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ABSTRACT 

The history and present distribution of precipitation acidity 
in eastern North America is reviewed. Precipitation chemistry 
from the 1920's indicates heavy ionic deposition, but low 
acidity (calculated) in Tennessee (pH 7.4) and New York 
(pH 6.15). However, high acidity was apparently widespread 
over northeast North America by 1955-56 and measured pH's 
below 4.5 were observed earlier. The geographic distribution 
of acid precipitation has spread through the present. Yearly 
average pH values for 1972-73 are not significantly different 
in New York and New Hampshire, indicating a regional consis- 
tency in acid (pH 4.10) deposition. Summer acidity is cur- 
rently lower in Tennessee than in the Northeast. Precipitation 
chemistry of individual storms reveals some local variation 
even within a 3 km range, but a storm in central New York 
is generally homogenous over 70 km. 

INTRODUCTION 

While the history of precipitation acidity in Europe is well 
documented (Oden 1968), little is known about its geographic spread or 
time trends in North America. Only two synoptic surveys of precipita- 
tion chemistry have been carried out (Junge 1958, Junge and Werby 1958, 
Lodge et al. 1968) and annual surveys are available for only a few lo- 
cations (Herman and Gorham 1957, Gambell and Fisher 1966, Pearson and 
Fisher 1971, Likens 1972, Likens and Bormann 1974) . signif icantiy , all 
recent surveys show a wide area of low pH over the northeastern United 
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States. This paper summarizes the history and describes the geographic 
distribution of the acidity of precipitation in North America. This 
information can be used to assess historical acidity values, dates of 
changes, and the approximate magnitude of recent perturbations. Such 
information is essential for gauging possible effects of this phenomenon. 

Early reports on precipitation chemistry frequently lack data on 
PH Where missing, other chemical determinations were used to predict 
pH using the method of Cogbill and Likens (1974). Briefly, a stoichio- 
metric relationship is derived using the chemical components found in 
precipitation, and an exact ionic balance predicts the acidity. This 
approach allows the history of precipitation acidity to be expanded and 
is combined with actual measurements of alkalinity and pH. Additional- 
ly, detailed sampling within the eastern United States is used to 
elucidate the spacial variability of present-day acidity and to estab- 
lish statistical procedures for analysis of acid precipitation data. 

HISTORY OF ACIDITY 

The earliest data for which pH determination is possible are from 
Tennessee (MacIntire and Young 1923). All parameters needed for pH 
prediction, except Na+, were measured periodically from 1917 to 1922. 
Employing either the MacIntire and Young's (1923) subtraction-derived 
~ a +  concentration or the sea-salt (~1-) equivalent Na+ concentration 
produces a predicted pH of approximately 7.3. Endpoint titrations per- 
formed on these Knoxville, Tennessee, samples yield an estimated pH of 
7.0 using Granat's (1972) theoretical alkalinity curve or 7.5 using his 
empirical alkalinity curve. Other titrations from stations across 
Tennessee during this same period show alkalinity-predicted pH 
determinations from 6.7 to 7.9. 

Numerous other precipitation acidity values have been reported. In 
Blacksburg, Virginia, from 1923 to 1928 all rain samples tested showed 
a distinct "alkaline reaction" (Ellett and Hill 1929). Collison and 
Mensching (1932) determined HC03 concentrations of samples from Geneva, 
New York between 1919 and 1928. Using the carbonic acid-bicarbonate 
equilibrium equation, the average calculated pH is 6.15 with annual 
averages ranging from 5.46 to 6.36. Also, all the chemical data from 
the 1920's indicate heavy deposition of S 0 c  and particulates, but 
that the pH was at or above the expected normal value of 5.6 (the C02 
equilibrium point). 

