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PRECIPITATION CHEMISTRY TRENDS IN'THE'NORTHEASTERN UNITED STATES .

Gary J. Stensland

Illinois State Water Survey
P. 0. Box 232
Urbana, IL 61801

- INTRODUCTION

' Gases and particles injected into the atmosphere by natural ;
- or anthropogenic sources are returned to the earth's surface through i
wet and dry removal processes. Thereforé historical trends of the
- concentrations of the various trace substances in precipitation
can serve as an indication of the changes in the levels of these'
substances in the air. .

_ This paper will examine three topies related to the precipita-
tion chemistry data base for the United States. First, since the
pH of precipitation is of major interest, techniques to calculate
this quantity will be considered. This calculation is necessary
when the pH was not reported, as is frequently the case for the
older data sets. Next, the changes in the precipitation chemistry
for a central Illinois site will be discussed. This site is at
the western edge of present high atmospheric sulfate levels, and
thus it is interesting to examine changes in the precipitation pH
"at this site and the reasons for them. The third and final topic
will be to consider changes in the sulfate and nitrate at this
central Illinois site and other sites further East, and to compare
_ these changes to the time trends in the anthropogenlc source
. emissions. : '

METHODS’TO CALCULATE PRECIPITATION pH

-The 1954 data set to be discussed in the next section of this
paper did not include pH measurements so the following procedure
has been used to calculate the pH. ’2' In a rain or melted snow
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The concentration of Net Ions versus pH for precipitation

N

" Figure 1.
' samples with different values of T (temperature) and Pc02
(from ref. 2). - ' :

-

 limited data base. The ratio was >>1 except along the sea coasts.
The results of these calculations are shown in Figure 2, where the
median of the calculated pH values for each measured pH class (0.1
unit in width) are plotted. The line segments which have been fit- |
ted to the data points can be used to correct the calculated pH
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solution, a charge balance is maintained. If a term called Nét‘ o
Ions is defined as : :

" (Net Ioms) = (SOZ)+(N0;)+(CI—)—(CaH)—(MgH)-(NHZ) o

: o : : ' ' . {1)

4+, .+ :

-(Na )-(K'), ‘

then the charge balance equation, consisting of the major ibns, is -

g A(H+)}-(HC°;)=(Net Tons), S . R -'.:'_."'_(2) 7

with each concentration in units of microeqhivalenés per litéf_' -
(ueq/%).. Although Eq. 2 is not exactly correct, since some ions °
have not been included, the relation has been found to work reason-—

"ably well for rain and snow samples. With the appropriate chemical

equilibrium constants, it can be shown that (HCOZ) = 490 (OH) and
for samples with pH<8, (COE)<<(HCO§). Thus, the two ions OH and

'CO, need not be considered”in the charge balance equation. Assuming

that falling raindrops are in equilibrium with atmospheric carbon
dioxide (Pco, = 320 x 10-6 atm), then the chemical equilibria re-~

lationships can be used to give - E

_‘.(HCO§)=KHK1PCOZ/(H+) o SR 3

where Ky is the constant in Henry's Law and Kj is the first dis-
association constant of CO; in water (for 25°C, Kyg = 0.034 x 106 -
peq/%/atm and K; = 4.5 x 10-1 peq/2). Substituting Eq. 3 into Eq. 2
and solving the quadratic equation for (Ht) gives o ‘

@")={(Net Tons) * [(Net Tons)? + (4kx P, )2°7W2. (&
. . o . 2 - i
In Eq. 4;'on1y the p1us‘sign in front of the bracketed term'give§7f'
positive and therefore physically realistic solutions. Eq. 4 is
rewritten in terms of pH as :

' bH=+6~loglo{{‘Net Ions)+[(Nét I°n5)2+(4KHK1P602)]Ois}/Z} (5)"

where the +6 factor results from the fact that the Heq/% concentra-
tion unit is required for the terms in Eq. 5. Figure 1 illustrztes
Eq. 5 for a variety of temperature T and P.q, values. Curve E was -
used to calculate the pH for the 1954 data. ‘

From 1959 to 1964 the U. S. Public Health Service collected
monthly precipitation samples at 39 locations throughout the con-

‘tinental United States. Equation 5 was used to calculate the pH

values for this data set of 1295 samples. Mgtt was not reported
so it was estimated by assuming it to be related to Catt, with the
(Ca++)/(Mg++) ratio being assigned regional values based on a very
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. Figure 2. Calculated pH versus measured pH for mbnthly precipitation:
samples (from ref. 2).

