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ABSTRACT 

There are two major groups of  thought concerning ac id  p r e c i p i t a t i o n .  
Group I ho lds  t h e  view t h a t  t h i s  environmental  problem r e q u i r e s  l e g i s l a t i v e  
a t t e n t i o n ,  t h a t  such p r e c i p i t a t i o n  r e s u l t s  c h i e f l y  from the  combustion of 
f o s s i l  f u e l s  which r e l e a s e s  oxides  of N and S i n t o  t h e  atmosphere. Once 
p resen t  N and S may undergo t ransformation t o  t h e i r  r e s p e c t i v e  a c i d s  and 
these  substances may be t r anspor t ed  g r e a t  d i s t a n c e s .  Once depos i t ed ,  t hese  
a c i d s  cause damage not  on ly  t o  a l l  components of t h e  n a t u r a l  landscape, but  
a l s o  t o  s t a t u e s ,  monuments, bu i ld ings  and o t h e r  anthropogenic m a t e r i a l s .  
I n  a d d i t i o n ,  t h i s  group opines  t h a t  t h i s  phenomenon has p e r s i s t e d  s ince  the  
mid-1950s; t h a t  t h e  problem has worsened and the a r e a  a f f e c t e d  i s  s t e a d i l y  
expanding. Proponents o f  Group I p resen t  d a t a  i l l u s t r a t i n g  a mean d e c l i n e  
of 0.5 pH u n i t s  below the  norm f o r  r a i n  (pH 5.6) i n  t he  regions a f f e c t e d .  

The Group I1 o f f e r s  s e v e r a l  a l t e r n a t i v e  explanat ions f o r  t he  reported 
and sometimes observed phenomena. They suggest t h a t  ac id  cond i t ions  noted 
i n  water bodies r e s u l t  from d r a s t i c  changes in land use, t h a t  reexamination 
of h i s t o r i c a l  da t a  r e v e a l  t hese  d a t a  t o  be t r e n d l e s s ,  t h a t  l o c a l  and n a t u r a l  
sources  of  N and S oxides ,  e s p e c i a l l y  r e s u l t i n g  from the  combustion of o i l ,  
p lay a major r o l e  i n  the formation of a c i d i c  p r e c i p i t a t i o n s  in t he  region a t  
r i s k .  F i n a l l y ,  Group I1 p o i n t s  ou t  t h a t  i t  i s  d i f f i c u l t  t o  q u a n t i t a t i v e l y  
a t t r i b u t e  t h e  phenomenon of ac id  r a i n  f a l l i n g  i n  one p l ace  t o  i t s  o r i g i n  i n  
another  place.  

This  review d i scusses  meteorological ,  physical  and b i o l o g i c a l  a spec t s  of 
ac id  p r e c i p i t a t i o n  from the two po in t s  of view j u s t  presented and emphasizes 
t h e  known and the unknown in t h i s  complicated a rea  of research.  

1 .  INTRODUCTION 

Acid p r e c i p i t a t i o n  has been a s soc ia t ed  with i n d u s t r i a l  emissions s ince  
1661[1,2],  when Evelyn and Graunt noted t h e  e f f e c t  of such emissions on 
p l a n t s  and persons.  These e a r l y  observers  saw f i t  t o  comment on t he  atmo- 
sphe r i c  exchange of p o l l u t a n t s  between France and England and even proposed a 
r e l o c a t i 6 n  o f  i n d u s t r y  remote from populated a reas .  Although i t  i s  apparent  
t h a t  Hales[3] and Linne[4] i n  the  Eighteenth Century had some concept of the 
ino rgan ic  composition of po l lu t ed  a i r  and r a i n ,  i t  was no t  u n t i l  Smith's[5] 
i n v e s t i g a t i o n  i n  1852 t h a t  t he  chemical con ten t s  of r a i n  were s c r u t i n i z e d .  
He i s  t h e  c r e a t o r  of  t h e  term "acid r a in" [6 ] .  Smith w a s  cognizant  of t he  
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f a c t  t h a t  excess ive ly  a c i d i c  p r e c i p i t a t i o n  was a f f e c t e d ,  i f  no t  induced, by 
coa l  combustion. In  a d d i t i o n ,  Smith suggested t h a t  t he  major source of 
s u l f a t e  i n  r a i n  is the  ox ida t ion  of H2s i n  the  atmosphere which i s  derived 
from organic  decomposition. He thought t h a t  such decomposition was l a r g e l y  
of t e r r e s t r i a l  o r i g i n .  Smith a l s o  noted t h a t  frequency and q u a n t i t y  of 
p r e c i p i t a t i o n  as wel l  a s  d i s t a n c e  from the  sea were f a c t o r s  important i n  
determining the ex ten t  of  a c i d i t y  i n  r a i n  and snow. Furthermore, he was well  
aware of  t he  damage t o  bu i ld ings  and p l a n t s  incurred by ac id  p r e c i p i t a t i o n  
and even noted the  atmospheric depos i t i on  of va r ious  metals i n  i n d u s t r i a l  
regions.  The work of  Smith has gone l a r g e l y  unnoticed though he i s  wel l  
known t o  l imno log i s t s [7 ,8 ] .  

Since Smith's i n v e s t i g a t i o n s ,  t h e  environmental  e f f e c t s  of ac id  precipi-  
t a t i o n  have been the i n t e l l e c t u a l  concern of many d i s c i p l i n e s  but  c h i e f l y  of 
limnology, s o i l  s c i ence  and atmospheric chemistry.  The r e l a t i o n s h i p  between 
the chemistry o f  p r e c i p i t a t i o n  and t h a t  of  o l igo t roph ic  l a k e s  would not  have 
been apparent  t o  any i n v e s t i g a t o r  who d i d  no t  have a l a r g e  body of chemical 
da t a  a t  h i s  d i s p o s a l .  Clarke[9]  was such an i n v e s t i g a t o r  and was t h e  f i r s t  
t o  observe and record t h e  connection between t h e  chemical composition of 
p r e c i p i t a t i o n  and t h a t  of d i l u t e  l ake  waters .  

Thus, by 1924, i t  was known, though l a r g e l y  ignored,  t h a t  the combustion 
of coa l  was l a r g e l y  r e spons ib l e  f o r  the excessive a c i d i t y  of r a i n  and t h a t  
t he  chemical composition of such r a i n  con t r ibu ted  t o  the chemical composition 
of l ake  waters .  Since t h i s  t ime, many i n v e s t i g a t i o n s  have con t r ibu ted  t o  the  
knowledge of t he  formation and e f f e c t s  of a c i d i c  (pH <5.6)  p r e c i p i t a t i o n .  
Limited space requirements of t h i s  review a r e  such t h a t  a complete h i s t o r i c a l  
sequence o f  a l l  t h e  c o n t r i b u t o r s  t o  the  understanding of "acid r a i n "  i s  not  
poss ib l e  and the reader  is  r e f e r r e d  t o  some e x c e l l e n t  reviews[8,10].  

The phenomenon of  a c i d i c  p r e c i p i t a t i o n  may, i n  the  United S t a t e s ,  be 
viewed i n  terms of a controversy.  It is t he  i n t e n t  of t h i s  review t o  examine 
t h e  va r ious  a spec t s  of  t h i s  controversy and t o  point  out. t h e  r e s u l t s  of t he  
most r ecen t  i n v e s t i g a t i o n  and p resen t  t h i s  information i n  summary form. 

2 .  The Controversy 

There a r e  two major groups of  thought concerning ac id  p r e c i p i t a t i o n :  
Group I f e e l s  t h a t  t h e  problem of ac id  r a i n  r e q u i r e s  l e g i s l a t i v e  a t t e n t i o n [ l l ]  
while Group I1 be l i eves  the  s i t u a t i o n  does no t  mer i t  governmental a c t i o n [ l l ] .  
The pos i t i on  o f  t h e  f i r s t  group may be ou t l ined  a s  f o l l o w s [ l l ] :  

A. 

B. 

C. 

D. 

E. 

Acid p r e c i p i t a t i o n  r e s u l t s  l a r g e l y  from the combustion of f o s s i l  
f u e l s  which r e l e a s e s  oxides  of  N and S i n t o  the  atmosphere. 

These oxides  undergo t ransformation i n  t h e  atmosphere r e s u l t i n g  i n  
the  formation of HNO3 and H2SO4. 

These substances may be t r anspor t ed  g r e a t  d i s t a n c e s .  

Once deposi ted through the  v e h i c l e  of r a i n ,  snow, h a i l ,  m i s t ,  dew 
o r  fog they cause damage t o  vege ta t ion ,  s o i l s  and rocks,  l a k e s  and 
r i v e r s ,  aqua t i c  b i o t a ,  s t a t u e s ,  monuments, and bu i ld ings .  

In  a d d i t i o n ,  t h i s  s i t u a t i o n  has  acce le ra t ed  s ince  t h e  mid-1950s. 
The a r e a s  most a f f e c t e d  a r e  southern and southwestern Scandinavia,  
F l o r i d a ,  Ca l i fo rn ia  and the  s t a t e s  surrounding and including the 
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Adirondack region of t h e  United S t a t e s ,  and the  region south of t h e  
Pre-Cambrian Shield i n  Canada, most ly  Ontario.  Furthermore, t h i s  
group a s s e r t s  t h a t  t h e  problem of  ac id  r a i n  has worsened s ince  the  
1950s and t h a t  t h e  regions a f f e c t e d  have s t e a d i l y  expanded. 
Proponents o f  t h i s  p o s i t i o n  p resen t  d a t a  i l l u s t r a t i n g  a mean dec l ine  
of 0.5 pH u n i t s  o r  g r e a t e r  below t h e  norm f o r  r a i n  (pH = 5.6),  i n  
t h e  regions a f f e c t e d .  

The second g r o u p ( l l 1  p re sen t s  s e v e r a l  a l t e r n a t i v e  explanat ions f o r  t he  
reported and sometimes observed phenomena. Their  p o s i t i o n  i s  ou t l ined  
below[ 111. 

A. Acid cond i t ions  i n  l a k e s ,  r i v e r s  and s t reams were f i r s t  noted i n  
southern Sweden and southwestern Norway. The second group suggests  
t h a t  t h i s  i s  the  r e s u l t  of d r a s t i c  changes i n  land use t h a t  have 
p e r s i s t e d  over t he  pas t  t h r e e  decades,  r a t h e r  than the  depos i t i on  
of a c i d  m a t e r i a l s  from the  atmosphere. Changes i n  a g r i c u l t u r a l  
p r a c t i c e s  and f o r e s t  husbandry have been noted i n  southern and 
southwestern Scandinavia,  a s  w e l l  a s  i n  N e w  England. 

B. Several  i n v e s t i g a t o r s [ l l ]  have reexamined the  da t a  t h a t  a r e  used t o  
s u b s t a n t i a t e  t h e  suggest ion t h a t  a t rend i n  ac id  p r e c i p i t a t i o n  has 
p e r s i s t e d  s i n c e  the  mid-1950s such t h a t  t h e r e  has  been a gradual  
d e c l i n e  i n  t h e  pH s i n c e  t h a t  time. These i n v e s t i g a t o r s  have found 
such da ta  t o  be t r e n d l e s s .  

