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Abs t r ac t  

' Attempts a r e  made t o  examine concen t r a t ion  and wet depos i t i on  of 

p o l l u t a n t  m a t e r i a l  a t  s e l e c t e d  s t a t i o n s  w i t h i n  the  n o r t h e a s t e r n  United 

S t a t e s  and t o  c h a r a c t e r i z e  a s  many even t s  a s  p o s s i b l e  wi th  r e s p e c t  t o  a i r  

mass o r i g i n .  Fu r the r  a t t empt s  are made t o  develop a  r eg iona l  p a t t e r n  f o r  

t h e  depos i t i on  of  dominant i on  spec i e s .  

MAP3S d a t a  f o r  1977-1979 a r e  used t o  determine concen t r a t ion  and 

depos i t i on  on an  event  b a s i s  from which monthly, s easona l ,  annual ,  and 

cumulative averages a r e  developed. 

The ARL-ATAD t r a j e c t o r y  model i s  used t o  c h a r a c t e r i z e  i n d i v i d u a l  

events  a s  t o  a i r  mass o r i g i n .  Case s t u d i e s  a r e  examined t o  i l l u s t r a t e  

v a r i a b i l i t y  i n  t h e  chemical composition of p r e c i p i t a t i o n  o r i g i n a t i n g  from 

d i s t i n c t l y  d i f f e r e n t  a i r  mass t r a j e c t o r i e s .  A d i f f e r e n c e  i n  concen t r a t ion  

of p o l l u t i o n - r e l a t e d  i o n s  i n  p r e c i p i t a t i o n  i s  noted between "Midwest/Ohio 

Valley" and "Great Lakes/canadian1I a i r  mass o r i g i n s  f o r  c a r e f u l l y  s e l e c t e d  

cases .  

T o t a l  depos i t i on  of t he  major i o n s  i s  examined i n  an e f f o r t  t o  develop 

a  r eg iona l  p a t t e r n  f o r  depos i t i on  over  a  per iod  of a t  l e a s t  one yea r .  For 

t h a t  purpose, t o t a l  depos i t i on  i s  normalized t o  remove the  v a r i a b i l i t y  i n  

p r e c i p i t a t i o n  amounts f o r  i n t e r - s t a t i o n  comparison. No marked g rad ien t  i s  

noted i n  t h e  normalized depos i t i on  t o t a l s  w i t h i n  t h e  n o r t h e a s t  of t h e  United 

S t a t e s .  The Adirondack reg ion  exh ib i t ed  t h e  lowest  normalized ion  depos i t i on  

va lue ,  wl'ile t h e  I l l i n o i s  s t a t i o n  showed t h e  h ighes t  of t he  MAP3S network. 

The d a t a  a n a l y s i s  sugges t  t h a t  t h e  a c i d  r a i n  phenomena covers  t h e  e n t i r e  

no r theas t .  The concept of l a r g e  s c a l e  mixing o r  a  ' !regional superbowl" 
' 

emerges t o  account ' f o r  t h e  l a c k  of a  s i g n i f i c a n t  g r a d i e n t  i n  t he  normalized 

depos i t i on .  ' 



CHAPTER 1 

HISTORICAL REVIElJ OF A C I D  PRECIPITATION 

I n  r e c e n t  y e a r s  p r e c i p i t a t i o n  chemis t ry ,  and a c i d  p r e c i p i t a t i o n  i n  

p a r t i c u l a r ,  has  a t t r a c t e d  a t t e n t i o n  i n  t h e  s c i e n t i f i c  community a s  we l l  a s  

t h e  gene ra l  p u b l i c .  Acid p r e c i p i t a t i o n  is  g e n e r a l l y  accepted  a s  a n  i n t e r -  

n a t i o n a l  phenomena, t hus  s t i m u l a t i n g  coopera t ion  between v a r i o u s  c o u n t r i e s  

and o rgan iza t ions .  

The most accepted d e f i n i t i o n  of a c i d  p r e c i p i t a t i o n  i s  t h a t  which has  

a  pH below 5 .6 ,  o r  t h e  lowest  pH t h a t  could be produced by carbonic  a c i d  i f  

0 
pure water  were i n  equ i l i b r ium w i t h  atmospheric  carbon d iox ide  a t  25 C 

( B a r r e t t  and Brodin, 1955).  This  equ i l i b r ium i s  expressed by: 

However, g e n e r a l l y  and p a r t i c u l a r l y  i n  c a s e s  of " r a i n  w i th  h igh  a c i d i t y "  a  

+ 
s i g n i f i c a n t  amount of  H presen t  i s  a t t r i b u t a b l e  t o  o t h e r  components inc lud-  

i n g  s u l f u r i c  and n i t r i c  a c i d s  (Cooper e t  a l . ,  1976).  

The European community was t h e  f i r s t  t o  recognize  t h e  need f o r  chemical 

a n a l y s i s  of t h e  a i r  and p r e c i p i t a t i o n .  John Evelyn (1661) was one of t h e  

f i r s t  r e s e a r c h e r s  t o  add re s s  a tmospheric  p o l l u t i o n  and proposed s o l u t i o n s  t o  

t h e  problem which inc luded  t a l l e r  chimneys, i nc reased  d i s t a n c e  between source  

and r e c e p t o r ,  c o n s i d e r a t i o n  of p r e v a i l i n g  winds,  and topographic  o b s t a c l e s .  

Miller (1905) c r e d i t s  Marggraf w i th  conduct ing t h e  e a r l i e s t  p r e c i p i t a t i o n  

chemistry measurements of  r a i n  and snow i n  B e r l i n ,  1761-1767, i n  which he  

measured n i t r i c  a c i d ,  c h l o r i n e ,  and l i m e .  

However, i t  wasn ' t  u n t i l  t h e  middle  of t h e  1 9 t h  cen tury  u n t i l  a  

concer ted  e f f o r t  was undertaken t o  e s t a b l i s h  monitor ing networks and s e r i o i ~ s l v  

s tudy  a i r  q u a l i t y .  Marchand (1852) recognized t h e  need t o  i nc lude  both r a i n  



and snow t o  provide the  complete annual  d e s c r i p t i o n  of p r e c i p i t a t i o n  

chemistry.  Chat in (1852) noted a n  increased  c h l o r i n e  content  i n  t he  r a i n  

w i th  maritime t r a j e c t o r i e s  a s  o r i g i n  and a l s o  proposed dew and m i s t  a s  

depos i t i on  mechanisms. 

Robert Angus Smith (1872) publ ished a n  ex t r ao rd ina ry  work e n t i t l e d  

A i r  and Rain: The Beginnings of a  Chemical Climatology i n  which he f i r s t  --- - 

used t h e  terminology "acid ra in ."  This  comprehensive t e x t  examines p rec ip i -  

t a t i o n  chemistry a t  va r ious  g l o b a l  l o c a t i o n s ,  a i r  q u a l i t y  a t  va r ious  

l o c a t i o n s  and envi rons ,  and the  e f f e c t  of both a i r  and water  p o l l u t i o n .  The 

work of Smith i s  e s p e c i a l l y  noteworthy n o t  on ly  because i t  provides an  e a r l y  

h i s t o r y  of s p a t i a l  v a r i a b i l i t y  i n  p r e c i p i t a t i o n  chemistry,  bu t  i t  i s  a l s o  

extremely comprehensive i n  t h a t  t h e  a n a l y s i s  i nc ludes  s u l p h a t e s ,  ammonia, 

n i t r i c  a c i d ,  f r e e  a c i d ,  and c h l o r i d e s  a s  i l l u s t r a t e d  i n  Table 1. 

One of t h e  main t h r u s t s  of t h e  work of Smith was t o  show t h e  v a r i a b i l i t y  

of a i r  and water  q u a l i t y ,  p a r t i c u l a r l y  between r u r a l  and c i t y  environments 

a s  shown i n  Table 2 .  

Unfortunately,  t h e  work of Smith went e s s e n t i a l l y  unnoticed u n t i l  r e c e n t l y  

when he rece ived  t h e  c r e d i t  he s o  r i g h t l y  deserves .  

Around 1850 a  monitor ing network was e s t a b l i s h e d  a t  Rothamsted, England, 

which provided a  cont inuous sou rce  of p r e c i p i t a t i o n  chemistry measurements f o r  

t h e  next  50 yea r s .  Lawes e t  a l .  (1881, 1883) were the  f i r s t  t o  p re sen t  a 

d e t a i l e d  r e p o r t  of t h e s e  c o l l e c t i o n s  by s tudying  d a i l y  and monthly concentra- 

t i o n s  of n i t rogen ,  ammonia, and s u l f u r i c  a c i d .  Although they noted the  

d i r e c t i o n  of t h e  wind a t  t he  t i m e  of col , lec t ion ,  c o r r e l a t i o n s  between d a i l y  

concen t r a t ions  and d i r e c t i o n  was inconclus ive .  S u l f u r i c  a c i d  depos i t i on  was 

found t o  be equa l ly  d i s t r i b u t e d  between win te r  and summer whi le  two-thi.rcis O F  



TABLE 1 

Manchester Rain-Water C o l l e c t e d  d u r i n g  1869 

Acids  (Combined and F r e e )  and A c i d i t y  

A c i d i t y  
c a l c u l a t e d  a s  

Hydroch lor ic  S u l p h u r i c  Acid S u l p h u r i c  Acid 
Acid (Anhydrous) (Anhydrous) 

P r o p o r t i o n -  
G r a i n s  P a r t s  G r a i n s  P a r t s  Hydroch lor ic  G r a i n s  P a r t s  

P e r  P e r  P e r  P e r  t o  S u l p h u r i c  P e r  p e r  
Date  G a l l o n  M i l l i o n  Gal lon  M i l l i o n  Acid Gal lon  M i l l i o n  

J a n u a r y  ( a )  

February " 
March I !  

A p r i l  I I 

May 
1 1  

June  I I  

J u l y  I  I  

August 1  I  

1 1  

I  I  
(b )  
( c )  

September ( a )  
1 1  

1 1  

(b )  
( c )  

October  (a) 
'I  1  

I t  
(b)  
( c )  

November ( a )  
I 1  

(b  
I t  

(c)  
December ( a )  . 

1 1  
(b) 

I  I  
( c )  

2.3087 
1.6930 

1.3664 
.5465 

1.4347 
.9565 
.4782 
.7857 
None 
- 

.4441 
None 
.0683 

1 - 1-27? 
. I 3 6 6  
. I366 

.3074 

.0842 

. l o 2 5  

. I879  

.3416 

.3758 

32.98 
24.20 

19.52 
7 .81  

20.49 
13.66 

6 .83 
11.22 
None 

Mean .4118 5.88 2.9163 41.66 1 t o  7.08 .5833 8 .33 

Mcan of  (a) .4513 6.45 3.5736 51.05 1 " 7.91 .9697 13.85 

Pkan nf (a) .3911 5.59 2.7691 39.56 1 " 7.08 .5705 8.15 
from August 

Mcan of (b) .3688 5 .27 2.7175 38.82 1 "  7.37 -107.5 1 - 4 6  

Mean o f  (c) .36QO 5.14 1 .5373 21.96 1 " 4.27 . I 7 0 8  2.44 

( a )  Behind t h e  l a b o r a t o r y ,  1 2  f t .  above t h e  ground 
(b)  Same p l a c e ,  30 f t .  above t h e  ground 
( c )  Behind t h e  L i t e r a r y  and P h i l o s o p h i c a l  S o c i e t y ,  George S t r e e t ,  2 it. above t h e  ground 



TABLE 2 

Averages. Hydrochloric Acid (Chlorides) 

Rain Obtained from 
Grains per 
Gallon 

Darms tadt .0681 

London, specimens for 1869 . .0872 

German specimens .0919 

Birkenhead, Liverpool .2217 

Scotland - Inland country places .2357 

gear an Alkali Works -2380 

England - Inland country places .2795 

Manchester, 1870 .4055 

Manchester, average of 1869 and 1570 .4086 

Scotland - towns (Glasgow not included) .4102 

Manchester, 1869 .4118 

Newcastle-on-Tyne .5678 

England - towns -6093 

Glasgow .6282 

St. Helen's .6670 

Liverpool .7110 

Scotland - Seacoast country places, west .8600 

Scotland - Seacoast country places, average of east and west .8819 

Scotland - Seacoast country places, east .go39 

Runcorn 1.8022 

Waterloo, near Liverpool 2.5550 

Ireland - Valentia 3.4067 

England - Seacoast country place, west (only one) 3.9308 

Parts per 
Million 



TABLE 2 (Continued) 

Averages. Sulphuric Acid (Sulphates) 

Rain Obtained from 

Grains per Parts per 

Gallon Million 

Scotland - Inland country places .I444 2.06 

Ireland - Valentia . 191.1. 2.73 

Scotland - Seacoast country places, west 

England - Inland country places 

Scotland - Seacoast country, avg. of E and W 

England - Seacoast (west) country 

Scotland - Seacoast country places, east 

Waterloo, Liverpool 

German specimens 

Scotland - towns (Glasgow not included) 

London, 1869 

Birkenhead, near Liverpool 

Runcorn 

Darmstadt - Germany 

St. Helen's 

England - towns 

Liverpool 

Manchester, 1869 

Newcastle-on-Tyne 

Manchester, average of 1869 and 1870 

Manchester, 1870 

Glasgow 

Near an Alkali Works 



t h e  c h l o r i n e  was depos i ted  dur ing  t h e  win te r  months. The average va lue  f o r  

SO averaged over  two yea r s  was 2.41 ppm amounting t o  18.5 l b s .  depos i ted  
3 

per  a c r e  per  year .  The win te r  c h l o r i n e  depos i t i on  maxima was l a t e r  v e r i f i e d  

by Kirch (1887, 1900) wi th  t h e  winter/summer r a t i o  being approximately 1 . 5  

averaged over  26 yea r s .  

M i l l e r  (1905) 'continued t h e  work a t  Rothamsted, a s  w e l l  a s  comparing 

n i t rogen ,  c h l o r i n e ,  and s u l f u r i c  a c i d  f o r  v a r i o u s  l o c a t i o n s  and demonstrated 

l a r g e  g l o b a l '  v a r i a t i o n s  i n  concen t r a t ion  and depos i t i on  a s  shown i n  ~ a b l e s  

Crowther and Ruston (1911) showed t h a t  "smoke-infested l o c a l i t i e s "  such 

such a s  Garfor th ,  England, e x h i b i t  cons iderably  h igher  average depos i t i on  

va lues  than do t h e  r e l a t i v e l y  c l e a r  r u r a l  environments such a s  Rotharnsted, 

w i th  s u l f u r  depos i ted  being f i v e  t imes h igher .  Coal combustion was proposed 

a s  t h e  mechanism f o r  t h e  increased  l e v e l  of i m p u r i t i e s .  Free a c i d  was a l s o  

examined producing evidence t h a t  w in te r  r a i n f a l l  was twice a s  a c i d i c  a s  

summer f o r  t h a t  l o c a l e  due t o  t h e  h ighly  a c i d i c  fogs  t h a t  l i n g e r  i n  t he  

win te r  months. The increased  l e v e l  of f r e e  a c i d  i n  t he  atmosphere was a l s o  

found t o  have a  de t r imen ta l  e f f e c t  on p l a n t s  by d i r e c t  a c t i o n  and i n d i r e c t l y  

reducing ammoniacal fe rmenta t ion  of t he  q o i l  humus. 

Masson e t  a l .  (1917) found t h a t  t h e  amount of r a i n f a l l  i n  A u s t r a l i a  

va r i ed  i n v e r s e l y  w i t h  t h e  concen t r a t ion  of ox id ized  n i t r o g e n  wh i l e  t h e r e  

was no c o r r e l a t i o n  between t h e  t o t a l  amount of n i t r o g e n  and t o t a l  r a i n f a l l .  

North American r e sea rche r s  a l s o  recognized t h e  need t o  s tudy  p r e c i p i t a t i o n  

chemistry.  Shu t t  e t  a l .  (1917) fouad a maximum n i t r o g e n  depos i t i on  i n  Apr i l  

and May i n  Ottawa, Canada, and surmized t h i s  w a s  b e n e f i c i a l  s i n c e  crops 

. were normally f e r t i l i z e d  a t  t h i s  time. However, no cons ide ra t ion  was given 

t o  t h e  f a c t  t h a t  , the h igh  l e v e l s  of n i t r o g e n  might be a  r e s u l t  of t h e  

f e r t i l i z a t i o n .  k c I n t i r e  and Young (1923) found no evidence t h a t  p r e c i p i t a t i o n  



TABLE 3 

Ni t rogen  a s  Ammonia and N i t r i c  Acid i n  Rain 

! T i  t r o e e n  

Date 
R a i n f a l l  
( i n c h e s )  

Ro thamsted 

Copenhagen (114) . 

Gemblom (93) 
Montsonr is  (67) 
M e t t r a y  (66) 
Dahme (.39) 
Ida-Mar.ienhut t e  (25) 
' I n s t e r b u r g  (39)  
Kuschen (39)  
Proskan (39) 

. Regenwalde (39) 
Rostock (53) 
F l o r e n c e  (11) 
Vallembrosa (11) 
S c a n d i c c i  (90) 
C a t a n i a  (10) 

S t .  Michele,  T i r o l  I69) 
Libwerd, Bohemia 
Pecek 

P l o t y  (122) 
P r e t o r i a  (113) 

Tokyo (59) 
I 

New Zealand (51) 
Kansas ( 4 2 )  
M i s s i s s i p p i  (112) 

P e r   illi ion P e r  Acre P e r  Annum % of T o t a l  
a s  as 



TBLE 3  (cont inued)  

T rop ica l  Rain 

Nitrogen 

. Per  Mi l l i on  Per  Acre Per  Annurn % of T o t a l  

a s  as 
R a i n f a l l  a s  as as a s  

NH3 
To ta l  

Date ( inches)  NH3 N2°5 N205 ( l b . )  
(lb.) ( lb . )  NH3 N2°5 

C a l c u t t a  

Yadras 
Ceylon (4) 
Eas t  J E V ~  (75) 
Maur i t ius  (-21) 

Reunion (88) 
Barbadcs (5) 
Venezuela (71  and 88) 
Britist: Guianat (52) 

Campinzs (30) 

*February t o  June only 

-;In p a r t  unpubl ished 



TABLE 4 

Nitrogen as Nitrous and Nitric Acids in Rain and Snow 

Nitrogen 
Per Million Per Acre 

Rainfall as Nitrites as Nitrates as Nitrites as Nitrates 
(inches) Min . Max. Mean Min . Max. Mean ( f b . )  (>b . ) 

St. Chamas (31) (20) 0.0 0.316 0.133 0.001 0.716 0.162 (0.60) (0.73) 
St. Chamas (snow) - - - 0.250 - - - - - 

Langres (31) - - - 0.270 - - 0.881 - - 
Scandicci (90) 27.28 0.0 0.0168 0.0045 0.033 0.729 0.255 0.028 1.687 

Catania (10) 18.36 0.0001 0.0027 0.0006 0.035 0.244 0.161 0.003 0.671 

Ploty (122) 17.49 0.0 0.025 0.011 0.002 0.178 0.050 0.043 0.197 - 

TABLE 5 

Chlorine and Sulphuric Acid in Rain 

Per Million Per Acre 
I 
\D 
I 

Sulphuric +_ 

Rainfall Chlorine Sulfuric Chlorine Acid ""3 '" 
Date (inches) Min. Max. Mean Acid (lb. (lb. 1 C1 

Ro thams ted 

Cirencester (60) 
Scandicci (91) 
Perugia (14) 
Catania (10) 
LaGuardia (79) 
New Zealand (51) 
Barbados (5) 
British Guiana (52) 
Ceylon (4) . 

Calcutta 
Madras 



deple ted  t h e  s o i l  of bases  i n  Tennessee and a l s o  suggested i t  might even be 

b e n e f i c i a l .  P o t t e r  (1930) was one of t he  f i r s t  r e sea rche r s  t o  p re sen t  h i s  

r e s u l t s  i n  terms of pH when r e p o r t i n g  h i s  measurements of r a i n ,  po tab le  water ,  

and water  c o l l e c t e d  from p l a n t s  i n  New England. H i s  va lues  ranged from 5.0 

t o  7.6 wi th  t h e  lowest  va lues  being from po tab le  water .  

I t  became apparent  t h a t  i n d i v i d u a l  e f f o r t s  would n o t  be a b l e  t o  provide 

the  complete p i c t u r e  of p r e c i p i t a t i o n  chemistry from source  t o  r ecep to r .  

Scandinavian r e sea rche r s  were t h e  f i r s t  t o  recognize t h e  p o t e n t i a l  .environ- 

mental impact of a c i d  p r e c i p i t a t i o n ,  formulate  a  comprehensive monitor ing 

network, and c a r e f u l l y  ana lyze  da t a .  The f i r s t  organized Scandinavian 

network w a s  estah1.ishe.d by Torstensson,  Egner, and Angstrom (Emanuelson, 

Eriksson,  and Egner, 1954) and cons i s t ed  of 28 s t a t i o n s  loca t ed  p r imar i ly  i n  

sou theas t e rn  Sweden. This  network c o l l e c t e d  monthly samples dur ing  the  

per iod  October 1, 1947 t o  September 30, 1950. Eriksson (l.952a, 1952b) used 

t h i s  network t o  develop a  r e l a t i o n s h i p  between n a t u r a l  and anthropogenic 

sources  of gases  and a e r o s o l s .  B a r r e t t  and Brodin (1955) used t h e  d a t a  of 

t h i s  r u r a l  Scandinavian network t o  o b t a i n  s p a t i a l  and temporal v a r i a t i o n s  of 

t he  ac id -a lka l ine  balance of p r e c i p i t a t i o n .  Southern Scandinavia was found 

t o  be more a c i d i c ,  p a r t i c u l a r l y  dur ing  win te r  months a t  t he  time of maximum 

combustion of f o s s i l  f u e l s  and sou the r ly  flow irom t h e  European con t inen t .  

This  was one of the f i r s t  p roposa ls  o f  long range transp0r.t  of p o l l u t a n t s  

ac ros s  i n t e r n a t i o n a l  boundaries  and thereby f i rmly  e s t a b l i s h e d  a c i d  p rec ip i -  

t a t i o n  a s  a  r eg iona l  o r  synopt ic  problem. 

I n  1954 t h e  r u r a l  Scandinavian network was expanded t o  i nc lude  t h e  

B r i t i s h  I s l e s  a s  w e l l  a s  a l l  of Scandinavia (Egner and Eriksson,  1955).  This  

marked t h e  f i r s t  i n t e r n a t i o n a l  coopera t ion  on a c i d  p r e c i p i t a t i o n  monitoring. 

