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STUDY OF ATMOSPHERIC POLLUTION SCAVENGING

ABSTRACT

The continued study of historical precipitation chemistry, air quality,
and emissions data shows that the nitrate concentrations in precipitation have
" increased over the past 20 years with little change in sulfate concentrations.
An analysis of aerosol concentrations at MAP3S precipitation collection sites
show consistently higher elemental concentrations at urban Champaign, Illinois
than sites at Whiteface Mountain, New York and rural Champaign. Scavenging
ratios at Whiteface exceeded those obtained previously at St. Louis, Missouri
possibly due to mid-tropospheric long-range transport and differing synoptic
situations. Factor analysis of 6 storms during METROMEX show that different
deposition patterns were found for the soluble and insoluble concentrations
of the same element. This suggests different scavenging processes may be
active for these fractions. Using METROMEX data, no correlation was found
between pollutant source strength and the urban-related prec1p1tat10n anomaly.
Four different Nuclepore air filter setups were used to compare air concentrations
of sulfate, nitrate and ammonium. The sulfate comparison was good, but the large
variability for nitrate and ammonium raise serious questions on the credibility
of measurements using Nuclepore as the collection medium.

The details of a case study of wet deposition from SCORE-78 are presented
and show the pollutant concentrations are more variable than the rainfall. A
brief description of the progress on the SCORE-79 project is presented. The
progress on acid rainfall studies show that the high pH values in the Midwest
in the mid-1950's was due in part to. elevated concentrations of calcium and
magnesium. A variety of model calculations are presented to show the effects
of adjusting past data to currently observed values. A recent expansion of the
analytical laboratory facilities is described and recent results of continuing
research on ionic stability of precipitation samples are given.



CHAPTER 1

A COMPARISON OF SULFATE AND NITRATE IN PRECIPITATION IN 1955
AND 1977 TO EMISSIONS. AND AIR QUALITY TRENDS '

Gary J. Stensland
INTRODUCTION

The atmospheric cycles of sulfur and nitrogen include the following
components: (a) emission of the compounds from the earth's surface into the
atmosphere; (b) transport and transformation of these compounds in the

~atmosphere; and (c) wet and dry removal of the compounds from the atmosphere.
This paper will examine time trends for data from each of these three
components but will emphasis the analysis of precipitation chemistry data.

Polluted air, resulting from source emissions should, on the average,
produce polluted precipitation. Furthermore, temporal changes in the
emissions of sulfur and nitrogen compounds should produce corresponding changes
in the concentrations in the air and in the precipitation. The relationship
between emissions 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 paper will examine annual average values
for the northeastern United States for the mid-1950's versus the late 1970's.
The appropriateness of this choice of time and space scales will be commented
on at various places in this paper.

DISCUSSION OF DATA

The major thrust of this paper is to present and discuss the sulfur
and nitrogen data for precipitation. These results are then compared to
information in the literature on. air pollution emissions and air quality.

Precipitation Quality Data

"With respect to assessing the effect of air pollution emissions on air
quality and human health, a large national ambient air monitoring network has
been in continuous operation for about 20 years. In contrast, there has been
and still is a shortage of precipitation quality data for the United States.
It is only recently that the adverse effects of altered precipitation quality
have aroused national and international concern. As a result, a national
precipitation chemistry network for the United States, utilizing standardized



collection and analysis methods, has recently begun operation (NADP, 1979).

This program, the National Atmospheric Deposition Project (NADP), which has

both monitoring and research objectives, officially began operation on -
October 1, 1978 and currently includes 25 collection sites distributed across

the United States. Many state and federal organizations are making

contributions towards developing the NADP, but the primary contribution

currently comes from forest and agricultural experiment stations which

maintain sites and pay for the chemical analysis of the samples.

Past precipitation quality networks in the United States have often been
characterized by limitations of their spatial or temporal scale or by limitations
in their collection and analysis procedures. Some of the networks were research
projects which probably met their objectives even though they were characterized
by some of the limitations just enumerated.