C. The a s s e r t i o n  t h a t  a c i d  p r e c i p i t a t i o n  r e s u l t s  from long-range t r anspor t  
of p o l l u t a n t s  produced by major complexes o f  i n d u s t r y  and power p l a n t s  
has  been r e fu t ed  by t h e  second group. They po in t  ou t  t h a t  i n  the  
r eg ions  a t  r i s k  t h e r e  a r e  n a t u r a l  sources  a s  wel l  a s  l o c a l  sources  of 
N and S ox ides ,  e s p e c i a l l y  those r e s u l t i n g  from the  combustion of o i l ,  
t h a t  probably p l ay  a major r o l e  i n  the  formation of a c i d i c  p rec ip i t a -  
t i o n .  Furthermore, t h i s  group f e e l s  t h a t  d i s t a n t  sources  very l i k e l y  
have l i t t l e  r e s p o n s i b i l i t y  f o r  t he  product ion of ac id  r a i n .  

D. Physio-chemical and meterological  even t s  i n  the  atmosphere a r e  so 
complex t h a t  i t  is  d i f f i c u l t  t o  q u a n t i t a t i v e l y  a t t r i b u t e  the phenome- 
non of ac id  r a i n  f a l l i n g  i n  one p l ace  t o  i t s  o r i g i n  i n  another  place.  
Therefore ,  i t  i s  unc lea r  whether t he  d e c l i n e  of emissions i n  one 
region would a c t u a l l y  reduce the  a c i d i t y  of r a i n  i n  another .  

2 .1  P o i n t s  o f  Agreement 

Despite t hese  opposing, appa ren t ly  i r r e c o n c i l a b l e  pos i t i ons ,  some 
agreement does e x i s t .  The following d i scuss ion  e l u c i d a t e s  some of t he  a r e a s  
of agreement between the  two groups.  The E l e c t r i c  Power Research I n s t i t u t e  
(EPRI) is  support ing l a rge - sca l e  r e sea rch  on t he  ac id  r a i n  ques t ion .  
Furthermore,  t h e i r  d i r e c t o r  of environmental  assessment recognizes  t h a t [ l 2 ] :  

A. Acid r a i n  below t h e  pH of  5.6 e x i s t s .  

B. P r e c i p i t a t i o n  t h a t  i s  q u i t e  a c i d i c  is  f a l l i n g  on var ious  landscapes.  

C. Such r a i n  b r ings  about eco log ica l  damage. 

D. Atmospheric emissions from u t i l i t y  p l a n t s  can play a p a r t  i n  t he  
product ion of ac id  r a i n .  
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Fur the r ,  a spokesman f o r  t he  Cen t ra l  E l e c t r i c i t y  Generating Board of 
England[l3] observed t h a t  i n d u s t r i a l  a i r  p o l l u t a n t s  may t r a v e l  g r e a t  d i s t ances .  
I n  a d d i t i o n ,  he pointed ou t  t h a t  t h i s  phenomenon has been shown t o  occur with 
n a t u r a l  po l lu t an t s .  

Even so2 has  been acknowledged as being t r anspor t ed  from power p l a n t  
emissions[ l4] .  A s t a f f  member of t he  Environmental Assessment Department of 
EPRI speaking of ,502 t r anspor t ed  from power p l an t  emissions s t a t e d  t h a t  
during t r a n s p o r t  s e v e r a l  t h i n g s  happen: 

A. 

B. 

C. Some is  oxidized t o  s u l f a t e  compounds. 

D. S u l f a t e s  are deposi ted on t he  ground. 

so2 i s  d i l u t e d  by surrounding a i r .  

Some SO2 s e t t l e s  t o  the  ground. 

2.2 Po in t s  o f  Disagreement 

Basic d i sag reemen t [ l l ]  p r e v a i l s  concerning h i s t o r i c  t r e n d s  i n  a c i d  depo- 
s i t i o n .  Avai lable  pH da ta  do no t  support  t h e  suggest ion t h a t  a c i d  depos i t i on  
has been a s e r i o u s  phenomenon f o r  t h e  past t h r e e  d e c a d e s [ l l ] .  I n  a d d i t i o n ,  
coa l  and o i l  usage da ta  f a i l  t o  support  t he  suggest ion of an h i s t o r i c  t rend 
i n  ac id  d e p o s i t i o n [ l l ] .  

There i s  gene ra l  agreement t h a t  oxides  of N and S are t r anspor t ed  and 
undergo t ransformation t o  t h e i r  r e s p e c t i v e  ac ids .  However, t h e r e  i s  much 
d i sag reemen t [ l l ]  on s p e c i f i c  d e t a i l s .  For example: 

A. Re la t ive  r a t e s  of  t r a n s p o r t ,  t ransformation and depos i t i on .  

B. D i f f i c u l t y  of p r e d i c t i o n ,  i .e. ,  how much of a p a r t i c u l a r  S compound 
w i l l  form, where it w i l l  f a l l ,  how c l o s e  o r  how f a r  and how much of 
it w i l l  remain i n  the  atmosphere. 

Furthermore, SO2 may become involved i n  a v a r i e t y  of pathways. 
example : 

1. 

C. For 

SO2 may be converted t o  H2SO4 i n  t h e  a i r  and then be sorbed by a 
cloud. 

2. SO2 may be absorbed a s  SO2 by a cloud and then be converted t o  
the  corresponding ac id .  

So2 may be deposi ted a s  d ry  depos i t i on ,  i n  fog f o r  example, and 
then converted i n  t h e  f o r e s t  canopy. 

So2 may be deposi ted on the  ground as SO2. 

3. 

4. 

Recently,  Neman[l5] ,  an atmospheric chemist ,  pointed out  t h a t  s i n c e  t h e  
r a t e - l imi t ing  s t e p  f o r  t he  inco rpora t ion  of  SO2 i n t o  rainwater  has no t  been 
completely i d e n t i f i e d  f o r  a l l  seasons of t he  yea r ,  reducing the  q u a n t i t y  of  
SO2 i n  the  a i r  may not  br ing about a corresponding d e c l i n e  of s u l f a t e  i n  the  
rainwater .  This would be e s p e c i a l l y  t r u e  i f  t h e  r a t e - l imi t ing  s t e p  turned 
out  t o  be a c a t a l y s t  such as a t r a n s i t i o n  metal  o r  carbon. 
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In  view of these u n c e r t a i n t i e s ,  the  following sec t ion  of t h i s  discussion 
w i l l  focus on da ta  r e l a t e d  t o  the quant i ty  and d i s t r i b u t i o n  of the  precursors  
of ac id  r a i n  from anthropogenic and n a t u r a l  sources. 

3. 

3.1 Natural Sources of  SO, 

Sources of SO,, NO,, NH3 and C l 2  Emissions: Natural and Anthropogenic 

On a global  bas i s ,  the  cont r ibu t ion  t o  the S cycle  from na tura l  sources 
is i n  excess of t h a t  from anthropogenic o r i g i n s [ l 6 ] .  
f o r  eas te rn  North America where s u l f u r  budgets show t h a t  90% of a l l  S 
emissions a r e  man-made[l7]. Four percent of the cont r ibu t ion  is natura l  
while 6% o r i g i n a t e s  from outs ide  the reg ion[ l7] .  
obtained f o r  Europe[ 181. 

This is not the case 

Similar budgets were 

The most important na tura l  source of S o r i g i n a t e s  from the biogenic pro- 
duction of H2S from ocean shores[ l6] .  
compounds r e s u l t i n g  from b a c t e r i a l  decomposition of organic matter, s u l f a t e  
reduct ion i n  anoxic waters and s o i l s ,  geothermal and volcanic  emissions of 
HgS and SOg and f o r e s t  f i r e s [ l 7 ] .  

L e s s  important sources include organic 

3.2 Natural Sources of  NO, 

On a global  bas i s ,  the  cont r ibu t ion  t o  the  N cyc le  from na tura l  sources 
is thought t o  be seven times t h a t  or ig ina t ing  from anthropogenic sources[ l9] .  
Tropospheric production of NO, r e s u l t i n g  from l igh tn ing  discharges may account 
f o r  as much as 50% of the  t o t a l  atmospheric production of NO, on a global  
basis[20]. Major cont r ibu tors  t o  background NO, a r e  n a t u r a l  t e r r e s t r i a l  
sources of NO and NO2 and the  chemical decomposition of n i t r a t e s [ 2 1 ] .  In 
eas te rn  North America, however, less than 8% of a l l  NO, emissions may be 
a t t r i b u t e d  t o  n a t u r a l  sources[22]. In  areas where p r e c i p i t a t i o n  occurs 
with a pH of less than 5.6 n a t u r a l  sources of SO, and NO, a r e  thought t o  
have only a minimal cont r ibu t ion  t o  the observed a c i d i t y .  

3.3 Natural Sources of NH3 

It has been suggested[23] t h a t  the  pH of rainwater may be cont ro l led  
by t h e  i n t e r a c t i o n  of  ammonia (NH3) and a c i d s  (HNO3, H2SO4) and that t h i s  
n e u t r a l i z a t i o n  procdss may take place i n  the atmosphere[24]. 

In  the presence of  water, gaseous Mi3 and SO2 react t o  produce ammonium 
s u l f i t e  and ammonium s u l f a t e .  
acid r a i n  i n  the atmosphere[25]. 
n e u t r a l i z e  HNO3 but i t  may a l s o  react with hydroxyl r a d i c a l s  t o  form 

This suggests  that gaseous NH3 may n e u t r a l i z e  
Furthermore, ammonia may not  only a c t  t o  

NOx[20,26]. 

The major source  of ammonia emissions i n t o  the  atmosphere is through the  
decomposition of organic  matter[27,28]. V o l a t i l i z a t i o n  from land and sea, 
and emissions from f o r e s t  f i r e s  may a l s o  be s igni f icant [29] .  In  addi t ion ,  
urea-N may v o l a t i l i z e  from f e e d l o t s  which harbor l a r g e  amounts of animal 
ur ine .  
urea may be hydrolyzed i n t o  ammonia and C02. 

The National Research Council[30] has estimated t h a t  50-100% of the  



238 

3.4 Na tu ra l  Sources o f  Clg 

Na tu ra l  sou rces  of  c h l o r i d e s  i n  the  atmosphere o r i g i n a t e  from sal t  spray 
from the  sea[31,32] ,  v o l c a n i c  gases [33] ,  and upper a tmospheric  r eac t ions [34] .  

S ix  pe rcen t  o f  t h e  a c i d i t y  i n  r a inwa te r  i s  r epor t ed  t o  be due t o  HC1[35]. 
Various models have been proposed implying the  n a t u r a l  product ion of HC1 i n  
t h e  atmosphere.  Yue e t  a1.[36] proposed t h a t  t h e  formation of  HC1 i n  the  
atmosphere w a s  determined by t h e  i n t e r a c t i o n  of  S02, ammonia, CO2, oxygen and 
H2SO4. 
H C 1  was ano the r  proposed model(371. Th i s  a c i d  w a s  t hen  absorbed by moisture  
thus  producing a c i d  p r e c i p i t a t i o n .  Kohler and Bath[38] c a r r i e d  ou t  a mass 
balance c a l c u l a t i o n  and showed t h a t  t h e  sea sal t  t o  H C 1  conversion d i d  not  
f u l l y  account f o r  changes i n  t h e  Na :C1  r a t i o  found i n  a i r .  Duce[34] 
suggested t h a t  p a r t i c u l a t e  c h l o r i d e  r e a c t e d  wi th  NO2 t o  produce HC1 and 
Robbins and h i s  co-workers[39] proposed t h a t  H C 1  w a s  produced i n  t h e  
atmosphere as a r e s u l t  of HNO3 r e a c t i n g  wi th  N a C l .  