. values such that they will agree w1th the measured pH value3.> The ;.
equations for the three line segments are - e

pH (corrected) = pH (calculated) -C, L ' (6)

._ where C = 0. 70 for pH (calculated) >6 0 and C 0.15 for pH
(calculated) 4.8, and o

- pH (corrected) = 0.54 pH (calculated) + 2.06, . .: (D g

 for 4.8 < pH (calculated) < 6.0. The data reported by Granat,® for
about 1500 monthly samples from the European chemistry network, were

" also used to prepare a graph like Figure 2. Equations 6 and 7 also
- fit the Granat .data very well.. A firm explanation as to why Egs. 6-
and 7 are needed for the precipitation data is not yet available. i

Sr

) Finally, with respect to calculating pH, Eq. 1 can be compafe&
with two other somewhat different approaches in the literature. _



7 Granat® assumed that all the Na‘t .
~  thus neither ion was included in his equations. Also the other ioms ;

"5 was included in the equation and the base ion for making the sea

~in the form of ‘'Eq. 1, was

and C1~ were due to sea salt and

—
13
1

were corrected for sea salt. Granat's final equation, expressed in
the form of Eq. 1, was - : : I

(Net Ions) GRAN=(soZ—ssso:)+(No;)-(CaH-SSCa""')—'(Mg :

@ |
-SSMg-&) - (NHZ) —(xF-ss™). ol

The SS prefix for an'ion‘indicates that the Qﬁantity is £he amount"!

due to sea salt, Nat being used by Granat as the reference sea salt .| -

don. - ‘ o :}
{

.Cogbiil and Likens" also-correctéd each ioﬁ for sea sélf bugiiiw o

included Nat or C1~ in the final equation. TFor example, if (Na+)[» %
(C17) was greater than the ratio for sea water, then the excess N f ;
salt correction was C1~. In this case the final equation, expressedug
(Net Ions)'COG=(soZ—'ssso:)+(No;)»(CaH-SSCaH)Q(PIg'H_ R
- LT (9)
 —ssug™h-(m}) - (a*-ssma®) - (K -sskh).

~ Equations 8 and 9 were used in place of qull to produce
equations analogous to Eq. 5. The three pH equations were then
applied to the same data set, namely Junge's 1955-1956 data for 63

sites in the United States.® Mg++'was not reported by Junge so -
regional ratios of catt to Mg++ were used to estimate Mgtt, as was
previously discussed. Also, Junge reported only quarterly values

for NHZ and NO3. Thus, these values were weighted with the quarterly:
precipitation at the sites to produce annual averages for NO3 and :

4t - g . ““ : Coe . R A,‘zig -

The pH results are shown in Figures 3 and 4. In Figure 3 the
pH values from Eq.-5 are plotted on the abscissa and the values
with the assumptions of Cogbill and Likens are plotted on the _
ordinate. The agreement is very good, with the linear correlation
coefficient r = 0.99. In Figure 4, the results from Eq. 5 are ’

_compared with the pH values using Granat's assumptions. The agree-

ment is not as good, with r = 0.90 and the line of best fit being P
y = 0.96x. The pH values calculated with Granat's sea salt :
assumptions .are generally lower than those calculated by Stensland
with Eq. 5, a change which is in the same direction as that re-
sulting from the empirical correction in Figure 2. Therefore, if
the empirical corrections in Eq. 6 and 7 are not used, then the pH
calculated with Granat's assumptions would probably agree better i
with measured pH values than if the assumptions of Cogbill and b
Likens or Stensland were used. S
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Figure 3. The pH calculated with the assumptions'made.ﬁy Cogbili
and Likens versus the pH calculated with the assumptions
by Stensland, for the 1955-56 Junge data (from ref. 2).

PRECIPITATION CHEMISTRY IN CENTRAL-ILLINOIS IN 1954 AND 1977”

The difference in the precipitation chemistry for a rural, B
east—central Illinois site in 1954 as compared to 1977 was investi- |
gated to ascertain whether or not the prec1p1tat10n became more :
ac1d1c and if so, why.* The 1954 data set® was unlque for its time |

*This topic is covered in more detail in reference 1l and in a paper
that has been submltted to the Journal of the Air Pollution Control
Association,

aim
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Figure 4. The pH calculated with tlie assumptions made by Granét
- versus the pH calculated with the assumptions by Stensland,
for the 1955-56 Junge data (from ref. 2).