This  network was l a t e r  expanded t o  inc lude  s t a t i o n s  i n  France, Germany, and 



t h e  Sov ie t  Union. This  network showed an  inc reased  concen t r a t i on  of  both 

s u l f a t e  and n i t r a t e .  Based on t h e s e  d a t a  Granat (1972) developed a model 

based 0 n . a  s t o i c h i o m e t r i c  r e l a t i o n  between a c i d s  and bases  t o  i n t e r p r e t  t h e  

amount of a c i d  found i n  p r e c i p i t a t i o n  and p r e d i c t  f u t u r e  d e p o s i t i o n s  of 

a c i d  by p r e c i p i t a t i o n .  Marr and Radke (1971) used t h e  d a t a  of  two of t h e  

Scandinavian s t a t i o n s  t o  s tudy  t h e  i n f luence  of synop t i c  weather  p a t t e r n s  

on t h e  chemical composition of monthly p r e c i p i t a t i o n  samples. They found a 

d e f i n i t e  c o r r e l a t i o n  between c h l o r i d e  d e p o s i t i o n  and frequency of  ra in-bear ing  

f lows i n  t h e  SSW-NN s e c t o r  and between s u l f u r  depos i t i on  and ra in-bear ing  

f lows i n  t h e  SE-SW-NW s e c t o r  imp l i ca t i ng  t h e  h e a v i l y  i n d u s t r i a l i z e d  reg ions  

of England and n o r t h e r n  Germany. 

Selezneva (1972) used a Russian network s i m i l a r  t o  t h a t  of t h e  

Scandinavian system t o  e s t i m a t e  t h e  background concen t r a t i ons  f o r  d i f f e r e n t  

geographica l  r eg ions  of t h e  USSR. H e  e s t ima ted  t h a t  t h e  background l e v e l s  

account f o r  30-40% of t h e  t o t a l  contaminat ion and l o c a l  sou rces  c o n t r i b u t e  

t he  remaining 60-70% of  which 20-30% a r e  n a t u r a l  sources  and t h e  remainder 

being of anthropogenic  o r i g i n .  

European r e s u l t s  regenera ted  r e sea rch  i n t e r e s t  i n  t h e  United S t a t e s  

w i th  Houghton measuring t h e  pf! of  r a i n  a t  Brookl ine,  Maine, i n  1939 (Likens,  

1975).  He obta ined  a va lue  of 5 .9  f o r  a s i n g l e  ra ins torm.  I n  1949 Landsberg 

(1954) measured p r e c i p i t a t i o n  pH and obta ined  ' f o r  i n d i v i d u a l  r a ind rops  a 

mean va lue  of 4.2. I n  1952-53 Landsberg measured a mean va lue  of 4 f o r  a 

l a r g e  number of s torms n e a r  Boston, Massachuset ts .  Herman and Gorham (1957) 

analyzed p r e c i p i t a t i o n  a t  K e n t v i l l e ,  Nova S c o t i a ,  du r ing  t h e  per iod  1352-54 

and found an  average  va lue  of a pH of 5 .7  f o r  a l l  types  of p r e c i p i t a t i o n  

sampled. 



Prior to 1955 all precipitation chemistry measurements, both American 

and European, were ground based well within the boundary layer. Houghton 

(1955) was the first to recognize that the pH could change between cloud 

water and that of,the precipitation collected at the ground. He made fog 

and cloud water measurements at four northeastern sites within the boundary 

layer and one above the boundary layer located at Mount Washington, New 

Hampshire. His cloud water pH measurements varied from 3.0 to 5.9 with a 

mean of 4.5 while his mean value of 7.2 for Kent Island was considerably . 

more than that of Herman and Gorham (1957). 

The first comprehensive United States network consisting of 67 stations 

was organized by Junge and operated from July 1955 through July 1956. Junge 

(1958) and Junge and Gustafson (1956) utilized this network to compute the 

distribution of ammonia, nitrate, and chloride over the United States during 

this period. Junge and Werby (1958) later presented concentrations of sodium, 

potassium, calcium, and sulfate and estimated the average global residence 

time of SO4 to be 40 days. Although the Junge network presented data on the 

majority of the constituents normally considered in precipitation chemistry 

studies, it failed to record hydrogen and magnesium ions. mgbiil and 

Likens (1974) attempted to fill this data void: by using chemical mass 

balancing techniques to calculate the pH of the northeastern United States 

based on the data of the Junge network. Their work established the presence 

of acid precipitation prior to 1955. 

The establishment of the Hubbard Brook Experimental Forest in New 

Hampshire in 1963 provided an excellent opportunity to study the effect of 

industrialized centers on the rural environment. Since Hubbard Brook 

operated for over 10 years, it provided the most comprehensive record of 



precipitation chemistry in the United States. All measurements were of 

precipitating clouds with instruments based well within the planetary. 

boundary layer. Based on these measurements Likens et al. (1976) found 

- - 
that sulfate and hydrogen dominated the Hubbard Brook region, with SO 

4 

being 2.5 times more prevalent than the next most abundant anion and the 

hydrogen 5.9 times more common than the next most abundant cation. He 

characterized the precipitation at Hubbard Brook as a contaminated solution 

of sulfuric and nitric acid with a pH of about 4 .1 .  

The composition of rainfall from the work of Likens et al. averaged 

over an 11 year period at the Hubbard Brook Experimental Forest, New 

Hampshire, is presented in Table 6. 

TABLE 6 

Composition of Rainfall 

(The units are microequivalents per liter of liquid precipitation) 

Species 
Quantity 

veqlliter 

K+ + + '1.9 

H + NH, 



The sum of t h e  concen t r a t ions  of t h e  an ions  (97.5 ~ e q l l i t e r )  i s n e a r l y  equal.  

t o  t h e  sum of t h e  concen t r a t ions  of c a t i o n s  (105.6 u e q l l i t e r ) .  The s tandard  

dev ia t ions  o f '  t he  sums ( i 3 . 5  u e q l l i t e r )  a r e  s m a l l  enough so t h a t  t h e  d i f -  

fe rence  between them i s  s i g n i f i c a n t  a t  t h e  one sigma l e v e l  of confidence.  

It i s  t h e r e r o r e  p o s s i b l e  t h a t  o t h e r  u n i d e n t i f i e d  an ions  wi th  t o t a l  concentra-  

t i o n s  on the' o rde r  of 1.5-16.0 p e q l l i t e r  might be p re sen t .  Likens e t  a l .  was 

one of t h e  f i r s t  i n v e s t i g a t o r s  i n  t h e  United S t a t e s  t o  main ta in  a c a r e f u l l y  

superv ised  and q u a l i t y  c o n t r o l l e d  p r e c i p i t a t i o n  chemistry network dedica ted  

to .de t e rmine  t h e  flow of m a t e r i a l  from t h e  atmosphere i n t o  a c a l i b r a t e d  

watershed. Likens e t  a l .  observed t h a t  t h e r e  has  been a s l i g h t  upward t rend 

i n  concen t r a t ion  of hydrogen ion  between 1964-1965 and 1970-1971, followed 

by a downward t r end  u n t i l  1973-1974; o v e r a l l  (1964-1974), however, no t rend  

i n  concen t r a t ion  is  s t a t i s t i c a l l y  s i g n i f i c a n t  ( s ee  F igure  1 ) .  

A d i f f e r e n t  r e s u l t  was obta ined  by Dovland e t  a l .  (1976) from pH 

measurements a t  three.No&egian s t a t i o n s ,  shown i n  F igure  2. The decrease ,  

e s p e c i a l l y  i n  t h e  beginning of t h e  s i x t i e s ,  i s  q u i t e  ev ident .  However, a s  

pointed o u t  by Perhac (1980), B r i t i s h  s t a t i s t i c i a n s  from the  Cent ra l  

E l e c t r i c i t y  Generating Board have examined t h e  pH d a t a  i n  F igure  2 ,  and 

found no t rend  from 1955 t o  1964 and none from 1965 t o  1977. The cause of 

t h e  sudden change of pH i n  1964-1965 i s  n o t  known. Changes i n  method of 

sample c o l l e c t i o n  (which d id  happen),  t h e  use  of d i f f e r e n t  a n a l y t i c a l  techniques,  

o r  changes i n  n a t u r a l  o r  anthropogenic emissions a r e  f a c t o r s  t o  be considered.  

The average concen t r a t ion  of major i o n s  i n  t h e  p r e c i p i t a t i o n  a t  two Norwegian 

s i t e s  a r e  presented  i n  Table 7 (Johannessen and Joranger ,  1976).  It is argued 

i n  t h e  OECD (1977) r e p o r t  t h a t  a major p a r t  of t h e  s u l f u r  compounds depos i ted  

i n  Norway may be t r a c e d  back t o  f o s s i l  f u e l  combustion i n  o t h e r  European 

coun t r i e s .  



Figure 1. Annual hydrogen ion concentration and pH of precipitation 

(weighted for volume) at the Hubbard Brook Experimental 

Forest from 1964 to 1977. (from Likens, 1980) 
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Figure 2. Time variation of annual mean pH of precipitation at three 

Norwegian stations. The annual mean pH is determined from 
the total deposition of I-J? divided by the amount of 

precipitation. (from Seip and Tollan, 1978) 



TABLE 7 

Average Concentrations (veqlliter) of Major Ions in the Precipitation at 

Birkenes in Aust-Agder County (June 1972 to June 1977) 
and Treungen in Telemark County (September 1973 to June 1975) 

Birkenes* 

6 5 

15 

17 

7 9 

7 

41 

88 

61 

4 4 

Treungen 

5 2 

7 

6 

2 6a 

2 

2 6 

5 9 

2 2 

2 7 

a 
Calculated from the Mg concentration using the Na/Mg ratio in seawater 

*Birkenes is located close to the coast. 

The knowledge of pH in precipitation is one important atmospheric chemistry 

parameter, but certainly not the only one. More important to know, however, is 

the total composition of the precipitation as was pointed out earlier. Knowledge 

of ion composition allowed Cogbill and Likens (1974) to calculate the pH for the 

24 sites in the eastern United States where Junge collected precipitation with 

wet-only collectors in 1955-56. The resulting pH isolines are shown in Figure 3. 

A large area of the northeastern United States was subjected to acid 

precipitation by the mid-1950s. 



. . 
pH level of precipitation 

a m m m m m m m m m m m *  Threshold level 

Figure 3. pH comparisons for 1955-1956 and 1965-1966. (Cogbill, 1975b) 



The National  Center f o r  Atmospheric Research organized t h e  National  

P r e c i p i t a t i o n  Sampling Network and c o l l e c t e d  d a t a  on a  monthly b a s i s  from 

33 l o c a t i o n s  ac ros s  t h e  United S t a t e s  from 1960 t o  1966 (Lodge , e t  a l . ,  

1968) us ing  wet-only, automatic  c o l l e c t o r s .  The pH va lues  were not  

included i n  t h e  f i n a l  r e p o r t ,  bu t  Cogbi l l  and Likens (1974) aga in  used 

chemical ba lanc ing  techniques wi th  t h e  combined d a t a  of Lodge e t  a 1  . (1963) , 

Gambell and F i she r  (1966), and Pearson and F i s h e r  (1971) t o  c a l c u l a t e  pH 

f o r  t h e  e a s t e r n  United S t a t e s  f o r  1965-66. The v a s t  ma jo r i t y  of monthly pH 

va lues  f o r  s t a t i o n s  west of t h e  M i s s i s s i p p i  River  were c o n s i s t e n t l y  g r e a t e r  

than  5.6. I n  c o n t r a s t ,  monthly va lues  e a s t  of the '  Mis s i s s ipp i  River were.  

much more a c i d i c  a s  shown i n  F igure  3 .  A comparison of t h e  1955-56 and 

1965-66 i s o p l e t h s  prepared by Cogbi l l  and Likens (1974) shows a  marked 

inc rease  i n  a c i d i t y  over  t he  e n t i r e  e a s t e r n  ha l f  of t h e  United S t a t e s  from 

1955 t o  1966, w i th  New England being t h e  most a c i d i c  reg ion .  This  a l l eged  

spreading of t h e  a r e a  a f f e c t e d  by ac id  p r e c i p i t a t i o n  was r e c e n t l y  quest ioned 

by Perhac (1980) on t h e  b a s i s  one should use  d a t a  f o r  t r end  a n a l y s i s  o n l y .  

from s t a t i o n s  which a r e  t h e  same f o r  t h e  d i f f e r e n t  time per iod .  I n  comparing 

the  1955-56 and 1965-66 maps (Figure 3 ) ,  he noted t h a t  only 10  s t a t i o n s  a r e  

common d e s p i t e  t h e  f a c t  t h a t  t h e  maps r e p o r t  d a t a  from a l a r g e  number of 

s i t e s .  For those  10 common s i t e s ,  t h e  a c i d i t y  increased  a t  fou r  (pH went 

down), decreased a t  two and remained unchanged a t  fou r .  The d i f f e r e n c e  i n  

t h e  p r e c i p i t a t i o n  chemistry f o r  a  r u r a l ,  e a s t  c e n t r a l  I l l i n o i s  s i t e  between 

1954 and 1977 was i n v e s t i g a t e d  by Stensland (1977) t o  a s c e r t a i n  whether o r  

not  t h e  p r e c i p i t a t i o n  became more a c i d i c  and, i f  so ,  why. The two d a t a  s e t s  

were c o l l e c t e d  from October 26, 1953, t o  August 12 ,  1954, and from May 15 ,  

1977 t o  February 6 ,  1978. For t h e  1977 s tudy ,  an automatic  wet ldry  c o l l e c t o r  

of t h e  HASL des ign  was used on a  24-hour event  b a s i s .  The 1977 measured 



median pH was 4.1, as compared with the calculated median pH of 5.9 for the 

1954 data. The more basic precipitation in 1954 could have resulted from 

low levels of acidic ions (e.g., sulfate and nitrate) or from high levels 

of basic ions (.e.g., calcium and magnesium). The comparison yields: 

+I- 
~a +m* 8 2 10 ueqlliter 

With these data there can be little question that the samples in 1954 were 

- - - 
much more basic than the 1977 samples. Although both SO4 and NO3 were 

apparently lower in the 1954 samples, it was the high levels of soil related 

species, ~a* plus M~* (the "hardness") , which produced the high pH in 1954. 

* 
If the Ca plus mu levels in 1954 had been 10 microequivalent per liter 

as they were in 1977 at the same site, the calculated pH would have been 

4.18, i.e., almost identical to the current 1977 measured pH of 4.1. 

The possibility exists, as demonstrated' by Stensland (1977) that more 

calcium and magnesium were present in the atmospheric aerosols in 1954 than 

in 1977 or that the atmospheric particle loading was higher then. To what 

extent this "local" conclusion can be extended to the northeastern part of 

the United States is unknown, so are the meteorological factors that might 

have contributed to the possible higher atmospheric dust loadings. 

Interest in acid rain as an atmospheric chemistry, environmental and 

ecological issue has dramatically increased in the 1970s, with contributions 

from individual investigators and from research consortia operating mesosca1.e 

precipitation chemistry networks. 



In  an e f f o r t  t o  determine background pH va lues ,  Cooper (1976) found the  

normal r a i n f a l l  pH over  Texas t o  be 6.5 t o  6.6,  w i t h  extreme v a r i a t i o n s  

ranging from 5 .8  t o  7.3. He a l s o  found t h a t  t h e  pH decreased a s  t h e  alka-  , 

l i n e  CaCO -bearing p a r t i c u l a t e s  were removed. Tabatabai  and La f l en  (1976) 
3 

found an average pH of 6.2 i n  Iowa wi th  h igh  s u l f a t e  concen t r a t ions .  

Hoeft e t  a l .  (1976) found a s i m i l a r  s u l f a t e  dominated r a i n  wi th  t h e  same 

gene ra l  va lues  of pH f o r  Wisconsin. Fe th  e t  a l .  (1964) was one of t he  f i r s t  

American r e sea rche r s  t o  s tudy t h e  pH of snow, r e p o r t i n g  a median of approxi- 

mately 6.0 f o r  s t a t i o n s  i n  C a l i f o r n i a ,  Utah, Colorado, Oregon, and Arizona. 

Even today t h e r e  i s  no h igh  d e n s i t y ,  synop t i c  coverage of p r e c i p i t a t i o n  

chemistry i n  North America, and t h e  l a c k  of h i s t o r i c a l  d a t a  on p r e c i p i t a t i o n  

composition l i m i t s  t h e  a b i l i t y  t o  determine man's e f f e c t s  on t h e  chemical 

composition of t h e  atmosphere. Cur ren t ly ,  programs i n  Canada and the  

United S t a t e s  have begun t o  measure t h e  composition of atmospheric depos i t i on  

on a long-term b a s i s .  These inc lude  t h e  Canadian Network f o r  Sampling Pse- 

c i p i t a t i o n  (CANSAP--initiated i n  1976),  and t h e  United S t a t e s  Nat ional  

Atmospheric Deposi t ion Program (NADP began t o  c o l l e c t  weekly samples i n  J u l y  

1978),  and t h e  United S t a t e s  M u l t i s t a t e  Atmospheric Power Product ion P o l l u t i o n  

Study (MAP3S began t o  c o l l e c t  p r e c i p i t a t i o n  on a 24-event b a s i s  i n  October 

1976). 

The q u a l i t y  and q u a n t i t y  of d a t a  a v a i l a b l e  today a r e  h ighly  v a r i a b l e .  

Nevertheless ,  t h e  gene ra l  p a t t e r n s  of s p a t i a l  d i s t r i b u t i o n  of ac id  p r e c i p i t a -  

tion--as a consequence of man-induced and/or  n a t u r a l  changes--are reasonably 

c o n s i s t e n t  and c l e a r ,  providing mounting evidence on changes i n  t h e  i o n i c  

composition of p r e c i p i t a t i o n  over  t h e  p a s t  30 years .  



A unique " q u a l i t y  c o n t r o l "  comparison was performed by Pack (1980) 

comparing t h e  r e s u l t s  of two o v e r l a p p i n g  p r e c i p i t a t i o n  c o l l e c t i o n  networks:  

' t h e  e i g h t - s i t e  W 3 S  and t h e  n i n e - s i t e  E l e c t r i c  Power Research I n s t i t u t e  

networks .  Both networks  c o l l e c t e d  p r e c i p i t a t i o n  f o r  i n d i v i d u a l  s to rms  

(24-hour "even t s" ) .  There  are d i f f e r e n c e s  between t h e  two networks  inc lud-  

i n g  c o l l e c t o r s ,  o p e r a t o r s  and a n a l y t i c a l  l a b o r a t o r y  p rocedures  ( B a t t e l l e  

P a c i f i c  Northwest f o r  MAP3S and Rockwell I n t e r n a t i o n a l  f o r  t h e  EPRI d a t a ) .  

The comparison p e r i o d  extended from August 1978 th rough  June  1979. Table  8 

+ 
shows t h e  r e s u l t s  f o r  f i v e  i o n s  and f o r  two d i f f e r e n t  H d e t e r m i n a t i o n s .  

- - - 
The two networks  produce a lmost  i d e n t i c a l  a v e r a g e s  f o r  SO4 , NO3 and 

+ 
N H ~ + .  The l a r g e s t  d i f f e r e n c e s  f o r  NH4 i s  o n l y  7% when t h e  c o a s t a l  sites 

a r e  i n c l u d e d  b u t  o n l y  1% f o r  t h e  set of n o n c o a s t a l  l o c a t i o n s .  I n  view of  

t h e  many v a r i a b l e s  t h a t  might have c r e a t e d  d i f f e r e n c e s ,  agreement t o  w i t h i n  

+ 
10% s u p p o r t s  d a t a  c o m p a r a b i l i t y .  However, . t h e  ~ 1 -  and Na c o n c e n t r a t i o n s  

show s i g n i f i c a n t  d i f f e r e n c e s  t h a t  a r e  l i k e l y  due t o  a n  a s  y e t  u n i d e n t i f i e d  

+ 
system d i f f e r e n c e .  The behav ior  o f  t h e  pH d a t a ,  e x p r e s s e d  a s  H f ie ld  and 

iflab i n  Tab le  8 is  i n t r i g u i n g .  There  are d i f f e r e n c e s  between t h e  f i e l d  pH 

(measured immediate ly  a f t e r  c o l l e c t i o n )  and l a b o r a t o r y  pH (measured days  

- o r  weeks la ter  as p a r t  of t h e  f u l l  chemical  a n a l y s i s )  i n  b o t h  networks .  

Kadlecek and Mohnen (1975) f i r s t  c a l l e d  a t t e n t i o n  t o  t h i s  now w e l l - e s t a b l i s h e d  

p1iennrne.n~. Sinc.e Pack '  s (1980) a n a l y s i s  i n d i c a t e d  t h a t  t h e  two networks  

- - - + + 
produced comparable d a t a  f o r  SO4 , NO3 , NH4 and H 

l a b  ' 
t h e  , i n d i v i d u a l  . 11 

month a v e r a g e  v a l u e s  can  be  combined t o  produce t h e  i s o p l e t h s  i n  F i g u r e  4 

- - - 
and F igure  5 f o r  SO4 and NO3 , r e s p e c t i v e l y :  t h e r e  i s  a  d e f i n i t e  north-soutl t  

- - 
g r a d i e n t  w i t h  t h e  SO c o n c e n t r a t i o n s  a t  t h e  s o u t h e r n  edge of tlle clntci Iin\lc'r 

4 

by 30 t o  50 p e r c e n t  t h a n  t h e  maximum c o n c e n t r a t i o n s .  An even more niiirked 

- 
g r a d i e n t  i s  d i s c e r n i b l e  f o r  NO 

3 .  
These d a t a  show t h a t  s e l e c t e d  p r e c i p i t a t i o n  



TABLE 8 

?Jet .~ork Average lon Concentrations (in micromoles per l i t e r ) ,  Network Standard Deviations (SD), and 

E P R I I W 3 S  Con.:entration Ratios. 

Data Base soq2- 10~- N H ~ +  C1- ~ a +  *@(field) H+(lab) ( H + ~ ~ ~  + NH4+)/(so4= + ~ 0 ~ ' )  
- 

E P R I  network 

All data 
Concentration 29.26 25.50 17.22 11.22 15.85 97.69 61.79 

SD 7.93 6.79 2.90 7.69 6.35 42.02 19.35 

Noncoastal sites* 

Con~entration 28.09 25.46 17.27 8.26 14.08 

SD 6.84 7.26 3.10. 3.64 3.69 

W 3 S  network 

All data 
Concentration 28.13 25.87 16.08 . 12.10 9.31 72.35 65.68 

SD 3.92 5.06 4.61 12.68 12.18 12.26 11.09 

Noncoastal sites** 

Concentration 29.68 27.12 17.47 5.61 3.25 

S D 3.18 5.18 4.52 1.11 0.87 

Ratio of EPRI to W 3 S  data 

All data 1 . O L  0.99 1.07 0.93 1.70 1.35 0.94 
Soncoastal sites 0 .95  0.94 0.99 1.47 4.33 

*Indian River, Delaware excluded 

**Levis, Delawars and Brookhaven, New York excluded (this was done to examine th? effect of excluding the 

xaj2rit>, of any sea-salt contributions). 