S a l t  sp ray  ox id ized  by ozone and then photochemical ly  hydrolyzed i n  

3.5 Anthropogenic Sources o f  SO, 

The major anthropogenic  c o n t r i b u t o r  of  SO, emissions i s  s t a t i o n a r y  f u e l  
combustion[40] 
I n d u s t r i a l  p rocesses  p e r t a i n i n g  t o  primary metals, petroleum, chemical manu- 
f a c t u r i n g  and mineral  products  account  f o r  about  18% o f  t h e  emissions[40] .  
T ranspor t a t ion  and c m e r c i a l - i n s t i t u t i o n a l  f u e l  combustion accoun t s  f o r  t he  
remainder of  t h e  c o n t r i b u t o r s  t o  SO, emissions[40] .  

Fuel combustion accoun t s  f o r  75% of SO, emissions[40] .  

3.6 Anthropogenic Sources o f  NO, 

The major anthropogenic  c o n t r i b u t o r  t o  NO, emissions i s  s t a t i o n a r y  f u e l  
combustion[40].  
from t h e  combustion of  g a s ,  o i l  and c o a l [ 4 0 ] .  Fo r ty - th ree  pe rcen t  i s  con- 
t r i b u t e d  by t r a n s p o r t a t i o n  v i a  g a s o l i n e  and d i e s e l  f u e l  combustion[40],  t he  
balance o r i g i n a t e s  from i n d u s t r i a l  p rocesses  and commerc ia l - in s t i t u t iona l  
f u e l  combustion[40].  

Forty-seven pe rcen t  of  a l l  man-made NO, emissions o r i g i n a t e s  

3.7 Discussion o f  Anthropogenic Sources  o f  SO, and NO, 

It i s  observed t h a t  r e g i o n a l  (EPA) emissions o f  NO, and SO, are more 
s t r o n g l y  c o r r e l a t e d  wi th  popu la t ion  d e n s i t y  than  are state emissions because 
u t i l i t i e s  i n  one state o f t e n  supply e l e c t r i c i t y  to  neighboring s t a t e s [ 4 1 ] .  
Region V i s  t h e  most h i g h l y  populated area and a l s o  produces t h e  g r e a t e s t  
q u a n t i t y  o f  SO, and NO, emis s ions [41] .  

H i s t o r i c a l  data[40,42]  are a v a i l a b l e  from EPA concerning SO, emissions 
f r o m  1940-1977. 
t i o n  from 1960 t o  1970. From 1940 t o  1960 on ly  a s l i g h t  i n c r e a s e  i n  SO, 
emissions w a s  noted.  
emissions inc reased  171% between 1940 and 1960. Again, between 1960 and 
1976 t h e r e  was a 117% i n c r e a s e .  

Both SO, and NO, emis s ions  r e f l e c t  a rise in f u e l  consump 

The peak i n  SO, emissions occur red  i n  1970. No, 

No, emissions peaked i n  1973. 

During t he  la te  1970s t h e  ambient a i r  c o n c e n t r a t i o n s  of  SO, had been 
reduced t o  r e l a t i v e l y  low l e v e l s [ 4 3 ] .  I n  f a c t ,  by 1980, SO2 emiss ions  had 
been reduced by about  17%[44] .  
are scan t [43 ]  It woufd be  expected t h a t  t h e  levels had dec l ined  s i n c e  1978 

Though d a t a  f o r  NO, emissions i n  urban region8 
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s ince  mean annual automobile mileage[45] has decreased a s  wel l  a s  t he  mean 
f u e l  consumption per c a r  using t h e  l a t e s t  a v a i l a b l e  da t a  which a r e  1982[45]. 

The amount of  SOx emissions emit ted by l a r g e  b o i l e r s  depends[46,48] upon 
the amount of  f u e l  burned, i t s  S con ten t ,  t h e  type,  des ign  and age of t he  
b o i l e r  and t h e  method of  f i r i n g .  
and a n t h r a c i t e  c o a l s  a r e  converted t o  SO2. 
formed i n t o  so3, t h e  amount of formation depending upon combustion cond i t ions ,  
i . e . ,  l eane r  f u e l  mixtures  inc rease  the  r a t e  of t ransformation[47,48] .  

Nearly a l l  t he  S compounds i n  bituminous 
Usually about 1-2% SOx i s  t rans-  

Su l fu r  r e t e n t i o n  by c o a l s  i s  temperature dependent,  t h e  lower the ashing 
temperature,  t he  higher  t he  q u a n t i t y  of S r e t a ined [49] .  I n  some f u e l s ,  the 
elemental  composition may e x e r t  an e f f e c t  on S r e t e n t i o n .  For example, a 
high Na-lignite may r e t a i n  more than 60% of t h e  a v a i l a b l e  S i n  t he  
bo i l e r [50 ,51 ] .  I n  the  case  of low Na-l igni tes  r e t e n t i o n  of t h e  a v a i l a b l e  
S i n  t he  b o i l e r  ash may no t  exceed 10%[52,53].  High oxygen con ten t  of t he  
combustion chamber i n c r e a s e s  t h e  emission of primary s u l f a t e s  from both o i l -  
f i r e d  and coa l - f i r ed  b o i l e r s .  According t o  Homolya and Cheney[54] f o r  a 
given S con ten t ,  o i l - f i r e d  u n i t s  e m i t  more SO3 than coa l  f i r e d  b o i l e r s .  
a d d i t i o n ,  Homolya e t c . [ 5 5 ]  have noted t h a t  compared t o  pulver ized c o a l ,  
r e s i d u a l  o i l s  which con ta in  high q u a n t i t i e s  of vanadium, d i scha rge  g r e a t e r  
s u l f a t e  emissions on combustion. The combustion of f u e l  o i l  r e q u i r e s  a 
higher  flame temperature.  
H2SO4 and p a r t i c u l a t e  s u l f a t e s ,  while  t he  presence of  V s t i m u l a t e s  t he  for- 
mation o f  so3 i n  the  combustion process .  Emission of SO3 d i r e c t l y  from the 
combustion process  may inc rease  the  p o t e n t i a l  f o r  ac id  p r e c i p i t a t i o n  i n  areas 
c l o s e  t o  the  emission source.  

I n  

This  requirement i n t e n s i f i e s  t h e  formation of SO3, 

NOx emissions from coal-f i red power p l a n t s  are excess  a i r  and temperature 
dependent[56].  
as excess  a i r  decreases[56] .  A r educ t ion  i n  furnace temperature reduces t h a t  
NO, ( thermal)  t h a t  i s  formed by t h e  r e a c t i o n  of atmospheric oxygen and n i t r o -  
gen, and has  no e f f e c t  on the  f u e l  NO,, i.e. t h a t  formed by t h e  ox ida t ion  of 
f u e l  contaminants that con ta in  “561. 

For a s p e c i f i c  furnace temperature ,  NOx formation dec reases  

Oil-f i red power p l a n t s  e m i t  less NOx from t angen t i a l ly - f i r ed  u n i t s  than 
a l l  o t h e r  types[48,57].  

3.8 Anthropogenic Sources of  NH3 

Anthropogenic sources  account f o r  on ly  a s m a l l  amount of t h e  t o t a l  
ammonia emissions[58] .  Eighty percent  of t h e  ammonia produced i n  the  U.S. 
w a s  employed t o  produce f e r t i l i z e r s [ 5 8 ] .  The remaining 20% w a s  u t i l i z e d  i n  
animal f eeds ,  exp los ives ,  HNO3, a c r y l o n i t r i l e  and amines[59]. I n e f f i c i e n t  
handling o f  f e r t i l i z e r s  may r e s u l t  i n  s i z e a b l e  ammonia l o s s e s  t o  the  
atmosphere[60]. 
ore-ref ining and f o s s i l  f u e l  combustion[21]. 

Ammonia is a l s o  a by-product of coke product ion from c o a l ,  

Several  authors[61,62]  have noted t h a t  s o i l  pH may change as a r e s u l t  of 
ni t rogenous f e r t i l i z e r s .  Furthermore, subsequent runoff may c o n t r i b u t e  t o  
the  lowering of  t he  pH of r ece iv ing  a q u a t i c  systems. Since f r a g i l e  a q u a t i c  
systems loca ted  i n  r eg ions  a t  r i s k  appear t o  be i n  f o r e s t e d  landscapes,  t h e  
proposed e f f e c t  of f e r t i l i z e r  a p p l i c a t i o n  i s  n o t  p e r t i n e n t .  
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3.9 Anthropogenic Sources of  Cl2 

Anthropogenic sources[63,64] of c h l o r i n e  and c h l o r i d e s  o r i g i n a t e  i n  the 
manufacturing, handling and l i q u e f a c t i o n  of HC1 and C12 gas .  
involved i n  the  product ion and use of s o l v e n t s ,  p e s t i c i d e s ,  ch lo r ina t ed  hydro- 
carbons,  p l a s t i c s  and bleaches u t i l i z e  c h l o r i n e .  Furthermore, compounds of 
t h i s  halogen a r e  employed i n  water p u r i f i c a t i o n ,  wastewater t r ea tmen t ,  pulp 
and paper m i l l s ,  and f e r r o u s  and nonferrous metal f l w i n g [ 6 3 , 6 4 ] .  Chlorides 
a r e  a l s o  r e l eased  i n t o  the  atmosphere a s  a r e s u l t  of c o a l  combustion[62]. 

I n d u s t r i e s  

4. Atmospheric Transport ,  Transformation and Deposit ion 

Anthropogenic sources  of oxides  of  S and N a r e  introduced i n t o  the a t m o -  
sphere a t  he igh t s  ranging from near the ground ( c a r  exhaust)  t o  over 1000 f t  
( t a l l  s t a c k s ) .  A s  has a l r e a d y  been noted n a t u r a l  sources  c o n t r i b u t e  s i g n i f i -  
can t ly .  The f a t e  of  t hese  m a t e r i a l s  is determined by physical  processes  of 
d i spe r s ion ,  t r a n s p o r t  and depos i t i on .  Complex chemical t ransformations take 
place between the  p l ace  of emission and t h e  f i n a l  d e s t i n a t i o n  of t he  po l lu t an t .  

Residence t i m e  of p o l l u t a n t s  i n  the atmosphere may be s h o r t ,  a s  when such 
p o l l u t a n t s  become in j ec t ed  during a storm, o r  long (day o r  weeks) during 
d r i e r  weather. During the  l a t t e r  c a s e ,  p a r t i a l l y  transformed p o l l u t a n t s  may 
be c a r r i e d  f o r  long d i s t ances .  The a b i l i t y  t o  p r e d i c t  t h e  f a t e  of  t hese  
p o l l u t a n t s  is a methodology s t i l l  i n  the  e a r l y  s t a g e s  of development. 

Meterological e f f e c t s  a r e  a l s o  d i f f i c u l t  t o  p r e d i c t .  General ly ,  during 
the Winter, t he  winds tend t o  c a r r y  e a s t e r n  U.S. emissions ou t  t o  sea while 
i n  the  summer they are c a r r i e d  northward by the  Winds. The o v e r a l l  e f f e c t  
is p r e c i p i t a t i o n  with a low (<5) average annual pH over e a s t e r n  North 
America[65]. 

