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Abstract


	Numerous studies have shown that due to contamination following contact with the catchment surface, stored rainwater often does not meet WHO guideline standards for drinking water especially with respect to microbiological quality criteria. This does not in itself mean that rainwater is unsafe to drink. Millions of people in rural areas around the world depend on rainwater for drinking and other domestic purposes and the number of reported cases of serious health problems related to rainwater supplies are very few. In this paper, some of these rare rainwater related disease outbreaks and other potential health risks due to atmospheric pollution contaminating rainfall are reviewed. Other concerns resulting from heavy metal and chemical contamination are also examined and findings from surveys conducted in North America, Australasia and Asia are discussed. While health risks may be small, these findings suggest there is little room for complacency and every effort needs to be taken to minimize rainwater contamination. Several methods to improve the quality of water produced by any rainwater catchment system are briefly described including appropriate system design, sound operation and maintenance, first flush devices and treatment.





Introduction 


	People have consumed rainwater stored temporarily in natural surface depressions, artificial reservoirs and household containers since ancient times. In almost all regions and traditional cultures rainwater is universally recognized as a pure and clean source of water. In recent decades, however, there has been a growing concern regarding the quality of small-scale drinking water supplies around the world. Since rainwater has tended to be used for potable purposes mainly by individual households, or small scattered rural communities especially in developing countries, the issue of the safety of rainwater supplies has until recently been largely ignored. There is no simple answer to the question "Is rainwater safe to drink?". No water supply is 100% safe all the time and the issue is really one of what is an acceptable level of risk based on cultural and socio-economic standards and the quality of alternative water supplies. The level of risk associated with drinking rainwater is a product of the concentration of pathogens/toxins present, the level of exposure and impact of the infective agent/toxin, and the vulnerability of the individual or population exposed. Local circumstances and in particular environmental factors are also critical, such as the degree of atmospheric pollution, the type of construction materials and level of maintenance of the rainwater catchment system (Haebler and Waller 1987). In rural areas where atmospheric pollution is not generally a problem several simple steps to reduce contamination of rainwater supplies can be taken. Most of these require little or no extra cost and are outlined below. 





	While, in the absence of serious atmospheric pollution it is possible to protect the quality of water in roof catchment tanks, for ground catchment systems serious contamination by the catchment surface is common and use of any water collected is not recommended for drinking unless first treated (Gould and McPherson 1987). The water is, however, suitable for most non�consumptive purposes without treatment. 





Sources of Rainwater Contamination


	In most industrialized urban areas, the atmosphere has often been polluted to such a degree that the rainwater itself is considered unsafe to drink (Thomas and Greene 1993). In the U.S. the drinking water within 48km of urban centres is not recommended unless no other source is available (Grove 1993). Heavy metals such as lead are potential hazards especially in areas of high traffic density or in the vicinity of heavy industries (Yaziz et. al 1989, Thomas and Greene 1993). Organic chemicals such as organochlorines and organophosphates used in biocides can also contaminate rainwater. Although serious atmospheric contamination of rainwater is normally limited to urban and industrial locations, studies in the northeastern United States revealing the presence of pesticides and herbicides in rainwater do give some cause for concern (Richards et. al. 1987). Despite the numerous sources of atmospheric pollution, in most parts of the world, especially in rural and island locations, levels of contamination of rainfall are low. Most contamination of rainwater occurs after contact with the catchment surface (roof or ground) and during subsequent delivery and storage (Waller 1989). 