‘because the manual sampling technique carefully eliminated any dry
deposition and because individual precipitation events were
analyzed. The sampling site in both 1954 and 1977 was at the
Champaign-Urbana airport (referred to as CMI), located 7 kilometers
south of Champaign and surrounded by cultivated fields except for
a golf course to the east. The data sets were collected from
October 26, 1953 to August 12, 1954 and from lMay 15, 1977 to
February 6, 1979. For convenience the two sets will be referred
to as the 1954 data and the 1977 data.

(7N



" For the 1977 study an automatic coliector, which'éxposedAthe‘v

wet-side bucket only during the time of precipitation, was used.

The polyethylene bucket was changed within 24 hours of the end of

the precipitation event and then brought immediately to the
~ laboratory where pH and conductivity were measured followed by
"sample filtration with a 0.45 mlcrometer membrane filter. The
ions SOz, NO3, c1l, NH,, , catt, Mg K+, and Nat were determlned
. by standard methods on AutoAnalyzer and atomic absorption

- instruments. The sampling and analysis procedures for the 1954

data are descrlbed 1n detail in the Larson and Hettlck paper.s_vf‘-'

' ' From about May 15 to September 30 the 1andscape around CMI

is mostly green due to the corn and soybean crops. In the fall

. season most of the farmland is tilled, producing a brown landscape.
Since the local dust conditions thus may be quite different for the
. two periods, the precipitation chemistry data-for 1977 was divided
" - into the green period events and the brown period events.. The data
‘for pH show that this potential dust effect was not large for the
1977 data set. Due to the relatively small number of data points’

" for 1954 these events were not divided into brown and green perlods.iff

Three other types of data separation were carried out. First, in
the 1954 data there were six precipitation events wherein consecu-
tive samples were taken, so a volume-weighted average was computed
for each ion. These average values were used in the subsequent .
analyses. = Second, there were six events,. also in the 1954 data,
where the sample collection began after the precipitation had
started. Because the chemical concentrations are highest at the
.beginning of precipitation events, these six samples were given
special consideration. Third, for the 1977 samples the procedures
allowed very small samples to be analyzed and these data vere also -
noted separately. :

The precipitation pH was not reported for the 1954 data so
Eqs. 5, 6, and 7 were used to calculate the pH. The frequency dis-
tributions of the calculated pH for 1954 and for the measured pH
for 1977 are presented in Figure 5. It can be seen that the median
pH does not change significantly when the smaller samples are in-
cluded, but the green period pH is somewhat lower than the brown
period pH. The 1977 combined brown and green period median pH, for
events 20.70 mm, is 4.1. This compares with the calculated median
pH of 5.9 for the 1954 data. If those 1954 samples with precipita-
tion at the beginning are excluded, the 1954 median pH is 6.05.
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). This issue is
addressed with the data in Table 1. For this table the small
precipitation samples (<0.70 mm) were not included.

For sulfate in 1977 the median was 80 ueq/2 for the brown
period, 65 ueq/% for the green period, and 70 peq/2 for the com-
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" bined brown and green perlod " The median for 1954 was 50 ueq/l

* but when samples with precipitation at the beginning were excluded
the 1954 median was 60 peq/f. As with sulfate, the 1977 nitrate =
values had a somewhat larger median for the brown period. The -- 5
‘nitrate median was 38 leq/% for the brown period, 28 yeq/% for the

* green period and 30 ueq/% for the combined brown and green periods.
The 1954 median nitrate value was 18 peq/% while the exclusion of
samples with precipitation at the beginning increased the median to