Houghton (1955) found that cloud water pH at the top of Mt. 
Washington averaged 4.5 between 1937 and 1940. This survey also record- 
ed the earliest known precipitation pH, a 5.9 reading in one rainstorm 
in Brooklin, Maine, on 22 August 1939 (H.G. Houghton, personal communi- 
cation to G.E. Likens). Values of individual raindrop pH show that a 
4.2 pH occurred in Washington, D. C. in 1949 and raindrop pH from 



1952-53 ou t s ide  Boston, Massachusetts, averaged 4 (Landsberg 1954). 

Cogbi l l  and Likens (1974) used t h e  1954-55 p r e c i p i t a t i o n  chemistry 
da ta  from Junge's synoptic  network t o  produce a map of p red ic ted  pH 
(Figure 1). This map shows a r eg iona l  p a t t e r n  of pH below 5.6 i n  

Figure 1. Dis t r ibu t ion  
of p red ic ted  pH i n  1955- 
56 (based on Junge 1958 
and Junge and Werby 1958). 
Lines a r e  placed a t  i n t e r -  
v a l s  of 10  peq/l H+, thus  
5.6 is approximately neu- 
t r a l  (=0 peq/ l ) ,  while 
each l i n e  lower i n d i c a t e s  
an increase  of 10 ueq/l 

a c i d i t y .  

eas te rn  North America with t h e  h ighes t  a c i d i t y  (pH l e s s  than 4.52) 
centered over t h e  New England and Middle A t l a n t i c  s t a t e s .  A second 
synoptic  survey (Lodge e t  a l .  1968, Pearson and Fisher  1971) formed t h e  
b a s i s  f o r  p red ic t ing  pH i n  1965-66 (Cogbil l  and Likens 1974, s e e  
Figure 2) .  Also included on t h i s  map a r e  a c u t a l  pH measurements from 
1962-63 from t h e  Southeast  (Gambell and Fisher  1966). The same d i s -  
t r i b u t i o n  of a c i d i t y  seen 10 years  e a r l i e r  i s  found i n  1965-66, bu t  t h e  
a c i d i t y  has spread south and west. The p resen t  p a t t e r n  of pH a c i d i t y  
i s  obtained using measured pH values i n  e a s t e r n  North America i n  
1972-73 (Kramer 1973, J. Mi l l e r  personal  communication, Cogbil l  and 
Likens 1974, see  Figure 3 ) .  The region of high a c i d i t y  ( p ~  l e s s  than 
5.6) has continued t o  spread and now covers a l l  e a s t e r n  North America 



Figure 2. Dis t r ibu t ion  
of predic ted  pH nominally 
f o r  1965-66 (based on 
Lodge e t  a l .  1968, Gam- 
b e l l  and Fisher  1966, and 
Pearson and F i she r  1971). 

Figure 3 .  Dis t r ibu t ion  
of  observed pH during 
1972-73 (based on Kramer 
1973, J. Mi l l e r ,  per- 
sonal  communication 
(NOAA/EPA) , and Cogbil l  

and Likens 1974). 

except t h e  t i p  of F lo r ida  and northern Canada. Cer ta in  loca t ions  i n  t h e  
middle of t h e  ac id  p r e c i p i t a t i o n  region d i sp lay  pH readings a s  low a s  
4.0. 

H i s t o r i c a l l y ,  highly ac id  p r e c i p i t a t i o n  has been prevalent  over 
eas te rn  North America s ince  a t  l e a s t  1955. Low pH readings occurred 
i n  1949 and probably e a r l i e r  i n  some locat ions .  While a source f o r  
a c i d i t y  was p resen t  i n  t h e  form of H2S04 by 1939, ind ica t ions  a r e  t h a t  
t h e r e  was no regional  ac id  precipitation i n  1928. 

