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ACID RAIN - AN OVERVIEW 

Although the phenomenon of "acid rain" (more correctly termed acid deposition) was 

identified in the city of Manchester, England, by Angus Smith as long ago as 1852 1, and 

described more thoroughly in 18722, modern scientific research has been going on only since 

the mid-19 50's3,4. Public concern about the problem began in Europe in the late 1960's5, 

and arose in North America ten years ag06• My purpose here is to present an overview of 

the nature of acid deposition from the atmosphere, its sources, history, and present status as 

a serious environmental problem. I shall also offer my own view of present research needs, 

and of what can and should be done about the problem. 

THE NATURE OF ACID DEPOSITION 

Acid precipitation is a mixture of strong mineral acids -- sulfuric, nitric, and in some 

locations hydrochloric7 - in rain and snow. (Unfortunately, because of the diversity of 

cations in precipitation, a stoichiometric assignment of hydrogen ions to non-marine sulfate, 

nitrate and chloride is not justified7,8, although it is a common practice in calculating the 

contribution of sulfur and nitrogen oxides to precipitation acidity.) We must also recognize 

that acids are deposited from the air at times when rain and snow are not falling, by 

processes of so-called dry deposition. Such deposition is seldom measured, and requires 

much more study9,10. There may also be weak organic acids and carbonic acid present in 
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rain, but they are seldom important sources of free hydrogen ions ll where the pH is well 

below 5. Several toxic heavy metals, including lead, cadmium and mercury, often 

accompany acid rain 10, which may also leach such metals from soils or sediments along with 

toxic alumirium I2,13. A variety of organic micropollutants is found in acid rain, including 

alkanes, phthalic acid esters, fatty acid ethylesters, polychlorinated biphenyls, and poly

cyclic aromatic hydrocarbons -- some of which are carcinogens10,14. Some plant nutrients, 

for example nitrogen, sulfur, potassium and calcium, are also deposited in acid rain, but 

because they are accompanied by a diverse array of toxins, they are better supplied directly 

as fertilizer by farmers. Acid rain is an extremely inefficient method of crop fertilization! 

THE SOURCES OF ACID DEPOSITION 

There are several sources of acid rain, some natural and others anthropogenic. 

Natural Sources 

In 1939, Bottini l5 recorded acid rain dominated by hydrochloric acid around the 

volcano Vesuvius. Forty years later, Hutchinson et al. l6 reported acid deposition on the 

Smoking Hills in arctic Canada, where natural fires in exposed beds of lignite generate large 

amounts of sulfur oxides that are converted to sulfuric acid. Thus, even remote areas can 

be subject to acid rain, and recent studies by the Global Precipitation Chemistry Project 

have documented other cases .where weak and strong acids are deposited from natural and 

anthropogenic sources (J.N. Galloway, personal communication) •. 

Coastal mudflats and salt marshes are possible sources of natural acid deposition, 

generating volatile sulfur compounds that may become oxidized in the atmosphere to 

sulfuric acid l ? It appears that ammonia is also generated from local sources and 

neutralizes part of the sulfuric acid. Convincing evidence is lacking for major acid 
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emissions from such coastal sources, but the possibility needs a good deal more 

investigation. An argument against their importance can be drawn from the absence of 

strong acidity in rain at coastal stations in the U.S.A.1 8• We can see a striking decline of 

chloride in rain away from the U.S. coast as the influence of sea spray declines 19,20, but we 

do not see similar declines of hydrogen and sulfate ions. 

Anthropogenic Sources 

The major sources of acid deposition are anthropogenic. The combustion of fossil fuels 

(chiefly coal and oil) and the smelting of sulfide minerals generate the gaseous precursors of 

acid rain, sulfur and nitrogen oxides that can contaminate not only local but also far distant 

regions21 • During long-range transport the acids may be wholly or partly neutralized, for 

instance by alkaline fly-ash22, cement dust23, blown soil particles8, or ammonia produced in 

agricultural areas24• Combustion of fossil fuels appears to generate comparatively small 

amounts of ammonia25,26, though urban concentrations tend to exceed those of rural 

areas27• 

Case Studies 

To establish the origin of acid rain most convincingly it is best to work relatively close 

to a source, because the situation there is less likely to be complicated by extraneous 

processes of mixing from other sources or neutralization by alkaline materials than it is 

farther away. For example, the hydrochloric acid in rain close to Vesuvius, which brings 

rain pH down as low as 2.8, must be volcanic in origin -- the more so because sulfate is very 

low in relation to chloride. Ponds near the Smoking Hills in arctic Canada, with pH values 

down to 1.8 and very high sulfate concentrations, must owe their acidity to the sulfuric acid 

generated there by burning lignite. 
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. Similarly, Angus Smith l and Crowther and Ruston28 found acidity to decrease sharply 

loing away from the cities of Manchester and Leeds in England. 

