction



Prior to the industrial revolution, urban areas existed as centres of trade, culture and government, but mechanisation of agriculture and industrial development initiated large-scale migration from rural areas into towns and cities.  Despite pressures on housing and services, the concentration of economic, technical and social stimuli generally brought greater prosperity and further urban growth as solutions to the problems evolved.  These solutions have included high rise buildings, mass transport systems, dormitory and satellite towns, and out of town commercial parks. The general process of urbanisation has continued, and the land area covered by roads and houses has continued to grow. In the UK some 85% of the population live in over 2,600 urban communities of >2000 people. It is predicted that by 2016, land in urban/industrial use will increase from 10% to 12% with a need for up to five million new homes. According to the UN, by the year 2000 almost 50% of the world’s population will live in urban areas.

Urban water management embodies a water supply system for domestic and industrial use, a waste water disposal system, a drainage system to control groundwater and remove local flood water, and a flood defence system. 



1.1 Organisational structure

The organisation of the water industry in the UK is complex and separately structured for England & Wales, Scotland and Northern Ireland. Water services in England & Wales are provided by the private sector where there are 10 water service companies for supply and sewage and 17 water supply only companies. In Scotland, three public owned water authorities provide both water and sewage services. The Northern Ireland Water Service is a public sector organisation of four geographical divisions with responsibility for water and sewage, see Figure 1. Additionally there are three Islands Water Authorities for the Isle of Man, the Scilly Isles and the Channel Isles. The regional structure of the UK water industry is inconvenient for the purposes of this paper in that purely urban related statistics are not compiled nor are they immediately separable.

The government sponsoring agencies for the water services industries are the Department for the Environment, Transport and the Regions (DETR) in England & Wales, the Scottish Executive Agriculture, Environment and Fisheries Department (SEAEFD) in Scotland and the Department of the Environment for Northern Ireland (DENI).

Prior to 1973, responsibility for water supply in England & Wales rested with 187 separate organisations comprising water companies, Local Authorities (LAs), and joint water boards.  For sewage, responsibility lay with 1366 LAs.  The 1973 Water Act brought these functions together in ten public Regional Water Authorities. Twenty-nine private water only companies retained responsibility for water supply in their areas but City, Urban and Rural District Councils lost full control over water systems and investment

By 1989, concern with the Water Authorities’ dual role as major polluter (from sewage effluent) and regulator of water quality, resulted in the partial privatisation of the Water Authorities.  Water supply and sewage functions were vested in 10 privatised regional water companies (the water only companies have subsequently merged down to 17). Flood defence and pollution control functions remained with a single public body, the National River Authority (NRA). In 1995 the NRA was merged with Her Majesty’s Inspectorate of Pollution (HMIP) and waste regulation components of the Local Authorities (LAs) to form the Environment Agency (EA). The LAs role has largely reduced to cleaning and minor maintenance.  Performance of the water companies in terms of financial efficiency, customer service, and meeting environmental standards, is regulated by the Government’s Office of Water Services (Ofwat). Ofwat does not set environmental standards.  All water abstractions and discharges are regulated by the EA which issues licenses to abstract from rivers, lakes, reservoirs and wells and consents to discharge from sewage works and outfalls. The Government’s Drinking Water Inspectorate (DWI) regulates the quality of water supplied. 

For new urban development, the LAs are issued with DETR guidance on development in areas at risk from flooding or that increases the risk of flooding.  The EA is a statutory consultee in the planning process. The EA also advises the LA on appropriate drainage works to alleviate increases in storm runoff caused by urbanisation. 

In Scotland, 12 regional water authorities were amalgamated into three in 1995 with responsibility for water supply and sewage services. The Scottish Environment Protection Agency (SEPA) was formed in 1995 from seven River Purification Boards and the HMIP in Scotland and takes a similar role to the EA. The Scottish Water and Sewerage Customers Council was set up in 1996 to oversee the performance of the three water authorities. The Water Services Unit of the Scottish Office regulates drinking water quality.

In Northern Ireland water and sewage is provided by the Department of the Environment for Northern Ireland Water Service. The Environment and Heritage Service (EHS) undertake environmental regulation. There is no economic regulator as such but the Environment Minister oversees the Water Services’ business. There is also a Drinking Water Inspectorate for Northern Ireland.

(The situation in both Scotland and Northern Ireland is likely to change with the recent establishment of the new Scottish Parliament and a future Northern Ireland Assembly.) 

The principal UK organisations for research in urban water management include:

Building Research Establishment (BRE), specialising in construction standards for water systems in buildings; Water Research Centre (WRc), covering water engineering topics from water supply to waste disposal, recycling, and environmental quality; Hydraulics Research, Wallingford (HRWallingford), developing scientific procedures and modelling for water and pollutant flux processes; Centre for Ecology and Hydrology (CEH), (comprising the Institutes of Terrestrial Ecology (ITE), Freshwater Ecology (IFE), Hydrology (IH), and Virology and Environmental Microbiology (IVEM)) has a growing programme of urban environmental research and river flood and low flow estimation; University Departments (numerous).

Other organisations who sponsor and manage relevant research include the UK Water Industry Research (UKWIR), the Foundation for Water Research (FWR), the Construction Industry Research and Information Association (CIRIA) and the Building Services Research and Information Association (BSIRA). 

Government funding of research in urban water management comes mainly from the water services sponsoring departments and the environmental regulation agencies.



1.2 Legal framework

It is impractical for the purposes of this paper to describe in detail the plethora of legislative articles governing all legal aspects of the many components of the water industry in the UK. In general, there are several UK Acts of Parliament with variations separately applicable to Scotland and to Northern Ireland. Additionally there are numerous Orders, Regulations and Codes of Good Practice with particular emphasis on waste quality and control. There are also a number of EU Directives on specific aspects for which compliance is required. An outline of the main legal components governing the water industry is given in Table 1.1. Further to the above there is legislation governing construction, working practice and health and safety.

