Measurements of The Chemical Composition of

Western Washington Rainwater, 1982-1983

Richard J. Vong and Alan P. Waggoner
University of Washington
Seattle, Washington 98165

(206) 543-2044

Chemical Analysis
Performed By
Phillip R. Davis and Roy L. Arp
Ervirormental Protection Agency Laboratory

Manchester, Washington

July 29, 1983

Sponsored by U.S. Envircnmental Protection Agercy, Region 10, Seattle.
U.S. Genlogical Survey, Tacome, loaned precipitaticn sempling eguipment
to this program. Seattle llater Department provided three sampliing sites.



Contents

I
Iv

VI
VII
VIII

IX

Executive Summary

Summary of Results of Precipitation Sampling and Chemical
Analysis in Western Washington

Chemical Composition of Western Washington Rainwater

Chemical Relationships in Western Washington Precipitation

Seasonal Yariability

Relation of Emissions to Rainwater Composition

Measurements by Other Investigators

Conclusions and Recommendations

References

Appendices

12
39
44

51
54
57



I Executive Summary

Acid Rain is now an important environmental, political and
economic problem for the United States. Environmental impacts.
have been reported including failure of fish populations to
reproduce, reduced growth rate or even die-back of forest tree
species and leaching of nutrient or toxic ionic species from soils
into water systems. In June of 1983, reports on acid rain were
released by the National Research Council of the National Academy
of Sciences (NAS), by & review panel created by George Kenworth,
White House science advisor and by a federal Interagency Task
Force on Acid Rain. The three reports agreed that in impacted
areas such as the north-east United States and eastern Canada,
acid rain is almost entirely caused by man with sulfur dioxide
emissions making a larger contribution than oxides of nitrogen.
The NAS and White House sponsored reports also concluded that acid
deposition over large areas is in direct proportion to the up wind
regional emission of acid forming species and that the effects of
acid rain are damaging to the environment and must be reduced.

The chairman of the White House panel, W, A. Nierenberg, speaking
about impacts of acid deposition on soil micro-organisms that
recycle nitrogen and carbon in the food chain, said that some of
the effects of acid rain are severe, perhaps irreversible

(Sciences 15 July, 19833 pgs 241, 242 and 254).

Acid rain is also a political and economic problem because
emissions in one area affect a large downwind region that often
oktends across political boundaries and because control of

emissions will have high costs.



because af its potential importance as an environmental,
political and economic problem to this area, Region X of the U. &
Enviraonmental Protection Agency funded the University of
Washington to conduct the first year of a continuing program to
determine the acid character of precipitation in Washington State
west of the Cascade mountains., Four sites, two in Seattle (Maple
Leaf and West Seattle Reservoirs of the Seattle water supply
system), one 50 km east of Seattle (Tolt Reservoir of the Seattle
water supply system) and one near the Canadian border (2 km north
of Bellingham), were chosen to measure wet deposition on regions
of sensitive lakes, on farming and forest areas and to measure
deposition in an area that could be affected by sources in both
the United States and Canada. The methades used in sampling and
analysis of samples were chosen to be compatable with the
nation-wide National Atmospheric Depasition Frogram. (NARDF) so that
our rain quality could be compared to that in other areas. The
precipitation was sampled 25 January, 1982 through 15 February,
1987, Sampling continues at three sites (the West Seattle site
has been dropped) under support of EFA. The parameters measured
include: rain volume, pH and conductivity. The samples were
analyzed by the EFA laboratory at Manchester for sulfate, nitrate,
ammonium, chloride, calcium, sodium, potassium, magnesium.,

arsenic, lead, zinc, cadmium, copper and phosphate.

The precipitation in western Washington was found to be
acidified (average pH 4.2 to 4.7 at different sites: minimum pH
was 3.6), largely by sulfuric acid (65%) and to a lesser extent by

nitric acid (35%). Industrial sulfur dioxide emissions are the



probable source of sulfuric acid found in rain. 0Oxides of nitrogen,
largely emitted by autos and trucks are the probable source of
nitric acid. We found 65% as much acid was deposited at Bellingham
near the Canadian border in comparison to the three sites in and
east of Seattle. This could reflect dispersion and removal of
pollutants as air moves to the Bellingham site from both the western
Washington urban paopulation centers and from the two major sulfur
dioxide sources, the(ﬁSARCO copper smelterland the Centralia coal