Microbial Contamination


	The quality of rainwater used for domestic supply is of particular importance because in most cases, it is used for drinking untreated. The issue of water quality is a complex and sometimes controversial one. In the 1980's several studies indicated that rainwater supplies often do not meet WHO and other national drinking water standards especially with respect to bacteriological water quality (Riddle and Speedy 1984, Fujioka and Chinn 1987, Haebler and Waller 1987, Lye 1987, Krishna 1989, Wirojanagud et. al 1989). While these findings did not in themselves imply the water is unsafe to drink, they did prompt further investigations which focused on determining both the sources and implications of any contamination (Fujioka et. al. 1991, Lye 1992a). They also led to the development of less stringent bacteriological water quality standards for potable rainwater (Krishna 1993, Fujioka 1993). In a parallel development, drinking water quality guidelines more appropriate for rural conditions in developing countries were proposed (Ockwell 1986, Morgan 1990). Both of these less strict sets of guidelines allowed water with mean E.coli counts of up to 10 per 100ml to be accepted for drinking. This compares to the WHO recommended limit of 0 per 100ml (WHO 1993). When the quality of stored rainwater samples are judged according to this more realistic criterion, the number of rainwater supplies with water deemed to be within acceptable limits for drinking is greatly increased. 





	A more direct source of evidence implicating a rainwater supply as a potential health risk comes from identifying the presence of specific pathogens.	There are many references to pathogens including Salmonella1,3,4, Legionella-like spp.2, Clostridium perfringens3, Aeromonas4, Vibrio parahaemolyticus4, Campylobacter5, Cryptosporidium6, Giardia6 having been isolated from rainwater samples (1Chareonsook et. al. 1986, 2Lye 1992b, 3Fujioka et. al. 1991, 4Wirojanagud 1989, 5Brodribb et. al. 1995, 6Crabtree et. al. 1996). Proving direct causation between microbial contamination and health is, however, more difficult especially when contamination levels are low. The paucity of studies citing proven links between disease outbreaks and rainwater sources is perhaps not surprising given this difficulty and the fact that many individual cases go unreported or result in no further investigation (Simmons and Heyworth 1999). This is mainly due to the fact that most rainwater supplies are used by single families thus reducing the likelihood of large numbers of people being affected in any single outbreak. 





	An exception to this and one of the best documented cases records an outbreak of gastrointestinal illness including diarrhoea, headaches, fever and vomiting amongst 63 individuals from a group of 83, mainly children 5-19 years of age, who attended a rural camp in Trinidad, West Indies (Koplan et. al. 1978). The probable cause for the outbreak was postulated as Salmonella arechevalata contained in animal or bird excrement on the camp roof and washed into the rainwater tank, from which water was used for drinking. Other studies that have established links between rainwater consumption and illness include outbreaks of;


 • salmonellosis in New Zealand (Simmons and Smith 1997);


 • campylobacteriosis in Australia (Brodribb et. al. 1995)


 • giardiasis and cryptosporidosis in Australia (Lester 1992) 





Chemical Contamination 


	Several studies, examining the chemical constituents of stored rainwater, have found that these generally meet WHO drinking water quality standards for a broad range of parameters (Haebler and Waller 1987, Scott and Waller 1987, Michaelides 1986, 1989). In a few cases, slightly elevated levels of magnesium and zinc exceeding WHO guideline standards for drinking water have been detected but these do not pose any serious health concern (Wirojanagud et. al. 1989). Elevated levels of lead are the most common cause for concern. A recent pilot study of 25 potable household rainwater supplies around Auckland in New Zealand found lead exceeding national drinking water standards in 12% of the tanks surveyed (Simmons, Hope and Lewis 1997). Lead levels exceeding 3.5 times WHO drinking water standards have also been noted in Selangor, Malaysia (Yaziz et. al. 1989).





	Potentially, the adverse health implications of the long term consumption of rainwater containing elevated levels of heavy metals such as lead pose a serious health threat. Lead is a cumulative poison which can cause serious damage to the central nervous system and infants and fetuses are particularly vulnerable (NHMRC 1996). For roof catchment systems several potential sources of lead contamination exist. These include the use of lead flashing, lead headed nails, lead based paints/primers for roof construction and the deposition of lead particles on the catchment surface in regions subject to heavy industrial or traffic pollution (especially in countries still using leaded petrol).