( f  rorn Pack ,  .19SO) 



F i g u r e  

F i g u r e  5. 

u 
EPRl network 

A MAP3S network 

Average ~ 0 ~ ~ '  c o n c e n t r a t i o n s  ( i n  micromoles p e r  l i t e r )  f o r  t h e  
p e r i o d  Allgust 1978 th rough  J u n e  1979. Average c o n c e n t r a t i o n s  
f o r  i n d i v i d u a l  s i tes a r e  p l o t t e d  a d j a c e n t  t o  t h e  s i t e  l o c a t i o n s .  
(from Pack,  1980) 

A MAP3S network 

- 
Average NOg c o n c e n t r a t i o n s  ( i n  micromoles p e r  l i t e r )  f o r  t h e  

p e r i o d  August 1978 th rough  J u n e  1979. (from Pack,  1980) 



chemistry data, carefully collected and rigidly quality controlled can be 

' obtained and intermixed. However, an attempt to incorporate Canadian pre- 

cipitation chemistry data for the same period of record and the same 

averaging technique indicated that those data did not compare to either 

the EPRI or the FIAP3S values (Pack, 1980). 

These findings also indicate that one cannot compare,without severe 

limitations, the results of all precipitation analysis including pH obtained 

by a variety of investigators over a large temporal range and for'an almost 

globally extending area. 

With the exception of Houghton (1955), all the studies discussed thus 

far were made of precipitating clouds with ground based instruments. Oddie 

(1962) was the first to collect precipitation from an aircraft in a deliberate 

attempt to prevent below-cloud contamination and/or transformation. He there- 

fore provided the first estimate of the background pH as it exists in clouds 

as well as the distribution of pH with height. His measurements were made 

over southern England at varying heights up to 8,500'ft. Tl~e pH ranged from 

4.4 to 7.2, with a mean ol: 5.84. One of the most interesting results of the 

study by Oddie was that the pH for 11 samples taken below 5,000 ft. was 5.4, 

while the mean pH for 12 samples taken above this height was 6.2, indicating 

a marked decrease in acidity with height. 

An extensl;ve analysis of cloud water pH was performed by Falconer and 

Falconer (1979). Their results are tabulated in Table 9 and shown in Figure 

6. The mean pH for ~ugust/September 1977 and 1979 for nonprecipitating clouds 

was 3.55 a113 3.50, respectively, i.e., considerably lower than the pH value 

for precipitating clouds of 3.96 and 4.01, respectively. T h e  field of cloucl 

chemistry is just emerging in response to the need for a complete atmosplteric 

assessment of all factors affecting acid precipitation. 



TABLE 9  

Mean hydrogen i o n  c o n t e n t ,  [H+], and pH f o r  p r e c i p i t a t i n g  and nonpre  i i t a t i n g  
C P  

c l o u d s  a t  Whi te face  Mountain d u r i n g  1977 and 1979. V a r i a t i o n s  i n  [!I ] and pH 
f o r  dewpoint t e m p e r a t u r e s  (T ) i n  e x c e s s  o f  60°F, as measured a t  t h e  ASRC 

d  
F i e l d  S t a t i o n  a t  610 m s l ,  a r e  a l s o  shown. 

Data 
No. of + 

O b s e r v a t i o n s  Mean [ H  1 Mean pH 

A l l  r e c o r d s  824 246 p~!L.-l 

P r e c i p i t a t i n g  c l o u d s  . 1 7 1  111 

N o n p r e c i p i t a t i n g  c l o u d s  653 282 3.55 ) 1977 

N o n p r e c i p i t a t i n g  w i t h  T  >60°F 
d- 

192 4  78 3.32 \ 
0 

N o n p r e c i p i t a t i n g  w i t h  T <60 F 461 200 3 .70 / 
d  

A l l  r e c o r d s  125 

P r e c i p i t a t i n g  c l o u d s  

N o n p r e c i p i t a t i n g  c l o u d s  

0 
N o n p r e c i p i t a t i n g  c l o u d s  w i t h  T >60 F  

d- 
31 

N o n p r e c i p i t a t i n g  c l o u d s  w i t h  T <60°F 
d  

5  1 

S e v e r a l  i m p o r t a n t  f a c t o r s  have been d i s c u s s e d  i n  t h i s  overview t h a t  need 

t o  be  k e p t  i n  mind when a s s e s s i n g  pH o r  compos i t ion  of p r e c i p i t a t i o n .  These 

i n c l u d e  knowledge o f  t h e  e x a c t  l o c a t i o n  where sample was t a k e n , a n d  t h e  mode o f  

c o l l e c t i o n .  F i g u r e  7  i l l u s t r a t e s  t h e  v a r i o u s  p o s s i b i l i t i e s .  I n  t h e  p a s t ,  

most p r e c i p i t a t i o n  samples were  c o l l e c t e d  o v e r  a  weekly o r  monthly p e r i o d  a t  

ground l e v e l ,  i . e . ,  w i t h i n  t h e  p l a n e t a r y  boundary l a y e r .  Hence, r a i n o u t ,  

washout, r a i n  s p l a s h  and d u s t  s e t t l i n g  i n t o  t h e  c o l l e c t o r  i ~ i f l u e n c e d  the. 1.ocal. 

p r e c i p i t a t i o n  q u a l i t y .  The c u r r e n t  t r e n d  i s  d e f i n i t e l y  towards  e v e n t  sampl ing 

on a storm-by-storm b a s i s  w i t h  a d d i t i o n a l  s u p p o r t  measurements from above tile 

boundary l a y e r  and from w i t h i n  c l o u d s .  It is  recognized  t h a t  c o l l e c t i n g  pre-  

c i p i t a t i o n  on a n  e v e n t  b a s i s  is  e s s e n t i a l  i f  t h e  s o u r c e  o f  t h e  a c i d  p r e c u r s o r  



August - September 

Cloud Water pH Only 

1979 
1977 

. . 

pH Range 

F i g u r e  6.  Frequency h i s tograms  of h o u r l y  pH v a l u e s  f o r  August-September o b t a i n e d  e x c ' i ~ ~ s i v e l y  from 

n o r - p r e c i p i t a t i n g  c loud  e v e n t s  a t  t h e  Whiteface  Mountain Summit Observa to ry  t l ~ ~ r i n g  1977 
anc 1 9 ? 9 .  (Fa lconer  and Kadlecek,  1980) 



p H  mASUREPIENTS ATJD CHARACTER1 ZATION 

O F  CLOUDS AFJD P R E C I P I T A T I O N  ELEMENTS 

I 
T I M E  AVERAGED COLLECTION 

(WEEKLY OR MONTHLY) 

I 
OCEAN 

I 
EVENT COLLECTION 

( I N D I V I 3 U A L  STORMS OR 

DAILY C O J ~ L E C T I O N )  . 

1 
GROUND COLLECTORS 

I 
LAND 

I 
MEASUREMENTS FROM 

AIRBORNE PLATFORNS 

W I T H I N  OR BELOb! OPEN F I E L D  

VEGETATION CANOPY ABOVE VEGETATION 

I 

1 I 
W I T H I N  PLANETARY ABOVE PLANETARY 

BOUNDARY LAYER BOUNDARY LAYER 

I 

I -1 
SUPERCOOLED I .  , . .  WADI $, CONVECTIVE STIU'I'LFORM 

I I 

Figure 7. pH measurement classification 

I N  P R E C I P T T A T I N G  

CLOUDS 

I N  NON-PRECIPITATIMC 

CLOUDS 



m a t e r i a l  are t o  be  i d e n t i f i e d  th rough  t r a j e c t o r y  a n a l y s i s .  I n  a d d i t i o n  t o  

s o u r c e - r e c e p t o r  s t u d i e s ,  e f f o r t s  t o  de te rmine  t h e  dosage s t a t i s t i c s  f o r  

e c o l o g i c a l  s t u d i e s  r e q u i r e  s h o r t  sampl ing periods--even s h o r t e r  t h a n  t h e  

now a c c e p t e d  24-hour p e r i o d s  (Peden. and Skowron, 1978) .  

The pH by i t s e l f  i s  i n s u f f i c i e n t  t o  c h a r a c t e r i z e  p r e c i p i t a t i o n  q u a l i t y .  

It i s  v e r y  i a f o n n a t i v e  t o  d i v i d e  t h e  i o n i c  c o n s t i t u e n t s  o f  p r e c i p i t a t i o n  

i n t o  t h e i r  c a t e g o r i e s  o r  components: 

S o i l  d e r i v e d  m i n e r a l s  caw, M~*. ~ e ~ + ,  s i l i c a t e  i o n s ,  e t c .  

+ - - + ff tt 
Sea sa l t  N a  , ~ l - ' ,  SO4 p l u s  small amounts of K , Mg and ~a . 

Atmospheric convers ion  p r o d u c t s  from s u l f u r  and n i t r o g e n  b e a r i n g  

- - - 
molecu les ,  i. e . ,  SO4 , NO3 , i n  a d d i t i o n  t o  MI + and ~ 1 -  (f  r o ~ s  

4  

h y d r o c h l o r i c  a c i d )  and ,  o b v i o u s l y ,  H+. 

Continued and expanded m o n i t o r i n g  of p r e c i p i t a t i o n  q u a l i t y  i s  r e q u i r e d  

t o  b e t t e r  e v a l u a t e  t r e n d s  and u l t i m a t e l y  t o  p r o v i d e  a higll  q u a l i t y ,  d e f e n s i b l e  

d a t a  b a s e  f o r  assessment  of e f f e c t s .  



EXAMINATION OF PRECIPITATION CHEMISTRY - 1977-1973 

2.1 Sampling Network 

The dominant source of data is the Multistate Atmospheric Fower 

Production Pollution study (MAP3S). In this ongoing study, precipitation 

chemistry data are obtained on an event basis beginning 1976. The original 

MAP3S collection sites are: 

Vhiteface ~ountainl~ew York (WFM) 

e 1thacaINew York ( ITII) 

Pennsylvania State University (PEN) 

University of Virginia (VIR) 

In 1977-1978 four more stations were added to the network located at: 

champaign-~rbana/~llinois . (ILL) 

LewisIDelaware (coastal site) (LEV) 

Brookhaven, Long Island/New 

York (coastal site) (SKU) 

The location of all MAP3S stations is shown in Figure 8. The following 

chemical analysis is reported for each event sample (not a complete listing): 

e, Sample Volurne: S.V. 

Field pH: F[ 11 I+ 

Laboratory pH: L[H? 

Conductivity: Cond. 

- - - 
Negative Ions: SO4 , NO3 , ~ 1 -  

It is imperative to first obtain an overview of the chemical climatology of 

the northeastern United States before entering any detailed discussions on 

special case studies. Deposition, whenever discussed, will refer to wet 

deposition only. 



Figure  8. The MAP3S precipitation chemistry network site array 

(from MacCracken, 1979) 



2 . 2  T o t a l  Yet D e p o s i t i o n  

I n  o r d e r ' t o  g a i n  . i n s i g h t  i n t o  t h i s  c l i m a t o l o g y ,  t o t a l  wet d e p o s i t i o n  

was examined f o r  v a r i o u s  s t a t i o n s  f o r  one and t h r e e  y e a r  p e r i o d s .  For 

r e a s o n s  t o  be  d i s c u s s e d  l a te r ,  t h e  s t a t i o n s  chosen were V h i t e f a c e ,  I t h a c a ,  

Penn S t a t e ,  and V i r g i n i a .  T a b l e  1 0  p r e s e n t s  t h e  y e a r l y  t o t a l s  f o r  d.eposi- 

t i o n  of t h e  dominant i o n s  e x p r e s s e d  i n  mg/m2 and rn ic roequ iva len t s /m2,  a l o n g  

w i t h  t h e  a n i o n l c a t i o n  r a t i o  f o r  1977-79. 

TABLE 1 U  

Total Deposition [mg/m2] and [veq/m21 

Sample 
Volume 

m l  
. -- 

WFH 1977 52674 

PENNSTATE 1977 44394 2698 56200 1716 27676 53.7 53700 226 12506 1.27 

,. 1978 42621 2448 51000 1583 25531 56.3 56300 196 10545 1.14 

1979 58933 3188 66416 1983 31982 75.0 75000 341 18870 1.05 

VIRGINIA 1977 25742 1744 36333 897 14467 31.5 31500 136 7526 1.30 

1978 41841 2284 47583 1273 20531 55.7 55700 186 10293 1.03 

1979 38306 1620 33750 913 14725 44.0 44000 140 7747 0.94 

T h i s  t a b l e  i l l u s t r a t e s  t h e  v a r i a b i l i t y  i n  wet d e p o s i t i o n  on b o t h  t h e  temporal  

and s p a t i a l  s c a l e .  S p a t i a l  v a r i a L 1 5 l i t y  i s  d i f f i c u l t  t o  i .n t .erpre t  s i n c e  t l ~ e  

degree  of coherency between s t a t i o n s  i s  n o t  u s u a l l y  proven.  Pack (1980) 

slluw.ed independent  s t a t i o n s  c o u l d  be  used t o  deve lop  r e g i o n a l  p a t t e r n s  i f  one  

y e a r  a v e r a g e s  a r e  used.  I n  t h i s  c o n t e x t ,  s p a t i a l  v a r i a b i l i t y  i s  b e s t  d i s -  

cussed  f o r  long-term a v e r a g e s  o r  t o t a l s  of one t o  t h r e e  y e a r s  s i m i l a r  t o  

t l iose of T a b l e  10. 



I n  o r d e r  t o  v i s u a l i z e  e v e n t  and monthly c o n t r i b u t i o n s  t o  t h e  y e a r l y  

t o t a l ;  p r e c i p i t a t i o n  volume and d e p o s i t i o n  of t h e  v a r i o u s  i o n s  a r e  p l o t t e d  

f o r  Whiteface  i n  F i g u r e s  9  th rough  11. The b a r  g r a p h s  i n d i c a t e  t h e  monthly 

t o t a l s  of each  c o n s t i t u e n t .  

- 
P r e c i p i t a t i o n  and NO d e p o s i t i o n  demons t ra tes  no i d e n t i f i a b l e  

3 

s i n u s o i d a l  o r  p e r i o d i c  o s c i l l a t i o n  between t h e  s e a s o n s  o r  y e a r s .  However, 

- -I+ 
H+, SO -m N H ~ +  and t h e  s o i l  components Ca + M ~ *  have a  d e f i n i t e  summer 

4 

maximum and w i n t e r  minimum. The enhanced o v e r a l l  ' t r a n s f  ormat i o n  ' o f  SO t o  
2 

- - 
SO4 , due t o  t h e  i n c r e a s e  i n  s o l a r  r a d i a t i o n  and o t h e r  y e t  t o  be determined 

- - 
f a c t o r s ,  i s  a  l i k e l y  r e a s o n  f o r  SO b e i n g  t h e  dominant i o n  i n  suummer pre-  

4 

c i p i t a t i o n  i n  t h e  n o r t h e a s t e r n  Uni ted  S t a t e s ,  and t h e r e f o r e  becomes t h e  

f o r c i n g  f u n c t i o n  i n  t h e  f r e e  hydrogen i o n  c o n c e n t r a t i o n .  Values  of t h e  s o i l  

ft 
components [ ~ a  + M~*] a r e  n o t  p l o t t e d  f o r  t h e  f i r s t  p a r t  o f  1977,  s i n c e  

t h e s e  i o n s . w e r e  n o t  p a r t  of t h e  r o u t i n e  a n a l y s i s  p r i o r  t o  August 1977. 

While a  t h r e e - y e a r  p e r i o d  may n o t  be  t h e  optimum t ime  s c a l e  f o r  

examina t ion  o f  t r e n d s  i n  p r e c i p i t a t i o n  c h e m i s t r y ,  i t  does  n e v e r t h e l e s s  

p r o v i d e  i n s i g h t  i n t o  a n n u a l  v a r i a b i l i t y .  !Lhe cumula t ive  t o t a l  t o r  p r e c i p i -  

t a t i o n  and d e p o s i t i o n  by t h e  major  i o n s  is  shown i n  Figu.res 1 2  through 1.4. 

-. 
The non-per iod ic  o r  l i n e a r  f u n c t i o n  o f  p r e c i p i t a t i o n  and NO and t h e  r a p i d  

3 
- - + 

accumula t ion  of SO H', and NH i s  c l e a r l y  demons t ra ted .  It i s  a l s o  
4 '  4  

noteworthy t h a t  Penn S t a t e  had t h e  most p r e c i p i t a t i o n  and consequen t ly  t h e  

most wet d e p o s i t i o n  o f  e a c h  i o n .  However, I t h a c a  and Whi te face  showed a  

r e v e r s a l  of t h i s  p a t t e r n ,  i n d i c a t i n g  a h i g h e r  mean c o n c e n t r a t i o n  a t  I t h a c a  

f o r  a l l  t h e  f o u r  major  i o n s .  

I f  t h e s e  accumula t ions  can  be  assumed t o  p roceed ,  y e a r  a f t e r  y e a r  i n  

a  l i n e a r  f a s h i o n ,  t h e n  a s i m p l e  l i n e a r  r e g r e s s i o n  e q u a t i o n  can be developed 

t h a t  would p r e d i c t  a  r e p r e s e n t a t i v e  v a l u e  f o r  t h e  t o t a l  i o n  d e p o s i t i o n  o v e r  



WHITEFACE CN037 DEPOSITION 1977-1979 

b, 2ssl 

F i g u r e  9.  a )  P r e c i p i t a t i o n  e v e n t s  and monthly t o t a l s ,  and b)  Event and 
monthly n i t r a t e  d e p o s i t i o n  f o r  Whi te face ,  1977-79. 



WHITEFACE L A B  CHI DEi'l?STTION 1377-- 1979 

WHITEFACE CS047 DEPOSITION 1977-1979 
b )  46B1 

Figure  10.  a)  Free  h y d r o g e n i o n  event  and monthly d e p o s i t i o n ,  and 
b)  S u l f a t e  event  and monthly d e p o s i t i o n  f o r  Whiteface,  1977-79 



WHITEFACE CCA+MG3 DEPOSITION 1977--1979 

F i g u r e  11. a )  Ammonium e v e n t  and monthly d e p o s i t i o n ,  and b)  S o i l  component 

monthly d e p o s i t i o n  f o r  Whi te face ,  l9 l l - . /Y 



TOTAL PRECIPITATION 1977-1979 

TOTAL LCH3 WET DEPOSITION 1977-1979 

2881 

F i g u r e  12 .  1977-79 c u m u l a t i v e  t o t a l s  f o r  a) p r e c i p i t a t i o n ,  and b)  free 

hydrogen i o n  
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TOTAL EN033 WET DEPOSITION 1977-1979 

F i g u r e  1 3 .  1.977-79 cumul .a t ive  t o t a l s  f o r  a) s u l f a t e ,  and b )  nitrate 



TOTAL CNH43 WET DEPOSITION 1977-1979 

1077 1878 1970 

Figure 1 4 .  Ammonium cumulative t o t a l ,  1977-79 
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a  s p e c i f i e d  t ime  p e r i o d .  L i n e a r  r e g r e s s i o n  t e c h n i q u e s  were a p p l i e d  t o  

F i g u r e s  1 2  through 1 4 ,  producing t h e  e q u a t i o n s  l i s t e d  i n  Tab le  11. 

TABLE 11 

DEPOSITION REGRESSION EQUATIONS 

Station 

k7)1 

Ion - Regressi_on Equation 

H+ D - 3.7 + 45.6 Y 

SO: 
D = - 65.7 + 2070.6 Y 

KO; 
D + - 98.6 + 1247.6 Y 

4 D = - 18.7 + 209.6.Y 

SO; 
D - -274.2 + 2439 Y 

so- 
3 

D = - 92.8 + 1422 Y 

P-": r.... STATE H+ D = - 1 0  + 64.4Y 

SO: 
D - -261.6 + 2803.4 Y 

D = Deposition ( m g / r n 2 )  

v . = Number of years 

Admit tedly ,  t h e s e  e q u a t i o n s  imply t h a t  t h e  e m i s s i o n  p a t t e r n ,  t h e  r e s u l t i n g  

c o n c e n t r a t i o n  f i e l d ,  and t h e  p r e c i p i t a t i o n  d i s t r i b u t i o n  would remain 

r e l a t i v e l y  c o n s t a n t  i n  f u t u r e  y e a r s  and c l o s e  t o  t h e  th ree -year  mean f o r  

1977-79. The a p p l i c a t i o n  o f  such  p r e d i c t i v e  e q u a t i o n s  w i l l  produce more 

meaningful  r e s u l t s  when a p p l i e d  o v e r  a f i v e  t o  t e n  y e a r  p e r i o d ,  s i n c e  pre-  

c i p i t a t i o n  t o t a l s  shou ld  approx imate  t h e  mean v a l u e s  used t o  deve lop  t h e  

e q u a t i o n s ,  and any c o n c e n t r a t i o n  f l u c t u a t i o n s  would be  averaged o u t .  



The r e g r e s s i o n  e q u a t i o n s  were a p p l i e d  t o  t h e  i n d i v i d u a l  y e a r s  between 

1977 and 1979 t o  s e e  i f  t h e y  would a p p l y  t o  t i m e  s c a l e s  o f  one  y e a r .  

N a t u r a l l y ,  a b e t t e r  test would be t o  a p p l y  t h e s e  e q u a t i o n s  t o  p e r i o d s  t h a t  

were n o t  used t o  develop t h e  fo rmulas ,  b u t  d a t a  are n o t  a v a i l a b l e .  Table  

1 2  shows t h e  p r e d i c t e d  v e r s u s  measured d e p o s i t i o n  f o r  e a c h  i o n  f o r  each 

y e a r  between 1977 and 1979. V a r i a t i o n s  i n  t h e  r a t i o  of t h e  measured v e r s u s  

p r e d i c t e d  can u s u a l l y  be e x p l a i n e d  by a d e v i a t i o n  i n  t h e  p r e c i p i t a t i o n  from 

t h e  th ree -year  mean. 