: |
- 20 Heq/2. The hardness, defined as the sum of calcium and magnesium!v-‘
 CMI PRECIPITATION
M' = Median, all data o R
M = Median, samples O and O exélydad R
_ ) M'(AO) s = Pr\eci‘pi.tat'fon >0.70 mm .
(2am | O = Precipitation 0.35 mm - 0.70 mm
N - .l O = Precipitation <0.35 mn :
i _ ‘ A = Composite samples, prec1pitatlon >0 70 mm
''''' - Bl = Precipitation at beginning, and >0.70 mm
° © .
e . o (2) Oct. 1, 1977 - Feb. 6, 1978
* b © * "BROWN" PERIOD
. ® 5 o » © & o L] . . .
QO ¢ +¢0-00 == o o O O o ©O (o]0
[ L L 1 L 3 A s 1 ' 2 L I} — L | FREESENE JEN | 1
llinois State Water Survey |
- (49)M' M(36
o .( )"( )
& \
o o .
ls ° ® ©
g1 o LI
“&," ° o © . CI
= o
=2 ° c . (b) May 15, 1977 - Sept. 30, 1977 -
s *20-- "GREEN" PERIOD
O O¢0Oc - ° - B
O-0- Qe oo °
(@] g- Q- DDD e o -
(1 1 L L 1 1 [l 1 L [\ ] 1 3 L 1 1 1 1 1 N I
{c) Oct. 26, 1953 - Aug. 12, 1954
M(38). .
° . A . . ° . e -
o o . A AAO . o & o .
. o 24 B.-BR © A B AHAO oA.‘e °
. I L 1 3 1 L 1 1 [l I 1 L. 1 1 1 | & 1 ]
3 ) 5 6 7
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’ Figure 5. Frequency distribution of measured pH for 1977 ;

precipitation events and calculated pH for 1954
precipitation events. The numbers in parentheses
indicate the number of data points from which the
median was obtained (from ref. 1)
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concentrations (Catt ¥ MgF), was reported for the 1954 data and

.i_ therefore is the qugptity presggged in Table T. The median hardness

value for 1977 for the combined green and brown period was 10
peq/%, with the brown period median being 15 peq/% and the green

period value being 10 peq/%. For 1954, the median hardness value
‘'was 65 Heq/%, but when samples with precipitation at the beginning

are excluded the median was 82 Meq/%. Of the nine 1954 events with
hardness greater than 100 Heq/%, two were in the green period and -

. - seven in the brown period. .

: VTable I. Ton concentrations (ueq -1 aﬁd.pH foﬁ““L~"‘“
precipitation samples (<0.70 mm).

FTSAT T

A (s0,) (mop) ' (Cal + Mg' ) pH -
111., 19562 60 20 - o827 6.05°
I11., 1977% ‘70 30 10 4.1

‘BMedian values for CMI event samples. . .
Includes the empirical correction for calculated pH.
Without this correction the value would be about 6.75.

s

With the data summarized in Table I there can be little.
question that the CMI samples in 1954 were much more basic than
the 1977 samples. Although both $0= and NOE were apparently lower
in the 1954 samples, it was the high concentrations of soil related

- species, catt and Mg++, which produced the high pH in 1954. If the - | --
catt + Mg++ concentration in 1954 had been 10 upeq/% (the 1977 level), !

the pH would have been 4.17 instead of 6.05. The median pH = 6.05
for 1954 includes the empirical correction in Eqs. 6 and 7. Without
this correction the 1954 median pH value would have been about 6.75,
and 4.34 with the 1977 level of Ca™t + MgtT.

The high 1954 catt + Mg++ concentration could have resulted
from problems in the chemical analysis procedures, or may be
indicative of higher ambient air levels of these elements in 1954.
Recent work at the Illinois State Water Survey has shown that the
catt +’Mg++ levels in rain can rise considerably with time if the
samples are not filtered.’ The 1977 samples were filtered but most
of the 1954 samples were not. There are other preliminary data,
however, which suggest that the absence of filtering will not
account for the majority of the increase in the 1954 pH levels
compared to the 1977 values.

i
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Assumlng now that the reported catt + Mg values were aceurate
for the precipitation falllng 1n 1954, one must then conclude that

more calcium and magnesium were present in the atmospheric aerosols
in 1954 than in 1977. A possible source could have been the dust

-from rural gravel roads, if they were more common in 1954. Also

the types of crops grown and the size of the machinery used to
cultivate the fields has changed in the CMI area since 1954.° This .
could have modified the local dust levels to some extent, but no
quantitative assessment is available. The final suggestion offered

~ for the elevated Catt +Higtt levels in the atmospheric aerosols is .
that the years 1953-1954 were very dry in many states of the Midwest

+
t
]
T
i

and the Plains, and thus more susceptible to soil erosion by the

- wind, as compared to 1977. For instance, in 1954 the precipitation

was —33% (below normal) in Oklahoma, -25% for Kansas, -147 for

- Nebraska, -13% for Missouri, +9% for Jowa, and -67% for I1linois.