An equally convincing case for acid deposition of anthropogenic origin can be made for 

the area northeast of the iron-sintering plant at Wawa on the northeast shore of Lake 

Super ior29 • The pH values of lakes in that region, which are normally between 6 and 7, 

decline to values as low as 3.2 close to the slntering plant while sulfates rise tenfold. There 

are some naturally acid bog lakes in the Wawa region, but they can be distinguished readily 

from the lakes acidified by man by their brown tea-color. For the acidity of clearwater 

lakes close to the sintering plant, there is no credible source other than acid deposition, 

caused by the sulfur dioxide emitted from that plant. 

Even at considerable distances, it may still be possible to ascribe rain acids clearly to 

their anthropogenic sources. For instance, in the English Lake District, the rain is acid and 

rich in sulfates when the wind blows from the south and east, in the direction of the major 

industrial districts of northern Britain. Those rains are also black and sooty: In contrast, 

when the wind blows from the west -- from the Irish Sea -- the rains are clear, lower in 

acidity, and rich in sea salt30, 31. On a broader scale in Britain, bog pools with surface 

waters fed wholly by atmospheric precipitation become increasingly acid as one travels from 

remote areas toward the major industrial centers of norther England. In the remote bog 

pools pH values are usually around 4.5, whereas closer to the industrial areas the pH declines 

to 3.9, and even to 3.2 immediately outside the industrial city of Sheffield32• 

In the United States the area of heaviest sulfate deposition20 and acid precipitation18 

1s in and downwind of the chief coal-using states of Ohio, Indiana and Illinois, which produce 

about one-quarter of total u.S. emissions of sulfur oxides and one-sixth of nitrogen oxide 

Deposition of heavy metals is focused upon the same a~ea33. The only c~edible 

this area being the center of acid precipitation in the United States is the 

of closely packed, urban/industrial emission sources in these and nearby states, 

. , 
~. 
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where anthropogenic emissions strongly dominate those from natural sources34•· 

Unfortunately, the large number of anthropogenic sources creates a pool of acid air 

pollution over the whole northeastern part of the continent that makes it impossible to trace 

damage to an individual site from an individual source, and hence to establish an explicit 

causal connection. 

Satellite photos show that pollution can travel long distances, even into the midwest 

with certain weather patterns35, and sulfur dioxide is converted to sulfuric acid along the 

way. The rate of conversion is extremely variable both temporally and spatially, perhaps 

dependent upon the abundance of some rate-limiting oxidant36• Nevertheless, it is not so 

variable as to obscure the fact that both in Europe and North America the areas of acid 

precipitation are closely linked to centers of urban/industrial activity. 

Complex Situations 

Not all situations are as clear as those examined above. For example, in Nova Scotia 

there is a gradient of precipitation pH from 4.6 in the southwest -- near to urban/industrial 

sources of sulfur and nitrogen oxides in New England -- to 5.3 in the more remote 

northeastern parts of the province37• However, hydrogen ion is not closely related either to 

sulfate or to nitrate ion in these rains, presumably because of interactions among diverse 

emitting sources and equally diverse sources of neutralization. 

One complicating factor in situations like this is the mix of different acids involved. 

On the west coast of the United States, where vehicle emissions predominate, "it appears 

that nitric acid is the chief acidifying agent in rain38, 39. In northern English cities, where 

·coal high in chlorine is burned, hydrochloric acid appears to be the dominant acid, even 

though sulfate exceeds chloride in the rain7. Neutralizing agents are also of great 

significance. In the southeastern United States, hydrogen ions correlate with sulfate minus 
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ions, and bicarbonate ions correlate with calcium minus sulfate ions, because some 

of the rain acids are neutralized by blown soil dust40• 

In Minnesota we find a mixture of different acids and different neutralizing agents as 

we pass across the northern part of the state from North Dakota. In the year 1978-79, 

precipitation pH ranged from 5.3 in agricultural southeastern North Dakota to 5.0 in 

forested northwestern Minnesota and 4.7 in forested northeastern Minnesota. Hydrogen ion 

was not clearly related either to sulfate or to nitrate, and the confounding factors appear to 

have been windblown calcareous soil and' gaseous ammonia from the cultivated prairie41 • In 

this connection, following severe blizzards, snow~ from the Dakotas may be so contaminated 

with soil as to have a pH of 8 when melted8• It is also important to remember that although 

ammonia may neutralize sulfuric acid in the atmosphere, producing ammonium sulfate, the 

product is an acidifying agent in sensitive soils42. Farmers have known for a long time that 

if they fertilize with ammonia sulfate, their soils will require liming. 