Analysis of  ra inwater  from e a s t e r n  North America sugges t s  t h a t  about 
62% of the a c i d i t y  is due t o  H2SO4, 32% t o  HNO3 and 6% t o  HC1[11]. 
bel ieved t h a t  t he  major source of t hese  a c i d s  i n  p r e c i p i t a t i o n  is t he  oxida- 
t i o n  end products of  SOx and NO,. Thus, t h e  rate a t  which SOx and NO, (from 
t h e i r  source t o  t h e i r  eventual  d e s t i n a t i o n )  are transformed i n t o  t h e i r  
r e spec t ive  a c i d s  is a c r u c i a l  f a c t o r  i n  determining no t  on ly  t h e  pH of  
p r e c i p i t a t i o n  but a l s o  the  r e c i p i e n t  l o c a t i o n .  

It is 

4.1 Chemical Transformation During Transport  

Atmospheric s u l f u r  d iox ide  may be converted t o  s u l f a t e  i n  two ways[l8]. 
The f i r s t  type of r e a c t i o n  involves  substances t h a t  a r e  p re sen t  i n  t h e  gas 
phase. I n  po l lu t ed  atmospheres, gaseous s u l f u r  d iox ide  i s  oxidized t o  
s u l f a t e  a f t e r  gas-phase c o l l i s i o n s  with s t rong  ox id iz ing  r a d i c a l s  (HO', HO2', .  
CH302*)[18]. 
r a d i c a l s  as intermediate  p roduc t s [ l8 ] .  The r a t i o  of  hydrocarbon t o  NO,, 
s o l a r  r a d i a t i o n ,  temperature,  dew po in t  and the  concen t r a t ions  of  s u l f u r  
dioxide and the  ox id iz ing  r a d i c a l s  determine t h e  rate of oxidat ion[l8,66] .  
When t h i s  process  i s  c a r r i e d  ou t  i n  pure a i r ,  t h e  product ion o f  s u l f a t e  i s  
ins ign i f i can t (661 .  Estimated rates of  t h i s  r e a c t i o n  i n  po l lu t ed  a i r  range 
from 0.1-10% per hour[ l8] .  

Photo-oxidation of hydrocarbon-NO, emissions provides  these  

The second type of r e a c t i o n ,  which is bel ieved t o  remove 90% of t h e  
s u l f u r  dioxide from the atmosphere[67] proceeds i n  l i q u i d  particles o r  on 
p a r t i c l e  surfaces:  (1) when t r a n s i t i o n  metals such as Fe and Mn aye p resen t  
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i n  high M) concen t r a t ions  i n  the  atmosphere, they may b r ing  about 
t h e  ca t a lyzed  ox ida t ion  of SO2 i n  s o l  t i o n [ 6 8 ] ,  (2 )  another  mechanism is 

promote,oxidation of  so2 a t  a rate comparable t o  that of  i n d i r e c t  photo- 
o x i d a t i o n [ l 8 ] ,  and (3) a t h i r d  mechanism has been demonstrated on ly  i n  the  
l abora to ry  and i s  p r i m a r i l y  concerned with surface-catalyzed ox ida t ion  of  
so2, t h e  su r face  i n  t h i s  ca se  being carbon o r  soot[69] .  Su l fu r  dioxide 
ox ida t ion  t o  s u l f a t e  on f i l t e r s  f i l l e d  with s o o t  does no t  n e c e s s a r i l y  r e l a t e  
t o  such a phenomenon's occu r r ing  i n  t h e  atmosphere. The rates of occurrence 
of t hese  t h r e e  mechanisms i n  the  atmosphere are unknown. 

dependent upon ozone and H202 sorbed 1 n l i q u i d  d r o p l e t s  which are a b l e  t o  

The process  by which NO and NO2 a r e  converted t o  a c i d i c  end products  a r e  
of p r i n c i p a l  concern i n  the  formation of ac id  r a i n  and are g e n e r a l l y  poorly 
understood[70].  
gas-phase r eac t ions [70] .  
concentration-dependent[70]. 
r a t e  of 8% per minute[70]. 
r a d i a t i o n  t h e  process  may proceed i n  a matter of seconds,  as i t  i s  known t o  
do i n  smog[70]. 
o t h e r  compounds such a s  CO, hydrocarbons and aldehydes[21].  Diurnal photo- 
chemical c y c l e s  both produce and d e s t r o y  ozone[21]. 
r e a c t i o n s  NO2 is converted t o  HN03 vapor,and NO and NO2 may be sorbed onto 
e x i s t i n g  p a r t i c l e s [ 2 1 ] .  Exact conversion r a t e s  a r e  no t  w e l l  known and a r e  
thought t o  vary seasonal ly[71,72] .  It i s  a l s o  thought t h a t  N compounds have 
a g r e a t e r  r e s idence  t i m e  than SOx[721. 

N i t r i c  oxide emissions a r e  p a r t i a l l y  converted t o  NO2 by 
The r a t e  a t  which t h i s  process  proceeds i s  

A t  h igh  concen t r a t ions  i t  may proceed a t  the  
I n  a po l lu t ed  atmosphere exposed t o  s o l a r  

Involved i n  t h i s  r ap id  conversion are t r a n s i e n t  spec ie s  and 

As p a r t s  of  t h i s  set of 

4.2 Removal of P o l l u t a n t s  by P r e c i p i t a t i o n  

Kladlecek e t  a1.[73] r e c e n t l y  published a paper on the  chemical composi- 
t i o n  of cumulus clouds.  The pH of  c louds i s  more a c i d i c  i n  r u r a l  regions than 
i n  urban ones.  Tanner and h i s  co-workers[74] have a l s o  made t h i s  observat ion.  
Clouds, however, va ry  between urban and r u r a l  r eg ions  i n  the  sense t h a t  they 
may d i f f e r  i n  s i z e ,  i n  a l t i t u d e ,  and i n  formation; t h e r e f o r e ,  t hese  da t a  are 
not  e n t i r e l y  comparable and should be viewed on ly  a s  a " r u l e  of  thumb". The 
second po in t  t h a t  may be.gleaned from t h e i r  f i g u r e s  i s  t h a t  t he  t o t a l  com- 
p o s i t i o n  o f  t he  cumulus cloud needs t o  be considered;  HNO3 and H2SO4 are 
c l e a r l y  no t  t he  whole s to ry .  

The removal of substances from the atmosphere may occur i n  two s teps(751.  
The f i r s t  i nvo lves  t h e  condensation of  water vapor on cloud condensation 
nuc le i .  The s t e p  is c a l l e d  r a i n o u t .  Some of t hese  n u c l e i  a r e  thought t o  be 
s u l f a t e  p a r t i c l e s  formed by gas-phase c o l l i s i o n s  with ox id iz ing  r a d i c a l s  
( H O ' ,  H02', CH302')[75]. 
i nc rease ,  and s o l u b l e  p o l l u t a n t s  d i s s o l v e ,  undergo chemical changes, and 
slowly begin t o  f a l l  t o  t he  ground[75]. The removal of m a t e r i a l s  below the  
cloud base through r a i n  is  c a l l e d  washout[75]. The presence of NH3 hastens 
the  abso rp t ion  of SO2 and i t s  conversion t o  s u l f a t e [ 7 6 ] .  
s i m i l a r  processes  which b r ing  about i t s  removal from the  atmosphere[76]. 

A t  t h i s  po in t  t h e  s i z e  of d r o p l e t s  begins  t o  

NOx undergoes 

While the  r a t e  of gas-phase ox ida t ion  of SO2 i n  the  atmosphere is pri-  
mar i ly  c o n t r o l l e d  by t h e  concen t r a t ion  of HO'[77] and t o  a lesser ex ten t  by 
HOq' and CH3O2', t h e  product ion of ~ 2 S 0 4  wi th in  cloud d r o p l e t s  and r a i n  i s  
c h i e f l y  governed by H202[77]. The q u a n t i t y  of  H202 i n  s o l u t i o n  apparent ly  
determines t h e  e x t e n t  of i t s  c o n t r i b u t i o n  t o  the  a c i d i t y  of  cloud d r o p l e t s  
and r a i n [  771. 
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4.3 Local Transport and Long Range Transport of Emission Pollutants 

It has been asserted that acid rain is primarily the result of long range 
transport of pollutants that have been emitted from tall stacks belonging to 
coal-fired utilities [ll]. These pollutants are believed to originate from 
the combustion of large quantities of fossil fuels [111. 
ies have been published which have presented data t.bt refute the idea that 
acid rain results primarily from long range transport of pollutants [78]. 

Recently, some stud- 

Esposito et al. 1781 have shown that the U.S.  regions most at risk consume 
large quantities of oil. 
distillate oil burned in the country is consumed in the eight-state region 
surrounding the Adirondack Mountains. 
consumer and Florida is the third. Moreover, oil fired boilers produce 3-10 
times as much sulfate (not SO2) per unit of S content as do coal-fired units. 
As mentioned earlier, the presence of V is thought tohasten this process [MI. 
It may be speculated that local sources may be more important than long range 
transport. 

Forty percent of the residual and 36% of the 

California is the second largest oil 

Another approach to the transport controversy has been utilized by 
Rahn 179-811 who has attempted to "fingerprint" emissions by utilizing element 
matrix analysis. 
ticulate matter in aerosols might reflect the origin of such matter and may 
even help resolve the question of long range transport contribution in 
contrast to that of local sources. Thus, aerosols relatively enriched in V 
might suggest a petroleum contribution, while those high in Mn might reflect 
coal combustion. As yet, this methodology has not been systematically eval- 
uated for eastern North America. A number of concerns must be alleviated 
before this approach can become routine. First, the underlying assumption is 
that particulate matter enriched in V or Mn behave in the same fashion in the 
atmosphere as those enriched in sulfates and nitrates. Furthermore, Mn is 
often found enriched in large particles which, due to the nature of their 
size, are unlikely to contribute to those aerosols typical of long range 
transport [82]. Coal is deficient in Mn relative to that of soil 1821. Thus, 
the origin of fine particles enriched in Mn is not certain. Even though 
Rahn's method includes a correction for the presence of crustal chemical 
contributions, the source of these fine particles enriched in Mn remains 
uncertain. Vanadium, on the other hand, is found enriched in fine particles 
in the eastern United States. Again, the source of such particles is 
unknown [92]. 
and its behavior is more likely to simulate that of S than Mn 1821. 
suggestion, however, has not been systematically pursued. A second concern 
with Rahn's approach is the inability to separate out air masses of varying 
chemical composition which originate in the midwest but have received chemical 
contributions from eastern cities [82]. 

He has proposed that the elemental concentration of par- 

It should be noted that Se is also released in coal combustion 
This 

Although Rahn's approach has not been validated or confirmed for eastern 
North America [81], it apparently has been successful elsewhere 183,841. For 
example, his data suggest that Arctic haze noted in Alaska may originate from 
possible smelter operations in Eurasia 1841. 