- Research is. mow in progress to more fully investigate the possibe

relation between droughts and elevated basic jons in prec1p1tat10n.

z
4

~"--SULFA.'I‘E AND NITRATE TRENDS IN THE NORTHEASTERN UNITED STATES

The atmospheric cycles of sulfur and nltrogen include the

follow1ng components: (a) emission of -the compounds from the earth's

- surfdce into the atmosphere; (b) transport and transformation of

these compounds in the atmosphere; (c) and wet and dry removal of

- the compounds from the atmosphere. The relationship between emis-

sions levels and air and precipitation quality is a physical fact
if the time and space boundaries are defined appropriately. For
example, if the global emissions of sulfur increase, the average .
air quality for sulfur for the globe will decrease. This section
will examine annual average values for source emissions estimates
and for precipitation quality, for the northeastern Unlted Statoe
for the mid-1950's versus the late l970's.

The ana1y31s presented in this, section was undertaken because
precipitation chemistry data have recently become available for the
1977-1978 perlod and therefore can be compared with existing data
from 1954-55/56.2 The locations of the sampling sites usod in
this analysis are shown in Figure 6. - The MAP3S network® is still
in operation and now consists of eight sites in the Northeast.
Beginning in September 1977, the samples from this project were
analyzed for all the major cations and anions.}® There was about
one year of data for each of the three MAP3S sites used for this
analysis (IT, SC, and CH). The Illinois State Water Survey (ISWS)
began an event precipitation chemistry collection program near
Champaign, Illinois in May 1977, and this site (CMI) provided data
for this analybis.l In addition, the ISWS study at the same site
from October 1953, to August 1954, provided historical data for
this analysis.6 The Junge network was in operation from July 1955

to June 1956, and provided the remainder of the historical clata,“’f1

4
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EXPLANATION
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® ISks (54,77) _
A JUNGE (55/56) o _ S _

@ MAP3S (78) : ' Hlinois State Water Survey |
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L

Figure 6. ‘Location oprrecipitation chemistry sampling sites in‘J

the northeastern United States. The dashed lines’

enclose the primary sites being compared while the

solid lines enclose additional sites for which data
_are presented (from ref. 8).

The Junge network consisted of 62 sites distributed across the
-continental United States. Data from eight of the sites will be .

" used in this paper. The dashed lines in Figure 6 enclose those

sites considered most important for the present analysis while the
solid lines indicate the additional sites which provide comparative
data. ‘ ’ :

The type of precipitation chemistry data needed for this study

" were ion concentrations for wet-only samples. That is, evaporation

losses and dry deposition effects had to be absent. There are data
available from some networks where automatic wet-only collectors
were used but where the protective cover did not make a tight seal
with the sample container. Evaporation and contamination during
non-rain periods probably occurred and therefore such data were not
used. ~ :
For the MAP3S sites, an automatic wet-only sampler is used to

collect event samples, where event refers basically to a daily
sample. The collecting funnel is thoroughly rinsed after each

1=
et -

e
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‘ .; _ kilometers away from the nearest urban areas. The 1977 ISWS samples
were collected in a manner very similar to the MAP3S samples, with
a HASL collector being used. The 1954 ISWS samples consisted of

1 manual collections of precipitation events, a 1.2 meter diameter

| -stainless steel funnel being uncovered and well rinsed at the begin-

| _ ning of the events. Finally, the 1955/56 Junge samples were col-

‘ ' - .~ lected with a plexiglas funnel and polyethylene bottle which were

| exposed only during precipitation events. The event samples were

. sent to the analytical laboratory and composited to provide one
. sample per site per month. The samplers were located at Weather
Bureau facilities so that personnel would be available to expose
the collecting funnels during the precipitation events. Some of
the Junge sites were closer to cities and industrial areas than .