HISTORY OF THE PROBLEM 

The phenomenon of acid deposition may have occurred in some cities as far back as 

the 17th century. Sulfur pollution became serious then in London43, 44. Moreover, we know 

that deposits of sulfate in the Greenland icecap have increased coincident with the 

begi~ing of the industrial age in Europe45• The spread of acid rain over broad rural 

regions, and internationally through transboundary pollution, has probably developed chiefly 

in this century, and especially since World War II. In the last several decades, combustion of 

fossil fuels has risen greatly in western Europe and the northeastern Uryited States, 

especially in power plants. Tall smoke stacks have also been employed to meet air quality 

standards, and this has allowed pollutants to spread more widely from their sources. At the 

same time, stack-scrubbing devices have come into use, removing potentially neutralizing 

fly-ash from the emissions. 
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A problem of great current interest is whether acid deposition is increasing and 

spreading. There is some evidence, both from Europe and from eastern North America, 

suggesting that this is sol8. The evidence is not without flaws36, 46, 47, though some of the 

criticisms have been dlsputed48• Methods have changed, sites have been shifted, and we do 

not have enough satisfactory trend data to resolve this problem conclusively. Nevertheless, 

even if acid rain is not getting worse -- and we are not sure at present whether this is so --it 

is a clear and present danger to certain types of ecosystem. Of that we can have no doubt 

whatever! 

Early Investigations 

Before passing to another topic, I would like to recount briefly the history of studies 

on acid precipitation3, 4. In cities (but not in the surrounding countryside) it. w~s first 

described by Angus Smith in 18521, working i~ and around the city of Manchester in northern' 

England. In 1872, Smith extended his studies to cover the United Kingdom, and published his 

classic book Air and Rain2• Then in 1911 and 1912, Crowther and Ruston28 and Cohen and 

Ruston49, working in and around the city of Leeds in northern England, duplicated much of 

Smith's early work and carried out experiments on the effects of acid rain, both upon 

vascular plants and upon microbes involved in the cycle of nitrogen. The acidification of 

rain in many British cities was later demonstrated by Parker 50. Acid rain in rural areas was 

probably first demonstrated by Bottini15 near the volcano Vesuvius. Between 1939 and 

1954, there were scattered pH measurements of rain in a variety of areas3, but the data 

were not subjected to detailed analysis. 

Modern Studies 

A new era in studies of acid deposition began in 1955, when it was discovered to be 

widespread in rural areas far from urban, anthropogenic sources. In that year, Barrett and 
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3 discovered acid rain in Scandinavia, Houghton51 found fog and cloud water in New 

Inlland to be acid, and 130 observed acid rain in the English Lake District whenever the 

wind blew from urban/industrial areas. After further work on acid rain and its ecological 

consequencesll I returned to Canada and worked on the acidification of lakes by sulfur 

oxides from the metal-processing plants at Sudbury 52 and Wawa29• Recognition that the 

ecological damage done by acid deposition could be a major international problem came in 

1968 with the work of Svante Oden in Sweden5• Similar problems were recognized in the 

United States by Likens and his associates in 19726• 

ENVffiONMENTALCONCERNS 

Acid deposition can bring about a great variety of geochemical and ecological changes 

In the biosphere. 

Lake Acidification 

The primary reason for concern is that acid deposition acidifies streams and lakes on 

coarse, sandy soils low in lime. The effect is seen particularly in headwater areas and in 

wet montane environments, wherever sulfate loading from anthropogenic sources is strong. 

(Nitric acid, the other major component of acid deposition, is likely to be less significant 

because it is consumed more effectively by biological processes53). In northern England, 

several lakes on soils poor in lime were very acid by the 1950'554, 55. In southern 

Scandinavia, thousands of lakes and streams have been acidified over the: past few 

decades I 8. Hundreds of lakes and streams in the Adirondacks, Maine, Ontario, and Nova . , 

Scotia have likewise shown acid stress in recent years, and thousands more are threatened, 

particularly· in Canada. Acidification may be exceptionally severe as the accumulated 

melts in spring56, and this may be the first sign of the phenomenon in lakes and 
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streams that otherwise appear normal. (In such a case, nitric acid flowing over frozen 

ground can be an important contributor53, 56.) 