Still another approach is being used. D r .  L. Neman of the Brookhaven 
National Laboratory and a group at Argonne National Laboratory are studying 
the distribution of stable isotopes of S (32S, 34S) and 0 (180) in the 
atmosphere. The pioneer in this approach was M. L. Jensen 1851 who studied 
the 32S/34S distribution in the vicinity of Salt Lake City. 
isotopes of S, he was able to separate biogenic contributions from anthro- 
pogenic ones. During the copper workers strike of July 1971, when a large 

By using stable 
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scale copper smelter w a s  shu t  down, he was a b l e  t o  show t h a t  t h e  p r i n c i p a l  
source of S i n  t h e  atmosphere w a s  t h e  Great S a l t  Lake where bac te r iogen ic  S 
was r e l e a s e d  by anae rob ic  a c t i v i t y  i n  t h e  mud. When t h e  copper smelter w a s  
aga in  func t ion ing ,  t h e  c i t y  received twice as much from t h e  smelter as it d i d  
from the  l a k e  and 1 5  t i m e s  as much S as i t  d i d  from r e f i n e r i e s  and automobiles.  

4.4 Deposi t ion 

"Acid r a i n "  r e f e r s  t o  p r e c i p i t a t i o n  t h a t  has  a pH less than t h e  norm of 
5.6 s i n c e  unpol luted r a i n  may be similar t o  d i s t i l l e d  water in equ i l ib r ium 
with Cog which has  a pH o f  5.6. The term d r y  d e p o s i t i o n  r e f e r s  t o  a c i d  depo- 
s i t e d  in t h e  form of g a s e s ,  s o l i d s ,  f o g s ,  hazes  and m i s t s .  The c o n t r i b u t i o n  
t o  terrestr ia l  a c i d i t y  from d r y  d e p o s i t i o n  is poor ly  understood and d i f f i c u l t  
t o  measure: however, Galloway and Whelpdale[86] in t h e i r  proposed S budget 
f o r  t h e  e a s t e r n  p o r t i o n  of  t h e  United S t a t e s ,  employed a g r e a t e r  rate of 
d e p o s i t i o n  per  square meter of  land s u r f a c e  f o r  d r y  d e p o s i t i o n  than f o r  r a i n .  
I n  c o n t r a s t ,  Kerr[87]  in h i s  Adirondack s tudy  proposed t h a t  d r y  d e p o s i t i o n  of 
SOx w a s  about 33% of t h e  t o t a l  d e p o s i t i o n .  

The q u a n t i t y  of  hydrogen ions i n  fog can be g rea t [88 ,89 ] .  A s tudy(891 
w a s  c a r r i e d  o u t  in sou the rn  C a l i f o r n i a  which showed fog water t o  have a 
g r e a t e r  c o n c e n t r a t i o n  of SO4=, NO3= and NH4+ than observed i n  water d r o p l e t s .  
These a u t h o r s  suggest  t h a t  t h e i r  o b s e r v a t i o n s  r e s u l t  from fog water con- 
densing and evapora t ing  on p r e e x i s t i n g  a e r o s o l s  and from scavenging of gas- 
phase HNO3. 

It is n o t  p o s s i b l e  in t h i s  review t o  cover  a l l  t h e  p e r t i n e n t  a s p e c t s  of 
ac id  p r e c i p i t a t i o n  under the  heading of a tmospheric  s c i ences .  There are many 
reviews t h a t  may be examined f o r  d e t a i l e d  d i s c u s s i o n s  of d ry  d e p o s i t i o n ,  
model approaches t o  v a r i o u s  a s p e c t s  of t r a n s p o r t  and d e p o s i t i o n ,  and t h e  
v a r i a t i o n  of N and S ox ides  in p r e c i p i t a t i o n  in r e l a t i o n  t o  the  season of  
t he  yea r .  The most r e c e n t  and up-to-date of  t h e s e  reviews is t h e  two volume 
work e d i t e d  by A l t s h u l l e r  and L i n t h u r s t [ 9 0 ]  t o  which t h e  r eade r  is r e f e r r e d .  

5. Environmental E f f e c t s  of  Acid P r e c i p i t a t i o n  

5.1 Acid P r e c i p i t a t i o n  T i m e  Trends 

Cogbil l  and Likens[35]  gathered p r e c i p i t a t i o n  d a t a  from the  1950s and the 
1960s and c a l c u l a t e d  the  pH from t h e  ion concen t r a t ions .  Based on t hese  cal- 
c u l a t e d  f i g u r e s ,  t hey  cons t ruc t ed  maps and e s t ima ted  long term t r ends .  These 
long term t r e n d s  have been widely quoted and r epub l i shed .  Based on t hese  
c a l c u l a t e d  f i g u r e s ,  i t  has  been concluded t h a t  New England and New York have 
been s u f f e r i n g  from r a i n s  of i n c r e a s i n g  a c i d i t y  over  t he  pas t  t h r e e  decades 
and fur thermore t h a t  t h e  geographic  d i s t r i b u t i o n  of t h e s e  r a i n s  is widening. 

There has  been much c r i t i c i sm of t h i s  work. I n  p a r t i c u l a r ,  sampling 
methods[91] and p rese rva t ion [91]  d i f f e r e d  between the  1950s and the  e a r l y  
1970s,  and the  sampling sites were no t  similar. S p e c i f i c  f a u l t s  w i th  t h e  
Cogb i l l  and Likens d a t a  are l i s t e d  below[14,91].  

1955-56 and 1965-66 
10 common s i tes  
4 showed an i n c r e a s e  in pH 
2 showed a dec rease  in pH 
4 remained t h e  same 
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1955-56 and 1972-73 
2 common s i tes  
1 showed an i n c r e a s e  in pH 
1 showed a dec rease  in pH 

1965-66 and 1972-73 

3 showed an  i n c r e a s e  i n  pH 
2 showed a dec rease  in pH 
3 showed no change 

'8 common sites 

Therefore ,  cr i t ics  f e e l  t h a t  t h e  h i s t o r i c a l  a s p e c t s  of  t h e  a c i d  p r e c i p i t a t i o n  
problem is apocryphal in t h e  states surrounding and inc lud ing  t h e  Adirondacks. 
It is clear t h a t  d a t a  such as t h a t  shown above are t r e n d l e s s [ l 4 ] .  I n  add i t ion ,  
a U.S. Geological  Survey of  t h e  a c i d i t y  of  p r e c i p i t a t i o n  and s u r f a c e  waters 
i n  New York S t a t e  from 1965-1978 has f a i l e d  t o  phow any s i g n i f i c a n t  t r end  i n  
d e c l i n i n g  pH va lues  f o r  t h e  per iod s tud ied [92] .  These a u t h o r s  also discovered 
t h a t  t h e  s u l f a t e  q u a n t i t y  in p r e c i p i t a t i o n  d e c l i n e d  an average of  1-4% 
annua l ly ,  t h a t  no t r end  in n i t r a t e  w a s  no ted ,  and t h a t  t h e  hydrogen ion 
concen t r a t ion  f a i l e d  t o  c o r r e l a t e  w i th  measured t r e n d s  o f  s u l f a t e  and n i t r a t e .  
Th i s  obse rva t ion  sugges t s  t h a t  v a r i a b l e  n e u t r a l i z i n g  f a c t o r s  are a t  work t h a t  
have c l e a r l y  no t  been i d e n t i f i e d [ 9 2 ] .  Th i s  would suggest  t h a t  t h e  proposal  
of  Cogb i l l  and Likens[35]  namely t h a t  t h e r e  is an h i s t o r i c a l  a s p e c t  t o  t h e  
a c i d i t y  of p r e c i p i t a t i o n  in New England and New York is u n s u b s t a n t i a t e d .  

P e t e r s  e t & . [ 9 2 ]  have noted t h a t  du r ing  the  per iod 1965-1978 s i g n i f i c a n t  
t r e n d s  in t h e  pH of  s u r f a c e  waters i n  New York S t a t e  occurred.  The e f f e c t  of 
p r e c i p i t a t i o n  could no t  be i d e n t i f i e d  because of t h e  c o n t r i b u t i o n s  from ag r i -  
c u l t u r e  and indus t ry .  Despi te  t h i s  conc lus ion ,  t h e s e  a u t h o r s  p o i n t  ou t  t h a t  
a 1-4% annual d e c l i n e  in s u l f a t e  c o n c e n t r a t i o n s  in streams w a s  similar t o  
t h a t  noted in p r e c i p i t a t i o n .  

P f e i f f e r  and Fes t a [93 ]  have r e c e n t l y  examined s u r f a c e  waters in New York 
S t a t e  u t i l i z i n g  a H e l l i g e  compar i to r ,  t h e  same c o l o r i m e t r i c  method u t i l i z e d  
in t h e  1930s. Examining the  same group of  l a k e s ,  t hey  concluded t h a t  a 
gene ra l  d e t e r i o r a t i o n  of  bo th  pH and g e n e r a l  water q u a l i t y  had occurred 
during the  40-year per iod between s t u d i e s .  

Kramer and T e s s i e r [ 9 4 ]  publ ished a reassessment  of  h i s t o r i c a l  pH and 
a l k a l i n i t y  d a t a .  They pointed ou t  t h a t  s t u d i e s  such as  those  of  P f e i f f e r  
and Fes t a [93 ]  should be viewed wi th  t h e  fol lowing in mind: 

1. Type of sample c o n t a i n e r  must be considered s i n c e  those  employed 
p r i o r  t o  1960 could have c o n t r i b u t e d  a l k a l i n i t y  t o  t h e  sample. 

Color comparator d a t a ,  w i t h  s u i t a b l e  c o r r e c t i o n s  appea r s  t o  provide 
t h e  most r e l i a b l e  d a t a .  

2 .  

Clarke[95]  has pointed ou t  t h a t  c o l o r  comparator methods are s u b j e c t  t o  e r r o r  
due to  n a t u r a l  c o l o r  of  waters, t o  t u r b i d i t y  and, t o  t h e  weak b u f f e r  correc-  
t i o n .  It is n o t  known whether such c o n s i d e r a t i o n s  were made i n  t h e  s tudy  of  
P f e i f f e r  and Fes t a [83 ] .  

Recent ly ,  t h e r e  have been a number of a u t h o r s  [96-1001 who have suggested 
t h a t  t he  a c i d i f i c a t i o n  of  s u r f a c e  waters may in p a r t  be t h e  r e s u l t  of major 
changes i n  land-use. F u r t h e r ,  t hey  have suggested t h a t  many of  t h e  r eg ions  
p r e s e n t l y  a t  r i s k  have undergone such land-use changes s i n c e  t h e  t u r n  of  t h i s  
cen tu ry .  It has  a l s o  been pointed ou t [96 ]  t h a t  s o i l s  of  t h e  Adirondack 
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Mountains, New England, southern Scandinavia,  and e a s t e r n  Canada have s o i l s  
with pH va lues  lower than 4, which is lower than the  pH of  the  r a i n  these  
a reas  a r e  p r e s e n t l y  r ece iv ing .  