The legislation is frequently altered and updated. For example, the present legal and regulatory framework for the water industry in England & Wales was erected mainly by the Water Act 1989 and subsequently consolidated into the Water Industry Act 1991 and the Water Resources Act 1991. Some modifications and additions to this framework were made in the Environment Act 1995 and in the Competition and Service (Utilities) Act 1992, but the concept and structure of the 1989 framework has remained substantially unaltered.





Table 1.1.  Examples of relevant UK and EU legislation.

UK legislation

Supply, waste and pollution

Public Health Act 1937

Sewerage (Scotland) Act 1968

The Control of Pollution Act 1974

Water (Scotland) Act 1980

Wildlife and Countryside Act 1981

The Water Act 1989

Surface Water Regulations 1989 (red list/black list substances)

The Environmental Protection Act 1990

The Water Resources Act 1991

The Water Industry Act 1991

The Control of Pollution Regulations 1991

Codes of Good Practice for the Protection of Water (various)

Bathing Waters (Classification) Regulations 1991

Surface Waters (R. Ecosystem)(Classification) Regulations 1994

Groundwater Requirements (groundwater protection zones

The Environment Act 1995

Waste Management Licensing Regulations 1994

Planning Control

Town and Country Planning General Development Order 1988

The Town and Country Planning (Assessment of Environmental Effects) Regulations 1988

Town and Country Planning Act 1990

Building Control

The Building Act 1984

The Building Regulations

Safety Control

Health and Safety at Work Act 1974

The Safety Signs Regulations 1998

The Control of Substances Hazardous to Health Regulations 1988 (COSHH)

�European Union legislation



Surface Water Abstraction Directive           75/440/EEC



Bathing Waters Directive                             76/160/EEC



Freshwater Fish Directive                            78/659/EEC



Shellfish Waters Directive                            79/923/EEC



Groundwater Directive 80/68/EEC



Drinking Water Directive                             80/778/EEC  (updated ) 98/83/EC



Sewage Sludge Directive                              86/278/EEC



Urban Waste Water Treatment Directive      91/271/EEC



Nitrate Directive 91/676/EEC



Integrated Pollution Prevention and Control Directive 96/61/EC��



2. Water Resources



2.1 Sources

The availability of water resources varies greatly across the UK with, generally a plentiful supply of water in the north and west of the UK and a scarcity of water in the southeast. The average annual rainfall ranges from 4000 mm/year in the western highlands of Scotland to 600 mm/year in East Anglia.  This contrasts with the demography of the UK where the majority of the population lives in the water scarce south and east of the UK. The exploitable resource for the UK is 2,090 m3/person/year but is16,000 m3/person/year in Scotland. 

Water resources fall into two categories; surface waters (lakes, reservoirs, rivers), and groundwater held in permeable rock (aquifers). Surface waters are the predominant source of supply in the north and west of the UK while aquifers are an important source in central and southeast England. About 3.5% of the public water supply in Scotland comes from groundwater, whereas it is 30% in England & Wales.

The UK water industry supplies 99% of the UK population of some 59 million inhabitants with over 19,000 million litres per day to 23 million outlets via some 2,500 water treatment works and over 300,000 km of mains pipes.

The drought of 1995 stimulated action in the water supply industry to reinforce and improve the efficiency of water resources and supply systems. However, the very wet year of 1998 has replenished most reservoirs and aquifers. Increasing mean temperatures across the UK as a whole are seen as possible evidence of global warming with wetter winters but drier summers, particularly in southern England. Increased evaporation in warmer summers would add further pressure in areas of limited supply sources.



2.2	Demand Management

An essential part of sustainable water management and the resource planning process consists of the future estimation and management of consumer demand. This is set against a background of an increasing expectation by the consumer for uninterrupted access to a limitless supply of high quality water, some of which is used for non-essential purposes such as garden watering. According to the suppliers, demand forecasting is complicated by a lack of detailed information on the patterns of water consumption by householders, thereby compromising peak demand modelling.  Where larger companies have collected such data, they are usually held as commercially confidential.  In spite of requests by the EA, most water company forecasts do not take into account the possible impacts of climate change on such patterns of usage and there is scope for a programme of socio-economic research in this area.  By contrast, the EA and water companies have revised source yields in a consistent manner and have begun to make allowances for the impact of climate change on future water availability.  In general, most forecasts for public water supply predict a modest increase in domestic usage (around 0.5% per year) and this is offset by a reduction in leakage and in water supplied for industrial purposes.  The approach to demand management in the UK takes into account leakage control in the distribution network, direct conservation by the consumer and increased efficiency of use (both domestic and industrial) and control by means of innovative charging for water used.  

The economics of reducing leakage from the supply system is currently a contentious issue within the UK. There remains a difference of view between the privatised water companies, who take a limited financial view of how much to spend on leakage, and the economic (Ofwat) and environmental (EA) regulators, who take a broader view of the economic costs to society and the environment.  Published figures from 1996 suggest an overall loss of some 30%, with the majority (23%) of this leaking from the water companies’ pipes and the remainder from the customers’ supply pipes.  More complex is the matter of determining the economic level of leakage - the level of leakage below which the costs of repair will be greater than the benefits arising from the water saved and research issues centre around how this should be calculated. Mandatory targets for leakage control by the water companies in England & Wales are set annually by Ofwat (following consultation with the EA).  Constant regulatory pressure is beginning to reduce losses through leakage, although some larger water companies with metropolitan areas still have far to go. Current pipe replacement rates for the distribution network in such areas imply an assumed pipework life of 1,000 years!  Pressure reduction is an essential component of water distribution management and leakage control. Although operating pressures are considerably in excess of minimum requirements, there may be a need to research social costs and benefits of reduced pressure regimes.