TABLE 1 2  

PREDICTED VS. HLASLXED DEPOSITION (1977-1979) 

Heasurcd 
Predicted Measured ~ e ~ o s l c  ion (mg/m2) (rnt$ 
Deposition 

Station Ion (mglrn2) . . 1977 1978 1979 - 

so; 2005 2233 (1.1) 1908 ( .95) 1908 ( .95) 

NO; 134G 1495 (1.1) 1090 ( .81) 1346 (1.0 ) 
YEARJ.Y PRECIPITATION/3 YEAR 

NHZ 191 201 (1.0) 211 (1.1 ) 192 (1.0 ) 
1977 1978 1979 - 

ITHACA H+ 41 42 (1.0) 49 (1.2 ) 62 (1.5 ) 
WM 1.13 0.74 1.12 

SO: 2165 2233 (1.0) 2351 (1.1 ) 2h29 (1.1 ) 
ITHACA 0.92 0.91 1.18 

NO; 1329 1336 (1.0) 1401 (1.1 ) l3:G (1.0 ) 
PENN STATE 0.91 0.88 1.21 

mt 169 
176 (1.0) 204 (1.2 ) 258 (1.5 ) 

VIRGINIA 0.73 1.18' 1.10 -- 
PEhT STATE H+ 54 50 (1.0) 56 (1.0 ) 75 (:.:. ) 

SO; 2542 2698 (1.1) 2446 (l.G ) i l S b  (1.2 1 

VIRGINIA H+ 35 32 (0.9j 55 (1 .6  ) L: (1,. 3 ) 

SO; 1778 1744 (1.i)) 2265 (1.3 ) 1:,23 (0.9 > 

NO; 936 897 (1.0) 1273 (i.: ) 9 1 3  (1.0 ) 

4 149 136 (1.0) 186 (1.3 ) 1LO (1.0 ) 



2 .3  T r a j e c t o r y  S e c t o r  A n a l y s i s  

While t o t a l  d e p o s i t i o n  f o r  t h e  v a r i o u s  i o n s  p r o v i d e s  v a l u a b l e  i n f o r m a t i o n  

a s  t o  t h e  t o t a l  i n p u t ,  i t  i s  e q u a l l y  n e c e s s a r y  t o  have a v a i l a b l e  a  s u f f i c i e n t l y  

documented a e r o m e t r i c  d a t a  b a s e  and s u p p o r t i n g  m e t e o r o l o g i c a l  i n f o r m a t i o n  t o  

de te rmine  t h e  t r a j e c t o r i e s  of a i r  masses  r e s p o n s i b l e  f o r  t h e  p r e c i p i t a t i o n  

chemis t ry  a t  a p a r t i c u l a r  s i te .  To t h i s  e x t e n t ,  t h e  A i r  Resources  ~ a b o r a t o r i e s '  

Atmospheric T r a n s p o r t  and D i s p e r s i o n  Model (ARL-ATAD), H e f f t e r  (1980) ,  was 

o p e r a t e d  t o  g e n e r a t e  t r a j e c t o r i e s .  

T h i s  model u s e s  v e r t i c a l l y  averaged t r a n s p o r t  winds from 150 m above 

t e r r a i n  t o  a  maximum of 3000 m t o  c a l c u l a t e  t r a j e c t o r i e s  o f  up t o  f i v e  days  

d u r a t i o n  from any o r i g i n  i n  t h e  Uni ted S t a t e s ,  moving forward o r  backward i n  

t i m e .  Computations are made f o u r  t i m e s  d a i l y  a t  00 Z ,  06 Z ,  12 Z, and 1 8  Z 

(denoted by symbols A, B, C ,  and D,  r e s p e c t i v e l y ) .  

The t r a n s p o r t  l a y e r  d e p t h  i n i t i a l l y  depends on whether  t h e  t r a j e c t o r v  

beg ins  a t  day o r  n i g h t .  For  t r a j e c t o r i e s  ' b e g i n n i n g  a t  day t h e  dayt ime sclleme 

i s  used t h r o u g h o u t .  The upper  a i r  d a t a  o f  e a c h  s t a t i o n  w i t h i n  a  speciCiecl 

r a d i u s  o f  each  t r a j e c t o r y  e n d p o i n t  i s  scanned t o  d e t e r m i n e  t h e  lowes t  c r i t i c a l  

i n v e r s i o n .  A c r i t i c a l  i n v e r s i o n  i s  d e f i n e d  as hav ing  t h e  f o l l o w i n g  

where O and Obase r e f e r  t o  t h e  t o p  and b a s e  of t h e  i n v e r s i o n  l a y e r .  I f  

an  5nvers ion  i s  de te rmined ,  t h e  t r a n s p o r t  l a y e r  d e p t h  i s  determined a s  t h e  

h e i g h t  of t h e  mid-point  of t h e  i n v e r s i o n  minus t h e  average  tc . r r r~i .n  I ~ e i g l i t .  

I f  no i n v e r s i o n  i s  found,  t h e  t r a n s p o r t  l a y e r  d e p t h  i s  assumed t o  be 3000 m .  



The n igh t t ime  c a l c u l a t i o n s  assume t h a t  t h e  t r a n s p o r t  l a y e r  depth (TLD) 

i s  approximately equa l  t o :  

TLD = 2  (2K; t)' 

where.KZ i s  t h e  v e r t i c a l  c o e f f i c i e n t  of eddy d i f f u s i o n  and has  t h e  numerical. 

va lue .  of 1 m2 . s e c - l .  Nighttime cond i t i ons  a r e  assumed t o  p e r s i s t  from 00 Z 

t o  12 2 .  

A d i s t a n c e  weight ing f a c t o r  i s  then used towe igh t  t h e  s t a t i o n  w i t h i n  a  

300 n a u t i c a l  mi l e  r a d i u s  and advec t  t h e  a i r  p a r c e l s  i n  three-hour time s t e p s .  

S ince  most of t h e  c u r r e n t  i n t e r e s t  i n  a c i d  r a i n  is  focused on t h e  

n o r t h e a s t ,  o r  more s p e c i f i c a l l y  on t h e  Adirondack r eg ion  of New York S t a t e ,  

Whiteface Mountain was chosen a s  t h e  prime s tudy  candida te .  T r a j e c t o r i e s  

were c a l c u l a t e d  f o r  a l l  of 1378 and 1979 and weighted by p r e c i p i t a t i o n  

amounts d u r i n g . t h a t  six-hour per iod  t o  determine a dominant d i r e c t i o n  o r  

o r i g i n  of a i r  mass f o r  each bW3S event .  Ea=h event  was then c l a s s i f i e d  i n  

one of 12-30' sec tors ' .  To reduce t h e  sometimes l a r g e  l a t e r a l  e r r o r  a s s o c i a t e d  

w i t h  t r a j e c t o r i e s  of s e v e r a l  days d u r a t i o n ,  only t h e  f i n a l  two days of 

approach t r a j e c t o r y  endpoin ts  were cons idered .  Th i s  assumption, t h e r e f o r e ,  

could n o t  p rovide  a complete a . i r  mass h i s t o r y ,  bu t  could be used t o  c l a s s i f y  

t r a j e c t o r i e s  i n t o  v a r i o u s  s e c t o r s  of o r i g i n  and c e r t a i n l y  d i f f e r e n t i a t e  

between so-ca l led  "Ohio ~ a l i e y "  and "Canadian" a i r  masses. Even us ing  these  

assumptions,  n o t  a l l  even t s  could  be c l a s s i f i e d  a s  t o  s e c t o r  o f  o r i g i n ,  s i n c e  

some t r a j e c t o r i e s  t r ave r sed  s e v e r a l  s e c t o r s .  Furthermore, some FW3S 

c o l l e c t i o n  even t s  were a c t u a l l y  composed of s e v e r a l  sma l l e r  s e p a r a t e  d i s c r e t c  

events  wi th  q u i t e  d i f f e r e n t ,  a i r  mass l i i s t o ry .  However, For 1978, 9 O X  o i  t l l c ,  

even t s  and t o t a l  d e p o s i t i o n  could be c l a s s i f i e d  by t h i s  metllod. 'Tlw ~ c I - -  

centage f o r  1979 was s l i g h t l y  less a t  approximately 85% of t he  even t s  and 



82% of  t h e  t o t a l  d e p o s i t i o n  a s s i g n e d  t o  a  p a r t i c u l a r  compass s e c t o r .  The 

r e s u l t s  o f  1979 a p p e a r  t o  be somewhat a t y p i c a l  due t o  t h e  i n f l u e n c e  of 

h u r r i c a n e s  David and F r e d e r i c  and t h e r e f o r e  w i l l  n o t  be  e x t e n s i v e l y  d i s -  

cussed  h e r e .  

F i g u r e s  1 5  though 1 8  show t h e  e v e n t  and mean c o n c e n t r a t i o n  ( p r n o l e / l i t e r )  

+ + - - 
fnr H NT4 

+ 
SO . NO3 . Aa . caw. and PIF:* a s  a  f u n c t i o n  o f  a i r  mass 

4 '  4 

t r a j e c t o r y  s e c t o r  and p r e c i p i t a t i o n  t y p e  f o r  Whi te face  1978. The s e c t o r s  

of t h e  n o r t h e a s t  q u a d r a n t  c o n t a i n  r e l a t i v e l y  few d a t a  p o i n t s  and may no t .  h e  

s t a t i s t i c a l l y  s i g n i f i c a n t ,  b u t  do p r o v i d e  i n s i g h t  i n t o  t h e  compos i t ion  and 

o r i g i n  of s e v e r a l  e v e n t s .  

F i g u r e  15a i l l u s t r a t e s  t h e  p r e c i p i t a t i o n  a.ssoc.iated with each e v e n t  

and t h e  mean f o r  each  s e c t o r .  The impact  of t h e  l a r g e  c o a s t a l  snowstorms 

0 
of a  n o r t h e a s t e r l y  component i s  r e a d i l y  a p p a r e n t  i n  t h e  0'-90 s e c t o r .  

The remainder  of t h e  s e c t o r s  e x h i b i t  a r e l a t i v e l y  l a r g e  range  i n  p r e c i p i t a -  

t i o n  amounts,  as might  be  expec ted .  F i g u r e s  15b th rough  18b demons t ra te  

t h e  v a r i a b i l i t y  i n  e v e n t  c o n c e n t r a t i o n  of v a r i o u s  i o n s ,  w h i l e  p o i n t i n g  t o  

a  g e n e r a l  maximum i n  t h e  mean c o n c e n t r a t i o n  of t h e  f o u r  major i o n s  f o r  t h e  

sou thwes t  s e c t o r .  The wide range  i n  c o n c e n t r a t i o n  f o r  each  s e c t o r  i s  

p a r t i a l l y  e x p l a i n e d  by t h e  v a r i a b i l i t y  i n  p r e c i p i t a t i o n  amounts f o r  each  

e v e n t .  High c o n c e n t r a t i o n s  are sometimes a s s o c i a t e d  w i t h  r e l a t i v e l y  low 

p r e c i p i t a t i o n  sample volumes i n d i c a t i n g  a  d i l u t i n g  e f f e c t  hv  h i g h e r  volume. 

T h e r e f o r e ,  c a u t i o n  must b e  used when e x t r a c t i n g  r e s u l t s  from t h e  concen t ra -  

t i o n  p l o t s .  

A more meaningful  d iagram i s  produced i f  d e p o s i t i o n  (mg/m2) i s  p l o t t e d  

a s  a f u n c t i o n  of t r a j e c t o r y  s e c t o r .  T h i s  approach p r o v i d e s  a w e i g h t i n g  

f u n c t i o n  and r e d u c e s  t h e  s c a t t e r  a s s o c i a t e d  w i t h  smal l  p r e c i p i t a t i o n  volumes. 
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30 60 SO 128 168 16B 210 240 2-70 308 338 360 
TRAJECTORY SECTOR 

W H I T E F A C E  1978 

38 88 98 128 168 168 21s 248 278 388 33Q 386 
TRAJECTORY SECTOR 

F i g u r e  15. a )  ~ r e c i ~ i ~ a t i i n  volume, and b )  F r e e  hydrogen i o n  c o n c e n t r a t i o n  
p e r  30" t r a j e c t o r y  s e c t o r  f o r  \\Thi.teface, 1978  
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TRAJECTORY SECTOR 
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S8 80 90 129 160 160 210 248 270 399 930 389 
TRAJECTORY SECTOR 

' ~ i ~ u r e  16 .  a) S u l f a t e ,  and b )  Nitrate c o n c e n t r a t i o n  p e r  30'' t r a j e c t o r y  

s e c t o r s  f o r  Whi te face ,  1978 
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Figure 17. a )  Amnonium, and b) Sodium concentrations p e r  30 trajectory 

sector for Whiteface, 1978 
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Figure 18. a) Calcium, and b) Magnesium concentrations per 30 trajectory 

sector for Whiteface, 1978 



Figures  19 through 21 show t h e  t o t a l  depos i t i on  f o r  t h e  events  t h a t  could 

be c l a s s i f i e d  a s  a  f u n c t i o n  of t r a j e c t o r y  s e c t o r  o r  a i r  mass o r i g i n .  It 

should be noted t h a t  t h e  t o t a l  depos i t i on  i n d i c a t e d ' o n  t h e s e  f i g u r e s  r e f e r s  

t o  t h e  t o t a l  of t h e  even t s  d e f i n a b l e  by a i r  t r a j e c t o r y  a n a l y s i s  ( t h e  ATAD 

model). 

The ma jo r i t y  of t h e  depos i t i on  could be f u r t h e r  subdivided i n t o  two 

d i s t i n c t  g roups : '  "Ohio Valley/Midwest" even t s  were de f ined  a s  those  having 

t h e i r  o r i g i n  i n  t h e  s e c t o r  165O-285O, wh i l e  I1Canadian/Great Lakes" was 

0 
des igna ted  by t h e  s e c t o r  285 -30'. l a e n  t h e  t o t a l  wet depos i t i on  i s  computed 

( i nc lud ing  p r e c i p i t a t i o n  i t s e l f ) ,  t h e  cumulat ive t o t a l  of t h e  "Ohio v a l l e y /  

3:idwest" s e c t o r  accounts  f o r  approximatcly 50-70% of t he  total depos i t i on  

from a l l  d i r e c t i o n s .  It cannot be s a i d  from these  diagrams what t he  a i r  

from t h i s  s e c t o r  i s  s i g n i f i c a n t l y  more contaminated o r  p o l l u t e d ,  bu t  r a t h e r  

t h a t  t h e  tendence f o r  p r e c i p i t a t i o n  and subsequent  wet depos i t i on  i s  

g r e a t e s t .  This  can be expla ined  through synop t i c  c o n s i d e r a t i o n s  whereby 

p r e c i p i t a t i o n  i s  g e n e r a l l y  a s s o c i a t e d  w i th  a n  advancing upper- level  t rough 

and f r o n t a l  system g iv ing  rise t o  a  southwest component p r i o r  t o  i t s  . a r r i v a l .  

These f i g u r e s  i l l u s t r a t e  t h e  dependence of depos i t i on  upon p r e c i p i t a t i o n  

volume, s i n c e  F igure  19a  i s a l m o s t a  m i r r o r  image of t h e  d e p o s i t i o n  p a t t e r n s  

' f o r  t h e  v a r i o u s  i ons .  A s  shown by t h e  d e p o s i t i o n  r e g r e s s i o n  equa t ions ,  i f  

t h e  t o t a l  p r e c i p i t a t i o n  is  known, a reasonable  e s t i m a t e  can b e  made a s  t o  t h e  

t o t a i  depos i t i on  of i o n s .  The dependence of d e p o s i t i o n  on p r e c i p i t a t i o n  

volume and concen t r a t i on  can be desc r ibed  f u r t h e r  by computing the  p a r t i a l  

c o r r e l a t i o n  c o e f f i c i e n t s  f o r  each v a r i a b l e .  These va lues  f o r  Whiteface and 

I t h a c a  f o r  t h e  pe r iod  1977-79 a r e  a s  fo l lows:  



WHITEFACE 1978 

O H I O  V A L L E Y / M I D W E S T -  1 7 . 3  L I T E R  

C A N A D I A N / G R E A T  L A K E S -  7 . 9  L I T E R  . 

T O T A L  P R E C I P I T A T I O N -  30.6 L I T E R  

WHITEFACE 1978 

O H I O  V A L L E Y / M I D W E S T -  23.3 MG/M2 

C A N A D I A N / G R E A T  L A K E S -  1 1 . 7  MG,'M2 

T O T A L  D E P O S I T I O N -  3 7 . 4  MG/M2 

31X OF 'TOTAL 

. 38 €38 98 128 1 6 8  1 8 0  21.8 248 278 388 338 388 
- .. - - TRAJECTORY SECTOR . . - , - . . 

F i g u r e  19.  a ) P r e c i p i t a t i o n  volume, and b)  F r e e  hydrogen i o n  t o t a l  wet 
' . d e p o s i t i o n  p e r  300 t r a j e c t o r y  s e c t o r  f o r '  Whi te face ,  1978 
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""9 
O H I O  V A L L E Y / M I D W E S T -  1087.9 MG/M2 

C A N A D I A N / G R E A T  L A K E S -  531.6 MG/M2 

I T O T A L  D E P O S I T I O N -  1700.5 MG/M2 

SB eta . ~ r a  128 16e ieta 218 248 278 srata ssta sea 
TRAJECTORY SECTOR 

WHITEFACE 1978 
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Figure  20. a )  S u l f a t e ,  and b) N i t r a t e  t o t a l  wet depos i t i on  pe r  30' 
t r a j e c t o r y  s e c t o r  f o r  Whiteface,  1978 
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O H I O  V A L L E Y I M X D W E S T -  88.3 M Q I M 2  

C A N A D I A N I G R E A T  LAKES-  17.7 M Q I M 2  
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""I 
O H I O  V A L L E Y / M I D W E S T -  ' 188.8 MO/MZ 

CANADXAN/GREAT LAKES-  68.3 MG/M2 

T O T A L  D E P O S X T I O N -  184.4 MG/M2 

168 188 218 
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Figure  21. a )  Calcium, and b) Ammonium t o t a l  wet depos i t i on  p e r  30' 
t r a j e c t o r y  s e c t o r  f o r  Whiteface,  1.978 
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Prec ip .  Volume 

I thaca  

Concentrat ion 

These va lues  show a  r e l a t i v e l y  good c o r r e l a t i o n  between depos i t i on  and 

p r e c i p i t a t i o n  volume, even when the  concen t r a t ion  remains cons t an t .  

2 .4  Summer Deposi t ion - 1978 

A s  shown thus  f a r ,  t he  chemistry of p r e c i p i t a t i o n  can vary on s e v e r a l  

time s c a l e s .  The most n o t i c e a b l e  changes obviously occur  between winter  and 

summer f o r  both concen t r a t ion  and depos i t i on .  From Figure 15,  i t  i s  

j u s t i f i a b l e  t o  assume t h a t  t h e  summer (May-October) and win te r  (November- 

Apr i l )  t r a j e c t o r i e s  de l ive red  p r e c i p i t a t i o n  t h a t  was of d i f f e r e n t  air mass 

o r i g i n .  I t  i s  t h e r e f o r e  u s e f u l  t o  examine i n  more d e t a i l  t he  t o t a l  va lues  

f o r  summer months of 1978, a s  summarized i n  Table 13. The t o t a l  sampling 

volume f o r  t he  seven MAP3S s t a t i o n s  dur ing  t h e  s i x  month period May-October 

1978 was almost t h e  same, i . e . ,  (21056 + 1728) ~ ~ l i l l i l i t e r s .  llence, any 

modifying e f f e c t  t h a t  might a r i s e  due t o  s i g n i f i c a n t l y  d i f f e r i n g  r a i n f a l l  

amounts among the  s t a t i o n s  i s  e l imina ted .  Severa l  important  f a c t o r s  emerge 

tram t h e  depos i t i on  dafa summarized i n  Table 13; 

e The hydrogen ion  i s  the  most dominant p o s i t i v e  ion ,  and the  s u l f a t e  

ion  is  t h e  most dominant nega t ive  ion  a t  a l l  s t a t i o n s .  

The sequence of i on  dominance i s  no t  t he  same f o r  a l l  s t a t i o n s .  It  i s ,  

i n  decreas ing  o r d e r  of importance, f o r  t h e  summer of 1978 (May-October): 



- - - + * * + 
WFM: F[H] ,  SO4 , L[H] ,  NO3 , NH4 , Ca , ~ 1 - ,  K+, Mg , l a  

- - - + u 
ITH: F [ H ] ,  SO4 , L[H] ,  NO3 , NH4 , Ca , ~ 1 - ,  ~a ' ,  K+, Mg 

* 

- - - + u u + 
PEN: F [ H ] ,  SO4 , L[H], NO3 , NH4 , Ca , ~ 1 - ,  Mg , Na , K+ 

- - - + * + ft  
V I R :  F [ H ] ,  L[H] ,  SO4 , NO3 , RH4 , ~ 1 - ,  Ca , Ra , Mg , K+, 

- - - + u 
I L L :  SO4 , F[H] ,  L [ H ] ,  NO3 , NR4 , Ca , c1-, M~*. K+ 

- - + - + * 
LEN: F[H],  ~ 1 - ,  SO4 , L[H] ,  Na , NO3 , N H 4  , Mg , CA*, K+ ( c o a s t a l  s i t e )  

- - + - + * +I-.. + 
BRO: F[H] ,  SO4 , L[H] ,  ~ 1 - ,  Na , NO3 , NH4 , Mg , Ca , K (coastal.  s i t p )  

e The dramatic  i n f luence  of s t a t i o n  . l oca t ion ,  i . e . ,  i n l and  ve r sus  c o a s t ,  

i s  q u i t e  obvious. Lewes/DE and Brookhaven/~Y have a  p r e c i p i t a t i o n  

chemistry t h a t  i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  in land  s t a t i o n s  ( t h e  

+ 
p r e c i p i t a t i o n  samples a r e  .enriched i n  ~ 1 - ,  Na , and ~ g + + ) .  Furthermore, 

t h e  most western s t a t i o n  of t h e  network, ChampaignlIL, shows a  d i s t i n c t  

I f  s o i l  component" (Ca) enr iched  i n  p r e c i p i t a t i o n  and an almost cor res -  

ponding decrease  i n  f r e e  hydrogen ion  con ten t .  

e For t h e  f i v e  in l and  s t a t i o n s ,  WFM, ITH, PEN, V I R ,  AND ILL, t h e  most 

+ + - - - 
important  i ons  a r e  H , NH4 , SO4 , and NO 

3 .  
Consequently, t he  simple 

s to ich iometry  r e l a t i n g  these  f o u r  i ons  summarizes the  chemistry observed 

[H+] + [ N H ~ + ]  = 2[so4=] +  NO^-]. 

A l l  of t hese  i o n s  e x h i b i t  a  l a r g e  v a r i a b i l i t y  from storm t o  storm, but  

a  seasonal  p a t t e r n  i n  t h e  concen t r a t ion  means wi th  high va lues  i n  the  

summer and low va lues  i n  t h c  win te r  emerged f o r  a l l  bu t  n i t r a t e .  

e Table 1 3  l is ts  t h e  f i e l d  measurement of t h e  pH ( l i s t e d  a s  F[H])  and t h e  

l abo ra to ry  measurement ( l i s t e d  a s  L [ H ] )  s e p a r a t e l y .  For no genera l ly  

n r r e p t e d  reason,  these two measurements do no t  agree .  Some mnte r i a l  i n  

t he  c o l l e c t e d  p r e c i p i t a t i o n  samples must slowly change the  d e t a i l e d  

cliemical composition of t h e  samples. 