Munger and Eisenreich[lOO] have published an ex tens ive  review on precipi-  
t a t i o n  chemistry.  One of t h e i r  major conclusions has  been t h a t  p r e c i p i t a t i o n  
a c i d i t y  is l a r g e l y  con t ro l l ed  by land-use p a t t e r n s  i n  a given region and is 
most pronounced where emissions of N and S ox ides  of anthropogenic o r i g i n  a r e  
g r e a t e s t  and s o i l  bu f fe r ing  capac i ty  is lowest.  Thus, i t  must be considered 
t h a t  t he  observed excess ive  a c i d i f i c a t i o n  of su r face  waters  i n  s e n s i t i v e  
regions of  t h e  world is i n  part t h e  r e s u l t  of changes i n  land-uses which have 
occurred du r ing  t h i s  century.  ’ 

Acid p r e c i p i t a t i o n  t i m e  t r ends ,  a s  r e f l e c t e d  by the  pH of  su r face  waters ,  
a r e  well-documented i n  Northern Europe[lOl]. The work of Wright and h i s  
a s s o c i a t e s [ l 0 2 ]  c l e a r l y  demonstrates a d e c l i n e  between 1950 and 1970 i n  the  
pH of su r face  waters  i n  southern Norway. The ques t ion  of changes i n  land-use 
and concomitant i n c r e a s e s  i n  the  a c i d i t y  of runoff passing t o  l a k e s  and 
streams is discussed by Overrein e t  a1.[101) though the  c o n t r i b u t i o n  from 
a g r i c u l t u r e  is sti l l  l a r g e l y  unquant i f ied.  

5.2 Areas a f f e c t e d  by Acid P r e c i p i t a t i o n  

The chemical composition of a l a k e  is determined by the  a c t i o n  of t h r e e  
s i g n i f i c a n t  processes:  p r e c i p i t a t i o n ,  watershed d ra inage ,  and the  anaerobic  
condi t ion of t h e  mud. 
from anaerobic  mud is d i f f i c u l t .  This  c r e a t e s  complicat ions i n  determining 
the amount o f  l i m e  s u f f i c i e n t  t o  r a i s e  the  pH of  a l ake .  

Est imat ing the  H+ c o n t r i b u t i o n  t o  the deeper waters  

The g r a n i t i c  r eg ions  of t h e  world[35,102-1061 have l a k e s  which a r e  par- 
t i c u l a r l y  a t  r i s k .  These a r e a s  are formed from bedrock t h a t  weathers slowly. 
Such p l aces  support  s o f t  water l a k e s  which were i n i t i a l l y  weakly a c i d i c  and 
now a r e  poorly buffered and con ta in  water impoverished i n  i o n i c  composition. 
I n  North America t h e  regions most a t  r i s k  a r e :  New England[35,106]; e a s t e r n  
Canada[l03]; t h e  r eg ion  south of  t he  Pre-Cambrian Sh ie ld ,  s p e c i f i c a l l y  
Ontario;  t h e  West Coast extending from B r i t i s h  Columbia south including 
Washington, Oregon, a l l  but t h e  no r the rn  t i p  of Idaho and much of e a s t e r n  
Ca l i fo rn ia [78 ] ;  t he  western s lope  of  t he  Rockies i n  Colorado, and a narrow 
s t r i p  extending south of Pennsylvania forming an a r c  i n  a south wes te r ly  
d i r e c t i o n  inc lud ing  the  B l u e  Ridge mountains and extending a c r o s s  no r the rn  
Georgia and Alabama. 

There a r e  r eg ions  i d  Maine[lO7] where the  bedrock is g r a n i t e ,  t he  mean pH 
of t h e  p r e c i p i t a t i o n  is 4.3 and t h e  l a k e s  a r e  a l k a l i n e .  
feeding t h e  l a k e s  con ta in  l imestone till and marine c l ay .  Thus, t h e  
m a t e r i a l s  received by t h e  lakes from the d ra inage  bas in  have been heav i ly  
buffered and such l a k e s  are not  a t  r i s k .  So f t  water lakes i n  F lo r ida [ l08 ] ,  
s p e c i f i c a l l y  t h e  T r a i l  Ridge Lakes with t h e i r  low buf fe r ing  capac i ty ,  which 
received ac id  p r e c i p i t a t i o n  shoved a d e c l i n e  i n  pH s i n c e  the  e a r l y  1960s. 
c o n t r a s t ,  s o f t  water l a k e s  i n  Highland County, Flor ida[ lO8] where p rec ip i t a -  
t i o n  is n o t  a c i d i c ,  have exh ib i t ed  no such t r end  i n  dec l in ing  pH dur ing  the 
pas t  two decades[lOB]. 

The drainage bas ins  

I n  

The reg ions  i n  t h e  Old World-most a t  r i s k  a r e  i n  southern I 
Scandinavia[101.102,105]. These areas are a l l  loca t ed  i n  g r a n i t e  bedrock 
,and are s o f t  water l a k e s  t h a t  have been r ece iv ing  ac id  p r e c i p i t a t i o n  thought 
t o  be  produced by t h e  heav i ly  i n d u s t r i a l i z e d  a r e a s  of c o n t i n e n t a l  Europe. 
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Well buffered l a k e s  with n e u t r a l  t o  a l k a l i n e  pH ranges have maintained 
t h e i r  H+ concen t r a t ion  a t  s t a b l e  l e v e l s  f o r  t h e  p a s t  c e n t u r y ,  but  t h e  s u l f a t e  
con ten t  o f  t h e  s u r f a c e  water has inc reased  s e v e r a l  fold[109,110] .  Such l a k e s  
are found in t h e  ca l ca reous  r eg ions  of t h e  world. A s  noted above, i f  alka- 
l i n e  c l a y s  are p a r t  o f  t h e  d ra inage  b a s i n ,  t h e i r  b u f f e r i n g  c a p a c i t y  p r o t e c t s  
t he  r e c e i v i n g  l a k e  from t h e  e f f e c t s  of  a c i d  p r e c i p i t a t i o n .  The Western 
s e c t i o n s  o f  t h e  United S t a t e s ,  t h e  p l a i n s  and t h e  d e s e r t ,  and most of  t h e  
mountainous r eg ions  do not  s u f f e r  from a c i d  p r e c i p i t a t i o n  a p p a r e n t l y  due t o  
t h e  observed presence of a l k a l i n e  p a r t i c l e s  i n  t h e  l o c a l  p r e c i p i t a t i o n [ l l l ] .  

5.3 E f f e c t s  of Acidic  P r e c i p i t a t i o n  on Aquatic Systems 

Soft  water l a k e s  are u s u a l l y  formed by d ra inage  from a c i d i c  igneous rocks.  
The i r  n a t u r a l l y  occur r ing  b i o t a  d i f f e r s  from hard water l a k e s  which are formed 
by d ra inage  from ca lca reous  d e p o s i t s  and c o n t a i n  h igh  amounts of  a l k a l i n e  
e a r t h [ l 3 ] .  Hardness i s  u s u a l l y  a s s o c i a t e d  wi th  a l k a l i n i t y  which i n c r e a s e s  
t h e  c a p a c i t y  of t h e  water t o  n e u t r a l i z e  o r  b u f f e r  t h e  incoming a c i d i t y .  

The n a t u r a l  range of  pH i n  l a k e s  of  t h e  world i s  from 1.7 in Miyagi,  
Japan,  a vo lcan ic  l a k e  con ta in ing  474 ppm SO4= t o  12 i n  Lake Nakuru, an 
a l k a l i n e  l a k e  i n  Kenya[7]. The a c i d i c  l a k e  suppor t s  s u l f u r  b a c t e r i a .  The 
a l k a l i n e  l a k e  ha rbor s  a l g a e  which are e a t e n  by b i r d s .  Both are f i s h l e s s .  

The n a t u r a l  pH range of  bod ie s  of  water t h a t  support  f i s h  i s  9.0 t o  
6.5[111]. Above and below this range most f i s h  f a i l  t o  s u r v i v e [ l l l ] .  
Impaired body sa l t  r e g u l a t i o n  is t h e  p r i n c i p a l  cause of  f i s h  d e a t h  i n  a c i d  
r i v e r s  and l a k e s [ l l l ] .  Na and C 1  ions i n  blood plasma show c o n s i s t e n t l y  
lower c o n c e n t r a t i o n s  under a c i d  s t r e s s [ l l l , l l 2 ] .  Secondary e f f e c t s  i n c l u d e  
reduced K c o n c e n t r a t i o n s  in muscle t i s s u e [ l l l , l l 2 ] .  

Al is  leached from s o i l s  r e c e i v i n g  a c i d  p r e c i p i t a t i o n [ l l 3 ] .  An A l  bu f fe r  
system r e p l a c e s  t h e  b ioca rbona te  system when l a k e s  have a pH less than 
5[113].  The Al t o x i c i t y  (0.2 ppm and up) depends on water pH and i s  maximum 
around 5[113].  Toxic e f f e c t s  are a b s e n t  a t  pH 6[113] .  At t o x i c i t y  i n  a c i d  
water a f f e c t s  t h e  g i l l s  by p h y s i c a l l y  c logging them; t h u s ,  i n i t i a t i n g  mucous 
development which d i s t u r b s  i o n  exchange and b r i n g s  about  a d e p l e t i o n  of  t h e  
body sa l t  c o n t e n t [ l l 3 ] .  

A v a r i e t y  of  s t u d i e s [ l l 4 , 1 1 5 ]  have r evea led  h igh  Hg c o n c e n t r a t i o n s  i n  
a c i d  water bodies .  These are o f t e n  an o r d e r  of  magnitude above t h a t  accept-  
a b l e  in dr ink ing  water s u p p l i e s .  Mercury h a s  been leached ou t  o f  t h e  
d ra inage  bas in  r e c e i v i n g  ac id  p r e c i p i t a t i o n .  

Aquatic systems t h a t  have undergone pH d e c l i n e s  s u f f e r  s eve re  r e d u c t i o n  
in t h e  number o f  l i v i n g  s p e c i e s  indigenous t o  a normal water supply.  For 
example, a c i d i f i c a t i o n  of  l a k e s  reduces mic rob io log ica l  ac t iv i ty [ l l6 -1181 .  
Th i s  r e s u l t s  in reduced rates of  decomposition and pe rmi t s  o rgan ic  matter 
t o  accumulate.  A c i d i f i c a t i o n  of  l a k e s  a l s o  reduces t h e  number o f  
zoop lank ton[ l l9 ] ,  phytoplankton[l20] ,  a q u a t i c  i n s e c t s [ l 2 1 ] ,  b e n t h i c  c r u s t a -  
ceans and mol luscs [ l22 ] ,  and i t  f o s t e r s  t h e  growth of  a c i d o p h i l i c  p l a n t s  
which tend t o  c l o g  waterways. Gene ra l ly ,  a c i d i f i c a t i o n  of l a k e s  creates 
havoc in t h e  ecosystem by d e s t r o y i n g  t h e  food supply bo th  o f  f i s h  and of t h e  
smaller organisms. 

The e f f e c t s  o f  i nc reased  a c i d i f i c a t i o n  of  s u r f a c e  waters on macrophytes 
has  n o t  been w e l l  documented; however dominant s p e c i e s  appear  t o  be similar 
in most l a k e s  wi th  a pH o f  7.5[123]. Although i t  might be expected t h a t  
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dominant macrophyte s p e c i e s  may be replaced by Sphagnum which has  been noted 
i n  some Swedish l akes [124] ,  t h i s  has  not  been observed i n  o l igo t roph ic  l a k e s  
i n  North America[l23].  