History shows a rising domestic usage of water per capita in the UK, for example from 85 litres/person/day in 1961 to 149 litres/person/day in 1994/5, with garden watering becoming a major use of domestic water.  Public education programmes, often associated with free WC water saving devices (WCs account for some 30% of household water use in the UK) and/or subsidised water butts have met with limited success.  Ideas for ‘Water Saving Trusts’, funded by taxation or water company levy, to provide grants for the installation of water-saving devices have also been advocated, along the lines of the successful Energy Saving Trust, but this has been rejected by successive governments. New water regulations which give top priority to water-efficient domestic appliances, such as WCs, and the re-use of grey water, should provide scope for innovation by manufacturers and the water industry. This is currently an active research area that is being undertaken cautiously with respect to social acceptability. Industrial use of water is becoming more efficient, one of the initial drivers being the costs of pollution control, and several innovative schemes for reductions in water usage have been initiated by large industrial concerns.

The third component of the UK approach to demand management, that of innovative tariff structures, is only partly in place.  Thus, all industrial users of water in the UK are charged directly for the amount of water used. It is current policy in England & Wales (under the new Water Industry Act in April 2000) to encourage the use of metering. All new domestic properties are fitted with water meters and water meters will be freely available to owners of older domestic properties, should they wish to be charged directly for water used. The water industry does not consistently see water metering as the most cost-effective way of balancing supply and demand although figures suggest that peak consumption in the UK could be reduced by between 25% and 35% in relatively hot summers. The case for water metering is heavily influenced by Ofwat’s financial regulation of water company charges and investment. However, there are no plans for universal compulsory metering of existing properties, although recent legislation would enable the government to make exceptions in water-stressed areas where per capita water availability is comparable to some of the driest areas of Southern Europe. There are also important political considerations regarding the ability of the poorest to pay for such a basic resource as potable water. Future charging schemes for metered and unmetered properties are currently the subject of public consultation, although they will undoubtedly be linked in some way to ‘ability to pay’.  One area for socio-economic research is the basis of a fair charging policy for domestic water users and opportunities exist for technological developments in ‘smart’ water meters.

In Scotland and Northern Ireland charges to domestic customers reflect the water servicing costs. These customers are not metered, their water (and sewage) bills are incorporated into their Domestic Rates bill which is based on property value and do not reflect water consumption.



2.3 Drinking Water Quality

The treatment of raw water to achieve potable quality is undertaken at over 2,500 water treatment works.   The precise combination of treatment processes is dependent upon the original source of the water but treatments include screening, ozonation, coagulation, clarification, filtration, pH correction, phosphate dosing (to reduce plumbosolvency � see below), chlorination and storage. The quality of potable water in England & Wales is monitored by the companies and the process is overseen and enforced by the DWI who report to Ofwat (see also Section 1).  The regulatory role for drinking water quality in Scotland resides with the Water Services Unit (part of the Scottish Executive) and with the Drinking Water Inspectorate (part of the Environment and Heritage Service) in Northern Ireland. 

Nine key drinking water parameters are routinely monitored, chosen for reasons of health, aestheticism or cost and comprise; faecal coliform counts, aluminium, nitrate, pesticides, iron, polycyclic aromatic hydrocarbons (PAHs), lead, taste and odour.  Further to this base set of parameters, more than 50 additional determinants are measured with set monitoring frequencies.  During the period 1990�1998 there has been a significant improvement in the degree of compliance with drinking water quality standards, with 99.78 % of all tests in England & Wales meeting the required standard in 1998.  Some regional variation exists from the point of view of compliance, with iron, lead and PAHs being the most problematic. 

Key issues facing the water supply industry include the deterioration of raw water quality (particularly with respect to nitrate and pesticides), compliance with the lead standard and the management of Cryptosporidium.  The new standards for lead, set by the new EU Drinking Water Directive, will ultimately require a major investment by the water providers to reline or remove existing lead pipework from parts of the water delivery infrastructure (the major source of lead in drinking water in the UK).  The controlled addition of phosphate to reduce plumbosolvency in areas of low pH may ameliorate the situation in the short term but to achieve the ultimate compliance of 10 �SYMBOOL 109 \f "Symbol" \s 12�m�g/l will require a significant engineering approach.  The issue of Cryptosporidium  contamination of drinking water is an intermittent, but potentially serious, problem.  It is generally accepted that a well�maintained and well�operated conventional water treatment works should provide satisfactory protection although there may be some cases where additional measures are required.  One constraint to progress in this area is the continuing lack of a simple, routine screening technique to detect and quantify viable spores of the enteric protozoan, Cryptosporidium parvum.  New regulations recently introduced (Water Supply (Water Quality)(Amendment) Regulations 1999) provide an improved legal framework for the control of Cryptosporidium. Other growing areas of interest concern the potential health threats posed by cyanobacterial toxins, by free viruses and by particular herbicides (such as glyphosate) which are difficult and expensive to monitor routinely. Ofwat estimates that an investment of £2,300 million is required for drinking water quality and related environmental improvements in England & Wales between 2000 and 2005 to deal with the problems identified above.

In spite of the above threats to potable water quality, the UK still has one of the best records on drinking water quality in the world and one of the most open systems, with annual reports available for public scrutiny.



3. Waste-Water



Waste-water treatment in the UK is provided to 56.6 million people by the 10 water service companies in England & Wales, the three public-owned water authorities in Scotland and the single public sector organisation in North Ireland (see Section 1).