'q'géﬁﬁié~is.femdved;”‘The'MAP3S.siEéé”ére all located at least several

fx"desirable, but the consistent data patterns produced by the study j‘f 1

", indicated that most of the sites produced data representative of -
L " their region. ‘ ‘ : SR o
7 o
It is well known that the ion concentrations im rain and snow
events are strongly related to the precipitation amounts; when the
amount is less than about 5 mm, the concentrations are usually very
" high. To compensate for this effect many researchers use the
sample volume weighted averages. for data interpretation. Another
‘approach to remove the effects of extreme values is.to report median
~values. Table II displays both the median and the sample volume
weighted averages for the MAP3S sites. The median values are
consistently higher for each of the ions.

>

Table II. Median concentrations and sample volume weighted
average concentrations for the MAP3S samples
(mg/2) (from ref. 8).

Sulfate ‘ o 2 ’ Nitrate

Number Number

- of Weighted  of Weighted |

Samples Median Average Samples Median Average i
IT 54 2.88  2.66 .55 2,17 171 !
SC -8 ~  2.88 2.54 86 - 2.26 1.67 §

- VA 51  2.79 2.46 sl L.74 - LS4

-

The sulfate and nitrate concentration data for the.siteé shown
in Figure 6 are presented in Tables III and IV. Accurateé sample
- volumes were not available for the 1954 ISWUS data. Therefore for all

_ the ISWS data in Tables III and IV {site CMI) the median concentra—'_uij

(57X
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e Table III. Sulfate concentrations in precipitation (mg/% as ; .
S0,~) and ratios of recent values to historical 1° &
values (from ref. 8). ' {;g
~ MIDWEST |
| 11977/78 _ Ratio - - 1954 - 1955/56
e CMI: 3.79——-(1.2) cMI: 3.10 . .CO: 3.10
HTTRR . IR S o IN: 2067 | Lo
4 EAST e ST P X
2% 1977/78  Ratio - 1955/56 - .- 1955/56 . 1 L.
~ . IT:  2.66-—-(0.8) Wi:  3.48  BU: 2.89 I 7%
IR o S - o ALy 2,29 oo
SC:  2.54———-(0.7) WM:  3.48 . AK: 3.26 0 ¥
CCH:  2.45-—-(0.9)— -——-RO: . 2.67 wA: 2.67 |
e : . - »
T Table IV. Nitrate concentrations in precipitation (mg/f as : -
T ‘ NO,”) and ratios of recent values to historical i
s values (from ref. 8). ' ' %‘
MIDWEST _
A 1977/78 Ratio . 1954 . 1955/56 |
R CMI: 1.85—-—(1.5) CMI: 1.25 © co: .58
- . : B ‘ ~IN: .53 !
: EAST !
1977/78 Ratio 1955/56 . 1955/56
IT:  1.71--——(1.3)=—————————-WM: 1.31 BU: 1.12
' , : AL: JA7
SC: 1,67-~=~(1.3)~==~~— wM:  1.31 AK: 1.05 % o _
CH: ~ 1.54---—(1.8)- RO: .84 WA: .54 1 - N

-

tions are given. For the Junge data the monthly compositing pro-
cedure produced sample volume weighted concentrations. Since the .
Junge data and the MAP3S data are to be compared, the MAP3S sample
volume weighted averages are listed in Tables III and IV instead '
of the median values.

I
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The upper portion of Table III gives the sulfate data for the
midwestern site and the lower portion presents the data for the
eastern sites. The dotted. lines connect those sites for which it
is considered most appropriate to calculate ratios between the
- recent and the older concentrations. The right hand column pro--
vides additional data for comparison to the middle column. The
same format is used in Table IV. The basic feature to note in
the tables is that the sulfate ratios are near one, while those
for nitrate are greater than one. These trends w1ll now be
compared to the source emissions trends.

‘ , The emissions data which are presented in this section are
L values for the entire United States. It is assumed that the trends
‘for these emissions data are representative of the sources contri-
buting to the precipitation quality sites in the northeastern
United States. A study of the geographical distribution of the
1972 emissions data has shown that the EPA air quality regions I-IV
(basically the eastern Unlted States) contributed 80% of the total.
nitrogen oxide emissions. 12 The same study showed that six states,
;." New York, Pennsylvania, Ohio, Michigan, Indiana, and Illinois,
- #'  contributed 457 of the total. For sulfur oxides the study indi- -
N cated that the northeast sector of the United States accounted for
about half of the total 3u1fur ox1de emissions.