The analysis presented here was undertaken because precipitation chemistry
data have recently become available for the 1977-78 period and therefore can
be compared with existing data from the 1950's. The various data sets are
summarized in Figure 1 and Table 1. The MAP3S network (Battelle Pacific
Northwest Laboratories, 1977), 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 as described by
Dana et al. (1978). From Table 1 it is noted that 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 a precipitation chemistry
collection program near Champaign, Illinois in May 1977, and this site (CM)
provided data for this paper (Stemnsland, 1979). In addition, an ISWS study .
by Larson and Hettick (1956) at the same site from October 1953, to August 1954,
provided historical data for this analysis. The Junge network was in operation
from July 1955 to June 1956, and provided the remainder of the historical data
(Junge and Gustafson, 1956; Junge, 1963). 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 1 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 sample is removed. The MAP3S sites are all
located at least several 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 manual collections {
of precipitation events using, a 1.2 meter diameter stainless steel funnel which .
was uncovered and well rinsed at the beginning of the events. Finally, the




EXPLANATION

@ ISWS (54,77) .
A JUNGE (55/56)
IIMAP3SV(78) o

Figure 1. Regional groupings of precipitation sampling sites used to compare
sulfate and nitrate in precipitation. '
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Table 1. A listing of the collection sites, the population of -
the nearby urban areas, and data period being used.

Abbreviation
AK
AL
BU

CH
M

Co
IN
IT
RO
SC
WA
WM

Site -

1970 Population

Akron, OH

Albany, NY
Burlington, VT
Charlottesville, VA
Champaign-Urbana, IL

Columbia, MO
Indianapolis, IN
Ithaca, NY
Roanoke, VA

State College, PA
Washington, DC
Williamsport, PA

298,000
127,000
36,300

36,000

83,000

44,000
530,000
31,000
100,500
27,800
810,000
41,000

Data Period

7/55-6/56 -

7/55-6/56

7/55-6/56
9/18/77-7/31/78

10/53-8/54,
5/77-2/78

7/55-6/56
7/55-6/56
9/21/77-9/ 4/78
7/55-6/56
9/24/77-9/15/78 -
7/55-6/56 ‘
7/55-6/56 . -
|



1955-56 Junge samples were collected 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 desirable, but the consistent data patterns produced by
the study indicated that most of the sites produced data representative of
their region. o '

It is well known that the ion concentrations in rain and snow events are
strongly related to the precipitation amounts; when the amount is less than about
S 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 2 displays both the median and the sample volume-weighted averages
for the MAP3S sites. The median values are consistently higher for each of the
ioms.

The sulfate and nitrate concentration data from the projects shown in
Figure 1 are presented in Tables 3 and 4. Accurate sample volumes were not
available for the 1954 ISWS data. Therefore for all the ISWS data in Tables 3
and 4 (site CM) the median concentrations are given. For the Junge data the
monthly compositing procedure produced sample volume-weighted concentrations.
The available Junge data for sulfate consisted of an annual weighted average
which had been calculated from the monthly values. The Junge nitrate data were
available only as quarterly weighted averages. Therefore the Weather Bureau
precipitation data for the Junge sites were used to calculate the annual
weighted average nitrate data given in Table 4. Since the Junge data and the
MAP3S data are to be compared, the MAP3S sample volume-weighted averages are
listed in Tables 3 and 4 instead of the median values.

The upper portion of Table 3 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
provides additional data for comparison to the middle column. - The same format
is used in Table 4. 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
will now be compared to emissions and air quality trends.

Emissions Data for Sulfur and Nitrogen Oxides

The emissions data are values for the entire United States. It is assumed
that the trends for these emissions data are representative of the sources
contributing to the air and precipitation quality sites in selected portions
" of the northeastern United States. A study of the geographical distribution
- of the 1972 emissions data shows that the EPA air quality regions I-VI (basically
the eastern United States) contributed 80% of the total nitrogen oxide emissions
(NRC, 1973). The same study showed that six states, New York, Pennsylvania,
Ohio, Michigan, Indiana, and Illinois, contributed 45% of the total. For sulfur
oxides the study indicated that the northeast sector of the United States
accounted for about half of the total sulfur oxide emissions.



Table 2. Median concentrations and sample volume weighted average
concentrations for the MAP3S samples (mg/%).
Sulfate _ Nitrate

Number Weighted Numbex Weighted

of Samples Median Average of Samples Median _Average
IT 54 2.88  2.66 55 - 2.17 1.71
SC 86 2.88 2.54 86 2.26 1.67
VA 51 2.79 2.46 51 1.74 1.54




Table 3. Sulfate concentrations in precipitation (mg/% as SOZ)
: and ratios of recent values to historical values.