fired power plant,

Differences were found between summer and winter
precipitation. The concentration of dissolved materials in
precipitation was much higher in summer than in winter at all sites
and there was much more precipitation per week in winter than in
summer. Recause of the relation of concentration and rainfall
amount, more acid was deposited per week in winter than in summer at
Seattle gsites. At Tolt and Bellingham, more acid was deposited in
summer than in winter because these sites receive much more summer
rain than the other two sites. More acid was deposited at Tolt than
at any of the other three sites because of the higher rainfall at
this gsite., This indicates that the Cascades probably receive more

acid deposition than lowland sites because of their high rainfall.

This study was unable to identify any source or class of
sources that cause acid deposition in western Washington by chemical
analysis for trace materials emitted by a specific source.
Transport, conversion of emissions to sulfuric acid and wash-out of
acid in rain was modeled using existing industrial emission data.
The model suggests that the major source of sulfuric acid in rain at

our three southern sites is the ASARCO asmel ter,



Acid concentration and deposition in western Washington is
generally less than that found in areas where environmental damage
has been observed but above the level where researchers have
suggested acid rain could cause some environmental impact. The
higher lakes in the Cascades are the most sensitive areas in wester
Washington because these lakes receive high deposition of acid and
have little ability to neutralize acid inputs. We suggest
continuation of the acid precipitation sampling program and adding
measurements of the character of lakes expected to be sensitive and

to receive large amounts of acid deposition.

Complete site descrintions are included in the Buality
Assurance Plan prepared as part of this program. This @A document
and the complete data set of observations is available from the Air

Programs Section of U. S. Environmental Protection Agency; Region X;

Seattle, Washington.
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II Summary of Results +rom Sampling and Chemical éAnalvsis of

Western Washington Frecipitation

The data from this program, combined with infarmation
concerning the sensitivity of specific biological systems to acid
deposition, can be used to estimate the potential for damage by
emissions of acid forming pollutants in this region. This
estimate of damage could be used to guide future emissions policy
in which the advantages of industrial production will be balanced
against cost of emission control and environmental impacts.

Impacts are estimated by comparing current character of
precipitation in this region to that in areas with reparted damag:

from acid deposition.

Frevious investigators have reported acid rainfall in wester;
Washington (Larson et al., 1973% Logan et al., 198Z) with
substantial concentrations of sulfate and nitrate associated with
'acidity of rainwater, We find that sulfate and nitrate account
for essentially all of the acidity in sampled rain with sulfate
supplying 75%4 in Seattle and 63% at Tolt and Bellingham. For the
average weekly sample, acid species are partially neutralized by

ammonium (172 - 22%) and by calcium (2 - 16%) compunds.

Evans et al., (1981) and Glass et al., (1981) have suggested
that an annual rain volume weighted pH of less than 4.4 and/or
annual deposition above 1.3 gram of sulfate (504) per sguare
merter are the thresholds for effects of acid deposition on fish
nopulations. We found that Western Washington received acidic
rainfall in 1982 —198% with an annual volume weigted pH of 4.4 g

4.5 in Seattle and 4.6 at Tolt and Bellingham. The measured



SO anngal deposition was 1.3 g/m? in Seattle, 1.7 g/m?* at

Tolt and about 0.9 g/m® at Bellingham (Bellingham deposition was
measured to be 0.7 g/m® in 42 weeks). The measured values of
mean pH and sul fate deposition are at or above the threshold of

damage to fish populations in sensitive lakes.

Failure of fish populations to reproduce have been reported
from high acid deposition areas such as NE United States, eastern
Canada and southern Sweden (EPA, 1982). Annual deposition of
S0« is higher in New Hampshire and southern Sweden (2 to S
g/h‘) than we have measured in western Washington (0.9 ta 1.7
g/m*), (SOs from sea salt has been subtrtacted from these
deposition values.) The pH in western Washington averaged about
4.5, lass acid than the pH of 4.3 reported in Sweden and 4.13
reported in New Hampshire. The acidity of western Washington
rainwater is due to the small concentrations of neutralizing
species such as ammonium and calcium as well as to the acid
associated with sulfate and nitrate. Western Washington rain is
characterized by its low concentration of dissolved ions as
indicated by the volume weighted conductivities of 10 uS/cm
{(micro-Seimens per centimeter) in Bellingham and Tolt and 15 uS/cm
in Seattle. In Sweden the conductivity averaged 28 uS/cm. Sea
salt spray and scil materials contribute to the precipitation

conductivity in western Washington.