TABLE 1 3  

(May - Octn~ba~t. 1978) 
1: nll Z all 

for poti ic*r 1: all 

v n  1 I l.fl11 SO4 NO3 N114 Cn Mg K CP Nn I[Il] I.:H] ncx 

Ithaca 21747 47795 31393 37139 13516 8691 7586 739 81.5 2137 874 b;6OO 45196 52792 

Virginia 22649 41289 32494 30953 10862 6783 2619 784 ,685 4472 1127 53287 4:492 46287 

Illinois . 20758 27000 19416 28125 10913 8827 5836 987 315 2141 966 43931 36347 411.79 

Lewes 18997, 28949 -24881 24950 9545, 6218 2174 5046 785 27536 20580 63752 59684 62031 

Brookhavcn 19849 32143 19904 20165 8287 6030 1514 2723 691 10157 9920 53021 $0782 38609 

ZS.V. 21056 
+_ 1728 (standardized sampling volume) 

SUMMER 1978 DEPOSITION Cmicroequivalent/square meter for 6 month] 

(May - October 1978) 

cFCH] + NH4) Z all pos for F[H] E all pos for L[H] X of annual 1978 deposition 

Station S04/W3 (SO4 + NO3) E all negative Z all negative L[H] 7 4  SO4 NO3 

W.F.H. 2.7 1.27 1.33 . 0.93 68 7 5 73 62 

Ithaca 2.7 1.12 1.17 0.79 64 79 76 60 

Penn State 

Virginia 

Illinois 

LI?VPS 2.6 k.02 1.03 
(Coastal site) 

Hroakhnvcn 2.4 1.34 1.37 
(Conurnl slue)  

55 71 74 54 

58 65 65 53 

N.D. N.D. N.D. N.D. 

N.D. N.D. N.D. N.0. 

N.D. N.D. N.D. N.D. 



e Table  1 3  i n d i c a t e s  t h a t  a c o a p l e t e  i o n  b a l a n c e  does  n o t  e x i s t  between 

p o s i t i v e  and n e g a t i v e  i o n s .  The sum of a l l  i o n s  o f  e i t h e r  s i g n  i s  

s i g n i f i c a n t l y  l a r g e r  f o r  p o s i t i v e  i o n s ,  u s i n g  t h e  " f i e l d  pHt1 F[H]: 

t h a n  f o r  n e g a t i v e  i o n s .  However, i f  t h e  l a b o r a t o r y  pH (L[x]? i s  used 

i n  add ing  up a l l  p o s i t i v e  i o n s ,  t h e n  t h e  n e g a t i v e  i o n s  exceed t h e  

p o s i t i v e  ones .  There  are o b v i o u s l y  more i o n s  p r e s e n t  i n  s o l u t i o n  than 

a r e  c u r r e n t l y  measured,  hence t h e  d i s c r e p a n c y .  

e While t h e  r e l a t i o n s h i p  

h o l d s  r e a s o n a b l y  w e l l  f o r  t h e  s t a t i o n s  i n  t h e  .MAP3S network,  i t  by no 

means i s  s u f f i c i e n t  t o  unders tand  t h e  p r e c i p i t a t i o n  chemis t ry  a t  a  

p a r t i c u l a r  s i t e .  For example, i t  i s  ex t remely  impor tan t  t o  know t h e  s o i l  

component ( i n  p a r t i c u l a r  Ca) i n  o r d e r  t o  unders tand  t h e  low v a l u e  f o r  

t h e  f r e e  hydrogen i o n  a t  t h e  r u r a l  I l l i n o i s  s i t e .  (As a  m a t t e r  of f a c t ,  

i t  can b e  r e a s o n a b l y  w e l l  assumed t h a t  t h e  above r e l a t i o n s h i p  does  no t  

h o l d  up anymore i n  t h e  midwestern  p a r t s  of t h e  Uni ted S t a t e s  where t h e  

s o i l  i s  more, a l k a l i n e . )  A t  t h e  c o a s t a l  s i t e s  Lewis and Brookhaven, i t  

+ 
i s  t h e  s t r o n g  mar i t ime  component i n  N a  , 1 ,  and E!~* t h a t  p l a y  a  

s i g n i f i c a n t  r o l e  i n  de te rmin ing  t h e  v a l u e  of t h e  f r e e  hydrogen i o n .  

Fur the rmore ,  t h e  l o c a l  meteorology (onshore--offshore  f low,  i . e . ,  sea  

b r e e z e  e f f e c t )  might  dominate t h e  l o c a l  a i r  q u a l i t y  and p r e c i p i t a t i o n  

q u a l i t y  i n  a d d i t i o n  t o  t h e  r e g i o n a l  f low p a t t e r n .  Hence, a  c o a s t a l  

s i t e  i s  n o t  a  f i r s t  c h o i c e  i n  a s s e s s i n g  r e g i o n a l  i n l a n d  p r e c i p i t a t i o n  

c h e m i s t r y .  

e A r a t h e r  s u r p r i s i n g  r e s u l t  emerges from Table  1 3  i n  r e g a r d  t o  t h e  

d e p o s i t i o n  of  major   ion^ d u r i n g  t h ~  s i x  month "summer" p e r i o d  of 1979 :  



V I R  ILL 

41289 2 7000 [peq/m2 1 

The above t h r e e  sites cou ld  b e  looked upon as "corner  s i t e s "  f o r  t h e  

main e m i s s i o n  s o u r c e s  r e f e r r e d  t o  a s  "Ohio Val ley."  Y e t ,  t h e  s u l f u r ,  

n i t r a t e ,  and ammonia d e p o s i t i o n s  d u r i n g  t h e  s i x  summer months of 1978 

were a lmos t  i d e n t i c a l .  The f r e e  hydrogen i o n  d e p o s i t i o n  f o r  Whiteface  

M o u n t a i n / ~ Y  and V i r g i n i a  are a g a i n  a l m o s t  i d e n t i c a l  ( s o  are t h e  s o i l -  

d e r i v e d  C a  d e p o s i t i o n s ) ,  b u t  t h e  I l l i n o i s  s i t e  shows a  lower  f r e e  hydrogen 

i o n  d e p o s i t i o n  and a h i g h e r  s o i l - d e r i v e d  C a  d e p o s i t i o n .  The o t h e r  two 

s t a t i o n s ,  Penn S t a t e  and ~ t h a c a ,  are i n  c l o s e r  p rox imi ty  t o  emiss ions  

i n  t h e  "Ohin Val ley , "  y e t  t h e  d e p o s i t i o n  v a l u e s  a r e  o n l y  s l i g h t l y  

l a r g e r ,  e x c e p t  f o r  NH4 and Ca, which a r e  s i m i l a r  t o  t h o s e  found a t  WFM 

and V I R .  

ITH PEN 

F[H] 47795 44284 [peq/m2] 

L [ H ]  31393 31 969 [ l ~ e q / m 2 ]  

S04 37139 37084 [peq/m2 1 



Note t h a t  t h e  d a i l y  t r a j e c t o r y  a n a l y s i s  f o r  t he  e n t i r e  year  1978 shows 

predominantly southwes ter ly  t o  wes t e r ly  flow f o r  p r e c i p i t a t i o n  produc- 

i ng  a i r  masses a r r i v i n g  a t  WFM i n  t h e  "summer season."  Under t hese  

condi t ions  t h e  r e s u l t i n g  s u l f a t e  and n i t r a t e  depos i t i ons  a t  WFM a r e  

about 20 percent  lower than those  f o r  I t h a c a  and Penn S t a t e .  Furthermore, 

Table 1 3  i n d i c a t e s  t h a t  t h e  S 0 4 / ~ 0  dcpos i t i on  r a t i o  of 2 .7 is exact1.y 
3  

t h e  same f o r  WM, ITH, and PEN and d i f f e r s  on ly  i n s i g n i f i c a n t l y  from 

t h e  r a t i o s  found a t  a l l  t h e  o t h e r  s i t e s .  ~ h e r e £ o r e ,  a  s t e e p  g rad ien t  

f o r  t h e  depos i t i on  of po l lu t ion - re l a t ed  m a t e r i a l s  o v e r  t h e  e n t i r e  

no r theas t e rn  p a r t  of t he  United S t a t e s  cannot be de t ec t ed .  

The percent  of annual  depos i t i on  t h a t  occurred during tlle s i x  "summer" 

months i s  c o n s i s t e n t  wi th  t h e  annual change of t he  concent ra t ion  f o r  

4- - - - 
t h e  po l lu t ion - re l a t ed  ions  [ H  1 ,  SO4 , and NO3 . Table 13  i n d i c a t e s  

t h a t  65 t o  75% of t h e  s u l f a t e ,  50 t o  60% of t h e  n i t r a t e s ,  and 55 t o  65% 

of t h e  hydrogen ions  a r e  depos i ted  during t.he snmmer months (May-October), 

1978. 

2.5 Ion Balances 

Linear  cor re la t . inn  and r eg res s ion  a n a l y s i s  was performed t o  determine the  

degree of a s s o c i a t i o n  between va r ious  i o n s  o r  p a i r s  of ions . .  ~ h k  r e s u l t s  a r e  

(concent ra t ion  va lues ,  F igure  22) 

c o r r e l a t i o n  c o e f f i c i e n t  R = 0.95 

(concent ra t ion  va lues ,  F igure  23) 

c o r r e l a t i o n  c o e f f i c i e n t  R = 0.98 increased  s l i g h t l y  when t h e  s o i l  component 
'was sub t r ac t ed .  



F i g u r e  22. Hydrogen + Ammonium vs.  2 ( S u l f a t e )  + N i t r a t e  f o r  W h i t e f a c e ,  1977-79 



W H I T E F A C E  1877-1879 

F i g u r e  23.  Hydrogen + Ammonium vs. 2 ( S u l f a t e )  + Nitrate - ? ( S o i l  Components) 
f o r  Whi tefa.ce, 1.977-79 .. . 



+ 
e [ H  ] v e r s u s  [ N H ~ + ]  

( c o n c e n t r a t i o n  v a l u e s ,  F i g u r e  .24) 

c o r r e l a t i o n  c o c f f i c i e n t  R = 0.68 

+ 
[H ]  v e r s u s  [XO -1  

3 

( c o n c e n t r a t i o n  v a l u e s ,  F i g u r e  25) 
c o r r e l a t i o n  c o e f f i c i e n t  R = 0.72 

+ - 
e [H I v e r s u s  [so4-]  

( c o n c e n t r a t i o n  v a l u e s ,  F i g u r e  26) 

c o r r e l a t i o n  c o e f f i c i e n t  R = 0.88 

+ - + - 
The h i g h  c o r r e l a t i o n  t h a t  e x i s t s  between [ H  1 = 2[so4-1 +  NO^‘] - [NH4 1 

s u g g e s t s  t h a t  a s i g n i f i c a n t  p o r t i o n  o f  t h e  s u l f a t e  and n i t r a t e s  a t  WFM 

e x i s t e d  i n  t h e  form of s u l f u r i c  and n i t r i c  a c i d .  

There  i s  no s t r o n g  r e l a t i o n s h i p  between p r e c i p i t a t i o n  volume and i o n  

c o n c e n t r a t i o n .  It i s  recognized  t h a t  t h e  o n l y  measured p a r a m e t e r s  of 

" p r e c i p i t a t i o n  sample volume" i s  a v e r y  poor i n d i c a t o r  of " p r e c i p i t a t i o n  ra te"  

and hence t h e  scavenging  b e h a v i o r  i s  n o t  e a s i l y  d i s c e r n a b l e  from t h e  observed 

d a t a .  An i n v e r s e  r e l a t i o n s h i p  between sample volume and i o n  c o n c e n t r a t i o n  i n  

p r e c i p i t a t i o n  i s  sugges ted  from t h e  d a t a  p r e s e n t e d  i n  F i g u r e s  27 th rough  30 

+ + 
f o r  t h e  [B 1 ,  [SO = I ,  [ N H ~  1, and [ M O ~ - ]  i o n s .  These f i g u r e s  i l l u s t r a t e  t h e  

4 .  

i n v e r s e  dependence of c o n c e n t r a t i o n  and p r e c i p i t a t i o n  volume and h e l p  e x p l a i n  

t h e  wide range  of v a l u e s  f o r  each  i o n  c o n c e n t r a t i o n  p e r  t r a j e c t o r y  s e c t o r  i n  

F i g u r e s  1 5  through 18 .  

2 .6  Weighted C o n c e n t r a t i o n  and Mean D e p o s i t i o n  - 1977-79 

Thus f a r  d e p o s i t i o n  and c o n c e n t r a t i o n  p a t t e r n s  have been d e s c r i b e d  i n  

d e t a i l  f o r  t ime  s c a l e s  of months and y e a r s .  It i s  a p p a r e n t  t h a t  a  compre- 

h e n s i v e  t r e a t m e n t  of i n d i v i d u a l  e v e n t s  a n d / o r  e p i s o d e s  i s  a l s o  n ,ecessary  i n  

o r d e r  t o  u n d e r s t a n d  t h e  chemical  c l imat .o logy of p r e c i p i t a t i o n .  I n  o r d e r  t o  

d e f i n e  a s i g n i f i c a n t  e v e n t  o r  e p i s o d e ,  a d e f i n i t i o n  a s  t o  t h e  e x a c t  n a t u r e  
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Figure 24. Hydrogen vs. Ammonium for Whiteface, 1977-79 



W H I T E F A C E  1977-1978 

Figure 25. Hydrogen vs. Nitrate for Whiteface, 1977-79 
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F i g u r e  26.  ~ ~ d r o g e n  vs. S u l f a t e  f o r  W h i t e f a c e ,  1977-79 



; W H I T E F A C E  1977-1979 

Figure 27. Precipitation Volume vs. Free Hydrogen Ion Concentration for 
Whiteface, 1977-79 



W H I T E F A C E  1877-1879 

# 

Figure  28.  P r e c i p i t a t i o n  Volume vs. S u l f a t e  Concent ra t ion  f o r  Whiteface,  

i977-79  
. . 



W H I T E F A C E  1977-1979 

F i g u r e  29. P r e c i p i t a t i o n  Volume vs.  Nitrate C o n c e n t r a t i o n  f o r  W h i t c f a c e ,  

1977-79 



W H I T E F A C E  1677-1S7B 

Figure 30. Precipitation Volume vs. Ammonium Concentration for Whiteface, 

1977-79 



of t h i s  o c c u r r e n c e  must f i r s t  be  proposed.  An o b j e c t i v e  method was used 

whereby any e v e n t  v a l u k  s r ' ea te r  t h a n  t h e  annua l  mean p l u s  one s t a n d a r d  

d e v i a t i o n  was c o n s i d e r e d  t o  be  "ep i sod ic"  o r  " s i g n i f i c a n t .  " T h i s  pro- 

cedure  w a s  used t o  s e l e c t  e p i s o d e s  f o r  c a s e  s t u d i e s  a s  w e l l  a s  t o  examine 

t h e  e f f e c t  of t h e  p e r c e n t  of t o t a l  d e p o s i t i o n  of t h e  e l e v a t e d  e v e n t s .  The 

r e s u l t s  of t h i s  p rocedure  i s  shown i n  T a b l e s  14 and 1 5 ,  a l o n g  w i t h  t h e  mean 

v a l u e s  o f  c o n c e n t r a t i o n ,  d e p o s i t i o n ,  and p r e c i p i t a t i o n  f o r  each  y e a r .  T h e  

c o n c e n t r a t i o n . v a l u e s  were weighted a c c o r d i n g t o  t h e  formula  

where P = e v e n t  p r e c i p i t a t i o n  volume 
i 

Ci = e v e n t  c o n c e n t r a t i o n  v a l u e  

- 
C = weighted mean. 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  c o n c e n t r a t i o n  weighted v a l u e s  f o r  

Whi te face ,  Tab le  1 4 ,  a r e  t h e . l o w e s t  of t h e  f o u r  s t a t i o n s  c o n s i d e r e d .  T h i s  

cou ld  be due t o  t h e  p rox imi ty  of t h e  o t h e r  s t a t i o n s  t o  p o l l u t a n t  s o u r c e s ,  

w h i l e  Whiteface  is  e s s e n t i a l l y  a n  i s o l a t e d  l o c a t i o n ,  o r  i t  cou ld  be  due t o  

t h e  e l e v a t i o n  of Whiteface  Mountain b e i n g  o v e r  4000 f e e t  h i g h e r  t h a n  t h e  

o t h e r  s t a t i o n s .  The t h r e e  y e a r  means of Tab le  1 5  r e p r e s e n t  e s s e n t i a 1 . l ~  a n  

e v e n t  a v e r a g e  f o r  d e p o s i t i o n  v a l u e s  s o  t h a t  t h e  number of c v c n t s  per y e a r  

must be c o n s i d e r e d  when comparing s t a t . i n n  va111es t o  o b t a i n  a  1,clttern con- 

s i s t e n t  w i t h  t h e  t o t a l  d e p o s i t i o n  v a l u e s  of F i g u r e s  12 througil 1 4 .  : r l ~ ~ ~ t  is? 

. t h e  l a r g e r  number o f  e v e n t s  o r  t o t a l  sample volume produce a l a r g e r  t o t a l  

d e p o s i t i o n  f o r  Whi te face  t h a n  V i r g i n i a ,  even though t l ~ e  mean v a l u e s  a r e  

g r e a t e r  f o r  t h e  l a t t e r  s t a t i o n .  The r a t i o  of . c a t i o n s  t o  a n i o n s  of hot11 

T a b l e s  1 4  and 1 5  i n d i c a t e  a n  approximate  b a l a n c e  f o r  t h e s e  mcau v a l u e s  For 

t h e  y e a r l y  and . t h r e e  y e a r  a v e r a g e s .  (The b a l a n c e  r e f e r s  on ly  t o  t h e  Fot~r 

+ - - - 
major i o n s ,  H+, NH4 , SO4 , and NO . ) 

3 



TABLE 1 4  

- 7 

I rr 1 7,- 
----- 

:so. or' .*?. of .do. of ' K O .  s?' 

~ ~ t ~ i  s i g n i f i c a n t  sign: f i c35 t  sign; f i c a n t  s i ~ 1 ; i f ' i c a ~ ~  

So-? i e  e v ? c t s / t o t a l  events:total even;s/ totai  events! t o t a l  
.. y 3 ~ ~ 7 =  . 0 1  everits ( ~ l m o l e / i i t e r )  events  ( ~ m o ? ~ ! l i t e r )  eve%, .;nolc!l.ittr) e-rents 

---- 

I n t e n s i t y  .deighted.hverages fcr 1977-1979 ~ e r i o d  

..--.,.-..T. 
I-:~L-.,~~ 35513 26.55 2;. 1.6 63 . i7  iz. s4 - c.2 - .  

1 ,  A -i- =-,r,lf<csr;: even', is e=5ine< 5:: -r.=. ; . k , ~ g ~  -lala;? i s  g r e z t e r  -,i:er. 1Se i;:tena;-,y ueig?.te& xezn plus crre s tan ia r?  ~ ~ V ~ E L ~ G L .  

. . .  Z\.;r;iir.ia 1S;G ;ia; c-rrectefi f'? c.,rr.:;; zlsse- :c.t;-t.en'ia 63:,3t,e.r t r . i  26 >;o.,e:.bel.. 



TABLE 1 5  

>:csri G ~ ; ~ c ; s i  t ion [ i rgis: ' ]  a n j  [mii.ro~.quivc.~ lentiin' ] 

' ~ i ~ n i i : c a r . c  ] ~ i , $ n i f  i c a n t  ' s i g n ;  f i c a n t  
Evi.ncs! Events! Evenis /  

m/rZ t , r q / m 2  T s t a i  5 : l z  *2 uec,/m2 Tota l  Events --- mg/n2 ueq!mL Tota l  Events 

' S i g n i i i c c n t  
Evaricsi 

~ ~ / c '  :eq/m2 Tota l  Evects 

- -- 
C = (SC4 + KG3) A - (m+'%) T o t a l  Sas-,le Volume C I A  

; - 1  
t l T . i  i - [ ~ ~ q / m 2 ]  [ ~ c ~ / m ~  ] (cat  i ons /an ions )  

!".?. 1 5 ' 7 7  52674 

? $ i s  31561. 
3 y r .  neari 

i 0 L  3 1 1070 . -+. 

1 7 1 :  52:lL To:G? - 139252 i30L - 
:T9&i.4 1577 16559 

197i j i :?~ 
lSb7]  3 yri3;;an I 3 y r .  mean 
1206 1057 r 

1573 A7275 To ta l  - liC5ij 1136 ! 1226 , 1 

=,:,., -- . -,... > - A T ~  I?:? i i  ;.+; 1x9 1 j v r .  mean 12.21 I 
( 3  v r .  mean 

1 4 7 2  LZ!,S~ l O S L  : * 
1124 ?;25 i ' 1203 

1 4 7 4  i E 5 3 3  Tota l  - 1 4 5 9 k a  1 2 7 7  1266 : 

i:" 1 3 . y r .  1.05 mian 
1 .05 

I .  
0.23 ! 3 y r .  mean 
0 . 9 6 (  0.93 
1 . 0 1  ' 

I : ; :?  1:7:.5:s:;, is:; IG.59 1 
, 3 y r  . r?>.?C l w a  i .,r. zesn 

i>?.? ;;5:- . . 0 . 9 9  1 3  y r .  mern 
::72 x 2 3  135; ? - 

. * -, --.,, - ., - , 1152 G . S ?  1 G.95 
" 7 5  ' : ? I :  : .o:a: - 1 C t L 3 4  - -  . 0 . 5 5  ; - -- - - . - -- :,;;c1 .:. -- 

is i e z . ' "  .i a<;::.ifir:?: $..I;::.: . - . . e l  a s  o-c . 'v ;~osr  vali i? i.s g r e a ~ r :  :::a;. ri;r r? ; .~ r ,  p i c 5  on2 s t a r i i b r i  lev:-r' r u . l O ~ .  
. . . . . . . - . . . . - - . - . , . 
r l ;G- . . - i  . , I ,  :.::- C C T T ~ C : E C  :or even t s  ~ i s s e l  'uec-&en 10 ;c:ober and 26 : ;ovezdrr.  



2.7 The J u l y  1978 " I n t e n s i v e "  

During t h e  month 'of  J u l y  1978, i n t e n s i v e  moni to r ing  of a i r  p o l l u t i o n  

paramete rs  was i n i t i a t e d  throughout  t h e  midwest t o  n o r t h e a s t e r n  p a r t  of t h e  

- - 
United S t a t e s .  S e v e r a l  a i r  p o l l u t i o n  e p i s o d e s  o c c u r r e d  d u r i n g  t h i s  month, 

t r i g g e r e d  by t h e  h i g h  photochemical  p o t e n t i a l  t h a t  c o i n c i d e s  w i t 1 1  I~ ig l i  

p r e s s u r e  sys tems.  P r e c i p i t a t i o n  e v e n t s  t h a t  f o l l o w  such  a n t i c y c l o n i c  e v e n t s  

could  conce ivab ly  l e a d  t o  r a i n  t h a t  i s  e n r i c h e d  i n  p o l l u t i o n - r e l a t e d  i o n s  

- - - 
(SO4 , NO3 , H'. e t c . )  In o r d e r  t o  i n v e s t i g a t e  t h i s  h y p o t h e s i s ,  i t  i s  

. v e r y  c r u c i a l  t o  know t h e  o r i g i n  of a i r  masses.  The MAP3S s i t e  a t  \Jl l i . teiace 

Mountain i s  a g a i n  s e l e c t e d  as t h e  s t u d y  s i t e  i n  o r d e r  t o  sccl. \ ~ l ~ e c l ~ ~ > l -  0 1 -  11(1c 

a i r  p o l l u t i o n  e p i s o d e s  c o n c e n t r a t e d  i n  t h e  "Ohio Val ley"  r e g i o n  ant1 

o c c u r r i n g  under  a n t i c y c l o n i c  c o n d i t i o n s  do l ~ a v e  a n  impact  on tlig nor t11cas t~~1-n  

Uni ted S t a t e s  (Adirondack r e g i o n )  p r e c i p i t a t i o n  c h e m i s t r y .  