, MIDWEST |

1977/78 Ratio - . 1954 1955/56
CM: 3.79-—--- S ) P — CM: 3.10 | Co: 3.10
- - IN: 2.67

| - EAST

1977/78 ' Ratio '~ 1985/s6 T 19855/56
IT: 2.66----- (0.8) =mmmmammmmmaae-WM: 3.48 BU: 2.89
AL: 2.29
SC: 2.54-——-- (0.7) =mmmmmmmm JR— WM: 3.48 AK: 3.26
CH: 2.45-==-=(0.9) ==meeomm--c====RO: 2.67 WA: 2.67

Table 4. Nitrate concentrations in precipitation (mg/% as NO3) |
and ratios of recent values to historical values.

MIDWEST , |

1977/78 Ratio 1954 ' 1955/56
CM: 1.85--—-- (1.5) ===mmm mmm—m—e- CM: 1.25 co: .58
IN: .53

, EAST

1977/78 Ratio 1955/56 1955/56
IT: 1.71c=mo=(1.3)mmmmmmmm—mmmmme WM: 1.31 BU: 1.12
_ AL: .77
SC: 1.67--=n- (1.3)==mm=mm==mm==mae-=WM: 1.31 AK: 1.05

CH: 1.54----~ (1.8)----====-=-----RO: .84 WA: .54




It is generally accepted that anthropogenic sources dominate over
natural sources for industrialized areas such as the Northeast. Of the various
source categories, Cavender et al. (1973) state that fossil fuel combustion at
stationary sources dominates for the sulfur oxides. In 1970 about 78% of the
sulfur oxides were emitted from .these sources. Steam electric power plants were
the major stationary sources contributing 57% of the sulfur oxide emissions.
In total, coal combustion accounted for about 65% of all the sulfur oxide
emissions. Cavender et al. (1973) reported that gasoline combustion in motor
vehicles accounted for 34% of the nitrogen oxides emissions in 1970 while coal,
fuel o0il, and natural gas combustion in stationary sources accounted for 44%
of the total. '

The time trend of the estimated emissions is summarized with Table 5.
The EPA report (USEPA, 1977) providing the data for the lower half of Table 5
warned that the earlier estimates (upper half of Table S5) had not been calculated
in the same way and thus would not be exactly comparable. This explains why,
for instance, the two 1970 estimates for sulfur oxides do not agree. The data
in these tables are expressed as SO02 and NO2. In Table 6 the data from Table 5
were 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. Table 6 shows that the nitrogen oxide emissions
increased much more than the sulfur oxide emissions. From mid-1950 to 1976
the nitrogen oxides increased from about 11 to 23 million metric tons per year,
or by a factor of 2.1. At the same time the sulfur oxides increased from about
20 to 27 million metric tons per year, or a factor of 1.3. The relatively
small increase in the sulfur oxide emissions is explained by Cook (1971) as do
to the fact that natural gas and low sulfur oil and coal have become more
heavily used since the mid-1950's. The larger growth rate in the nitrogen
oxide emissions is due to the large increase in energy consumption for electric
power and transportation. From 1955 to 1970 Cook (1971) showed that the
former increased by a factor of 2.6 and the latter by a factor of 1.6.

Some additional emissions data for the 1960's are displayed in Tables 7
and 8. The Table 7 data were obtained from five separate reports. The most
recent emissions report includes the best data base and the most accurate
calculational procedures and thus produces the most accurate estimates for a
given year. To intercompare the various estimates the data were normalized by
comparing the most recent year on a given line of Table 7 with the same year
on the lowest line where data were available (i.e., the most recent emissions
estimate). This produced a scaling factor that was applied to each year on
that particular line of Table 7 to produce the normalized values for that line
in Table 8.

AirAQuality Trends

Sulfate data were collected in the National Air Surveillance Network

on glass fiber filters using high volume air samplers. Altshuller (1976, 1977)
has presented a detailed analysis of the sulfate and sulfur dioxide data from
1963 thru 1974. Altshuller's east coast region included sites in the New
England States and then southward along the coastline to Washington, D. C.

while the Midwest region, east of the Mississippi, extended westward from
central Pennsylvania to St. Louis. Therefore the precipitation sites from
Ithaca to Roanoke (cf. Fig. 1) fall on the boundary of Altshuller's two regions.




Table 5. Estimated nitrogen oxide and sulfur oxide emissions for the
Continental United States (millions of metric . tons per year).