Added data on lake buffering capacity (ability to neutralize
acid input) and acid input is needed to predict impacts on
specific lakes. Specific forest tree species in north-eastern US

appear to be damaged by levels of acid deposition several times



higher than we have found here. Acid fog, probably not found
here, may have a role in creating these forest impacts in the
northeastern United States. Effects of acid precipitation on farm
productivity have been studied by others and they have reported
some crop vields are increased and some decreased by acid

deposition.

This study has found that rainfall in western Washington is
less acid and that less sulfate is deposited than in rain found in
areas with reported damage to fish and forest productivity. We
appear to be above the threshold level of acid precipitation
damage, but our rain is substantially below the levels of acidity
associated with obvious damage to fish and forest productivity.
Measured deposition levels are high enough to expect some damage.
Damage will be first found in sensitive lakes and in sensitive
forest systems located in regions of high acid deposition. Some
regions of western Washington, especially the higher Cascades, are
sensitive to acid deposition because the watersheds surrounding
these lakes are low in capacity to neutralize acid inputs. The
gso0ils in the Cascades have some similarity to the soil types found
to be associated with acid impact on forest productivity.
Additional studies are needed to determine the sensitivity of
lakes to acid input, the sensitivity of species populating the
lakes and the amount of acid deposited in the lakes. To guide
emission control policy, additional information is needed relating

emissions by specific sources to acid deposition.



III Chemical Composition of Western Washington Rain

Local sources may alter the chemical composition of
precipitation. Sites were chosen to represent regional rather
than local scurces to characterize the regional character of
Western Washington precipitation. All of the samplers in this
study except for the site at University of Washington were
located in grassy, dust free areas in an attempt to avoid
altering rainwater chemistry by interaction with the chemistry of
local s0il dust. Sites were chosen for this study to detect
effects of transport wind direction, regional pollution sources

and estimate effects of wet deposition on specific locations.

The 1000-2000 foot level winds are representative of the
planetary boundary layer where transport of sulfur and nitrogen
pollutants takes place, Three years deta collected at Portage
Bay (in North Seattle) by Washington State Department of Ecology
and six years data collected at Sea-Tac airport by NOAA indicate
that south to southwesterly aloft winds occur 75 percent or more
of days with rainfall. Figure 2 presents the winds at Sea—-Tac
for days with rainfall in 1936~61 (Vong, 1982). Accordingly, the
sites for sample collection are oriented to the general
North—-Northeast direction in order that during rainfall they will
be downwind of the urban Seattle SO and NO, emissions and
the major sulfur dioxide emission sources in Tacoma and at
Centralia (Puget Sound Air Pollution Control Agency, 1983).
Limited aloft wind data collected at Portage Bay during this
1982-83 sampling period confirm that the prevailing aloft wind

direction for days with rain is from the south-southwest., 0Of 23
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rainy days of aloft wind observations in 1982 - 1983, 15 show
‘winds from the S to SW sectors indicating that under usual rain
conditions, pollutant transport in Puget sound is toward the north

and east and toward the Cascade Mountains.

Samples of precipitation were collected in the Wet - Dry type
of precipitation sampler used in the NADP national rain sampling
network. A detector is used to activate a motor driven lid to
open the wet collection bucket to rainfall. Wet deposition falls
into one plastic, acid washed bucket and the liquid sample was
collected at weekly intervals, as specified by NADP. The sample
bucket was replaced with an acid-washed bucket that has been
rinsed with distilled, deionized water. The rinse water was
analysed to detect contamination. The conductivity and volume
were measured at the sampling site and the sample transported to
the University of Washington. After 24 hours, the sample
conductivity and pH were measured and the sample sent to the EPA

Laboratory at Manchester, WA.