General legislation controlling the standard of treatment is applied through various government Acts and Regulations and EU Directives (see also Section 1). Due to the structure of the water services industry in the UK, there is no particular division of urban statistics, however there is a separation in the level of waste-water treatment required depending on the size of the communities served, and on the nature of the receiving water, as given in Table 3.1.



Table 3.1 Programme for EU urban waste-water treatment (pe – population equivalent)

Community size�Discharge receiving waters�Treatment required�Implementation date

��Over 10,000 pe�To sensitive areas *�More than secondary�31/12/1998��Over 15,000 pe�All�Secondary or equivalent�31/12/2000��10-15,000 pe�All�Secondary or equivalent�31/12/2005��2-10,000 pe�To freshwater and estuaries�Secondary or equivalent�31/12/2005��Under 10,000 pe�To coastal waters�As appropriate�31/12/2005��Under 2,000 pe�To freshwater and estuaries�As appropriate�31/12/2005��

* Although the EU Directive allows for less than secondary treatment for discharges into high natural dispersion areas (HNDAs), in 1998 the UK government decided against designating any waters as such.



Monitoring of the quality of urban waste-water discharges and of their impacts on receiving waters is undertaken by the environmental regulating agencies, EA, SEPA and EHS. 

The greatest financial and planning impact on the UK water treatment services in recent decades has been to comply with the relevant EU Directives outlined in Section 1. For example, the EU Urban Waste Water Treatment Directive has required an investment of some £8,000 million. Much of this cost has been required to improve standards in coastal waters, as most discharges to rivers have been as good or better than required by the Directive for some time. 



3.1 Waste-water collection

Throughout the UK, 320,000 km of sewers collect over 11,000 million litres of sewage each day. Historically urban areas were drained by combined systems whereby domestic sewage, industrial effluent and run-off from impermeable areas discharged into combined sewers which conveyed effluent to sewage treatment works. Treated effluent was then discharged into natural watercourses. Many of these systems were built during the 19th century. Rapid flushing caused by storm water run-off and the consequent reduction in effectiveness of the treatment works in such systems can cause unacceptable pollution events in the natural watercourses receiving the discharge (see also Section 4).

Modern systems now employed for new urban developments and re-developments incorporate a two-pipe system. Sewage and industrial effluents discharge into the foul sewer and on to the treatment works. Separately,  run-off from roofs, roads etc. are collected and discharged via surface water outfalls (SWOs) to nearby watercourses. An advantage of employing separate systems is a great reduction in the fluctuations in flow and strength of the foul sewage received at the treatment works. Accidental cross-connections do occur however, because of faulty construction, misuse and sometimes due to temporary blockages in the foul sewer pipe which may overflow into the surface water system.

SWOs are only acceptable if their contents are not polluting to the receiving watercourse. However, urban surface water run-off is contaminated and contains high concentrations of suspended organic and mineral solids, nutrients and metals, particularly in the first flushing of a storm event. A survey in Scotland in 1995 found that urban surface water run-off was responsible for 20% of the poor quality watercourses. There is consequently greater emphasis now on dealing with urban run-off by employing Sustainable Urban Drainage Systems (SUDS). SUDS are physical structures built to receive surface run-off and are otherwise known as constructed wetlands, or Best Management Practices (BMPs). Although such systems have been used in the UK since early this century, they have typically been for small suburban and rural communities. Advances in techniques have now resulted in systems being constructed to treat waste-water from populations as great as 10,000 and discrete industrial areas. SUDs typically include ponds, shallow wetlands, swales and porous surfaces and are built close to the run-off source. Some incorporate soakaways and infiltration trenches to reduce or delay discharge.



3.2 Waste-water treatment and disposal

Waste-water goes through a number of processes during treatment as described below. (The percentages refer to sewage in England & Wales in 1998 treated up to that level only.)

Preliminary treatment (13%): Gross solids are removed or disintegrated by passing the sewage through screens. Grit from road drainage is removed in specially designed tanks or channels. In some works, oil and grease are removed before primary treatment.

Primary treatment (11%): In this first major stage of treatment, heavier solid material is allowed to settle to the bottom of the tanks. The bio-chemical oxygen demand (BOD) is reduced to 20% while total suspended solids are reduced to at least 50% before the sewage can be discharged.

Secondary treatment (56%): There are two main types of secondary treatment: biological filtration and activated sludge. Both uses the natural action of bacteria to break down any organic matter left after primary treatment. 

Tertiary treatment (20%): In order to allow the effluent to comply with the most stringent standards before being discharged back into water, suspended matter and nutrients such as nitrogen and phosphorous are removed. Disinfection techniques, such as exposing the effluent to ultra violet rays (UV treatment), may also be applied. 

The treated effluent is then discharged into natural waters – rivers, estuaries and coastal waters. The treatment of surface water run-off by SUDS comprises utilising natural ameliorating mechanisms. In soakaway systems pollutants are reduced by adsorption, filtering and microbial decomposition. Ponds and wetlands allow sediment settlement, filtering by vegetation, biological degradation of pollutants and the uptake of nutrients by plants and algae. Periodic removal of sediments is required.

Sewage sludge is an inevitable by-product of sewage treatment. At present over 1 million tonnes is produced in the UK each year – this is expected to rise above 1.5 million tonnes by 2005 as higher treatment standards are applied to fully comply with the UWWT Directive. Sludge may be treated in several ways. Dewatering: mechanical processes reduce water content and dewatered sludge contains 5 to 40% dry solids. Thickening: using sun drying or gravity increases the concentration of solids. Digestion: bacteria and microorganisms are used to break down the organic matter in the sludge. Composting: which is the process of aerobic fermentation. Thermal drying: high temperature techniques reduce the sludge to a granular form, which is about 80% dry solids. Incineration: high temperature oxidation produces an inert ash, the heat generated is used for other purposes.