All of these lakes are either near to or downwind from major anthropogenic sources of 

sulfur and nitrogen oxides. Clearwater lakes on similar substrata upwind of such sources, or 

far distant from them, have not become acidified in the same way; for example, in northern 

Norway and Sweden, Finland, Newfoundland, northeastern Minnesota, and the Experimental 

Lakes Area of northwestern Ontario. These areas are, however, at risk if acid rain 

continues, and especially if it worsens and spreads. 

It should be emphaSized that neighboring lakes in the sensitive regions exposed to acid 

deposition may become acidified at quite different rates. For example, three lakes close 

together in the. Adirondacks have exhibited very different responses that depend upon 

different characteristics of their watersheds, as shown in excellent research sponsored by 

the Electric Power Research Institute57• A great variety of factors is involved in 

determining the vulnerability of individual ecosystems to acid deposition: anthropogenic, 

geologic, climatic, topographic, biotic and episodic (see Table 8.1 in National Research 

CouncU21 ). 

Consequences of Lake Acidification 

The chemical and physical consequences of lake acidification include increased 

leaching of calcium from terrestrial soils29, mobilization of heavy metals, such as 

aluminum, zinc and manganese l2, and an increase in the transparency of lake waters 58. The 

biological consequences include marked changes in communities of aquatic plants and 

animals, with a progressive lessening of their diversity (see papers and references in the 

synopsis of aquatie biota, DrabMs and Tol1an59). In a few extreme cases a lessening of 

primary productivity is observed, but in many cases there is merely a change toward lesser 

pelagic and greater benthic production. Whether or not primary plant production decreases, 
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is a progressive elimination of sensitive species of plants and animals, including fish -

are completely exterminated under severe acidification. The European roach, and the 

smallmouth bass and walleye, are extremely sensitive. Perch are relatively 

• Aluminum leached by acid rain from sensitive soils is strongly implicated in the 

on fish, chiefly through damage to gill epithelium 60. Other effects include 

tion of spawning and hatching, embryonic malformation, upset of salt balance in the 

d, and growth retardation (see papers and references in the synopses of aquatic biota, 

abl¢s and Tollan59). Where there is a sudden stress after snow melt, fish kills can result. 

It should be pointed out again here that naturally acid lakes are also known. Some are 

volcanic61 , 62, others owe their acidity to oxidation of pyrites63, but most are the result of 

drainage from adjacent, strongly acid peat bogs. Such bog lakes are tea-colored owing to 

organic matter dissolved from the peaty drainage basin, and can be further acidified by acid 

rain, as shown by experience at Wawa29• Their ecology and biogeochemistry deserve further 

study. 

The Threat of Further Problems 

Many ecologists believe that over the longer term - several decades to a few 

centuries -- acid deposition may further impoverish forest soils developed on sandy substrata 

poor in lime. As a consequence of accelerated leaching of nutrients, such as phosphorus, 

potassium, magnesium and calcium from these soils, forest productivity could eventually be 

reduced. There is as yet no conclusive evidence for such a phenomenon. Indeed; nitrate in 

acid rain may actually benefit forest growth initially, because nitrogen is often the major 

limiting nutrient for trees on poor so1164. However, the deleterious effects of increased 

nutrient leaching may counter such a benefit, at least over the long term. Low pH may also 

Inhibit nitrogen recycling in forest solIs, perhaps vitiating the long-term benefit of nitrogen 

added as nitrate in acid rain 65• 
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In this context, we must remember that poor 50115 have been known for a long time to 

be undergoing a slow process of natural leaching and acidification that is steadily reducing 

their store of essential plant. nutrients and altering their biota66, 67, 68. Acid rain may 

hasten appreciably this natural process of soil impoverishment69• Moreover, recent studies 

of forest ecology in Germany, New England and elsewhere 70, 71, suggest the possibility of 

serious forestry problems associated with the liberation of soluble aluminum by acid 

deposition and consequent damage to the fine tree roots in the mineral soil. Recent studies 

in the New Jersey pine barrens72 have linked a decrease in the growth rates of three species 

of pine to local stream acidification; other factors, such as drought, fire, pests and 

atmospheric oxidants, do not seem to be responsible. Further detailed study of these 

problems is obviously of great importance. 

Some have suggested that it is not acid deposition but changes in forestry practices 

and other aspects of land use that have caused the acidification of lakes in recent decades. 