n



Sulfate, nitrate, chloride and ammonium ion concentrations
were measured as first priority, then other ionic species, pH a
conductivity. Species analyzed were selected to provide
information on the chemical makeup of rain and the sources of
these contaminants., Chemical analysis provided concentrations ¢
the following species: arsenic, lead, zinc, cadmium, copper,
phosphate, sulfate, nitrate, chloride, sodium, potassium,
magnesium and calcium. Conductivity and pH were measured both §

the field and in the lab when there was sufficient sample volume

The effect of sea salt on precipitation composition canm be
detected and subtracted from measured concentrations because the‘
concentration of major ions in sea water are in a constant ratio
assuming no fractionation occurs (Junge., 1963). Assuming that
sea salt is the only emission source for chloride, the remaining
contribution of sodium, magnesium, calcium, potassium, and
sulfate by sea salt can be calculated from known sea salt ionic
concentration ratios to chloride (Holland, 1978). The
concentration of listed ions after sea salt contribution is
subtracted is referred to as "excess". Other investigators have
used sodium or chloride for calculation of excess, I[f there are
no other sources of sodium or chloride the ratio of Cl/Na in
precipitation should be 1.8, In this region, the ratio of Cl/Na
is close to 1.8, indicating that most of these two ions come frgy
the sea. This study found a small deficit of sodium as indicateg
by the negative excess sodium (data in Appendix C). If sodium
had been used to correct for contributions from sea salt aeroso],
the exceas sulfate and calcium would all slightly increase over
their excess concentrations based on chloride. Table 1 lists

measured concentrations and depositions, Figures 3 and 4 present

12



cumulative deposition of four major ions. Excess sulfate is
generally used as a measure of deposition because this removes
the ions from sea salt which is a relatively local, natural
source of sulfate. Excess sulfate is a measure of the impact of
man on rainwater composition (assuming negligible biological and
volcanic sources of sulfur emissions, an assumption that appears
reasonable for this area, except during periods of high volcanic

sulfur emission).

13



TAELE 1

Northwest Rain Chemistry Measurements: February 14, 1962 - February 15, 1983

Summary of Deta : Weekly Volume. Deposition, and Volume Weighted Mean
Concentrations ana (Stendard Deviation)

Site West Seattle Maple Leaf Tolt Reservoir Bellingham
Bum, (e/~) 1.17 (.29 1.15  (.22) 1.21 (.40) 1.19 (.29
NOs /80,
(Molar) 0.63 (.29 0.72 (.30) 1.06 (.72) 1.07 (.46)
Volume (ml) 221 1236 2670 1067
Rain (mm) 19.2 (24.3) 19.4 (21.4) 42.0 (37.9) 16.8(27.2)
pH (field) 4.44 4.41 4,60 4.57
Lab Cond. .
(uS/cm) 13.6 (6.8) 12.7 6.9 9.9 (7.0) 10,3 (5.9)
Lab pH (from

regressi1on) 4,33 4,31 4,66 4,64
® of Weeks with

Zero rain 80452 60+32 4052 7044
Deposition, g Per Square Meter Per Year

S0, (excess) 1.34 (1.6) 1.29 (1.1) 1.65(1.4) 0.73¢0.43)#
He 0.036 (.42) 0.039 (.38) 0.036(,81) 0.019 (.29 e
NOs as N 0.10 (.1) 0.12 (.1 0,21 (.18 C.l (1) »
NH, as N 0.06 (.07) 0.08 (.08) 0.1t (. 1) 0.07 (.08)»

eDeposition in 42 weeks at Bellingham.
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Northwest Rain Chemistry Measurements: February 14,

Site

He (ug/l)

NH,
S0
80,
NO;
cl
Na
Mg
Ca
K®
PQ.
]
Ask
Cuw
Ine
Caw

#This data should

as N
(Excess)
(Total)

as N

tug”/l)
tug/l)
(ug/l)
(ug/l)

(ug/1)

36.42 (23.4)

« 0464

.34

TABLE 1, Continued

West Seattle

(. 09)

(.83

1.42

0.101
0.384
0.263

0.042 (.043)
0.128 (,173)
0.027 (.031)

(. 073)
. &63)

(.32)

(ol W:

3. 54
3.18
4,47
3.56

0.3

detection limits.

(4.1)
(4.6)
(4.7)
(3.7
t0.72)

b~ used with caution.

Maple Leaf
I8.76 (24.2)

.081 (.09
1.27 (. 78)
1.33
0.121 (,102)
0.441 (.A)
0.219 (.22)
0.033 (,040)
0.098 (.103)
0.026 (.0346)
<0,002
S.00 (@.6)
2.21 (2.®)
.07 (3.5
4.57 (4.