B It is generally accepted that the anthropogenic sources
" .. dominate over matural sources. for industrialized areas such as the i
. Northeast. Of the-various sources categories, fossil fuel com- i
bustion at stationary sources dominates for the sulfur oxides,'? s
In 1970 about 787 of the sulfur oxides were emitted from these
sources. - Steam electric power plants were the major stationary .
sources and they contributed 577 of the total sulfur oxide emissions. |
In total, coal combustion accounted for about 65% of the total :
sulfur oxide emissions. For nitrogen oxides, gasoline combustion
in motor vehicles accounted for 347 of the total emissions in 1070
while coal, fuel oil, and natural gas combustlon in stationary
sources accounted for 447 of the total.

A The time trend of the estimated emissions is summarized in
" Table V. The EPA report providing the data for the lower half of " .
Table V warned that the earlier estimates (upper half of Table V)
had not been calculated in exactly the same way and thus would not
be exactly comparable. This explains why, for instance, the two
o 1970 estimates for sulfur oxides do not agree exactly. The data-
. in these tables are expressed as SO; and NOj. 1In Table VI the data
~. from Tdble V have been normalized by making the two 1970 values
.~ agree. This normalization procedure is a reasonable and practical.

approach that allows the 1940 to 1976 time period to be examined. | »

ok

Table VI shows that nitrogen oxide emissions have increased much -
more than sulfur oxide emissions. From mid-1950 to 1976, nitrogen !
oxides increased from about 11 to 23 million metric tons per year, - !-




Table V. Estimated nitrogen oxide and sulfur oxide emissions
for the continental United States (mllllons of
metric tons per year).

1940 1950 1960 1970

' Nitrogen Oxides® - 7.2 '9.4 12.7 20.6
Sulfur Oxides2  19.5 21.6 21.1 30.8

o 1970 1971 1972 1973 1974 1975 1976
Nitrogen Oxides® 20.4 21.3 22.2 22.9 22.6 22.2 23.0 .
Sulfur 0x1desb 29.1 27.9 28.8 29.7 28.2 25.7 26.9

8Source: Reference #13 (p. 4, Table 1) 2
Source: Reference #14 (p. 5-1, Table 5-1) -

Table VI. Norﬁalized emissions estimates as calculated from i

Table V (millions of metric tons per year).

1940 1950 1960 1970

Nitrogen Oxides 7.1 9.3 12.6 20.4
Sulfur Oxides 18.4 20.4° 19.9 29.1

1970 1971 1972 1973 1974 1975 1976

Nitrogen Oxides 20.4 21.3 22,2 22.9 22.6 22.2 23.0
Sulfur Oxides 29.1 27.9 28.8 29.7 28.2 25.7 26.9

a factor of 2.1. At the same time, sulfur oxides increased from
about 20 to 27 million metric tons per year, a factor of 1.3. The
relatively small increase in the sulfur oxide emissions is ex-~
plained by the fact that natural gas and low sulfur oil and coal
have become more heavily used since the mid-1950°' s.lé The larger
growth rate in the nitrogen oxide emissions is due to the large
increases in energy consumption for electric power and transporta-
tion. From 1955 to 1970 the former 1ncreased by a factor of 2.6
,and the latter by a factor of 1.6.

- CONCLUSIONS

The results in this paper. suggest that at present the best
approach to calculating the pH of a precipitation sample is to
assume that a charge balance exists and then to apply an empirical
correction, as expressed in Eqs. 6 and 7. With this approach the

E5 2




1977 central Illinois samples are shown to be much more acid than
those from 1954. The primary reason for this pH decrease is the

decreased concentration of calcium and magnesium in the samples.

For the mid-1970's compared to the mid-1950's the source

" emissions estimates for the United States were up by a factor of-
1.3 for sulfur and 2.1 for nitrogen.

the sulfate concentrations for the precipitation chemistry sites in
the northeastern United States remained about the same and the .
nitrate concentrations increased by factors varying from 1.3 to

-1.8. Since the emissions estimates increased more than the precip-

itation concentrations, it would seem that a smaller fraction of
the pollutants were being removed over the northeast by wet pro-
cesses in the mid-1970's than in the mid-1950's. This could be a
result of the trend towards the use of taller stacks. However, .

" " the data presented in this paper are very limited both spatially ;

and temporally so the conc1u31on should be considered as rather
speculatlve. B . L R iy ,
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