1940 1950 1960

1970
Nitrogen Oxides? 7.2 9.4 12.7  20.6
Sulfur Oxides® 19.5 21.6  21.1  30.8
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? 291 28.2  25.7  26.9

27.9 28.8 29.7

3Source: Cavender et al. (1973) (p. 4, Table 1)
PSource: USEPA (1977) (p. 5-1, Table 5-1)
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Table 6. Normalized emissions estimates as calculated from
Table 5 (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

Nitrdgen 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

Table 7. Estimated sulfur and nitrogen oxide emissions
(millions of metric tons per year).

€Source:

1940 1950 1960 1963 1966 1967 1968 1969 1970
soxa 21.2 25.9
50,b 28.0 28.8 30.1
soxC - 28.7 30.3
soxd 19.5  21.6  21.1 : 28.4  29.4  30.8
e
S0, 29.1
b
NO,, 15.2 17.8 18.7
'Noxc 20.6 21.6
NOxd 7.2 9.4  12.7 19.3  20.4  20.6
. .
NOy 20.4
3Source: US DHEW (1969) (p. 20, Table .2-1, of this 1969 report)
Source: US DHEW (1970) (p. 5, Table 2, of this 1970 report)
CSource: CEQ (1971) (p. 212, Table 1, of this 1971 report)
dSource: Cavender et al. (1973) (p. 4, Table 1, of this 1973 report)

US EPA (1977) (p. 5-1, Table 5-1, of this 1977 report)



‘Table 8. Normalized emissions estimates as calculated from
Table 7 (millions of metric tons per year).

1940 1950 1960 1963 1966 1967 ~ 1968 1969 1970
S0y i 20.4 24.9
SOy 24.9  25.6  26.8
SOy 26.3  27.8
S0y 18.4  20.4  19.9 : 26.8  27.8  29.1
%
NO

X
X

NOX 7.1 9.3 12.6
X
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For the urban sites Altshuller observed that the sulfur dioxide levels
decreased considerably, but that the sulfate decreased by a much smaller amount
for the east coast sites and remained level or increased slightly for the
Midwest sites, east of the Mississippi.

For the non-urban sites the sulfur dioxide levels were very low and thus
no trends were determined. The sulfate concentrations from 1965 to 1972
decreased somewhat for the east coast sites (8.1 to about 7.7 ug/ms), but
increased at the midwestern sites, east of the Mississippi, (7.3 to 10.4 ug/ms).
Although the sulfate in precipitation was not examined for the same time interval
it is interesting to note that the eastern precipitation sites in Tables 3 and
4 showed decreases in time and the midwestern site (CM) showed an increase.

The data in Table 6 and Table 8 suggest that rapid changes in sulfur
emissions occurred between 1963 and 1970. Due to the data gap of 1964-1965,
however, it is not possible to say if the 1965-1974 air quality data encompass
the entire region of rapid sulfur emissions change or just a portion of it.

SUMMARY AND CONCLUSIONS

To simplify the discussion, some of the results from the last section are
summarized in Table 9. No confidence limits are available for the data in the
table so caution should be used in interpreting the results. With respect to
precipitation, the sampling periods of about one year are probably too short
to provide stable values. However, that is all that is available from the sites
for the mid 50°'s.

For precipitation it does seem clear that the nitrate concentrations have
changed more since the mid 1950's than the sulfate concentrations and perhaps the
sulfate concentrations have even decreased. These trends are in general agreement
with the sulfur oxide and nitrogen oxide emissions data in the second line of
Table 9. However, it appears that the trends of concentration in precipitation
are not as steep, especially for the nitrogen. If accurate, this analysis indicates
that a smaller fraction of the emissions are removed by wet processes in the late
1970's in contrast to the mid 1950's. Previous reports by Likens (1976) and the
NRC (1977), using other precipitation data for the eastern United States, have
also noted that nitrate concentrations have increased more rapidly than sulfate
concentrations.

With respect to air quality, the data in Table 9 are not extremely useful
for comparison purposes since the time interval is different from that for the
precipitation data. However, the fact that the trends at the east coast sites
are different than for the midwestern sites does emphasize that similar spatial
scale variations need to be examined for precipitation chemistry, when the data
become available. In the same manner, the detailed geographical pattern of the
emission sources needs to be considered.

Finally, using data in Tables 3, 4, arnd 6, it is of interest to note that
the S/N ratios for precipitation and for the emissions estimates are about the
same. For example, for the SC site in 1977/78 the S/N ratio is 2.2 and for 1976
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Table 9. Sulfur and nitrogen ratios (ievels for the recent time
: . divided by those for the earlie¥ time).