The most pronounced evidence f o r  t h e  i n f l u e n c e  of a c i d i c  p r e c i p i t a t i o n  on 
aqua t i c  b i o t a  has  been t h e  adverse e f f e c t s  on f i s h  populat ions.  Regions, 
where h i s t o r i c a l  r eco rds  a r e  a v a i l a b l e  a r e  southern Norway[l25], t he  l a k e s  of 
the La Cloche Mountains i n  On ta r io [ l26 ] ,  and some l a k e s  i n  the  Adirondack 
Mountains[l27].  It is important  t o  r e a l i z e  t h a t  l a k e s  now void of f i s h  need 
not have l o s t  t h e i r  f i s h  populat ions due t o  inc reased  a c i d i t y  of t h e i r  
waters .  I n  a d d i t i o n ,  f i s h l e s s  l a k e s  may always have been void of f i s h .  
H i s t o r i c  t r end  d a t a  f o r  t h e  l a k e s  o f  t h e  Adirondack Mountains a r e  scant  and 
t h e i r  f i s h l e s s  s t a t e  can g e n e r a l l y  not  be s p e c i f i c a l l y  r e l a t e d  t o  the  r e s u l t s  
of lowered pH. 

5.4 E f f e c t s  o f  Acidic  P r e c i p i t a t i o n  on T e r r e s t r i a l  Systems 

5.4.1 S o i l s  

Some invest igators[ l28-1301 have s t a t e d  t h a t  t h e  e f f e c t  of ac id  p rec ip i -  
t a t i o n  on s o i l s  i s  minimal compared t o  t h a t  of t h e  i n f l u e n c e  of a g r i c u l t u r a l  
p r a c t i c e s .  General ly ,  s o i l s  t h a t  r e c e i v e  v a r i o u s  types  of n u t r i e n t  appl ica-  
t i o n  as a r e s u l t  of a g r i c u l t u r a l  p r a c t i c e s  a r e  p ro tec t ed  from the  e f f e c t s  of 
a c i d i c  p r e c i p i t a t i o n [ l 3 1 ] .  N a t u r a l l y  a c i d  s o i l s  a r e  common i n  r eg ions  of 
high r a i n f a l l .  Acidic  p r e c i p i t a t i o n  obviously c o n t r i b u t e s  t o  t h i s  process ,  
though p r e s e n t l y  t h e  e f f e c t  i s  thought t o  be minimal[ l31] .  S o i l s  t h a t  a r e  
poorly buffered have probably been a c i d  f o r  some time and such s o i l s  a r e  not  
l i k e l y  t o  be damaged by e x c e s s i v e l y  a c i d i c  p r e c i p i t a t i o n .  

Many yea r s  ago it  was comon  t o  hea r  farmers  comment t h a t  farmland in t he  
proximity of urban c e n t e r s  received p r e c i p i t a t i o n  b e n e f i c i a l  t o  p l a n t s .  This  
f a c t  has  been documented s i n c e  t h e  middle of t he  l a s t  cen tu ry ( l321 .  It has  
been presumed t h a t  HNO3 i s  r a p i d l y  u t i l i z e d  by p l a n t s  but  s i n c e  S def i c i en -  
c i e s  a r e  r a r e ,  t h e  b e n e f i t s  of H2SO4 t o  p l a n t  growth a r e  probably s l i g h t -  It 
i s  we l l  known t h a t  repeated but small  a p p l i c a t i o n s  of n u t r i e n t s  t o  l e a v e s  has  
a s t i m u l a t i n g  and p o s i t i v e  e f f e c t  on y ie ld [133] .  

Long term e f f e c t s  of a c i d  d e p o s i t i o n  on s o i l s  would be expected t o  br ing 
about a modified c a t i o n  exchange c a p a c i t y  by r ep lac ing  Ca* wi th  H+ on 
a v a i l a b l e  exchange s p o t s  i n  o rgan ic  m a t t e r  and c l a y .  Long term e f f e c t s  could 
a l s o  inc lude  a removal of necessa ry  p l a n t  n u t r i e n t s  which could r e s u l t  i n  
impoverished y i e lds [134] .  C lea r ly ,  ca l ca reous  s o i l s ,  c l a y s  with a pH g r e a t e r  
than 6 ,  and c u l t i v a t e d  s o i l s  a r e  no t  a t  r i s k .  Noncalcareous c l a y s  and sandy 
s o i l s  with poor bu f fe r ing  c a p a c i t i e s  are a t  r i s k .  Slow but  continuous remov- 
a l  o f  Al from a s o i l  p r o f i l e  cannot be b e n e f i c i a l  and i f  t h e  pH o f  t h e  s o i l  
i s  less than 5 ,  Al a v a i l a b i l i t y  could conceivably r each  t o x i c  l e v e l s  and be 
de t r imen ta l  t o  f o r e s t  product ivi ty[135,136] .  Of cour se ,  t h i s  i n c r e a s e  i n  Al 
a v a i l a b i l i t y  i n  s o i l s  s e n s i t i v e  t o  a c i d i c  p r e c i p i t a t i o n  has g r e a t  e f f e c t  on 
a q u a t i c  systems, in p a r t i c u l a r  t o  f i s h ,  a s  w e l l  a s  on t e r r e s t r i a l  p l a n t s .  
P r e s e n t l y  t h e  Al phenomenon may be viewed as t h e  s i n g l e  most important  known 
e f f e c t  o f  a c i d i c  d e p o s i t i o n  on s o i l s .  

F i n a l l y ,  i t  has  been shown[137] t h a t  some s o i l  b a c t e r i a  a r e  s e n s i t i v e  t o  
a c i d i c  p r e c i p i t a t i o n ;  however, f i e l d  d a t a  t o  support  t h i s  obse rva t ion  are no t  
ex tens ive .  
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5.4.2 Vegetation 

A v a r i e t y  of chemical spec ie s  adheres  t o  f o l i a g e  from the  atmosphere 
through both wet and d ry  depos i t i on .  S u l f a t e s ,  n i t r a t e s  and o t h e r  water 
so lub le  components of  r a i n  may be u t i l i z e d  by p l a n t s  through con tac t  with 
l e a f  su r f aces .  Laboratory experiments have provided r e s u l t s  t h a t  suggest 
massive damage t o  c e r t a i n  crops ( t r u c k  crops,  oak, b i r c h  and pine)[138-1401. 

Although t h e r e  is  a l a c k  of published information on the  e f f e c t  of a c i d i c  
p r e c i p i t a t i o n  on he rb ic ides ,  i t  has  been noted[141,142] t h a t  a d e c l i n e  i n  the 
pH of  r a i n  enhances f o l i a r  abso rp t ion  and inc reases  f o l i a r  i n j u r y  of com- 
pounds such a s  d in i t ropheno l  and phenoxyacetic ac id .  I n  a d d i t i o n ,  a l k a l i n e  
p e s t i c i d e s  w i l l  be more r e a d i l y  sorbed by s o i l s  t h a t  have received a c i d i c  
p r e c i p i t a t i o n .  This may decrease the  b i o l o g i c a l  a c t i v i t y  a s  wel l  a s  t he  
compound's mobili ty[143,144].  Such a series of even t s  would n e c e s s i t a t e  
higher a p p l i c a t i o n s  of p e s t i c i d e s  t o  achieve the same r e s u l t s .  Any changes 
brought about i n  the  s o i l  mic rob ia l  populat ions by "acid r a in"  w i l l  n a t u r a l l y  
a f f e c t  t he  ex ten t  of  degradat ion.  Chemical degradat ion w i l l  a l s o  be changed 
by a c i d i c  p r e c i p i t a t i o n .  For example, Edwards[145] noted t h a t  malathion and 
parathion p e r s i s t  longer  i n  ac id  s o i l s  than i n  n e u t r a l  s o i l s  while  
a t r a z i n e [ l 4 6 ]  and s imazine[ l46]  degrade more r a p i d l y  i n  a c i d i c  environments. 

According t o  McLaughlin and h i s  co-workers[l47] t h e r e  i s  no evidence t h a t  
a c i d i c  p r e c i p i t a t i o n  is  l i m i t i n g  f o r e s t  growth i n  e i t h e r  Europe o r  the United 
S t a t e s .  
is  well  documented[148]. 
t i o n s  i n  s o i l s  t h a t  a r e  l a r g e l y  composed of organic  ma t t e r .  The poss ib l e  
r e l e a s e  of  Al from c l a y  r e s u l t i n g  from excessive a c i d i c  p r e c i p i t a t i o n ,  
poss ib ly  c r e a t i n g  a roo t  environment too high i n  A l ,  would be d i f f i c u l t  t o  
i d e n t i f y  a s  due t o  A l  complexation by the  organic  ma t t e r [ l49 ] .  
-- e t  a1.[150] and Lord[l51]  have pointed out  t h a t  Ca:A1 r a t i o s  inc rease  with 
inc reas ing  e l eva t ion  i n  spruce r o o t s  a t  Camels Hump, Vermont, and t h a t  t h e  
observed t r e e  m o r t a l i t y  i s  not  l i k e l y  t o  be due t o  Al t o x i c i t y .  Red spruce 
dec l ine  [P icea  rubens] has a l s o  been noted[l52] .  It has  occurred among trees 
sub jec t  t o  h igh ly  a c i d i c  cloud moisture  and much r e sea rch  i s  i n  progress  i n  
high-elevation f o r e s t s  i n  northern New England[l47] i n  o r d e r  t o  i s o l a t e  t he  
cause o f  red spruce mor t a l i t y .  

The dieback and d e c l i n e  of t h e  North American spruce [P icea  a b i e s ]  
Th i s  d e c l i n e  i s  most pronounced a t  higher  eleva- 

Both Johnson 

According t o  I r v i n g [ l 5 3 ] ,  a v a i l a b l e  experimental  r e s u l t s  show t h a t  t he  
e f f e c t  of ac id  p r e c i p i t a t i o n  on domestic c rops  i s  minimal though he hastens 
t o  po in t  out  t h a t  t he  e f f e c t  has no t  been s c i e n t i f i c a l l y  s c r u t i n i z e d  f o r  a l l  
crops.  

5.5 The E f f e c t s  of  Acidic P r e c i p i t a t i o n  on Man-Made Objects  

Yocom and Baer[154] have reviewed t h e  l i t e r a t u r e  on the  e f f e c t s  of a c i d i c  
depos i t i on  on man-made m a t e r i a l s .  They conclude t h a t  t h e r e  i s  l i t t l e  doubt 
t h a t  a c i d i c  depos i t i on  has t ens  t h e  d e t e r i o r a t i o n  of man-made o b j e c t s  beyond 
that which could be a t t r i b u t e d  t o  n a t u r a l  environmental  phenomena. Due t o  
the v a r i e t y  of m a t e r i a l s  t h a t  compose man-made o b j e c t s ,  t he  extend of damage 
r e s u l t i n g  from a c i d i c  depos i t i on  is d i f f i c u l t  t o  assess. 
po in t  out  t h a t  f u r t h e r  r e sea rch  is required t o  i d e n t i f y  s p e c i f i c  d e p o s i t i o n  
processes  and the e x t e n t  of  damage c rea t ed .  These au tho r s  po in t  o u t  that 
p r o t e c t i v e  and prevent ive measures need t o  be developed i n  o rde r  t o  p re se rve  
the  a r t i f a c t s  of  human c u l t u r e .  