Outlets for the disposal of sludge in the UK fall into four main categories; landfill, incineration, agricultural use and dumping at sea. In the UK in 1998, landfill accounted for only 7% of sludge disposal which is much lower than in Europe where it is around 40%. Incineration accounted for 8%. Agricultural use is by far the largest category at 52% and sea dumping was 26% (although >70% for Scotland). The latter ceased at the end of 1998 to conform to EU standards. UK sludge producers have now lost a major outlet that will most probably be compensated for by increased agricultural use but also increased incineration for sources remote from agricultural land.



3.3 Impacts on receiving waters

Environmental impact of wastewater discharge is monitored by the environment protection agencies in relation to its compliance with the relevant EU Directives and implemented in the UK in various regulations and codes of practice. In 1997, 92% of sewage works monitored complied with consented discharge quality. About 1.5% of the accumulated UK river length is seriously polluted and this degradation is predominantly associated with urban areas. The UK has some 18,500 km of coastline with many large coastal urban communities. Consequently, bathing waters are consistently high on the political agenda. The EU Bathing Water Directive has, since its introduction in 1975, required the UK water industry to invest some £3000 million in capital expenditure. In 1997, 87% of UK bathing waters complied with the Directives standards.

Investment over the period 2000 to 2005 on capital expenditure for waste water systems in England & Wales is estimated by Ofwat to be in the region of £5,300 million. Of this, £3,400 million is required to meet the standards of EU Directives (e.g. UWWT, Bathing Waters, Shellfish and Freshwater Fish Directives). The remainder is to meet national programmes on sludge disposal methods, river quality and other improvement objectives.  



4.	Hydrology and Runoff



Interest in the hydrology of urban areas has until recently concentrated mainly on runoff rather than resources. Runoff has remained a nuisance and a danger to be quickly drained from residential and business centres.  The prime concerns in urban hydrology are thus (a) assessing flood runoff and consequent drainage needs, and (b) controlling and alleviating runoff impacts through the urban area to the downstream environment. Specific drainage issues include the design of flood attenuation systems and the reduction of storm and pollution discharges from sewer outfalls and overflows (see also Section 3).  The quest for better ways of controlling flood and pollutant discharges has focused attention on SUDS and greater use of runoff as a resource (e.g. roofwater for toilet flushing).  Thus, while most of the issues discussed below are mainly concerned with controlling urban runoff, the impact on the wider hydrological and ecological situation is of growing interest

Estimates of urban runoff are needed for a range of urban design problems, including protection from main river flooding; control of local surface runoff; assessment of effluent dilution at sewer outfalls and overflows; and concerns over pollution control, channel morphology and habitat provision.  Urban runoff estimates must also be regularly re-assessed; urban areas are ever changing, increased paved area and ‘improved’ drainage bring higher flood risk, new water management methods affect downstream hydrological conditions, and new technology brings new possibilities, methodologies, and economies.  Yet urban runoff estimation remains inherently uncertain, reflecting in part the shortage of good quality data for model development.

Existing urban water management is compartmentalised into resources, supply networks, sewerage, sewage treatment, drainage, flood control, amenity, etc.  Interactions and side effects are seldom assessed, water supply and drainage area boundaries differ and change in time, and urban water budgets are largely unknown.  A range of models, of varying hydrological complexity and compatibility, is used to assess water management strategies.  Developers normally use simple design packages.  Water companies and their consultants or agents use complex water supply, distribution and sewer flow models.  Local Authorities rely on simple methods or the advice of the EA or consultants.  The EA may assess calculations from other parties but usually have limited expertise in the detailed models used by the water companies and no access to independent data on demand patterns, leakage, pipe and sewer flow.  The EA does have strong expertise in assessing water resources, river flooding and pollution, and in using river routing and probabilistic models appropriate to larger rivers.  However, consultants will often be used to develop new schemes.

Despite this disintegration of responsibilities and methodologies, increasing environmental concern and the need to ensure that local or sectional solutions do not inadvertently create new problems elsewhere are demanding a more integrated approach and new unified modelling tools.  Such tools must be firmly based on field observations, both of runoff hydraulics (through pipes, storage and flood ponds) and of rainfall and soil hydrology.  There is currently a general lack of recorded data on runoff patterns in urbanised catchments - over storm, seasonal and annual time scales.  Engineers may combine and extrapolate existing models in order to develop new water management schemes, but it is the duty of scientists to test their predictions against observed data, to show if the models are appropriate and have been properly applied.  There is a major requirement for well-documented case studies of urban water movements.

Fuller consideration of general issues concerning data availability, and more specific research issues in local and catchment processes, water balances, low flows, and pollution discharges follow below.



4.1	Data for assessing urban hydrology processes

The only public data on urban runoff processes relates mainly to studies of two to three years duration in the late 1950s and the late 1970s covering about 20 small (few hectares), sewered catchments, none of which included management features such as storage ponds, tanks or overflows.  The water companies do mount short-term (6-week) flow surveys to support operational drainage studies, typically comprising 30-50 flow monitors and three to five rain gauges over catchments of 200 hectares or more.  However, these surveys are intended more as a broad verification of model performance than a study of hydrological phenomena.  General measurement difficulties, low accuracy (usually taken as ±25%), and the short survey duration mean they yield little information on response processes. The data remain private and have not been fed back into model development.  Good quality records from sewered catchments with which to test runoff models over five years or more are not available. 