The J u l y  1978 back t r a j e c t o r i e s  f o r  Whiteface  as developed by tlic ARI,-  

ATAD model a r e  shown i n  F i g u r e s  31 th rough  35. Each l e t t e r  of t h e  t r a j e c t o r y  

i n d i c a t e s  a  s i x  hour  e n d p o i n t  whereby t h e  A - t r a j e c t o r y  d e n o t e s  00 %, t l ~ c  

B d e n o t e s  06 Z ,  t h e  C d e n o t e s  12 Z, and t h e  D d e n o t e s  1 8  Zulu t i m e .  There- 

f o r e ,  r e l a t i v e  speed o f  t h e  a i r  p a r c e l s  as w e l l  a s  d i r e c t i o n  i.s obtainrll11.c 

from t h e s e  f i g u r e s .  T r a j e c t o r i e s  wllich t e rwina  t e  w i t 1 1  :Less t l1:111 u.isl~t:  c,n~l- 

p o i n t s  . a re  u s u a l l y  caused by i n s u f f i c i e n t  t r a n s p o r t  l a y e r  cieptll 01- .I.ac.li i r i  

u s a b l e  m e t e o r o l o g i c a l  upper  a i r  d a t a .  A s  mentioned e a r l i e r ,  t r a j e c t o r i e s  

were n o t  e x t r a p o l a t e d  p a s t  two days .  I n c l u d e d  i n  each f i g u r e  i s  t h e  FlAP3S 

c o l l e c t i o n  d a t e ,  e v e n t  c o n c e n t r a t i o n  and d e p o s i t i o n , o f  t h e  f o u r  major i o n s ,  

sample volume, and i o n  r a t i o .  F i g u r e  .36 g i v e s  t h e  d e t a i l e d  s i x  ,.lour pre-  

c i p i t a t i o n  t o t a l s  f o r  Whiteface  f o r  J u n e  and J u l y  of 1978 which can be c~secl 

t o  volume-weight t h e  t r a j e c t o r i e s  i n  o r d e r  t o  d e t e r m i n e  t h e  dominant 



W H I T E F A C E  

9 JULY 1678 

Concentra t ' ion ( p m o l e / l i t e r )  

~ e ~ o s L t i o n  ( rng / r i~ ' )  

Sample volume - 362 m l  

+ 
[ H  I L  + [ N H ~ ] / ~ ( s o ~ ]  + [NO;] = 1 . 0 1  

F i g u r e  31 



W H I T E F A C E  

1 6  J U L Y  1978 

[ so; :I 

Deposition (mg/m2) 

Sample volume - 84 ml 

Figure 32 



W H I T E F A C E  

23 JULY 1878 

PlAP3S Event - 24 July 19.78 

Concentration (~mole/liter) 

Deposition (rng/m2) 

Sample volume - 264 ml 

ill+] + [NH:~/Z[SO~] + [NO;] = O e g 2  
I, 

[ so; 1 

Figure 33 
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W H I T E F A C E  

28 JULY 1978 

MAP3S Event - 28 July I978 

Concentration (pmole/liter) 

Deposition (mg/m2) 

Sample v.olunls - 450 m l  

[H'], + [NH:]/Z[SO~] + [NO;] = 0.65  

(Note: total cation/total anion = 0.84) 

[ so; I 

--- - . -  - --. - 

Figure 34 



W H I T E F A C E  

38 dULY 1978 

MAP3S Event - 31 July 1978 

Concentration (pmolelliter) 26 

Deposition (mg/m2) 0.33 

Sample volume - 623 ml 

[Hf], + [NH~]/z[so~] + [NO;] = 1-01 

[ SO; 1 [NO; 1 

Figure 35 
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W H I T  E F A C E  

JUNE 1878 

. ---. . 

W H I T E F A C E  

Figure 36. Six hour precipitation amounts for Whiteface, a) June, and 

h )  .Tuly 1978 



contributor(s) in the case of conflicting or diverse directions. Note that 

Figure 36 refers to local standard time, while trajectory calculations are 

based on GMT (Zulu time). 

The sulfate Regional Experiment (SURE) air quality date for July 1978 

were used to determine ambient air quality conditions, and in particular to 

delineate sulfate episodes worthy of examination. Figures 37, 373, 38 and 

38a illustrate ambient conditions based on 24 hour HIVOL sampling and rain- 

fall for Whiteface and Ithaca. Therewereessentially four sulfate episodes 

during July 1978 that are reflected in the total suspended particulates, 

SO4 (aerosol) and SO The aerosol nitrate concentration demonstrates no 
2 ' 

significant trend or, in the case of Ithaca, exhibits an anti-correlation 

with concentration values of the other aerosol constituents. 

The cleansing mechanisms of rainout and washout and/or the change ot 

air mass (anti-cyclonic versus cyclonic) are apparent, causing a significant 

decrease in total suspended partic1.llat.e~ and in other pollution-related 

materials. The early part of July for Ithaca is somewhat confusing in this 

respect, since the National Climatic Center data indicate no rainfall between 

5 July and 9 July, but a W 3 S  collection accounted for 2.65 mm, suggesting 

at least some precipitation activity during this period. Rainfall amounts 

in Figure 38 are taken from National Climatic Center Daily Precipitation 

Summaries. 

With this information, the individual precipitation events and preceding 

ambient conditions at WFM can be classified as follows: 



Rain Event MAP3S Origin of Air 

at WFM : Collection Mass/~haracterization 

718 7/11 "Ohio Valley" preceded 
by sulfate episode 

7/16 7/18 "Ohio Valley" preceded 
by sulfate episode 

7/21 
and 

7/23 

7/24 l1Midwest/Great Lakes" 
preceded by a major 
sulfate episode 

7/27 7/28 "Ohio Valley" preceded 
by a sulfate episode 

There is a striking difference in concentration values between the air 

masses arriving at Whiteface from the "Midwest" to "Ohio Valley" region and 

- - 
the "~anada" to "Great Lakes" region. The intensity weighted [so4 1, [!lo3-], 

+ 
and [H ] concentration for these two different regions are: 

Concentration 
- - - 

+ 
S04 

NO 
H 

W 3 S  Events 

- 
50 Combined July 11, 18, 

24 and 28 EW3S events 
(The bar indicates the mean) 

46 10 8.9 Canada/Great Lakes 

- - - 
ITH 138 55 34 Combined July 9, 17, 22, 

27, 28 
(The bar indicates the mean) 

46 16 2, 2 July 4 "Canadian" air 

25 9.4 6.7 August 7 events 
?.,. .... ---. . 

- - - 
PEN 170 7 1 45 Combined July 7, 11, 15, 

24, 28, 30 events 
(The bar indicates the mean) 

71 25 13 July 4 event "Canadian" air 



JULY 1978  

F i g u r e  37. SURE a i r  q u a l i t y  d a t a  and r a i n f a l l  f o r  Whi te face  - J u l y  1978 



Whiteface Air Qual.ity Data July 1.975 

- [11g/m3! -- D a i . 1 ~  ( pmol.e/L: ) l,i.lP?S 

Date TSP Rainfall [So,'] [NO;] ! N I I ~ + I  
-- N03 Soh - S02 (inch) L[H+] -- 

* W 3 S  Event 

Figure 37a. ,Whiteface air quality data - July 1978 
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Fig u r e  38.  SURE a i r  q u a l i t y  d a t a  and r a i n f a l l  f o r  I t h a c a  - J u l y  1978 



ITllACA A I R  GUALITY DATA JULY 1.978 

Figure 38a. I thaca  air quality data - July 1978 

micro ggarn/rn3 

N H ~ +  ~ 0 ~ -  so4= Date TSP C1- s02 
-- - 

1 19.3  -- -- 0.477 1.792 8.813 

2 19.8  -- -- 0.434 1.439 7.423 

3 2 l .4  -- -- 0.246 4.442 8.952 

4* 11.4 -- -- 0.268 2.212 9.061. 

5 22.5 -- -- 0.192 3.456 8..842 

6 29.5 -- -- 0;133 4.826 5.677 

7 -- -- -- 0.002 -- . 22.487 

8 56.2 -- -- 0.057 18.915 21..833 
9" 38.7 -- -- 0.073 12.572 18.668 

10 44.7 -- -- 0.213. 9.020 21.. 178 
0.399 1.953 4.803 . 11. 17.5  -- -- 
0.274 5.061 21.61.5 12 33.6 -- -- 

1 3  45.0 -- -- 0.177 7,831 3.0.644 
-- 0.128 23.620 31.986 14 68,3 -- 

15 44.7 -- -- 0.087 16.830 25.872 

16 29.8 -- -- 0.187 9.234 14.082 

1 7 "  20.5 -O~=OL- 0.221 0.110 4.479 3.930 
18  30.1  0.005 0.171 0.192 4.474 11.135 
19 -- 0.005 2.262 0.100 15.362 25.982 
2 0  62 .1  0.005 4.416 0.070 18.785 36.134 
21 85.3 0.021 5.001 0.113 . 28.018 32.465 
22* 65.3 0.033 7.616 0.063 28.817 33.296 

23 45.0  0.005 3.939 0.073 1.6.902 24.890 
. 24 8 .1  0.052 0.012 0.401 1.968 8.187 

25 27.4 ' -- -- 0.31.8 5.186 - - 
26 46.6 -- .. .. ' O.ot19 20.159 -- 
27* 41.8 -- -- 0.061 1.8.003 -- 
28" -- -- -- 0.001. -- -- 

-- 0.096 10.076 -- 29 30.6 -- 
30 -- -- -- -- -- - - 
31 12.7 -- -- 0.002 . -- 

*MAP3S Event 

- -  I -  I I I 
. - 
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Concentrat ion (l~mole/L) of p o l l u t a n t  m a t e r i a l  i s  one way of  c h a r a c t e r i z i n g  

t h e  impact of p r e c i p i t a t i o n  on a ' region. Deposi t ion (mg/m2 o r  lJequiv/rn2) i s  

another  e q u a l l y ,  i f  n o t  more, important  parameter .  For J u l y  1978, t h e  follow- 

i ng  depos i t i on  p i c t u r e  emerges f o r  t h e  "Midwest/Ohio Valley" ve r sus  Itcanada/ 

Great Lakes" reg ion:  

- - 

(mg'/m2> (mg/m2 > (mg/m2>_ MAP3S Events -- 

28.4 p e r  event  11.7 pe r  event  Combined J u l y  11, 1 8  and 24 WFM 0.61 per  event  
2.44 t o t a l  f o r  1 1 3 . 6 t o t a l f o r  4 6 . 8 t o t a l f o r  and 28 

J u l y  78 J u l y  78 J u l y  78 Midwest/Ohio Val ley 
(The b a r  r e f e r s  t o  t h e  mean) . ,  

.1.58 o r  12.2 6.8 J u l y  31 event  
24% of t o t a l  J u l y  11% of  t o t a l  15% of t o t a l  ~ a n a d a l G r e a t  Lakes 

-- 
ITH 2.18 per  event  84.3 p e r  event  31.2 pe r  event  Combined J u l y  9 ,  17 ,  22, 2 7 ,  

207 of  t o t a l  f o r  241.5 t o t a l  156 t o t a l  2 8 
J u l y  78 Midwest/ohio Val ley 

(The bar  r e f e r s  t o  t he  mean) 

1 .29 o r  43.3 o r  37.2 o r  J u l y  4 
12% of t o t a l  18% of t o t a l  24% of t o t a l  Canadian a i r  
J u l y  78 

-- 
PEN 0.95 pe r  event  38.4 p e r  event  15.2 per  event  Combined J u l y  7,  11, 15 ,  24, 

4.76 t o t a l  f o r  192 t o t a l  76 t o t a l  28, 30 
J u l y  78 Midwest/ohio Val ley 

(The ha? r e f e r s  t o  t h e  mean) 

1 .83  62 o r  20 o r  . J u l y  4 

39% of t o t a l  J u l y  32% of t o t a l  J u l y  26% o£  t o t a l  Canadian a i r  

It can be  summarized t h a t  t h e  impact of p r e c i p i t a t i o n  i n  J u l y  of 1978 

o r i g i n a t i n g  from t h e  "Great Lakes/Canadianl' s e c t o r  i s  s i g n i f i c a n t l y  lower . 

t han  t h e  impact caused by "Midwest/Ohio Valley" a i r  i n  regard  t o  t h e  concen- 

t r a t i o n ,  b u t  comparable i n  regard  t o  d e p o s i t i o n  pe r  event .  There have been 

f o u r  t o  f i v e  t imes more even t s  dur ing  J u l y  1978 invo lv ing  a i r  masses from 

t h e  "Midwest/Ohio Val ley."  Accordingly, t h e  pe rcen t  c o n t r i b u t i o n  of t h e  



p r e c i p i t a t i o n  from a i r  masses pass ing  over  t h e  ~ a n a d i a n / G r e a t  Lakes reg ion  

is  apprec iab ly  lower.  For example, dur ing  J u l y  of 1978, 76% of t he  

hydrogen ion ,  89% of t h e  s u l f a t e  i on  and 85% of t h e  n i t r a t e  i on  were 

depos i ted  a t  WFM from a i r  mass systems t h a t  had previous ly  passed over  the  
'. 

Midwest/Ohio Valley reg ion .  S u r p r i s i n g l y  enough, however, a  much lower 

f r a c t i o n ,  namely 61% of t h e  hydrogen i o n ,  68% of t h e  s u l f a t e  i on  and 75% of 

~ * * .  
t h e  n i t r a t e  i ons  had been depos i ted  a t  Penn S t a t e  from s i m i l a r  a i r  masses. 

2.8 June 1978 Case S tud ie s  

The events  of June 1978 were a l s o  examined t o  determine i f  t h e  same 

depos i t i on  p r o p o r t i o n a l i t i e s  e x i s t e d  between t h e  d i f f e r e n t  a i r  masses. SURE 

a i r  q u a l i t y  d a t a  were no t  a v a i l a b l e ;  t h e r e f o r e ,  ambient a i r  q u a l i t y ,  p o l l u t a n t  

ep isode ,  and loading  of t h e  atmosphere could not  be determined. T h e  two 

day back t r a j e c t o r i e s  f o r  LTFM IIAP3S events  dur ing  June 1978 a r e  shown i n  

F igures  39 through 44. Contrary t o  J u l y ,  t h e r e  were no comparisons poss ib l e  

between d i f f e r e n t  a i r  masses s i n c e  almost  every a i r  mass l ead ing  t o  an event  

a t  WFM had a t  some time passed over  t h e  "~ idwes t /Oh io  Valley" a r e a .  Even though 

a l l  events  f o r  June have a  s i m i l a r  s e c t o r  of o r i g i n ,  i t  i s  s t i l l  i n t e r e s t i n g  

t o  compare f h e  concen t r a t ion  and depos i t i on  p a t t e r n s .  Aside from t h e  d i l u t i n g  

e f f e c t  of p r e c i p i t a t i o n  volume on t h e  concen t r a t ion  of va r ious  i o n s ,  i t  is  

apparent  t h a t  t h e  i o n  concen t r a t ion  measured a t  W F M  i s  not  uniquely defined 

by a i r  mass o r i g i n  and a i r  t r a j e c t o r y  a lone .  

A d e t a i l e d  s tudy of emissions,  chemical and removal t r a n s p o r t a t i o n s  

processes  a long  t h e  t r a j e c t o r y  pa th  i s  needed t o  account f o r  f l u c t u a t i o n s  i n  

concen t r a t ion  of samples of  r e l a t i v e  magnitude which o r i g i n a t e d  i n  the  same 

gene ra l  s e c t o r .  
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- 

MAP3S Event - . 6  June 1978 

[ so; I 

Concentration (umole/liter) 

Deposition (mg/m2) 

Sample volume - 914 ml 

[H'I, + [NH~]/P[SO~I + [NO;] = 0.74 

- .. . - ----- . - , 

Figure 39 



WHITEFACE' 

8 JUNE 1978 ' 

MAP3S Event - 8 June 1978 

[ so; I 

Concentration (pmole/liter) 56 28 2 4 9.3 

Deposition (rng/m2) 0.63 3 0 16 1.9 

Sample volume. - 554 ml 
+ 

[H'], + [ N H ~ ] / ~ [ s o ~ ]  + [NO;] = 0.82 

Figure 40 ' 



. W H I T E F A C E  

13 JUNE 1878 

Conccntrntion (pmols/li~e~) 3 2 

Deposition (mg/m2) 0.80 

[ so; 1 

Sample volume - 1227 ml 

[H'I, + [ N H ~ I / ~ [ S O ~ I  + [NO;] = 0.88 

. . .- . .- -. , -- - - - - . - - . - . . 

Figure 41 



W H I T E F A C E  

1 8  JUNE 1978 

MAP3S Event - 19 June 1978 

Deposition (mg/m2) 0.68 31 

Sample volume - 231 ml 

[H'], + [ ~ ] / Z [ S O ~ I  + [NO;] = 0.87 

Figure 42 



W H I T E F A C E  

22 JUNE 1978 

MAP3S Event - 22 June 1978 

Concentration (pmole/liter) 

Depusi Llull (lug/nl') 

Sample volume - 751 ml 

[ so; I 

. 

Figure 43 



MAP3S Event - 28 June 1978 

. Concentration (pmole/liter) 

Deposition (rng/m2 

[ so; I 

3 5 

Sample volume - 695 m l  

[*+I; + [ N H ~ ] / ~ [ s o ~ ]  + [NO;] = 0.97 

- 
-- 

~ i ~ u r e  4 4  
. .-.- 



2.9 The January 1978 "Intensive" 

A s  noted e a r l i e r ,  t h e r e  e x i s t s  a seasonal  v a r i a t i o n  i n  t h e  concen t r a t ion  

and depos i t i on  of many i o n s  i n  t h e  n o r t h e a s t e r n  United S t a t e s .  With t h e  

except ion of n i t r a t e ,  t he  major ions exh ib i t ed  a d i s t i n c t  summer maximum. 

I n  t h i s  con tex t ,  c a s e  s tudy  comparisons between d i f f e r e n t  seasons  may be 

misleading i f  no cons ide ra t ion  is  given t o  a i r  m a s s  t r a j e c t o r i e s .  It was 

found u s e f u l  t o  examine concen t r a t ion  and d e p o s i t i o n  dur ing  t h e  win te r  

months s i n c e  t h e  t r a j e c t o r i e s  a r r i v i n g  a t  Whiteface were more evenly balanced 

between t h e  no r the rn  and southwestern s e c t o r s .  The dominant s torms dur ing  

January 1978 were from r a p i d l y  i n t e n s i f y i n g  c o a s t a l  s torms which were res -  

pons ib le  f o r  t h e  n o r t h e r l y  component of many of t h e  i n d i v i d u a l  events .  

F igure  45 shows t h e  percentage of occurrence of t h r e e  hour t r a j e c t o r y  end- 

p o i n t s  per  square degree l a t i t u d e  and long i tude  f o r  January and J u l y  1978. 

While no t  an  a b s o l u t e  measure of t h e  passage of  a t r a j e c t o r y  over  a pa r t i cu -  

l a r  p o i n t ,  i t  does neve r the l e s s  provide  i n s i g h t  i n t o  t h e  seasona l  c l imatology 

of a i r  masses a r r i v i n g  i n  t h e  Adirondacks. The h ighe r  frequency of 

occurrence f o r  t r a j e c t o r i e s  pass ing  over  t h e  ~ i d w e s t f ~ h i o  Valley .area 

( a l l eged ly  h igh  emission a r e a s ) ,  coupled wi th  t h e  increased  s o l a r  r a d i a t i o n  

f o r  t h e  summer months, may l e a d  t o  t h e  summer maximum i n  i o n  concen t r a t ion  

and i o n  depos i t ion .  

Therefore,  i n  o r d e r  t o  examine v a r i a b i l i t y  w i t h i n  t h e  win te r  season,  

p r e c i p i t a t i o n  chemistry f o r  t h e  major i ons  w a s  matched wi th  corresponding . 

a i r  mass t r a j e c t o r i e s  f o r  January 1978, a s  shown i n  F igures  46 through 50. 

Figure  51. g ives  t h e  six hour p r e c i p i t a t i o n  amounts, MAP3S c o l l e c t i o n  a ~ l d  

o t h e r  gene ra l  c l a s s i f i c a t i o n  of each event .  The concen t r a t ions  a r e  r e l a t i v e l y  

low f o r  each event ,  wi th  January 1 3  and 1 9  being comparable t o  t h e  extremely 



Figure  45. Three hour t r a j e c t o r y  endpoint  pe rcen t  of occurrence per  square  
l ong i tude  and l a t i t u d e  f o r  Whiteface,  January and J u l y  1975 

, 



MAP3S Event - 7 January 1978 

Concentration (pmolelliter) 

Deposition (mg/m2) 

L so; I 

Sample volume - 260 ml 

[H+] + [ N H ~ ] / ~ [ s o ~ I  f [NO;] .= 
- L 

-. . - - 

Figure 46 



W H I T E F A C E  

8 JANUARY 1978 

P W 3 S  Event - 13 January 1978 

+ 
[H lL  

Concentration (pmole/liter) 14 

Deposition (mg/m2) 0.44 

[ SO; 1 [ NO; 1 

Sample volume - 1550 ml 

[H'] + [ N H ~ ] / ~ [ s o ~ I  + [NO;] = 0.95 
L 



WHITEFACE 

14 JANUARY 1876 

I 

MAP3S Event - 1 9  J a n u a r y  1978 

C o n c e n t r a t i o n  ( p m o l e l l i t e r )  

D e p o s i t i o n  (rng/m2 

Sample volume - 1470 m l  

1 so, 1 



MAP3S Event - 26 January 1978 

[ so; 1 

Deposition (mg/m2) 

Sample volume - 1460 ml 

[H+], + [ N H ~ ] / ~ [ s o ~ I  f [NO;] = 1-08 

.-- . - . . - . . . .  .. ---. 

Figure 49 



W H I T E F A C E  

27 J A N U A R Y  1978 

W 3 S  Event - 31 January 1978 

Concentration (pmole/liter) 

Deposition (rng/m2) 

Sample vnl.lime - 235 ml 

[ so; I 

Figure 50 
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"clean" p r e c i p i t a t i o n  of hu r r i canes  David and F rede r i c  ( t o  be d iscussed  

l a t e r ) .  This  i s  due i n  p a r t  t o  t h e  l a r g e  p r e c i p i t a t i o n  amounts which a r e  

comparable i n  magnitude t o  t hose  measured dur ing  t h e  hu r r i canes .  