Yocum and Baer[154] 
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5.6 The E f f e c t  of Acidic  P rec ip i t a t4on  on Human Health 

A t  t h i s  w r i t i n g ,  no adverse human h e a l t h  e f f e c t s  have been documented as 
a r e s u l t  of metal mob i l i za t ion  by a c i d i c  depos i t i on [ l55 ] .  It is reasonable  
t o  suppose t h a t  s o i l s  r ece iv ing  p r e c i p i t a t i o n  of low hydrogen ion concentra- 
t i ons  would, over t i m e ,  undergo l each ing  of t h e i r  m e t a l l i c  compounds. Such 
an event  could conceivably produce f i s h  with excess ive  q u a n t i t i e s  of elements 
such as Hg, Pb, Cd and Al in t h e i r  t i s s u e s  and produce a c i d i c  water supp l i e s  
with unacceptable concen t r a t ions  of  heavy metals. The amount of Hg in f i s h ,  
f o r  example is a f f e c t e d  by t h e  s p e c i e s ,  t h e  age of t he  f i s h ,  t h e  amount of 
Bg in t h e  su r face  sediments and water ,  t h e  pH of  t h e  water ,  t h e  degree of 
microbial  a c t i v i t y  in t he  su r face  sediments,  t h e  s a l i n i t y  of  t he  water ,  t he  
concentrat ion o f  d i s so lved  o rgan ic s  and t h e  amount of d i s so lved  oxygen in 
the  water[156]. Thus, though e l eva ted  Hg concen t r a t ions  in f i s h  may be 
c o r r e l a t e d  with low pH, these  o t h e r  f a c t o r s  must a l s o  be considered and the  
Hg content  of  f i s h  cannot be a t t r i b u t e d  so ley  t o  a c i d i c  depos i t i on [ l55 ] .  
High Hg l e v e l s  have been found in brook t r o u t  caught in l a k e s  of  low pH as 
wel l  as those of  h igh  pH[157]. In t he  United S t a t e s  t he  poss ib l e . a s soc ia t ion  
of h igh  Hg content  of f i s h  in r e l a t i o n  t o  waters  of low pH has no t  been 
documented[155]. 

Data on t h e  e f f e c t  o f  a c i d i c  depos i t i on  on dr ink ing  water q u a l i t y  a r e  
scant[155] .  Very a c i d  water supp l i e s  c a r r i e d  through copper plumbing could 
conceivably add unacceptable  Cu q u a n t i t i e s  t o  d r ink ing  water.  This  possi- 
b i l i t y  has  a s  y e t  no t  been documented in t he  s c i e n t i f i c  l i t e r a t u r e .  Along 
the same l i n e  of thought ,  exposed soldered connect ions leached with water low 
in pH could r e l e a s e  Cd, Sb, Sn, and Pb i n t o  d r ink ing  water. This  p o s s i b i l i t y  
has a l s o  not  been noted in t he  s c i e n t i f i c  l i t e r a t u r e .  

General ly  speaking,  no adverse e f f e c t s  on human h e a l t h ,  s p e c i f i c a l l y  
a t t r i b u t e d  t o  a c i d i c  depos i t i on ,  have been i d e n t i f i e d  a t  t h i s  time. 

6. Current and Proposed Research 

6.1 Ameliorative Approach 

A. One approach t o  the  management of a c i d  depos i t i on  is t o  l ime the  
a f f e c t e d  region.  Liming of ac id  l a k e s  has  been c a r r i e d  out  in 
southern Scandinavia s i n c e  1975[158]. Long term e f f e c t s ,  of course,  
a r e  as y e t  unknown. Short  term e f f e c t s  i nc lude [ l58 ]  a l k a l i n i t y  and 
pH inc reases ;  a d e c l i n e  in concen t r a t ion  of A l ,  Zn and Mn; r e s to ra -  
t i o n  of  f i s h  populat ions,  and a r e t u r n  of  expected d i v e r s i t y  of 
planktonic  spec ie s .  
L o g i s t i c  problems a r i s e  when remote and n e a r l y  i n a c c e s s i b l e  a r e a s  
r e q u i r e  l iming,  and n a t u r a l l y  the  c o s t  of t he  ope ra t ion  inc reases .  

The c o s t  of l iming is est imated a t  $75 ha-l[159].  

B. In t he  mid-1950s c o l l e c t o r s  were placed in smoke s t acks  t o  remove 
p a r t i c u l a t e  matter. This  had the  b e n e f i c i a l  e f f e c t  of reducing 
p a r t i c u l a t e  m a t e r i a l s  in t he  a i r ,  but  a l s o  had the appa ren t ly  d e t r i -  
mental  e f f e c t  of removing n e u t r a l i z i n g  p a r t i c u l a t e s  t h a t  reduced the 
formation of t h e  p recu r so r s  of ac id  r a i n .  P a r t i c l e s  produced a s  a 
r e s u l t  of  combustion by t h e  cement indus t ry ,  f o r  example, have a 
n e h t r a l i z i n g  e f f e c t  on t he  formation of ac id  p r e c i p i t a t i o n .  It might 
be u s e f u l ,  t h e r e f o r e ,  t o  r e l a x  p a r t i c u l a t e  r egu la t ion  of c e r t a i n  
k inds  of i n d u s t r y  and t o  encourage the development of  c o n t r o l l e d ,  
s e l e c t e d  p a r t i c u l a t e  emissions.  
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C. Foster ing the  development of  p r a c t i c a l  use of  s o l a r  energy and s a f e  
uses  of nuclear  energy would do much t o  c o n t r o l  t he  formation of acid 
p r e c i p i t a t i o n .  

6.2 On-Going Research 

The o u t l i n e  presented below r e p r e s e n t s  types of r e sea rch  t h a t  a r e  in 
progress  : 

A. 

B. 

C .  

D. 

Development of  models t h a t  more a c c u r a t e l y  p r e d i c t  where ac id  precip- 
i t a t i o n  forms, how f a r  i t  w i l l  t r a v e l  and where i t  w i l l  f a l l .  

Meterological r e sea rch  involving the  movement o f  a i r  masses and t h e i r  
chemical composition. 

Research in atmospheric chemistry t h a t  involves  the  f i n g e r p r i n t i n g  of 
emissions through the  a n a l y s i s  of accompanying minor e lements ,  o r  
i so tope  t r ack ing ;  confirmation of mechanisms f o r  t he  inco rpora t ion  of 
soq i n t o  r a i n  water; discovery of what substances behave a s  c a t a l y s t s  
f o r  the ox ida t ion  of So,; i n v e s t i g a t i o n  of t he  formation of d ry  depo- 
s i t i o n  and i t s  con t r ibu t ion  t o  the  S c y c l e  and f i n a l l y  t h e  e f f e c t  of 
n a t u r a l  sources .  

Research i n  ecology t o  f u r t h e r  understand the  e f f e c t  of ac id  precipi-  
t a t i o n  on s o i l  p r o f i l e s ;  t h e  e f f e c t  of ac id  p r e c i p i t a t i o n  on f o r e s t s ,  
and f i n a l l y  the  long term e f f e c t  of l iming l a k e s  and landscapes.  

6.3 Proposed Research 

It is t he  opinion of many[l60] t h a t  f o s s i l  f u e l s  w i l l  be i n  s h o r t  supply 
within another  century.  Technology needs t o  be developed t o  handle o t h e r  
k inds  of m a t e r i a l s  t o  keep c i v i l i z a t i o n  funct ioning.  The b e s t  of such 
substances is hydrogen. Research should be encouraged t o  develop procedures 
f o r  t he  production, s a f e  handl ing,  and use of hydrogen. 

7 .  Conclusions 

The conclusions of  t h i s  review may be expressed in terms of  a controversy 
between the  two major groups of thought concerning a c i d i c  depos i t i on .  
Important cons ide ra t ion  a r e  a s  follows: 

A. 

B. 

C .  

D. 

Acid p r e c i p i t a t i o n  i s  a problem and does e x h i b i t  pH l e v e l s  below the  
expected norm (pH 5.6). 

H i s t o r i c  t r e n d s  of progressive d e c l i n e  i n  the  pH of  depos i t i on  a r e  
wel l  documented i n  no r the rn  Europe. 

H i s t o r i c  t r e n d s  of progressive d e c l i n e  in t he  pH of p r e c i p i t a t i o n  a r e  
poorly documented i n  the  United S t a t e s  f o r  New England. The T r i a l  
Ridge Lakes c l e a r l y  have su f fe red  a d e c l i n e  i n  t h e i r  su r f ace  waters  
in t he  pas t  two decades.  

Acidic depos i t i on  ( w e t  o r  dry)  is probably due t o  the  combustion of 
f o s s i l  f u e l s ,  though the  confounding e f f e c t s  of d r a s t i c  changes in 
land-use p a t t e r n s  cannot be ignored. 
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E. 

F. 

G. 

H. 

I. 

J. 

K. 

L. 

M. 

Local sources  in those N e w  World regions a t  r i s k  probably a r e  more 
important in t h e  formation and production of a c i d i c  p r e c i p i t a t i o n  
than long range t r a n s p o r t .  

Ecological  damage t o  most a q u a t i c  b i o t a  is apparent  in l akes  where 
s u r f a c e  waters  have decl ined below pH 5. 

Poss ib l e  t e r r e s t r i a l  damage has no t  been well-documented, and though 
dieback in nor the rn  U.S. f o r e s t s  has  been observed, ac id  p rec ip i t a -  
t i o n  has  no t  been conc lus ive ly  i d e n t i f i e d  as t h e  major c u l p r i t .  

Acidic p r e c i p i t a t i o n  has hastened the  d e t e r i o r a t i o n  of man-made 
o b j e c t s ,  but t h e  mechanisms a r e  poorly understood. More r e sea rch  is 
needed in t h e  a r e a  of p re se rva t ion ,  prevent ion,  and p ro tec t ion  of 
man-made materials. 

Adverse human h e a l t h  e f f e c t s  have no t  been i d e n t i f i e d ,  and any h e a l t h  
e f f e c t s  t h a t  a r e  l i k e l y  t o  occur a r e  of a secondary na tu re .  

More r e sea rch  is required i n t o  the  long term e f f e c t s  of t he  l iming of 
l akes .  

More r e sea rch  is needed in t he  d i s c i p l i n e  of atmospheric chemistry,  
in p a r t i c u l a r  in t he  a r e a  of i d e n t i f y i n g  sources  of emissions a t  
d i s t a n c e s  remote from t h e i r  o r i g i n ;  in confirmation of t h e  mechanisms 
r e spons ib l e  f o r  t he  inco rpora t ion  of  SO, i n t o  r a i n  water and f o r  the 

oxidation of sox, and in d e t a i l e d  i n v e s t i g a t i o n s  i n t o  the  formation 
and e f f e c t  of va r ious  types of d r y  depos i t i on .  

Greater  s tudy  is needed t o  d i scove r  the  causes  of  t r e e  m o r t a l i t y  i n  
t h e  no r theas t e rn  United S t a t e s .  

F i n a l l y ,  i t  is u n l i k e l y  t h a t  t he  e f f e c t s  of ac id  p r e c i p i t a t i o n  w i l l  
be a l l e v i a t e d  by the  r egu la t ion  of SO, emissions u n t i l  t he  phenomenon 
of ac id  p r e c i p i t a t i o n  f a l l i n g  in one l o c a l e  may be c l e a r l y  a t t r i b u t e d  
t o  an o r i g i n  in another  l o c a l e .  
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