However, the phenomenon has been observed above treeline in Scandinavia, and in other 

places where forests have remained unchanged. Although land-use changes in Norway may 

influence acidification, they appear not to have been the major factor 69• 

Other Eff ects 

We should remember that acid precipitation has other effects than the ecological ones 

that have been discussed so far. It (along with precursor gases and acid sulfate particles) 

causes severe surface damage to metals, and corrodes limestone structures, monuments, 

et~.73. It can also mobilize heavy metals from pipes into supplies of potable water33• Some 

ground waters are known to have become acidified in Sweden7lJ.. Moreover, the acid sulfate 

particles that contribute to acid precipitation are in the size-range that penetrates deep 

into the lung, and they may well exacerbate lung disease and increase mortality rates33, 75. 

Present epidemiological, toxicological and clinical studies of the effects of sulfur dioxide 
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sulfate particles are not adequate to demonstrate conclusively that there are ill 

ambient levels, but the problem certainly requires further attention and merits 

;~I .. nt·""'r'n76. There is also some potential for crop damage during exceptionally severe 

UC,Cleis of acid deposition77, although this does not seem likely to become a serious and 

............ ru. ... CH NEEDS 

There are, of course, still many things that we need to learn about the nature of acid 

ipitation, its origin, chemistry, transport, deposition, and ecological effects. Heavy 

and organic micro pollutants should be included in standard analyses, and their 

.ynergistic effects with the acid in precipitation should be examined. We require better 

data on dry deposition, an area of great uncertainty in loading calculations. In particular, 

we must develop better sensitivity indices78, as well as more and better dose/response 

data79 for lake ecosystems -- that is, how much damage (chemical or biological) is produced 

by a given degree of acid loading. Models of the kind developed for cultural eutrophication 

of lakes80 should be equally feasible for lake acidification. We also need data on rates of 

recovery after lake acidification has been stopped. The potential problem concerning forest 

productivity, about which there are so many uncertainties, could become extremely serious 

in the relatively near future. A major, long-term research program on this subject is 

imperative. 

We cannot expect quick answers and easy solutions for our environmentaf problems. 

Scandinavian experience69 suggests that, we must plan m~:mitoring programs and experi

mental studies to last for decades; the forest program may require study over at least one or 

two rotations of several decades each. More emphasis should be given to whole-watershed 

ies of the biota and its physico-chemical environment, examining the transfer of 
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materials from the atmosphere to upland and eventually to wetland and aquatic ecosystems, 

and looking at effects along the way. 

A CALL FOR ACTION 

Although there are gaps in our understanding of acid deposition and its effects, and 

questions may be raised concerning some of the evidence36, 46, 1t7, 81, 82, 83, the weight of 

all the evidence taken together clearly indicates that acid deposition is a very serious and 

widespread environmental problem, caused largely by anthropogenic emissions of the oxides 

of sulfur and nitrogen during the process of burning fossil fuels. According to President 

Carter81t , acid rain is "one of the two most serious global environmental problems associated 

with fossil fuel combustion", and it is regarded by the Canadian Government as Canada's 

most critical environmental problem85• Only a very few of the many scientists working 

actively on the problem (i.e., publishing in referenced journals and participating in the major 

symposia from Columbus, Ohio, in 1976 to Sandefjord, Norway, in 1980) have questioned 

such a viewpoint, which is strongly reinforced by recent reports of the national Research 

Council's Committee on the Atmosphere and Biosphere21 and the Subcommittee on Acid 

Rain of the Standing Committee on Fisheries and Forestry of the Canadian House of 

Commons86• 

In my opinion -- speaking now as a concerned citizen rather than as a scientist -- the 

evidence is sufficiently compelling to justify a major attempt to reduce the gaseous 

precursors of acid rain, because ameliorative measures, such as limin~7, 88 'cannot be 

applied over more than a small fraction of the sensitive areas undergoing -- or liable to 

undergo - serious acidification. This is also the opinion of the Canadian Government, as 

expressed by its Minister of Environment, John Roberts89, and of the National Commission 

on Air Quality90. Many possible options are available for emission reduction: coal washing, 

stack scrubbers, novel combustion technologies, low-sulfur fuels, and alternative energy 

( 
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. such as sun, wind, water (including geothermal and ocean-thermal sources), and 

• Last -- but by no means least -- conservation is the most environmentally sound 

, which can be cost-effective in many cases90 and need not compromise human 

if we focus upon the energy we now waste casually in the pursuit of planned 

.... u' .. :::.::.Lence and conspicuous consumption. 

ested Goal for Emission Reductions 

degree of emission reduction is, of course, open to debate. Although we have a 

idea of the level of precipitation a<:idity that will allow the preservation of 

tened ecosystems, we cannot yet predict the likely reduction in precipitation acidity at 