	Where roof catchment systems are poorly maintained allowing for a build up of leaf litter in the tank, stored water can become more acidic. When the pH is depressed rainwater becomes more 'aggressive' and can leach out metals and other constituents from storage tanks, taps, fittings and sludge deposits on the tank floor. Evidence from Ohio, in an area with serious atmospheric pollution and acidic rainfall, suggested that elevated lead and cadmium levels in cistern sediment and water, posed a potentially serious health risk (Sharpe and Young 1982).





	Investigations in Halifax, Nova Scotia also revealed high lead concentrations in runoff water collected from an old roof with considerable amounts of lead flashing from rainwater with pH4 (Waller and Inman 1982). Evidence of the potential health dangers of excessive lead levels in stored rainwater also comes from a study in Port Pirie, an industrial port in South Australia and location of one of the world's biggest smelters (Body 1986). This study revealed a correlation between blood lead levels in children under 7 and lead in tank waters, one source of which may have been highly leaded roof paint. The effect of acidic (pH3) water and presence of leaf litter in the tank was also shown to increase the rate of dissolution of lead from tank sludges by up to 50 times.





Protecting Rainwater Quality


	Methods to protect or improve rainwater quality include appropriate system design, sound operation and maintenance, the use of first flush devices and treatment. Treatment is mainly appropriate as a remedial action if contamination is suspected. First flush devices can be effective in reducing levels of contamination if properly maintained. Good system design, operation and maintenance are generally the simplest and most effective means of protecting water quality. Further details regarding these techniques are discussed by Gould and Nissen-Petersen (1999 in press), Cunliffe (1998) and Michaelides (1986,1989).





- Appropriate System Design 


	The best initial step to protecting water quality is to ensure good system design. Water quality will generally improve during storage provided light and living organisms are excluded from the tank, and fresh inflows do not stir up any sediment. The design should include:





 •	A clean impervious roof made from smooth, clean non�toxic material. Over�hanging branches above the catchment surface should be removed. 





 •	Taps or draw-off pipes on tanks should be at least 5cm above the tank floor (more if debris accumulation rates are high). A tank floor sloping towards a sump can greatly aid tank cleaning as will a well fitting access manhole. 





 •	Wire or nylon mesh should cover all inlets to prevent any insects, frogs, toads, snakes, small mammals or birds from entering the tank. The tank must be covered and all light excluded to prevent growth of algae etc.





 •	A coarse filter and/or foul flush device should be fitted to intercept water before it enters the tank for removing leaves and other debris.











- Operation and Maintenance.


	Proper operation and maintenance of rainwater systems helps to protect water quality in several ways. Regular inspection and cleaning of the gutters and tank reduce the likelihood of contamination. The removal of leaves and other organic matter from the gutters and tank also helps to prevent the stored rainwater from becoming too acidic and potentially dissolving metals from the tank, tap fittings and sludge deposits.





 •	The catchment, tank, gutters, screens and all system components should be inspected regularly and cleaned / repaired when necessary.





 •	Water should not, if possible, be consumed directly from the tank without treatment for the first few days following major rainfall. 





 •	Water from other sources should not be mixed with that in the tank.





- First flush devices 


	Although not absolutely essential for the provision of potable water, when effectively operated and maintained, foul flush and filter systems can significantly improve the quality of roof runoff. If poorly operated and maintained, however, such systems may result in the loss of rainwater runoff, through unnecessary diversion or overflow and even the contamination of the supply. If any kind of first flush (foul flush) device is to be considered, it should be extremely simple, and should not require regular attention regarding its operation and maintenance. Examples of such devices include:





   •	self cleaning gutter snipes - sold commercially in the U.S. 	


   •	self cleaning inlet mesh 


   •	sedimentation chambers requiring only occasional cleaning;


   •	movable downpipes for diverting the runoff from the seasons first downpour.