For larger areas, just five of the catchments in the UK Representative Basin Network of EA gauges are less than 100 km2 and more than 25% urbanised. None have separately monitored urban and rural subcatchments that might allow more direct assessment of urban impacts, of seasonal differences in response compared with adjacent rural areas, and of local urban impacts on wider catchment response.

This lack of observed data may in part reflect perceptions firstly that urban flooding is a localised and largely non life-threatening phenomenon, mainly affecting low-value properties and unvalued watercourses, and secondly that expert users recognise model limitations, but can achieve acceptable results without the need for costly long-term verifications.  It may also reflect specific monitoring difficulties where (a) the flash response requires a short data interval (typically two minutes) rather than 15-minutes as typically adopted for rural catchments (b) swollen flows swamp existing channels and measuring structures, (c) hydraulic and sediment conditions cause difficulties for accuracy and maintenance, (d) access to suitable gauging sites is restricted or dangerous, and vandalism is common.

Parallel data on water supply systems, including actual abstractions, levels in service reservoirs, pump data, valve configurations, and fluxes through zones of the pipe system are largely held as private operational data by the water companies.  Assessments of distribution leakage are usually based on minimum nighttime flow, and may be treated as confidential.

Soil water processes in urban areas are hugely disrupted, but observations are extremely rare. 

Despite the minimal observational base, in 1997/8 the Environment Agency invested £274M in flood defence (mostly related to protecting urban areas), and the Water Utilities invested £593M in capital sewerage schemes.  Developing greater understanding of urban water processes requires a much extended and integrated attitude to data collection.



4.2.	Local runoff and washoff processes, including source control

Urban runoff derives from a complex of paved, roof and pervious surfaces, is routed through an engineered drainage system of restricted capacity with various fixed and variable flow controls, and is discharged in spates of flood and pollutant to generally slower responding urban rivers.  Runoff and washoff processes are usually inferred from modelling data of limited extent from points well down the drainage system.  Model inferences are thus lumped and usually dominated by response from paved surfaces.  Pervious area, however, can make a significant contribution to urban runoff by (a) overland flow directly to sewer inlets or over intervening impervious areas, (b) ditch flow draining into the sewer system, and (c) infiltration (drainage) of soilwater through joints and cracks in the sewers. By slowing runoff, source control reduces flooding, and pollution is either retained at source or given more time to degrade `naturally'.

Current UK runoff models such as HydroWorks include considerable simplifications of these inflow and infiltration (I&I) processes, and often cannot explain the variability in runoff response between storms.  They are also inflexible and ill fitted for use with modern GIS style data sources.  These limitations are of increasing concern since (i) groundwater infiltration is seriously reducing sewer capacity in some areas, (ii) ignoring runoff from source control areas may underestimate pervious area runoff, and (iii) greater use of flood storage is extending drainage times and increasing the impact of pervious area runoff.  Any improved modelling will need to address the huge spatial variability of urban soils, from garden tilth to compressed pans, disturbed by building construction and (leaky) underground services.

The Institute of Hydrology is keen to develop improved models of paved and pervious runoff processes.  It holds the existing public data on urban runoff.  It was responsible for the runoff models included in HydroWorks, and knows their limitations.  It also has a long history of soil water research.  It has developed proposals (1) to incorporate improved topography and soil information in runoff modelling, and (2) to assess long term flood and pollution performance of source control methods.  It has good links with existing source control studies, including the CIRIA ‘demonstration sites’ addressing institutional concerns.



4.3	Whole catchment processes and areal rainfall

Urban runoff management involves a combination of source control, channel improvements and flood storage.  The UK standard urban runoff model, HydroWorks, accounts for channel processes, but not source control or above ground storage ponds.  Such features are now being included in many urban developments. They are designed, however, as isolated features without consideration of their effects in combination.  Moreover, the effectiveness of storage ponds, singly or combined, in reducing flooding has never been properly appraised by field study, indeed few ponds have even been surveyed.  A whole catchment approach to runoff management is vitally needed.

Although urban drainage and pollution assessment may involve detailed modelling of flow processes, eventual designs are based on uniform rainfall for both antecedent and storm conditions.  ‘Verifying’ models against short-term data has shown that rainfall variability, due to local topographic influences and convective storm development, can have a large impact on flow development.  However, no working procedures have been developed to account for such variability in design.  Whether using `design storms’ or simulating longer time series, spatial variability is allowed only through smoothing and scaling to produce an areal average profile, which is applied to the various sub-catchments without further scale changes or offsets in time.  The impact of typical storm patterns, such as movement up or down valleys, rain shadow effects, or heat island impacts, needs to be appraised in the assessment of design floods, of flow control by systems of flood storage (possibly with real time control), or the net impacts of multiple Combined Sewer Overflows down valley catchments.  In the case of real-time control, areal rainfall variability may be accounted for in developing control rules as well as real-time flow estimation.  Weather radar and dense rain gauge networks offer possible approaches to assess the impact of storm movement and development, and to determine how areal rainfall should be used in design.

The Institute of Hydrology (CEH) is keen to develop whole catchment modelling of urban runoff processes.  Recent and current work in the area includes multiple flood storage modelling and Combined Sewer Overflow modelling.  The Institute has well known expertise in weather radar, and would be keen to develop its application to cities. 



4.4	Urban water balances

Evapotranspiration, soil moisture, groundwater movement, and contaminant processes are poorly understood under urban conditions of highly variable land use, surface cover, aerodynamic roughness, and subsurface disturbance.  However, these processes control micro�climate, runoff, and pollution movement, and with the existing water engineering provisions explain the differences in runoff patterns between development types (e.g. city centres, shopping precincts, industrial parks and yards, dense or suburban housing, urban green space).  Shallow groundwater under cities also has great engineering and economic impact, but is notoriously sensitive to local ground conditions, infiltration, leakage from water mains, and pumping.