Specific locations for any given reductions in local emissions of sulfur and nitrogen oxides 

from various sources90• On the first point, the National Research Council's Committee on 

the Atmosphere and Biosphere21 has suggested that the average acidity of precipitation 

should not exceed that represented by a pH of 4.6 to 4.7, the level below which acidification 

of sensitive lakes is detectable at present (cf. Evans et aI.9l). This would mean a reduction 

in the atmospheric deposition of hydrogen ions by 50% or more in those areas of the United 

States most affected by acid precipitation21 • The question then becomes: what reduction 

of emissions would bring about such a reduction in the deposition of hydrogen ions? We 

know that the response of precipitation pH to atmospheric loadings of interacting sulfur 

dioxide, nitrogen oxides, oxidants, and metal catalysts is complex and almost certainly non-

. linear. However, it may be useful to approach the problem by considering that aU emissions 

of sulfur dioxide, and nitrogen oxides will eventually be oxidized to the acid form somewhere 

or other. A good deal of the nitrate will, however, be consumed by the biota. Therefore, 

relationship of lake pH to atmospheric loading of non-marine sulfate may provide us 

guidance as to what is acceptable (d. Almer et aI.)79. Annual sulfate loading in bulk 

pitation is about 7-14 kg ha-1 in northwestern Ontari092 and 10-18 kg ha-1 in northern 
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Minnesota92, 93; acidification of sensitive clearwater lakes has not yet been detected in 

either location. Loadings exceed these ranges in areas of North America where lake 

acidification has been observed, for example in Nova Scotia where pollution is not yet 

severe (25 kg ha- l )94, and in the heavily polluted Adirondack Mountains (43 kg ha- l )95. This 

last figure lends strong support to the words of John Roberts, Minister of the Environment 1n 

Canada96: "We must reduce drastically the amount of acid-causing pollution that is being 

emitted ••• " With this in mind, staged empirical cutbacks -- with the goal of reducing 

atmospheric sulfate loadings to sensitive areas eventually below 15-20 kg ha- l yr- l -- might 

be the most appropriate way to approach a solution to the problem of acid deposition. If we 

resort to conservation, or energy sources other than fossil fuels, then emissions of nitrogen 

oxides will also be reduced. 

New techniques of elemental signatures97, 98 may be useful in pinpointing the sources 

of deposition to a particular region that ought to be cut back, although their applicability to 

the northeastern U.S. is as yet uncertain and is being argued by K.A. Rahn and D.G. Hawkins 

in widely circulated but unpublished manuscripts. 

Action Now or Later 

As to the argument that we should not act until the evidence is much stronger, there 

has long been ample precedent for action on environmental problems even though the chain 

of causation is far from complete. An early, dramatic instance came in 1854 during a great 

cholera epidemic in London, when Dr. 'John Snow confirmed his hypothesis that cholera was 

water-borne by having the handle removed from the Broad Street pump in Soho99• This 

experiment was made before the germ theory of disease was proven, and the cholera 

bacterium was not isolated until 1884. Thus, the chain of causation was not at all complete, 

and Snow's action was dictated solely by strong circumstantial evidence. As pointed out by 

Lawther 100: "An empirical approach to these problems must not be scorned while 
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mental data are sought; the only proper way to tackle a cholera epidemic is to wrench 

handle off the Broad Street pump without waiting for the demonstration of the bacillus." 

this connection we may bear in mind that even if legislation were enacted today, it would 

'probably take at least ten years to begin having a significant effect upon emissions101 • 

It may be argued that Snow's simple experiment cannot be compared to the much more 

;.", ... ",.nsive, far-reaching experiment of reducing emissions from fossil-fuel combustion. 

er, another great experiment in London provides a more nearly comparable case. In 

when I was living there, the "Great Smog" killed between 2500 and 4000 people in a 

week, three or more times the normal death rate75• No one -- to my knowledge -- contests 

t statement, yet the chain of causation has still not been completely worked out and was 

. not at all clear at the time of the incident. The evidence was, like Snow's, largely 

circumstantial. Nevertheless, the government authorities acted on it. and cleaned up the 

London air at great expense. I doubt that anyone now suggests they were wrong to conduct 

this expensive experiment, or that the regulations they issued ought to be rescinded. 