The depos i t i ons ,  however, a r e  i n  t h e  normal range. It should be noted 

t h a t ,  con t r a ry  t o  t h e  summer season,  n i t r a t e  depos i t i on  is  comparable t o  

t h a t  of ' s u l f a t e  depos i t i on .  

Unfortunately,  t h e  January 25, 26 ,  and 27, 1978 events  were not  

s epa ra t ed ,  a l though t h e  a i r  t r a j e c t o r i e s  o r i g i n a t e  from two e n t i r e l y  d i f -  

f e r e n t  reg ions .  Hence, i t  i s  impossible  t o  s e p a r a t e  f o r  Whiteface Mountain 

t h e  impact of a i r  masses pass ing  over  t h e  Ohio Valley reg ion  from t h a t  

caused by ai r  masses from t h e  ~ a n a d i a n  s e c t o r .  Therefore,  i n  o r d e r  t o  

achieve  t h i s  goa l ,  t h e  I t h a c a  January 1978 d a t a  have been analyzed. F igures  

52 through 57 show t h e ' t r a j e c t o r i e s  c a l c u l a t e d  f o r  every p r e c i p i t a t i o n  event  

and ending a t  I t haca .  Again, t h e  predominant flow i s  from t h e  Great  Lakes 

t o  n o r t h e a s t e r n  Canada s e c t o r  and the  very  low concen t r a t ion  va lues  seem 

t o  r e r l e c t  t h i s  s i t u a t i o n .  The depos i t i on  va lues  f o r  January 1978 a t  I t haca  

' a r e  aga in  moderate a s  was t h e  case  f o r  Whiteface Mountain. An i d e a l  compari- 

son can be made between "Canadian" a i r  mass (January 22, F igure  56) and 

"Ohio Valley" a i r  mass (January 27, F igure  57) .  The amount of t o t a l  

p r e c i p i t a t i o n  was about  t h e  same, so t h a t  no "d i lu t ion"  b i a s  e x i s t s :  

concen t r a t ion  

Canadian a i r  
Jan.  22 a t  I ' l 'H 14 2.8 4.2 

Ohio Valley a i r  
Jan.  27 a t  ITH 45 22 2 2 



MAP3S Event - 3 January 1978 

Concentration (pmole/liter) 

Deposition (mg/m2) 

Sample volume - 260 ml 

[H'], + [NH~]/z[so~] + [NO;] = 0.81 

- - - --- . . . . . . - -. - - . .-.- 

Figure 52 



klAP3S Event - 11 January 1978 

Concent ra t ion  ( p m o l e / l i t e r )  37 

Deposj t i  nn (mg/m2) 1.50 

Sample volume - 1980 m l  

[H+], + [ N H ~ ] / ~ [ s o ~ ]  + [NO;] = 0.96 

. . . . .- . -- - . . . . - - - - . --- 

Figure  53  
. . 



M A P ~ ~  Event - 15 January 1978 

Concentration (pmole/liter) 

Depnsi  ti on (mg/rn2) 

Sample volume - 890 ml 

'[H+] L + [NH~]/~[so;] • [NO;] = 0.66 

I so; 1 

. - . - . - . . . ... - - 

Figure 54 



MAP3S Event - 19  January 1978 

Concent ra t ion  ( ~ r n o l e / l i t e r )  

D c p o ~ i t i o n  (mg/rn2> 

Sample volume - 1390 m l  

[Hf], + [ N H ~ ] / ~ [ s o ~ ]  + [NO;] = 1.25 

F igu re  55 

[ so; I 



W 3 S  Event - 22 January 1978 

+ 
[H l L  [ so; 1 

Concentration (umole/liter) 14 

Deposition (mg/m2) 0.17 

Sample volume - 770 ml 

[ H + ] ~  + [NH~]/~[so;I + [NO;] = 1.48 

- . . - -- 

Figure 56 



MAP3S Event - 27 January 1978 

Concentration (pmole/liter) 

Deposition (mg/m2) 

Sample volume - 540 ml 

[$I, + [ N H ~ I / ~ [ S O ~ I  + [NO;] = 0.70 

- - - . . . - -. -. - . 

Figure 57 



;. Event depos i t i on  va lues  a r e  a s  i n d i c a t e d  i n  F igures  56 and 57 wi th  the  

27 January c a s e  c o n t r i b u t i n g  roughly fou r  t o  f i v e  t imes t h a t  of t h e  22nd. 

However, i n d i v i d u a l  ca se  s t u d i e s  must no t  be taken o u t  of con tex t  and t h e i r  

r e l a t i v e  c o n t r i b u t i o n  t o  t o t a l  wet depos i t i on  must always be considered.  

When t h e  c a s e  of 27 January i s  compared wi th  wet depos i t i on  f o r  t h e  e n t i r e  

month, t h e  fol lowing p i c t u r e  emerges: 

I t h a c a  January 1978 Deposi t ion 

A l l  events  except  81.4 t o t a l o r  113.4 t o t a l  o r  2 . 7 9 t o t a l o r  
Ohio Valley 16  per  event  23 per  event  0.6 per  event  

January 27-28 23.3 per  event  1 5  per  event  0 .51  per  event  

Ohio Valley o r  33% o r  8% o r  6% 

Obviously, cons ide rab le  more d a t a  a r e  needed t o  a r r i v e  a t  a gene ra l  conclus ion ,  

but  t h e  emerging p i c t u r e  seems t o  be such t h a t  most of t h e  winter t ime deposi- 

t i o n  i n  t h e  n o r t h e a s t e r n  p a r t  of t h e  United S t a t e s  i s  due t o  a i r  masses from 

t h e  no r th  northwest  t o  no r theas t  s e c t o r .  This  i s  i n  s p i t e  of t h e  f ind ings  

t h a t  t h e  concen t r a t ion  of p o l l u t i o n - r e l a t e d  i o n s  i n  p r e c i p i t a t i o n  i s  very  low. 

A f i n a l  remark seems t o  be a p p r o p r i a t e  i n  regard  t o  "depos i t ion ."  A s  

i s  seen  i n  F igure  15a;  t h e  average p r e c i p i t a t i o n  a t  WE'M ( s o l i d  l i n e )  i s  

higher  i n  w in te r  (snow) by alnlost a  f a c t o r  of two than j.11 summer ( r a i n ) .  Most 

0 
of t h e  w l l l L e r  snow i s  cauccd by a i r  TI?PSSP.S from t h e  270-90 s e c t o r .  Even 

thuuglt t h i s  p r e c i p i t a t i o n  shows lnwer concen t r a t ion  than "summer" r a i n  from 

t h e  180-270' s e c t o r ,  t h e  amount of i o n s  depos i ted  i s  s t i l l  apprec i ab le .  

Furthermore, t h e  impact of r a i n ,  i f  any, i s  almost immediate i n  t h e  forin of 

runoff .  The impact of snow, i f  any, can be accumulat ive and delayed.  



2.10 Impact of Hurr icanes David and F rede r i c  on Concentrat ion and Deposition 
a t  W 3 S  S t a t i o n s  

Two major hu r r i cane  events  of September 1979 provide  a  unique 

oppor tuni ty  t o  compare t y p i c a l  MAP3S measurements t o  t hose  where i n t e n s e  

washout processes  had been a t  work. The marine o r i g i n  of t h e  hu r r i cane ,  

coupled wi th  t h e  d i l u t i n g  e f f e c t  of massive amounts of r a i n f a l l ,  should make 

t h e  ion  co 'nccntrat ions i n  p r e c i p i t a t i o n  t h e  lowest  p o s s i b l e  i n  po l lu t an t s ' ,  

- - - + 
p a r t i c u l a r l y  SO , NO3 , and H . Hurricane David,. 6-7 September 1979,and 

4 

Freder ic ,  14-15 September 1979, provide such a  d a t a  s e t ,  s i n c e  t h e  e f f e c t s  

of t hese  two systems were f e l t  throughout t h e  n o r t h e a s t e r n  United S t a t e s .  

Figure 58 shows the  s i x  hour r a i n f a l l  t o t a l s  f o r  September 1979 at  

Whiteface. The extreme de l ive red  by David over  t h e  two day pe r iod  

provide such an  u l t i m a t e l y  c l ean  environment. 

Figures  59 a n i . 6 0  show t h e  t r a j e c t o r i e s  produced by the  Am-ATAD model 

f o r  the  two events .  Both ana lyses  show a s t r o n g  sou the r ly  component, 

followed by a  marked s h i f t  t o  t h e  n o r t h  northwest .  These f i g u r e s  a r e  i n  

good agreement wi th  850 mb a n a l y s i s  of Falconer  and Kadlecek (1980). 

Table 16 provides an  overview of r e g i o n a l  concen t r a t ion  and t o t a l  wet 

depos i t i on  f o r  t h e s e  two major storm systems. The day ind ica t ed  i n  column 

one of Table 16 i s  n o t  n e c e s s a r i l y  t h e  day when r a i n f a l l  occur red ,  bu t  r a t h e r  

t h e  d a t e  of MAP3S c o l l e c t i o n .  Values of pH, o r  f r e e  hydrogen ion  concentra- 

t i o n ,  from t h i s  t a b l e  s1.1ggest a  r e v i s i o n  might be necessary  i n  t h e  c l a s s i c a l  

: d e f i n i t i o n  of t h e  "normal" pH of 5.6. To o b t a i n  t h i s  t h e o r e t i c a l  hydrogen 
b .  

ion  concent ra t ion ,  i t  i s  askmed  t h a t  on ly  C07 c o n t r i b u t e s  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 .  concent rk t ions  of approximately 2.5 vmole / l i t e r  a r e  

needed f o r  t h e  sample t o  hahe a  pH of 5.6.  However, no usable  samples were 

I 
obta ined  throughout t h e  net"ork t h a t  reached t h i s  hypo the t i ca l  concent ra t ion .  
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Figure  58 



Figu re  53. T r a j e c t o r i e s  f o r  Hurr icane  David, a) 6 September, and b)  7 September, 

1979. 



. -- -. -- . .- ..-.. -. . 

F i g u r e  60. T r a j e c t o r i e s  f o r  H u r r i c a n e  David,  a )  1 4  September,  and 

b )  15 September 1979. 



TABLE 1 6  

PRECIPITATION CHEMISTRY OF HURRICANES DAVID AND FREDERICK - SEPTEMBER 1 9 7 9  

P . T .  S . V .  F [ H ~  L[H] COND. [so4] [NHq]  [NO31 [CL] [ N A )  [ K ]  [CA!  [HC] 
DAY (HRS) (ML) (UMIL) (UM/L)* UPIHICM (Ui.L/L) (UM/L) (UMII.) (UMIL.1 (UM/L) (IJFI/L) (U?f/L) (UM/L) 

hlg/m7' blglm:! hig/inZr hlglm2' h4glm2' blg/n12* blg/m 2* hlg/in2' 61g/m2' hiq/inZr 

PENN STATE. PA 

VIRGINIA 



The 7 September event for Ithaca most closely approximates this value with 

a concentration of 6 umole,/lite.r resulting in a pH of 5.2. The fact that , 

a pH of 5.6 may not be appropriate to describe a relevant and representative 

"background" hydrogen ion concentration in "clean" precipitation has been 

suggested by other authors making measurements at various remote locations. 

The MAP3S nleasurements during an ultimately "clean" event of a hurricane 

tend to further substantiate the hypothesis that the "natural" pH of pre- 

..cipitation in the northeastern United States, and probably other places, 

cannot be explained on the basis of CO alone. 
2 

With the exception of Brookhaven and Lewes, both coastal sites, the 

measurements of Table 16 suggest several important conclusions for the 

September 6 event. In particular, there exists a regional uniformity of 

very low concentration values throughout the W 3 S  network for all major 

ions in precipitation, in particular for the.pollution-related ions of 

- - - 
H', SO4 , and NO 

3 .  
The concentration and d e p o s i t i n n  n f  David at several 

MAP3S stations could be summarized as follows: 

Concentration (in [umole/~]) and Deposition (in [mg/m2]) for 

Hurricane David (the deposition values are list'ed in parenthesis) 

WFM 8 6 14 2 

(57) (28) (1) 

ITH 4 3 9 1 

(23) (10) (0.6) 

PEN 5 4 15 1 

(23) (12) (0.7) 

VIR 4 4 13 3 

(41) (22) (1.3) 

LEW 13 4 10 110 

(53) (11) (0 4) 

BRO 3 9 15 18 450 

(34) (8) (0.2) 



The two coastal sites BRO and LEW show higher concentration values for 

sulfates commensurate with very high concentration values for sodium and 

all other marine-related ions. 

The following order can be established in regard to the concentration 

values for David in comparison with other values observed during the entire 

year of 1979 for the stated ions. 

W M  6th lowest 2nd lowest .2nd lowest low 

I T H  .2nd lowest 2nd lowest lowest low 

PEN 2nd lowest 3rd I . o w e s t  lowest low 

V I R  lowest 2nd lowest lowest low 

LEN 14 out of 49 2nd lowest lowest very high 

BRO 30 out of 41 16 out of 41 12 out of 67 highest value for 1979 

The deposition values~resulting from hurricane David are slightly below or 

slightly above the respective mean deposition values for the entire year, 

- - - 
while the concentration (pmole/L) of pollutant-related material (SO4 , NO3 , 

+ 
B ) was one of the lowest in precipitation recorded for the entire year 1979. 

The resulting deposition (mg/m2) can be classified as producing about 

average values: 

WFM 

ITH 

PEN 

V I  R 



The impact of hu r r i cane  F rede r i c  on t h e  p r e c i p i t a t i o n  chemistry of the  

MAP3S s t a t i o n s  was mixed. There i s  no uniform p a t t e r n ,  p a r t l y  because of 

t h e  d i f f e r e n t  s torm t r a j e c t o r y  from September 14 t o  September 15.  

Concentrat ion ( i n  [ p m o l e / ~ ] )  and Deposi t ion ( i n  [mg/m2]) f o r  
Hurr icane F rede r i c  ( t h e  depos i t i on  va lues  a r e  l i s t e d  i n  pa ren thes i s )  

lJFM 5 (12) 5 (7) 15(0.4)  1 
Mean depos i t i on  f o r  79 (42) (25) (1.0) 

ITH 1 5  (31) 11 (15) 45 (1.0) 1 

Mean depos i t i on  f o r  79 (42) (23) (1.1) 

PEN 14(13) 11(6)  32(0.3) 4 
Mean depos i t i on  f o r  79 (42) (26) (1.0)  

V I R  22 (31) 1 3  (12) 40 (0.6) 19  

Mean depos i t i on  f o r  79 (36) (20) (1.0) 

LEW 8(8) 5 (3) 11 (0.1) 12 

BRO N.D. N.D. N.D. N.D. 

The ranking of concen t r a t ion  va lues  f o r  hu r r i cane  F rede r i c  is  presented below: 

WFM 2nd lowest  lowest  3rd lowest  

ITH 9  ou t  of 53 4 t h  lowest  4 t h  lowes t  

PEN 11 o u t  of 66 3rd lowest  7 th  lowest  

VIR 22 o u t  of 52 1 3  o u t  of 52 9  o u t  of 50 

LETJ 4 t h  lowest  4 t h  lowest  4 th  lowest  

- - - + 
The depos i t i on  of p o l l u t a n t - r e l a t e d  m a t e r i a l  (SO , NO3 , R ) r e s u l t i n g  F r o n l  

4 

Freder ic  was below average f o r  a l l  tlAP3S s t a t i o n s  t h a t  repor ted  a  p r c c i l ~ i t a -  

t i o n  event .  



The two hurricane case studies indicate that extensive and prolonged 

precipitation indeed yields very low concentration values; for some stations, 

they constituted one of the lowest annual values for pollutant-related 

materials. While depositions under those circumstances can be considered 

as average, they do not yield very low values. In particular, they did not 

constitute a "deposition episode," in spite of high total precipitation. 

2.11 Significant Event Analysis 

It has been proposed that massive amounts of pollutants delivered in 

precipitation over a relatively short period of time could be more detri- 

mental than large cumulative totals over one or more months. This study 

will not try to resolve this question, but rather examine case studies 

which have the potential for significant deposition. 

- A  significant event will be defined here as one whose value exceeds 

the annual mean by one standard deviation. Frequency plots were generated 
! ' 

for concentration and deposition to determine mean values as well as 

significant events. From Tables 14 and 15 one can calculate a regional 

average (represented by the sum of all significant events for all four 

stations over a three-year period) for the percentage of significant 

deposition events: 

. -- . . 
% of significant events for region 

.- . 
12% 12% 13% 

It follows that over the entire region, about 12% of the precipitation 

events deposit sulfate, nitrate and hydrogen ions in excess of one standard 

deviation beyond the mean. 
. . . . - - . - - . .  . . - . . . . . . - -. 



Table 17  summarizes t h e s e  depos i t i on  r e s u l t s  w i th  the  r a t i o  of the  

s i g n i f i c a n t  event  t o  t h e  annual  t o t a l ,  t h e  percentage of t h e  t o t a l ,  and the  

d a t e  of c o l l e c t i o n  f o r  t he  f o u r  b a s i c  MAP3S s t a t i o n s .  Over t h e  three-year 

per iod  1977-1979, t h e r e  were an average of 62 c o l l e c t i o n  even t s  p e r * y e a r  

f o r  t he  f o u r  s t a t i o n s .  No p a r t i c u l a r  p a t t e r n  emerges a s  f a r  a s  t h e i r  geo- 

graphic  d i s t r i b u t i o n s  are concerned, i . e . ,  a l l  s t a t i o n s  can experience 

equa l ly  h igh  va lues  a t  some time over  t h e  three-year  per iod .  Plost of 

t h e  t ime, depos i t i on  episodes f o r  s u l f u r  and hydrogen i o n s  occur  simul- 

taneously.  The o v e r a l l  summary, i . e . ,  t h e  r eg iona l  average f o r  a l l  s t a t i o n s  
. . . . . . . -. -- .- . . . 

and f o r  t h e  three-year  per iod  1977-79, shows t h a t  t he  maximum event  

concent ra t ion  f o r  such a  depos i t i on  ep isode  i s  between 8-10% o f  t hc  

annual t o t a i  depos i t i on  (from Table 17)  : 

A l l  s t a t i o n  
average per  year  

- ~ 

(so4=) annual  ( ~ 0 ~ ~ )  t o t a l  
i11.j t o t a l  

Percent  of annual  9.6% 8.0% 8.8% 

It  should be noted t h a t  an event  may extend over  s e v e r a l  days i n  some 

c a s e s  and t h e  d a t e  of occurrence i s  a c t u a l l y  t h e  d a t e  of MAP3S c o l l e c t i o n .  . 

It i s  p a r t i c u l a r l y  i n t e r e s t i n g  t h a t  t h e  maximum event  depos i t i on  d a t e s  

f o r  t h e  va r ious  ions  a r e  not  n e c e s s a r i l y  t h e  same f o r  each s t a t i o n .  That 

is,  mechanisms o t h e r  than the dominant i n f luence  of p r e c i p i t a t i o n  volume 

appear t o  be a t  work dur ing  some even t s  lead'ing t o  "depos i t ion  episodes."  

Elevated concen t r a t ion  l e v e l s  would be the  l o g i c a l  source f o r  t h e s e  masi- 

mized events .  Also many of t h e  even t s  d i d  n o t  occur  i n  the summer ~ n u n t l ~ s  

when atmospheric loading  wi th  photochemically-induced secondary p o l l u t a n t s  

i s  usua l ly  h ighes t .  
_ _ .  ._ __ _ ._ . _ _  . ._ _- . .- .. . - . - . . . . - . - .- - - - . , . - . 



TABLE 1 7  

S i g n i f i c a n t  Deposition Events 
(maximum annual depos i t ion)  

7 < 

(S0;)annuai (30-) a r n u a l  
Percen t  of Date when 3 Percent  of Dace vhel 

S t a t i o n  Year [mg4m2] annual mx. occurred (mg/ra2 1 annual  max. occurred 

(HILmax 

(H)=annual Pzrcec t  o f  Date when 

[ag/m21 ' annual max. occur* 

PEhT STATE 1977 17L12698 6.4 9-27 9811716 5.7 9-27 3.954/53.7 7.4 9-27 . 
97/1583 6.1 1078 22012448 9.0 6-4 '. . 6-4 5.219156.6 9.2 6-4 

1979 336/3188 10.5 11-4 219/1983 11.0 11-4 4.138175 5.5 2-2 7 

A 1 1  s t a t i o n  
average lyear  21912262 

Percent  of annual  



A s  an ex t ens ion  of  t h e s e  d a t a ,  Table  1 8  provides  a  more d e t a i l e d  look 

a t  t h e  v a r i a b l e s  f o r  t h e s e  even t s ,  i nc lud ing  p r e c i p i t a t i o n  t i m e .  It i s  

immediately obvious t h a t  t h e  l a r g e  v a l u e s  of sample volume i s  one of t h e  

dominant f a c t o r s  i n f luenc ing  "depos i t ion  episodes ' '  s i n c e  a l l  bu t  two even t s  

had sample volumes of over10c0ml .  It a l s o  sugges t s  t h a t  t h e r e  must be 

an optimum combination of t h e  concen t r a t i on  v a l u e s  f o r  v a r i o u s  i o n s  a s  w e l l  

a s  amount of  p r e c i p i t a t i o n  de l ive red .  Large v a l u e s  i n  p r e c i p i t a t i o n ,  such a s  
...-.. - . .  . -  . , . . . .  . .  . . . . 

occurred d u r i n g h u r r i c a n e s  David and F rede r i c ,  w i t h  below average  o r  

very  low ion  concen t r a t i ons ,  do n o t  c o n s t i t u t e  a depos i t i on  ep isode .  

It can be  concluded t h a t  d e p o s i t i o n  ep i sodes  do indeed occur  a t  a l l  

s t a t i o n s  w i t h  l a r g e  amounts of p o l l u t a n t s  d e l i v e r e d  i n  a  r e l a t i v e l y  s h o r t  

t i m e  span. No p a r t i c u l a r  p a t t e r n  emerges a s  f a r  a s  t h e i r  geographic  

d i s t r i b u t i o n s  a r e  concerned. F i n a l l y ,  t h e r e  appears  t o  be no p r e f e r r e d  

season f o r  t h e  occur rence  of t h e s e  episodes, ,  s i n c e  they r e l y  on t h e  optimum 

combination of concen t r a t i on  and p r e c i p i t a t i o n  amounts. 