Sulfur ~ Nitrogen

\
Precipitation 0.8 to 1.2 (1977+1954) 1.3-1.8 (1977+1954)
 Quality o
Total : 1.3 (1976%1955) 2.1 (1976%1955)
Emissions . ‘
Air A 0.9 for east coast sites

1.4 for Midwest. sites,
east of the Mississippi

Quality (197231965)- No Data |
(1972:1965)
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the S/N emissions ratio is 2.0. This is in marked contrast to S/N ratios
measured for ambient aerosol samples. For 73 daily ambient aerosol samples
in summer 1977 from the CM site, the S/N ratio was about S5 when Nuclepore
filters were used and about 80 when Whatman 41 filters were used (Stensland
and Bartlett, 1979). These diverse ambient aerosol ratios mainly stress
that sampling problems still exist.

The nitrogen and sulfur emissions are almost entirely gaseous while the
precipitation scavenges both gaseous. constituents and the secondary products
which are gaseous and aerosol. Thus, there is not a straight forward
explanation for the fact that the S/N ratios agree quite well for emissions
and precipitation.
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CHAPTER 2

WEEKLY AEROSOL FILTER MEASUREMENTS AT THREE
MAP3S PRECIPITATION CHEMISTRY SITES

Donald F. Gat:z
INTRODUCTION

Weekly aerosol samples were collected on 0.8 um pore diameter Nuclepore
filters at the Whiteface Mountain, New York, and Charlottesville, Virginia,
MAP3S sites between May 1977 and May 1978. A similar set of filters was collected
at two different sites in and near Champaign, 1111n01s, between June 1975 and
May 1978.

Weekly aerosol sampling at all sites was halted in May, 1978, to permit
evaluation of possible deficiencies in the sampling method. Preliminary
evaluations suggest that the data already collected are useful for most purposes,
but that total concentrations of atmospheric elements (including those on very
large particles) would be better measured (especially in windy conditions) by a
more nearly 1sok1net1c sampler. :

This report presents and compares trace element concentrations, abundances,
and enrichments at the Whitefdace and Champaign sites. In.addition, scavenging
ratios for SO,%, K, and Ca are given for the Whiteface site. Various sampling
difficulties and the loss of samples in a fire limited the Charlottesville data
set to only 7 samples, not enough for a valid comparison. °

METHODS

Pre-weighed 37 mm Nuclepore filters with 0.8 um diameter pores were exposed
in plastic holders face down under 25 cm diameter polyethylene rain shields,
about 1 m above grass or a flat roof. At the Charlottesville (C) and Whiteface
(WF) sites, the collections were made over grass. The Champaign collections
between June 1975 and June 1977 were made in a ventilated instrument shelter
on the roof of the Water Survey Headquarters in Champaign. This is the Champaign
urban site (CU). From June 1977 to May 1978 the Champaign samples were collected
over grass at the University of Illinois Willard Airport, which we designate the
Champaign rural site (CR), about 8 km south of Champaign.

Elemental analysis of the filters was performed at Crocker Nuclear
Laboratory, University of California - Davis, using ion-excited X-ray
fluorescence (Flocchini et al., 1972; 1976). Further details of the
sampling and analysis procedures were given by Gatz (1978).
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Beside being expressed in units of concentration in air, the elemental
measurements are given in terms of their abundance and enrichment. Abundance
refers to the mass of an element per unit mass of airborne particulate
matter (expressed in percent). The enrichment factor, EF, of an element x
relative to soil composition is given (Rahn, 1971; Zoller et al., 1974) by

EF = (C,/C /(€ /Cg;)

Si)aerosol soil

where the C's are concentrations of element x and Si in aerosol material and
in soils. The soil compositions used were those of Vinogradov (1959).
Enrichment values near 1.0 indicate soil sources, while values of 10 or more
signal clear non-soil sources.

Results are also given for scavenging ratios, W, (Gatz, 1976), which are
defined by

W= X

X
where k is the concentration in rain (pg/g), X is concentration in air (ug/ms),
and p is the density of air, taken as 1200 g/m3.

RESULTS

Mean concentrations, abundances, and enrichment factors are given in
Tables 1 to 3. Results for Charlottesville are given for completeness, but
are not discussed, because of the small number of samples. Separate results
are given for the two Champaign sam