We shouid remember that governments and industries regularly initiate far-reaching 

and extremely expensive social and economic programs on the basis of evidence not nearly 

as convincing as that available in the case of acid deposition, where we see major ecological 

damage already and expect much more serious effects if emissions are not curtailed. Is 

there any reason why action on environmental programs should require a weight of evidence 

far 'greater than is demanded of these other large-scale initiatives? If not, what are we 

waiting for? All our experience of environmental problems teaches us that if we" wait until 

the last scintilla of evidence has been gathered to prove the entire chain of causation, we 

shall have waited too long, and thereby paid a price in severe damage to a fragile part of our 

vital life-support system here on the planet Earth. 
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REPORT OF THE WORKSHOP ON RESEARCH NEEDS 

The following is a summary of the Research Needs Workshop that was chaired by 
I 

Professor Eville Gorham of the University of Minnesota. The objective of this workshop was 

to identify the basic issues that must be addressed by scientific research as policies are 

being formulated to prevent acid rain. The narrative below is divided into the four main 

subtopics discussed at the conference: Biological/Ecological Effects, Transport, Deposition, 

and Emissions. Some general considerations brought under discussion are also included, and 

the summary concludes with four major recommendations. 

Biological/Ecological Effects 

. 
The participants urged more research in several areas related to biological and 

ecological effects. With regard to aquatic ecosystems, it was recommended that more data 

--obtained by standardized survey techniques with a high degree of quality assurance -- are 

needed to determine the following: dose/response functions for surface and groundwater pH 

versus sulfate and nitrate loading; biological consequences of declining lake pH -- especially 

with regard to early warning of subacute and chronic effects; and the interaction of acids 

with various metals and nutrients. Several aspects of acid release occurring during the 

spring snowmelt were noted as needing more research. For instance, the relative 

importance of sulfate as nitrate, the consequences for aquatic and terrestrial organisms 

with special reference to embryonic defects, the significance of the pH shock as· compared 

to long-term acidification, and the importance of metal mobilization during these periods 

were identified as issues requiring additional research. The time frame for lake 

acidification by (and recovery from) various degrees of acid loading is also a very important 
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subject requiring greater research effort. Further attention ought to be paid to paleoeco

logical studies (e.g., diatom stratigraphy). An important question that was repeatedly 

brought under discussion was: "Can nitrate be given less attention than sulfate as an acid

related anion because it is consumed to a much greater degree by biological processes?" 

The consensus was that there is insufficient information to permit the importance of nitrate 

to be downplayed in present research. 

There is need for more research on forest ecosystems, including such topics as: 

development and mapping of better indices to site sensitivity, effects of acidification on 

forest growth, interactions of acids with heavy metals .and nutrient cycles in the soil, and 

the significance of particle impaction and throughfall. Long-term baseline studies of forest 

th" should be initiated in sensitive areas likely to be affected in the future. More 

, employing "calibrated watersheds" and experimental acidification, was also 

The lack of research on wetlands and "brown-water" bog lakes was pointed out; both 

ts of ecosystem should be included in future chemical and biological studies. With regard 

the latter, it was noted that a scarcity of trained taxonomists may hinder sophisticated 

udles of plant and animal communities in these and other ecosystems. 

The participants saw a need for further research on the possible human health effects 

a broad spectrum of atmospheric pollutants (including acid sulfates) over a wide range of 

The subject is highly controversial, and more and better data are urgently 

The obs~rvation W?S made that there is a need for archives of various kinds of samples 

.g., organisms, soils, sediments, etc.). A workshop should be arranged in the near future to 

sider the materials to be archived, methods of sample collection and preservation, and 

agencies that should perform this task. 
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Transport 

Several topics related to the transport of pollutants were discussed. An important 

question was raised regarding the attention that should be given to the role of oxidants and 

metal catalysts in the production of sulfate and nitrate and, in particular, their effect on 

the distances these pollutants travel before deposition. 

The use of multi-element descriptors to track pollutants from source to receptor was 

supported by the participants. It was the view of some participants that despite public 

aversion, radioactive isotopes added to emission plumes would prove to be the best tracers. 

If radioactive tracers proved too controversial, certain tracer gases were also suggested. 

Signatures for natural sources would also have to be considered. 

The hope was expressed that new studies of atmospheric chemistry, dry deposition, and 

tracers will assist in the development of long-range transport models. Due consideration 

should be paid to meteorological conditions along the transport path from source to 

receptor, particularly during tracer experiments in developing the models. On the other 

hand, it was suggested that short-term needs for information on the dose side of 

dose/response calculations can be met by a more climatological approach to atmospheric 

transport and deposition. 