Now ‘sustainable’ water management methods are proposed, offering potential economic and environmental benefits, but possibly the inconvenience, maintenance requirements and health risks that conventional water supply and drainage systems were intended to eliminate.  The large scale and long-term impacts on soil moisture, water resources, flood risk, pollutant movement and habitats must be assessed.  These impacts might include increased base flows and infiltration to sewers, ground saturation/instability, and greater soil/groundwater contamination.

Proper assessment requires an integrated approach, based on predictive models of water and pollutant processes, their fluxes, interactions, and scale dependent heterogeneity, from which budgets over various space and time scales can be defined.  Currently, however, water supply and rainfall are seldom cross-linked with runoff, sewage and drainage rates, and as catchment areas, water supply zones and sewerage areas do not in general coincide (and water supply zones are frequently reconfigured for operational purposes), water budgets within urban areas are largely unknown.  Groundwater levels may be the best indicators of current imbalances.

The Institute of Hydrology is keen to develop research in this area, and has developed some initial components based on the drainage and water supply systems in Bradford.



4.5	Urban low flows

A knowledge of low flows in urban watercourses is of particular importance to the assessment of available dilution for discharges from Sewage Treatment Works (STWs), Combined Sewer Overflows (CSOs), and Storm Sewer Outflows (SSOs).  Urban low flows are affected by accumulated abstractions and discharges, but also by leakage and transfers between the natural and urban water cycles, and by the changes in flow velocities and local storage caused by structural drainage provisions.  Particular volumetric concerns include reduced base flows due to the increased surface runoff, increased base flows due to leakage from distribution mains and garden watering, alteration to catchment boundaries by artificial drainage, and the use of pumps, tanks and pipe systems which affect the speed with which urban runoff hydrographs recede.

The Institute of Hydrology developed the standard UK procedure for low flow estimation, MicroLowFlows.  Currently, it makes no specific allowance for urbanisation effects, beyond correction for licensed abstractions and discharges.  The Institute is keen to develop a new approach to urban low flow estimation, possibly linked to an urban water balance model. 



4.6	Urban river pollution

Urban areas are a major, perhaps the largest source of river pollution.  Pollutants include both de-oxygenating and toxic compounds, ranging from abundant nutrients to metals and micro-pollutants lethal at very low concentrations.  Any assessment of urban pollution must include specific point loading (including SWTs) that persist through all flow conditions, and distributed non-point loading that, under wet weather conditions, are flushed through drainage systems to the river system via CSOs and SSOs.  The UK Urban Pollution Management (UPM) procedure links an urban sewer model with a river impact model and synthetic rainfall time series to assess pollutant dilution in receiving waters.  However, modelling of sewer pollutants is uncertain, particularly in assessing source loading, sedimentation, re-suspension, and the impact of sewer tanks.  Chemical processes are ignored, and pollutants are treated as fixed part of a dissolved fraction, or as a potency factor applied to sediment.  Model verification is usually based on a short survey that cannot cover the full annual cycle of hydrological conditions, or the seasonal differences in response between urban and receiving waters.  The UPM procedure concentrates on short-term impacts on BOD and Ammonium, and does not consider many parameters of concern, including nutrients, metals, micro-organics and bacteria.

A large number of UPM studies are proposed in the UK over the next four years, but they will usually involve only short periods (6-12 weeks) of field study.  To try and set UPM procedures within the wider Water Quality Objectives set by the EA, the Institute of Hydrology is running a two year field monitoring study of sediment processes in sewer and river systems.  The aim of the project is to assess seasonal changes on loading and processes, trace pollutants from source to sink, and generalise impacts from storms to annual loads.



5.	Urban aquatic ecology



It is no coincidence that the major urban areas in the UK are located on key rivers.  Historically, rivers have provided food and water, transport, defence and a convenient waste disposal system for developing urban communities. In many cases, the pressures of urbanisation are still damaging the key resource responsible for the original location of the town. However, the quality of most urban aquatic environments is considerably better than it was at the height of the industrial revolution some 100 years or more ago.  The key adverse impacts on the urban aquatic environment are those of pollution, particularly direct industrial discharge, sewage effluents and surface run�off and the rapid flushing, high sediment loads and scouring associated with run�off from impervious surfaces.  New models are needed to link modified flow regimes through riverine habitat changes to impacts on aquatic ecology. Physical engineering of river channels, up to complete enclosure within piped culverts, to prevent inundation of properties within the natural flood plain exacerbates the problem by reducing habitat diversity. An example of the direct, adverse impact of physical engineering, is the fatal trapping of migrating amphibians (e.g. the great crested newt) in roadside pot�gullies. 

It UK Government policy to redevelop 'brownfield' sites and limit further encroachment into rural areas.  Thus, urban pressures on the aquatic environment are unlikely to diminish.  For example, it is predicted that some four to five million new houses will be built in the UK during the next 25 years, many within existing urban areas.  Paradoxically, the urban aquatic environment is now the focus of many such developments, with imaginative programmes for the waterside regeneration of estuaries, barrages, docks and canals.  For such schemes to be successful, it is essential that issues of water quality and aquatic habitat restoration be addressed as an integral part of the commercial property development.  Thus, the UK public has an expectation of an improved urban aquatic environment and Local Biodiversity Action Plans include urban as well as rural areas.  Indicator species (such as the otter and trout) feature prominently as part of the Agenda 21 approach to urban planning and management (e.g. the Mersey Basin Campaign). The biological quality of UK rivers is routinely assessed by examining the macroinvertebrate fauna using the standardised procedure, RIVPACS (River Invertebrate Prediction and Classification System).  This biological approach complements a well�established chemical survey technique for assessing water quality in UK rivers.  Using either approach, five-yearly surveys show that the overall quality of UK rivers is improving, with some 28% of river stretches (equivalent to 10,000 kilometres of river) being upgraded between 1990 and 1995.  This rate of improvement has not been maintained in all areas and the most recent chemical survey (1998) indicates a slight decline associated with recent drought conditions in the south and east of the country.  The data are not routinely classified into urban or rural stretches of river although the adverse impacts of urbanisation on macroinvertebrate assemblages extend several kilometres downstream of urban areas.