TABLE 18 

llaximum e v e n t  
d e p o s i t i o n  (inz/m2) 

f o r  1977,  78, 79, 
r e s p e c t i v e l y  
("Deposi t ion Episodes") 

Ion  c o n c e n t r a t i o n  
( p m o l e / ~ )  c o i n c i d i n g  
w i t h  maximum e v e n t  
d e p o s i t i o n  

L[H+I 
[ s o 4 = ]  [FJo3-] 

Da te  o f  
Maximum 

Event 
S t a t i o n  D e p o s i t i o n  

Sample 
l o  1 ume 

( m u  

P r e c i p  . 
Time 

(Hrs . ) 

45 
; 

4 8 I ' I - '  

22 N 
I-' 

34 , I 

WFM 1 4  Sep. 77 
1 8  Oct .  77 
30 Aug. 78 

9 Oat .  79 

I T H  29 Apr. 77 
20 J u l .  77 
1 7  Oct .  77 
1 Mar'. 78 

1 0  Aug. 78 
24 J u l .  79 

6 Oct .  79 

PEN 27 Sep. 77 
4 J u n .  78 

27 Feb. 79 
4 Nov. 79 

VIR 31  May 77 
5 J u l .  78 

28 Aug. 78 
1 3  Feb. 79 
1 9  Aug. 79 

4 Sep. 79 



CHAPTER 3 

DISCUSSION AND SUMMARY 

Attempts have been made t o  i l l u s t r a t e  concen t r a t ion  and w e t  depos i t i on  

of p o l l u t a n t  m a t e r i a l  a t  s e l e c t e d  s t a t i o n s  w i t h i n  the  n o r t h e a s t e r n  United 

S t a t e s  and t o  c h a r a c t e r i z e  a s  many events  a s  p o s s i b l e  wi th  r e s p e c t  t o  a i r  

mass o r i g i n .  Fur ther  a t tempts  have been made t o  develop a  r eg iona l  p a t t e r n  

f o r  t h e  depos i t i on  of dominant i ons .  

Cumulative t o t a l s  a s  w e l l  as monthly and yea r ly  v a r i a t i o n s  i n  concen- 

t r a t i o n  and depos i t i on  were demonstrated f o r  i n l and  s t a t i o n s  covering a 

s i z a b l e  r e g i o n a l  domain. Of p a r t i c u l a r  i n t e r e s t  i s  t he  a n a l y s i s  of concen- 

t r a t i o n  and ion  depos i t i on  d a t a  f o r  poss ib l e  r eg iona l  g r a d i e n t s  i n  e i t h e r  of 

t h e  above parameters .  

Table 1 3  shows t h a t  f o r  t h e  s i x  month summer season,  1978, t h e  hydrogen. 

i on  depos i t i on  a s  determined i n  t h e  l abo ra to ry  L [ H ] ,  t h e  s u l f a t e  depos i t i on  

- - 
. [so4 1, and t h e  n i t r a t e  depos i t i on  [NO -1 a r e  of t h e  sane o rde r  (wi th in  ? lo%)  

3 

f o r  t h e  s t a t i o n s  Whiteface Mountain, I t h a c a ,  Penn S t a t e  and Vi rg in i a .  The 

, depos i t i on  of t h e  s o i l  component [~a*] i s  almost i d e a t i c a l .  (wi th in  k2%)  a t  

+ 
a l l  of t h e  above s t a t i o n s .  The I l l i n o i s  s t a t i o n  shows a  lower L [ M  ] depos i t i on  

* 
.and a higher  [ ~ a  ] depos i t i on ,  i n d i c a t i n g  a h ighe r  n e u t r a l i z i n g  d u s t  component 

i n  t h e  r a i n  than  was p re sen t  a t  t h e  above f o u r  s t a t i o n s .  But t h e  s u l f a t e  and 

n i t r a t e  depos i t i on  a t  I l l i n o i s ,  aga in ,  i s  of t h e  same o r d e r  a s  was found f o r  

t h e  o t h e r  fou r  s t a t i o n s .  Therefore,  based on summer d a t a ,  a  s t e e p  g rad ien t  

i n  depos i t i on  of p o l l u t a n t - r e l a t e d  ions  cannot be de t ec t ed  f o r  t h e  above f i v e  

s t a t i o n s . c o v e r i n g  a  v a s t  a r e a  from midwest t o  n o r t h e a s t e r n  United S t a t e s .  

The concept of a  r a t h e r  uniform p a t t e r n  of depos i t i on  f o r  t h e  e n t i r e  

no r theas t  m e r i t s  a d d i t i o n a l  examination; The evidence gathered by t h i s  w e t  

depos i t i on  s tudy does n o t  e x p l i c i t l y  support  " t r a d i t i o n a l "  hypothes is  of 



po l lu t ion - re l a t ed  mater ial .  r e l ea sed  i n t o  t h e  atmosphere i n  t h e  "Midwest/Ohio 

Valley" being t r anspor t ed  d i r e c t l y  t o  t he  no r theas t e rn  s e c t o r  of t h e  United 

S t a t e s ,  where i t  is  depos i ted  by w e t  (and dry)  depos i t ion .  While i t  i s  

p o s s i b l e  t o  t r a c e ,  over  a  d i s t a n c e  of s e v e r a l  'hundreds of mi l e s ,  primary 

p o l l u t a n t s  from t h e i r  emission sou rce ( s )  t o  t h e i r  u l t ima te  s i n k  a t  t he  

ground ( f o r  example SO2 o r  NOx), i t  i s  i nc reas ing ly  more d i f f i c u l t  t o  achieve 

t h i s  goa l  f o r  secondary p o l l u t a n t s  ( f o r  example s u l f a t e  a e r o s o l  o r  n i t r i c  

a c i d  vapor) .  A s  f a r  a s  po l lu t ion - re l a t ed  ions  i n  p r e c i p i t a t i o n  a r e  concerned 

- - - + 
( f o r  example SO and NO o r  EI ) ,  t h i s  t a s k  of e s t a b l i s h i n g  a  c r e d i b l e  and 

4 3 '  

d e f e n s i b l e  source-receptor  r e l a t i o n s h i p  i s  even more cha l lenging .  The problem 

appears  t o  be an  extremely complex one c o n s i s t i n g  of homogeneous and hetero-  

geneous t ransformat ion  processes  and mixing on a l l  meteoro logica l  s c a l e s .  

I n  o r d e r  t o  s o l i d i f y  th . is  concept of a  r e l a t i v e l y  uniform wet depos i t i on  

p a t t e r n ,  i n t e r - s t a t i o n  comparisons must be made. A s  mentioned e a r l i e r ,  t h i s  

prucedure may no t  apply f o r  i nd iv idua l  even t s  on s h o r t  time s c a l e s ,  bu t  i s  

a p p l i c a b l e  f o r  yea r ly  t o t a l s  provided c e r t a i n  assumptions a r e  made. The 

c r i t i c a l  f a c t o r  i n  t h e s e  comparisons i s  t h e  normal iza t ion  of t h e  depos i t i on  

t o t a l s  t o  a  s p e c i f i e d  p r e c i p i t a t i o n  amount. A s  shown by p a r t i a l  c o r r e l a t i o n  

c o e f f i c i e n t s ,  t h e r e  is  a s t r i c t  dependence of i on  depos i t i on  on t h e  amount oc 

p r e c i p i t a t i o n .  Therefore,  h igh  depos i t i on  va lues  a t  a  p a r t i c u l a r  l o c a t i o n  

could be due mainly t o  enhanced p r e c i p j t a t i o n ,  r a t h e r  than  t o  a  hlgh concen- 

t r a t i o n  of i ons  i n  p r e c i p i t a t i o n .  

Befnrr? normalizing t h e  t o t a l  depos i t i on ,  a n  assumption of a  l i n e a r  

r e l a t i o n s h i p  between i o n  depos i t i on  and p rec . ip i t a t i on  volume i s  necessary.  

Figure 6 1  provides  a  reasonable  b a s i s  t o  t e s t  t h i s  assumption by showing the  

- 
l i n e a r  c o r r e l a t i o n  of [SO - 1  depos i t i on  and p r e c i p i t a t i o n  depth (cm) f o r  t h e  

4 

fou r  b a s i c  W 3 S  s t a t i o n s .  While no t  an  a b s o l u t e  c o r r e l a t i o n ,  t h e  c o e f f i c i e n t  

of b e t t e r  than  0.60 sugges ts  t h a t  l i n e a r  normal iza t ion  techniques a r e  

app l i cab le .  



1 2  s n s ' e . 7  8 .Q 

PRECSPITATION CCM3 

PENN STATE 1 9 7 7 - 1 9 7 9  

+ 

V I R G I N I A  1 9 7 7 - 1 0 7 9  

- 

F i g u r e  61. S u l f a t e  d e p o s i t i o n  vs. p r e c i p i t a t i o n ,  1977-79, f o r  a )  Whiteface ,  

b )  I t h a c a ,  c) P e n n S t a t e , a n d  d )  V i r g i n i a  



Deposi t ion t o t a l s  of s u l f a t e  t h e  n i t r a t e  f o r  1979 and the  two-year 

per iod  1978-79 can then  be normalized t o  determine i f  a  s i g n i f i c a n t  r eg iona l  

g rad ien t  i n  i o n  depos i t i on  does i n  f a c t  e x i s t .  Figure 62 shows t h e  measured 

depos i t i on  and p r e c i p i t a t i o n  volume and normalized va lues  f o r  1979, while  

Figure 63 con ta ins  t h e  same informat ion  f o r  t h e  two-year per iod  1978-79. 

Due t o  l a c k  of d a t a ,  Oxford, Ohio, w a s  n o t  included i n  t h i s  two-year a n a l y s i s .  

Both f i g u r e s  c l e a r l y  demonstrate t h a t  a  s t e e p  g rad ien t  i n  i on  depos i t i on  

from midwest t o  no r theas t  does n o t  e x i s t ,  a s  was mentioned s e v e r a l  t imes 

e a r l i e r .  The.normalized r eg iona l  average f o r  i o n  depos i t i on  per  cm of pr.e- 

c i p i t a t i o n  der ived  from t h e  two-year 1978-79 d a t a  s e t  p resented  i n  F igure  63 

amounts to:  

- 
[ S O ~ = ]  = 26.21 r 3.33 ( o r  +12.7%) [mg-m 2 ]  per  year  and per  cm of 

. p r e c i p i t a t i o n  

- 
[NO - 1  = 15.25 + 1.73 ( o r  t11.3%) [mg'm 2 ]  p e r  year  and pe r  cm of 

p r e c i p i t a t i o n  

The in f luence  of t o t a l  p r e c i p i t a t i o n  volume on ion  depos i t i on  was demonstrated 

e a r l i e r .  I f  i t  i s  indeed l e g i t i m a t e  t o  normalize i o n  depo'sit ion a s  was done 

he re  - by d e f i n i n g  a n  i o n  depos i t i on  per  cm of p r e c i p i t a t i o n  - then  a 

s u r p r i s i n g  r e s u l t  emerges: t h e  I l l i n o i s  W 3 S  s i t e  has  t h e  h ighes t  ' s u l f a t e  

depos i t i on  of any s t a t i o n  considered here .  Specula t ions  might be r a i s e d  a s  

t o  t h e  p o s s i b l e  sources  t h a t  might c o n t r i b u t e  t o  t h i s  s u l f a t e  depos i t i on .  

However, our  approach h e r e  w i l l  focus  s o l e l y  on ga in ing  informat ion  on the  

o r i g i n  of a i r  masses t h a t  de l ive red  p r e c i p i t a t i o n  t o  t h e  I l l i n o i s  s i t e  

A s  w a s  t h e  case  f o r  Whiteface, t h e  ARL-ATAD t r a j e c t o r y  model was appl ied  t o  

t h e  I l l i n o i s  MAP3S p r e c i p i t a t i o n  chemistry d a t a  t o  determine t h e  t r a j e c t o r y  

d i r e c t i o n s  f o r  prominent i on  concen t r a t ion  and depos i t i on .  F igures  64 and 

67 show the  concen t r a t ion  and depos i t i on  of po l lu t ion - re l a t ed  ions  f o r  



IN CMG/M2> 

CMG/M*> NORMALIZED PER 'ONE' CM OF P i 7 E C I P Y T k T J O N  

Figure 62. a) Measured, and b) Normalized sulfate and nitrate deposition, 1979 



MEASLlRED 2 YEAR DEPOSITION FOR SULFATE AND N I T R A T E  1978-1979 ..-/'' 

. . 

Figure 63. a) Measured, and b) Normalized sulfate and nitrate deposition for 

1978-73 
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Figure  64. a )  Free  hydrogen ion ,  and b) Ammonium ion  concen t r a t ion  
pe r  30' t r a j e c t o r y  s e c t o r  f o r  I l l i n o i s ,  1978. 
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Figure 65. a) Sulfate, and b) Nitrate concentration per 30 
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Figure  66. a )  P r e c i p i t a t i o n ,  and b) Free  hydrogen ion  depos i t i on  per  30 

t r a j e c t o r y  s e c t o r  f o r  I l l i n o i s ,  1978 
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February through December 1978. C lea r ly ,  t he  dominant i n f luence  i s  from 

t h e  southwest,  a s  was found f o r  Whiteface Mountain and t h e  o t h e r  MAP3S 

s t a t i o n s .  This  aga in  i s  not  s u r p r i s i n g  s i n c e  t h e  same p r e v a i l i n g  flow 

p a t t e r n s  a r e  e s t a b l i s h e d  p r i o r  t o  p r e c i p i t a t i o n  a t  I l l i n o i s  and Whiteface. 

I n  summary, i t  fol lows t h a t  on t h e  b a s i s  of annual  depos i t i on  p a t t e r n s  

o r  on t h e  b a s i s  of a n  annual  concen t r a t ion  parameter,  i t  appears  t h a t  "acid r a i n "  

i s  a  r eg iona l  phenomenon c h a r a c t e r i s t i c  t o ' t h e  e n t i r e  a r e a  covered by t h e  

.network. There i s  no s t rong  annual  geographical  g rad ien t  f o r  t h e  depos i t i on  

of po l lu t ion - re l a t ed  i o n s  from which one could draw conclus ions  about t h e  

o r i g i n  of a c i d  r a i n  o r  from which one could reasonably i d e n t i f y  a  source 

reg ion .  From the  assessment of 1978 annual  concen t r a t ion  and depos i t i on  

averages ,  t h e r e  emerges t h e  t e n t a t i v e  conclus ion  t h a t  t h e r e  e x i s t s  a  " r eg iona l  

superbowl" f o r  a c i d  r a i n .  This  does no t  imply t h a t  the  precursor  ma te r i a l  

t o  a c i d  r a i n  i s  s i m i l a r l y  d i s t r i b u t e d .  It simply says  t h a t  i n  the  no r theas t e rn  

reg ion  of t h e  United S t a t e s  a l l  meteoro logica l ,  phys i ca l  and cliemical processes  

- 
t h a t  a f f e c t  t h e  accumulation of  po l lu t ion - re l a t ed  ions  ([SO 1 ,  NO^-] and 

4 

[H']) i n  r a i n  even tua l ly  r e s u l t  i n  a  r a t h e r  homogeneous annual depos i t i on  of 

t hese  m a t e r i a l s  over  t h e  e n t i r e  a r ea .  

T ra j ec to ry  s e c t n r  anal.yses were used t o  i l l u s t r a t e  t h a t  d i f f e r e n c e s  i n  

i on  concen t r a t ion  and ion  depos i t i on  between even t s  do occur  a s  a  func t ion  

of a i r  mass o r i g i n .  Separa te  d i s c r e t e  even t s  t h a t  passed over  t h e  "Midwest/ 

Ohio Valley" reg ion  were found t o  e x h i b i t  gene ra l ly  h igher  va lues  i n  ion  

concentratinn rhan t h e i r  Canadian coun te rpa r t s .  However, ion  depos i t i on  was 

found t o  be a  much s t r o n g e r  func t ion  of p r e c i p i t a t i o n  volume. This  process  

was occas iona l ly  inconclus ive ,  s i n c e  some MAP3S c o l l e c t i o n  events  might 

a c t u a l l y  c o n s i s t  of s e v e r a l  sma l l e r  s c a l e  p r e c i p i t a t i o n  even t s  a s  the 

t r a j e c t o r i e s  t r a v e r s e  a  wide range of approach ang le s .  However, 80% t o  90% 



of t h e  even t s  and t o t a l  depos i t i on  could be c l a s s i f i e d  using t h i s  t r a j e c t o r y  

c l a s s i f i c a t i o n  approach. It i s  conceivable  t h a t  a  more c o n s i s t e n t  p a t t e r n  

w i l l  emerge a s  more parameters a r e  taken i n t o  cons ide ra t ion ,  i n  p a r t i c u l a r ,  

those  t h a t  r e l a t e  t o  t r a n s p o r t  and chemical t ransformat ions .  The documenta- 

t i o n  of s imple a i r  t r a j e c t o r i e s ,  r ecep to r  concen t r a t ion ,  and depos i t ion  

va lues  on an  event  b a s i s  a r e  necessary ,  bu t  n o t  s u f f i c i e n t  f o r  c h a r a c t e r i z i n g  

source-receptor  r e l a t i o n s h i p s  i n  regard  t o  a c i d  r a i n .  I f  t he  concept of a  

" reg ional  superbowl" i s  indeed a p p l i c a b l e ,  then  t r a j e c t o r y  a n a l y s i s  should 

extend beyond two days and encompass mesoscale weather p a t t e r n s .  

T ra j ec to ry  s e c t o r  a n a l y s i s  may be coupled wi th  emission d a t a  t o  f u r t h e r  

summarize t h e  depos i t i on  d i f f e r e n t i a l  a t  a p a r t i c u l a r  l o c a t i o n .  The emission 

d a t a  covering t h e  c o n t i n e n t a l  United S t a t e s  e a s t  of t h e  Miss i s s ipp i  River ,  

t h e  s t a t e s  of Iowa, Minnesota, Arkansas, Missouri  and Louisiana a r e  ( i n  

tons /year )  : 

NOx 
SO   NO^ r a t i o  

P a r t i c l e s  x ,. .,. 

For t h e  "MidwestIOhio Valley" reg ion ,  covering Indiana ,  I l l i n o i s ,  Ohio, 

Kentucky, West V i rg in i a  and Pennsylvania a lone ,  t h e  annual  emissions a r e  

( i n  t ons /yea r ) :  

1 . O 9 x 1 o 7  3 . 7 6 x 1 0 6  2.90 

For t he  Canadian prdvinces  of Nova S c o t i a ,  Newfoundland, Quebec, Ontar io ,  

P r ince  Edward I s l a n d  and New Brunswick, t h e  annual  emissions a r e  ( i n  t ons /  

year) : 

2.81 x l o 5  3.01 x 10-1.7 x l o 5  19.2 

The emissions i n  t h e  "~ idwes t /Oh io  Valley" reg ion  ve r sus  t he  "Canadian/ 

Great Lakes" a r e a  a r e  h ighe r  by a  f a c t o r  o f ' 3 . 6  f o r  s u l f u r  components and 

24 f o r  n i t r o g e n  components. 



One might expect  t o  s e e  s i g n i f i c a n t  d i f f e r e n c e s  i n  p r e c i p i t a t i o n  
- 

chemistry a s  a i r  masses from d i f f e r e n t  reg ions  a r r i v e  a t  a  r ecep to r  s i t e .  

Ninety percent  of t he  p r e c i p i t a t i o n  even t s  dur ing  1978 were ca tagor ized  

by means of a i r  mass t r a j e c t o r i e s  corresponding wi th  the  event .  

r 

Whiteface Mountain (1978) 

Midwest1Ohi.o Valley 56% of t h e  annual  p r e c i p i t a t i o n  d e l i v e r i n g :  
(160'-280' s e c t o r )  + 

62% of t h e  annual  [H ] depos i t i on  

64% of  t h e  annual  [so4=] depos i t i on ,  and 

65% of t h e  annual  [NO -1 depos i t i on  
3  

CanadianlGreat Lakes 26% of t h e  annual  p r e c i p i t a t i o n  d e l i v e r i n g :  
(280'-30' s e c t o r )  + 

31% of t h e  annual  [H ]  depos i t i on  

31% of t h e  annual  [SO = ]  depos i t i on ,  and 
4  

28% of t h e  annual  [NO -1  depos i t i on  
3  

I l l i n o i s  

(160'-280' s e c t o r )  71% of t h e  annual p r e c i p i t a t i o n  d e l i v e r i n g :  

+ 
78% of t h e  annual  [H ]  depos i t i on  

67% of t h e  annual  [SO = I  depos i t i on ,  and 
4  

64% of t h e  annual  [NO -1 depos i t i on  
3 

It is  q u i t e  apparent  t h a t  t h e  p r e c i p i t a t i o n  volume, more than any o t h e r  

s i n g l e  f a c t o r ,  determines t h e  amount of depos i t i on  f o r  t h e  t h r e e  po l lu t ion -  

r e l a t e d  ions ,  [H'] , [ so4=]  and   NO^-]. The depos i t i on  of i ons  from "Midwest1 

Ohio Valley" a i r  and "Great ~ a k e s l c a n a d i a n "  a i r  does no t  r e f l e c t  t he  very 

s i g n i f i c a n t  d i f f e r e n c e s  i n  emissions t h a t  a r e  l oca t ed  i n  t hese  two regions.  

The I l l i n o i s  r e s u l t s  f u r t h e r  s u b s t a n t i a t e  t h e  above conclusion.  



A s  pos tu l a t ed  i n  Chapter 2 ,  t h e r e  e x i s t s  no s imple,  s t r a igh t fo rward  

r e l a t i o n s h i p  between emission sou rce ( s )  f o r  a c i d  p r e c i p i t a t i o n ,  precursor  , 

+ 
gas (e s )  and r e c e p t o r s  of "acid r a i n , "  i . e . ,  [ H  1 ,  [ so4=]  and [NO -1  i ons .  , 

3 

The chemical t ransformat ion  pathway(s) seem t o  be complex and i n s e n s i t i v e  

t o  t h e  a n a l y s i s  presented  he re  and based upon a v a i l a b l e  meteoro logica l  and 

chemical information.  

Normally, t r a j e c t o r y  a n a l y s i s  of i n d i v i d u a l  even t s  w i l l  l e a d  t o  some 

b a s i c  source-receptor  r e l a t i o n s h i p s .  V i t a l  information i s  s t i l l  missing on 

t h e  o v e r a l l  transport/transformation processes  t h a t  t ake  p l ace  i n  t he  atmos- 

phere r e l e v a n t  t o  t he  formation and depos i t i on  of "acid r a i n . "  

The concept of a  "superbowl" does e x p l a i n  some of t h e  r e s u l t s  i n  t h a t  

t h e  f i n a l  product ,  i . e . ,  "acid r a i n , "  i s  r a t h e r  evenly d i s t r i b u t e d  over  a  

very  l a r g e  region.  It would i n d i c a t e  t h a t  i n t e n s e  mixing on a  mesoscale,  

coupled wi th  unknown r a t e - c o n t r o l l i n g  s t e p s  f o r  t h e  formation and depos i t i on  

,o f  "aci.di.c material." a r e  a s  impor tan t ,  o r  more impor tan t ,  than t h e  s i m p l i f i e d  

a i r  mass t r a j e c t o r i e s  c u r r e n t l y  i n  use  f o r  e s t a b l i s h i n g  source-receptor  

r e l a t i o n s h i p s .  I n  summary, t h e  known source  r eg ions  f o r  precursor  gases  t o  

"acid r a in"  cannot y e t  be unequivocal ly l i nked  t o  r e c e p t o r s  w i th  t h e  

meteoro logica l ,  phys i ca l  and chemical in format ion  a v a i l a b l e  today. 
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