One participant proposed a 4-5 year program of coal washing and the use of 10w-NOx 

burners, combined with a national program of atmospheric and effects research that would 

yield information leading to more effective control measures. The focus of the atmospheric 

research would be upon the reductions in deposition that would result -- in' different 

geographic regions -- from specific reductions in emissions inside and outside those same 

regions. In general, the panel declined to endorse this approach, and the consensus was that 

researchers should only determine the emission reductions necessary, leaving the method of 

reduction to be decided by others. 
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Deposition 

Many participants suggested that there is an urgent need to know whether we can 

simplify dose/response studies by relying on readily measured "wet deposition" or "bulk 

deposition." To this end, the balance between wet and dry deposition should be determined 

at a broad range of sites. Such studies would consider the distance from sources, different 

climatic regimes, and the chemical environment in which the emission takes place. Better 

measurements of dry deposition are also needed for several pollutants and surfaces. In 

addition, improved capabilities for relating emission reductions to deposition reductions at 

given sites are essentiaI.- Mode1llng, which should be considered as one of several tools in 

analyzing the relative merits of control strategies, must be improved to include a range of 

interacting pollutants and to deal with non-linear reaction sequences. 

Another very important question discussed by the panel was whether or not we need to 

be concerned with the forms of sulfur and nitrogen deposited at a site, or whether it can be 

assumed that all sulfur and nitrogen compounds will eventually have an acidifiying influence. 

Such an assumpton would greatly simplify the task of monitoring the relationship between 

deposition and acidification. In the monitoring process, it was the viewpoint of some of the 

participants that more attention must be paid to near-source deposition, which may be more 

important than is commonly believed. 

There was conside~able concern that more attention should be focused on acquiring a 

tter understanding of the overall costs of atmospheric reductions, including costs to 

re generations, and the costs and benefits assignable to different political jurisdictions. 

ly, it was suggested that the economic benefits of various control strategies be 
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examined more thoroughly, balancing the costs of control against the costs of no control. 

Members of the panel noted that both stationary and mobile sources should be considered, 

and that local effects -- such as materials damage, or possible harm to health -- should be 

addressed in addition to the chronic ecological effects of long-range transport. 

It was also remarked that innovative, high-efficiency combustion technologies deserve 

a high research priority, and that we need better analyses of the costs and consequences of 

the disposal or recycling of the products of combustion. 

General Considerations . 

It was observed that in view of the magnitude of environmental damages and the high 

cost of controls, and in view of the need to address the issues of acid rain and other 

environmental problems in a rational manner, it is essential that expertise anel research 

staff of the highest caliber be maintained and developed fully in our scientific institutions. 

It i$ also essential that the diverse groups of scientists and non-scientists involved in the 

acid rain problem share their efforts, avoid duplication, integrate programs, and inform the 

general public in a variety of ways as to where we are going, and why. In the determination 

of policy' and its implementation, decision-makers ought to distinguish clearly between 

unreviewed and unverified data in the "grey literature" and data in the peer-reviewed 

scientific literature. 

A question was raised concerning the substitution of an annual general symposium on 

acid rain for the diverse meetings now taking place. The general consensus was that this 

would be a mistake. Major symposia are being organized every two or three years to report 

and synthesize the scientific research on acid rain, while other major meetings are 

considering broader, policy-related issues. The many smaller meetings - each with its own 

special focus -- are also valuable, despite some overlap and duplication. 
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Major Conclusions and Recommendations 

It was the sense of the workshop participants that the following four recommendations 

should be weighed seriously in the formulation of acid rain control strategies and research 

programs: 

1. Because serious damage is already occurring, and more can be anticipated, 

emission abatement should start now, with refinement of goals to take place as 

abatement takes effect and research progresses. We should not wait to 

determine the optimal balance between SOx and NOx reduction before controls 

are initiated; but the balance should be a major focus for research. 

2. The balance of opinion suggests that SOx reductions ought to be the major focus 

initially but, where feasible, NOx $hould also be controlled. For technical and 

economic reasons it is essential that flexibility be allowed when reductions _are 

assigned to individual sources or groups of sources. The use of such flexibility 

should not, however, compromise environmental benefits. 

3. There was general agreement that ~ should oppose strongly the tendency to 

view acid rain in isolation from the gaseous precursors and other pollutants 

associated with the combustion of fossil fuels (i.e., SOx, NOx, hydrocarbons, 

ozone, particulates, trace metals and organic micropollutants) because: 

a. They are a:H_ part of the general air pollution impact of fossil fuel 

combustion. 

b. There are strong possibilities for synergistic interactions. 

c. Control strategies should be designed to cope with the mix of pollutants 

and not with isolated components. 
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4. In addition to the operation of many short-term research programs, ~ major 

effort must be devoted to setting ~ long-term monitoring -- on selected sites -

of the geochemical and biological consequences of ecosystem acidification. 

Finally, a consensus was reached that it is not currently possible to select a few 

specific proposals that will deal with the many questions that need to be answered. 

Research must contiune to go forward on a broad front. 
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