	In a study by Yaziz et. al. (1989) water quality analysis was conducted on the initial "foul flush" runoff from both a tile and galvanized iron roof in which the first, second, third, fourth and fifth litre of runoff were sampled. This revealed high concentrations of most of the pollutants tested in the first litre with subsequent improvements in each of the following samples, with few exceptions. Faecal coliforms, for example, ranged from 4-41 per 100ml in the first litre of runoff sampled but were absent entirely in samples of the fourth and fifth litres.





	Numerous ingenious devices have been developed and many of these are reviewed by Michealides and Young (1984). Although widely cited in the literature on rainwater catchment systems (Pakianathan 1989, Michealides 1989) in reality, the use of foul flush devices is limited. This is especially the case in most developing countries, where finding working devices beyond the confines of appropriate technology demonstration projects is quite rare. 





- Treatment


	Treatment of stored rainwater only makes sense if it is done properly and if hygienic collection and use of the water will ensure it does not suffer from re-contamination. There are several types of treatment possible the most common being: chlorination, boiling, filtration and exposure to ultra-violet or natural sunlight. 





 •	Chlorination is most appropriately used to treat rainwater if contamination is suspected due to the rainwater being coloured or smelling bad. It should only be done if the rainwater is the sole source of supply and the tank should first be thoroughly inspected to try to ascertain the cause of any contamination (Cunliffe 1998).





 •	Boiling water thoroughly for at least 1 minute normally ensures it is free from harmful bacteria and pathogens (WHO 1993). Since it is not practical to treat water regularly in this way, it is again only usually appropriate as an emergency measure. 





 •	Filtration can be used both to prevent material from entering the storage tank, during extraction of water from the tank or prior to consumption. Potentially, if properly maintained filters will improve water quality (Morgan 1990).





 •	Direct sunlight can also be used to kill many of the harmful bacteria in water by exposing it in clear glass or plastic bottles for several hours (Weglin and Sommer 1998). Although, feasible in some circumstances, the water must be clear, the weather fine and the water cooled overnight before consumption. 





 •	A solar powered ultraviolet unit is able to process 1.5 litres of water per minute developed by Joklik (1995) was evaluated on rainwater cistern water in Hawaii and found to be 99.9% effective in removing indicator bacteria (Fujioka et. al. 1995). While effective ultra-violet sterilization may be too expensive for widespread use. 





Conclusions


	Untreated roof runoff has been widely used for drinking purposes for many years with very few reports of serious health problems. While health risks may be small, recent findings suggest there is little room for complacency and every effort needs to be taken to minimize rainwater contamination. Compared with most unprotected traditional water sources, drinking rainwater from well maintained roof catchments usually represents a considerable improvement and even if it is untreated it is generally safe to drink. Rainwater collected from ground catchment systems is generally subject to high levels of microbial contamination and its consumption without treatment is not recommended.





	A number of pathogens harmful to health and disease outbreaks linked to rainwater sources have been documented. While serious, these outbreaks are all isolated and comparatively rare incidents. Nevertheless, they do provide an important warning regarding the potential hazards associated with drinking rainwater from sources which are poorly located, constructed or maintained.





	Clearly, in certain circumstances such as in areas of severe air pollution or where lead flashing, lead based paints or other potentially toxic building materials have been used, chemical contamination of rainwater can pose a health threat. Generally, serious chemical contamination of rainwater is rare. Nevertheless, extra vigilance may be advisable with respect to very old roof catchment systems, which may have been constructed at times when building codes and regulations relating to the use of lead based paints, lead fittings and other hazardous materials were far more lax than today. Keeping leaves and organic material from accumulating in the tank and gutters will also help to prevent the stored rainwater from becoming too acidic and potentially leaching lead or other heavy metals from the tank walls, fittings or sludge deposits into the water.





	Essential measures to protect quality of water collected from any roof catchment system include; good system design and regular system inspection and maintenance. First flush devices can also be used and, if these are properly maintained and operated, can greatly improve the quality of the initial roof wash entering the tank.	Treatment should be used if rainwater contamination is suspected and no alternative potable water source is available.
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