TIME TRENDS I N  ACIDITY 

The change of a c i d i t y  i s  b e s t  i l l u s t r a t e d  by comparing predic ted  
pH i n  1955-56 t o  t h a t  measured 10 years  l a t e r  a t  t h e  same locat ions .  
Nine s t a t i o n s  a t  t h e  periphery of t h e  ac id  cen te r  occur i n  both surveys 
and permit an est imate of t h e  spread of t h e  a c i d i t y .  Average increase  
i n  a c i d i t y  a t  these  s i t e s  was 12 ueq/l (about one i s o l i n e )  over t h e  10 
year  period. This is about t h e  accuracy of t h e  p red ic t ion  process. Two 
s t a t i o n s  were included i n  a l l  t h r e e  synoptic  surveys and they a r e  lo-  
ca ted  a t  t h e  northern l i m i t  of t h e  ac id  pa t t e rn .  Caribou, Maine, had 



an annual average pH of 4.94, 4.63, and 4.76 in 1955-56, 1965-66, and 
1972-73 respectively. Concurrently, Sault Ste. Marie, Michigan, exhib- 
itedachangeinpH from 5.76 to 4.76 to 4.69. 

Two continuous series of precipitation chemistry data have been 
taken from 1966 to the present. The first is from the network of nine 
stations serviced by the United States Geologic Survey (USGS 1965-72) 
and the second is from Hubbard Brook, New Hampshire. Measured pHI 
averaged over the seven inland sites has remained between 4.30 and 4.66 
in New York. In New Hampshire samples show a lower, but generally con- 
sistent pH between 4.04 and 4.19 (Likens and Bormann 1974). All these 
studies taken together indicate a definite spread of acidity over the 
past twenty years and a moderate, but irregular, decrease in pH in 
northeast North America. 

GEOGRAPHIC VARIABILITY 

I investigated the variability of precipitation acidity at lo- 
cations within the extensive and consistent center of acid deposition. 
In 1972-73 56 individual storms were sampled at Ithaca, Aurora, and 
Geneva, New York (see Likens 1972, Cogbill and Likens 1974). Data for 
the same period from two locations in the Hubbard Brook Experimental 
Forest, New Hampshire was also collected (G.E. Likens, personal com- 
munication). In addition, weekly summer samples were taken at four 
locations in New Hampshire, including an altitudinal series up Mt. 
Moosilauke (from 215 m to 1370 m), and three locations in Great Smoky 
Mountains National Park, Tennessee (from Gatlinburg at 440 m to New- 
found Gap at 1520 m). The pH of all samples was promptly measured with 
an Orion 401 pH meter standardized to 4.01 and 7.00. The Tennessee 
samples were from an area recently affected by acid precipitation and 
form a comparison for the Northeast samples. 

All data were averaged using H':- concentrations and compositing was 
accomplished by weighted averaging by precipitation amount. However, 
frequency distributions of the precipitation H+ concentration in 82 
storms throughout the year in New York and 40 weekly samples from New 
Hampshire show a log-normal distribution (x2=8. 99, d.f .=9, p > .25 and 
x2 =5.24, d.f .=6, p >. 5 respectively) ; that is, the pH is normally 
distributed. For this reason, all statistical tests are based on 
logarithmic transformations of the H+ concentration, or equivalently 
the arithmetic mean and standard deviation of the pH values. 

Local variation of pH over some 70 km was tested using the average 
seasonal pH values at the three central New York sites. A two-way 
factorial analysis of variance (ANOVA) (seasons by sites) demonstrates 
a significant difference (p c.01) between seasons, but no significant 
difference between sites. Winter had the highest pH (average 4.24) 



while summer had the lowest (average 3.92). The pH at the three sites 
varied from 4.07 to 4.10. The logarithmic standard deviation per 
determination (s) was 0.06 pH units indicating that the overall vari- 
ance over 70 km is very small. A two-way ANOVA (sites by storms) on 16 
matched storms throughout the year at all three New York sites also 
failed to indicate significant differences as storms pass from one site 
to another, but a statistically significant difference (p< .005) between 
storms was found. The standard deviation per determination (s) is 0.16 
pH units indicating that storms tend to add variation, but averaging 
over a year at a site reduces this variation (see s=0.06 above). In 
New Hampshire six summer storms were sampled at four sites less than 
3 km apart. The two-way ANOVA (sites by storms) indicate a significant 
difference between both sites (p < 005) and storms (p < .005). Thus, 
under certain circumstances even over a short distance, there is con- 
siderable variability to precipitation pH in the same storm (in this 
case 3.83 to 4.02 site average). The standard deviation per determi- 
nation (s=0.12) shows less variation than was seen between storms in 
central New York, but more variation over 3 km due to local sources than 
over 70 km in New York. Finally, ANOVA tests between sites spaced more 
than 1 km apart up mountainsides in New Hampshire (6 sites by 3 storms) 
and Tennessee (3 site one-way) show no significant differences between 
pH at sites on the same altitudinal series. 