The developing interest in 'soft' engineering solutions to urban hydrological problems provides a further opportunity for improvement of urban aquatic ecosystems.  The principle of many of the newer techniques is to prevent pollution at source, by delaying the run�off into urban watercourses and increasing its infiltration to groundwater.  This is achieved either by dry detention or by wet retention.  Dry detention ponds are less effective for removing pollutants (particularly those associated with particles) because of problems of sediment resuspension during the next storm event.  The creation of artificial wetlands for pollution control relies upon the retention of much of the pollutant load in the sediment solids and the reduction of organic pollutants by microbial degradation in the retention ponds.  In general terms, a network of small retention ponds is more effective than large lakes although one large lake scheme has been operating in the English Midlands for several years (the Tame Purification Lakes).  The large lake scheme is downstream of the urban area it serves and, therefore, does not prevent pollution at source.  Moreover, although it has an ameliorating effect on Biological Oxygen Demand (BOD) and heavy metals, it does not prevent the downstream drop in dissolved oxygen following storm run�off.  Most wetland schemes for water quality improvement require regular pumping/dredging of the sediments to maintain the system. This can create additional problems for the safe disposal of contaminated sediments. In addition, the responsibility for the maintenance of smaller schemes is often the subject of dispute. The use of artificial wetlands for the treatment of effluents from small sewage treatment works is also increasing. An artificial reedbed system (with a design life of 20 years) can provide an effective tertiary treatment to reduce BOD and total suspended solids (with the added benefit of a significant reduction in total nitrogen). This type of technology, which can also be used to intercept and treat drainage from car parks, garage forecourts and other hard surfaces, is increasing in use. For example, in the Severn Trent Water area, reedbed sites increased in number from 10 to over 160 between 1990 and 1997. Such systems could provide a diversity of new, urban, aquatic habitats to attract associated species of mammals, birds, amphibians and invertebrates.

The UK public has an expectation of an improved urban aquatic ecology. A recent Asset Management Planning (AMP) process for the major water utilities indicated public acceptance of environmental improvements rather than reduced cost of potable water. Techniques to place an economic value on the non�direct use of freshwater ecosystems are still the subject of debate and, indeed, the cause of legal dispute. More research is required on models of use/non�use valuation techniques.  Research is also needed to develop an acceptable system for defining 'good ecological status', particularly with reference to the forthcoming Water Directive. This cannot be considered in isolation and must bear some reference to the practicalities and costs of ecological improvement. Focused research on urban ecology in the UK has been given a recent boost by the establishment of a Thematic Programme, URGENT (Urban Regeneration and the Environment), funded by the Natural Environment Research Council.  The freshwater component of this new initiative currently includes work on: 

Modelling river corridors: the scientific basis for rehabilitation of rivers

Rehabilitation of urban rivers: modelling the ecological risks of urban river sediments

Urban regeneration: a generic study of contaminated land and groundwater

Using urban aquifers

Depth and extent of penetration of urban recharge and contamination into UK aquifers

Environmental impact of combined sewer overflows and riverine inputs on urban water bodies

Sediment dynamics in urban systems - an holistic approach to surface, drain and riverine particle transport

Direct toxicity assessment and mapping of urban groundwater pollution

A general model for prediction of changes in fluxes to and from contaminated sediments in response to changes in water quality

The use of computational chemistry to investigate the behaviour of PAHs in sediments

The URGENT programme is scheduled to run from 1996 to 2003, although the outputs from the programme are already appearing in the scientific literature.  Careful attention is being given by the Steering Committee to the need for provision of co-ordinated, integrated outputs from URGENT.  These will be in formats (CD-rom, world wide web as well as more traditional media) which will be readily accessible to the user community in central government, statutory bodies, local authorities, NGOs and private companies.
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Listed below are Internet addresses for relevant UK organisations, many of which give access to useful information on the UK water industry.

Centre for Ecology and Hydrology 				             www.ceh-nerc.ac.uk/

                                                        (Institute of Hydrology                           www.nwl.ac.uk/ih/)

Department of the Environment, Transport and the Regions	                  www.detr.gov.uk/

OFWAT							      www.open.gov.uk/ofwat/

Drinking Water Inspectorate					           www.dwi.detr.gov.uk/

Environment Agency					    www.environment-agency.gov.uk/

Scottish Environment Protection Agency			                 www.sepa.org.uk/

Ministry of Agriculture, Fisheries and Food,

(for Flood and Coastal Defence)                                                  www.maff.gov.uk/environ/fcd/

HR Wallingford 						    www.hrwallingford.co.uk/

Wallingford Software (for HydroWorks)		                   www.wallingford-software.co.uk/

United Kingdom Water Industry Research Ltd		    	                  www.ukwir.co.uk

Water Research Centre						                www.wrcplc.co.uk/

Foundation for Water Research (for Urban Pollution Management Manual)         www.fwr.org/

Construction Industry Research and Information Association:	                  www.ciria.org.uk/

Building Services Research & Information Association		                   www.bsria.co.uk/
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