Differences between pH values at sites over 500 km apart indicate 
the magnitude of regional changes in precipitation acidity. A year of 
pH determinations at 5 sites, three in central New York and two at 
Hubbard Brook, New Hampshire were tested by one-way ANOVA. No 
significant difference between sites was found although the New 
Hampshire data show higher values (average pH 4.15 to 4.18) than New 
York values (4.04 to 4.11). However, the variation between the New 
York sites and the overall standard deviation per determination 
(s=0.27) show the tendency of local variation and small regional 
changes to obscure any differences over large distances. A one-way 
ANOVA using summer pH determinations in Tennessee, New York and New 
Hampshire yields a statistically significant difference between 
Gatlinburg (average pH= 4.18), Ithaca (average pH= 3.91), and Hubbard 
Brook (average pH= 3.96). By least significant differences, it is 
observed that the Tennessee pH is significantly higher in accord with 
its peripheral location, and the Northeast data is statistically 
indistinguishable. Significantly, the components of acidity (derived 
from the predictive pH relationship; Cogbill and Likens 1974) are about 
62% H SO4, 32% HNO and 6% HC1 at all three locations in the eastern 3 ' unite3 States. Thls indicates a quantitative difference over a dis- 
tance of 1500 km, but little qualitative difference in precipitation 
chemistry across the regional pattern. 



CONCLUSIONS 

In  summary, the re  i s  a regional  p a t t e r n  of  ac id  p r e c i p i t a t i o n  
covering almost a l l  of  e a s t e r n  North America. This d i s t r i b u t i o n  i s  
spreading t o  the  south and west with some i n t e n s i f i c a t i o n  a t  i t s  cen te r  
i n  the  nor theas t  United S t a t e s .  This concentr ic  p a t t e r n  ex i s t ed  i n  
1955-56, o r i g i n a t i n g  sometime a f t e r  t h e  1920's.  Highly ac id  p rec ip i -  
t a t i o n  (pH l e s s  than 4.52) was observed i n  1949 and the re  i s  an indica-  
t i o n  t h a t  a source ex i s t ed  i n  1939. Generally two h i s t o r i c  types of  
p r e c i p i t a t i o n  chemistry i n  e a s t e r n  North America emerge: sometime 
before 1950 p r e c i p i t a t i o n  was burdened with a heavy i o n i c  load,  bu t  low 
a c i d i t y ;  s ince  a t  l e a s t  1950 p r e c i p i t a t i o n  has had a lower i o n i c ,  b u t  
g rea te r  a c i d i t y  load than before.  

Individual  storms and seasons d i f f e r  s i g n i f i c a n t l y  i n  a c i d i t y  among 
themselves and s i t e s  even wi th in  3 km show considerable l o c a l  v a r i a t i o n .  
However, a c i d i t y  a t  s i t e s  over 500 km a p a r t  shows a regional  (and 
annual) consistency i n  H+ concentrat ion.  Per iphera l  a reas  i n d i c a t e  t h e  
spreading of a c i d i t y ,  bu t  maintain higher pH values than c e n t r a l  lo- 
ca t ions .  The present  d i s t r i b u t i o n  of ac id  p r e c i p i t a t i o n  (pH l e s s  than 
5.6) seems wel l  es tabl i shed.  The bounded zone now covers a wide a rea ,  
b u t  it cannot y e t  be  predic ted  how widespread and in tense  ac id  prec ip i -  
t a t i o n  w i l l  become. 
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