0.43 (2.

The concentrations

Concentrations, mqg Per Liter

Tolt Reservoir

25.83 (24.0)

<082 (.06)

0.76 (.61)
0.82

0.100(.103)

0.4038 (.32

.0.222 (.19}

0.034 (.025)
0,043 (.023)
0.028 (.031)
<0,002
1.83 (2.6
1,15 (2.3)
1.86 (3.6)
1.83 (3.0)
0.87 (2."

aof

1982 - Fabruary 13, 1983

Bellinghaa
26.90 (22.3)

073 (.O7)
0.83 (.56)
0.89
0.113(.09)
0.408 (.42)
0.225 (.20
0.031 (.028)
0.052 (.03
0.037 (.042)
<0.002
1.52 (2.1
0.56 (1.8
2.09 (4.7)
S.13 (22.7)

Q.10 (0.26)

these ions are

15
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The observed rainwater composition reflects its initial
background composition plus the added species from polluted air.
To detect effects of added pollutants on precipitation quality,
we have compared rainwater data collected at the Hoh River Ranger
Station, Olympic National Fark to measurements of this program.
The Hoh River data were collected as part of the NADP network and
were analyzed at the NADP laboratory in Illinois. Table 2
presents Hoh River volume weighted cohcentrations for 9 major
ionic species. Trace metal analyses (trace metals are those
other than Na, Mg, Ca and K) were not performed on these
samples, Two years (July 1980-July 1982) of rainwater are

represented and used as background values,

TABLE 2

Hoh River NADP Rainwater Data
(July 1980-July 1982, weekly wet samples)
Volume weighted mean (Standard deviation)

Rainfall mm/ wk 65

SOs(total) mg/1l 0.41 (.28)
S04 (excess) mg/l 0.22 (.18)
NOs mg/1 0.091 (. 09)
C1 mg/1 1.36 (1.55)
Na mg/l 0,72 (.80)
Mg mg/l 0.090 (.09)
Ca mg/1 0,062 (. 09)
K mg/1 0.033 (.03
NH, mg/l 0.00S (.01)
H+ ueq/l 4,06 (1,56)
pH(l aboratory) 5.39
Conductivity uS/cm 8. 69 (6.2)

18



Hoh River data and this study overlap by 19 weeks and are
presented graphically in Figures S-é6 for comparison of the
concentrations in Seattle. We assume that Hoh precipitation is
not affected by anthropogenic emissions and represent background
precipitation quality for this region. The nitrate and excess
sulfate at the Hoh River have similar time variability when
compared to the data collected in Pqut Sound, perhaps
invalidating our assumption or perhaps showing the effect of
variable rainfall altering concentration of both backgound and
anthropogenic contaminants. The background values are subtracted
from our measured ionic concentration and deposition values to
estimate the effect of sources in the industrialized and

urbanized wWestern Washington.

Hoh River site precipitation has 2.5 times higher salt
concentration than Seattle rain and about 17 percent of the
average excess sulfate and 18 percent of the average nitrate
concentration in Seattle, Other investigators have reported
remote sulfate concentrations which are consistent with these
data from the Hoh River NADP site (Galloway, 1982). Ammonium and
excess cation concentrations at the Hoh River are near zero.
Since transport distance for sea salt particles is limited (due
to the large size of particles), the sea salt is considered to be
a local influence on rain composition. Our use of Hoh River data
does not attempt to distinguish between natural sources and
transport of distant anthropogenic emissions, both of which could

contribute to Hoh River rainwater quality.

19
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The 204 weekly rainwater samples collected in this program
have been analyzed for correlations within these data. Appendix
F presents the correlation coefficients by sampling site.
Hydrogen ion correlates with excess sulfate at Maple Leaf (R =
0.81), the Tolt Reservair (R = 0.88), Bellingham (R = 0,67)
and West Seattle (R = 0,60)., Hydrogen ion correlates with
nitrate at Maple Leaf (R = 0.75), the Tolt Reservaoir (R = 0,90),
and in Bellingham (R = 0.,78). This Qupports the idea that
sulfate and nitrate are the anions which donate the hydrogen ion
in rainwater in Washington. The correlation of NDs and NH,
is R = 0,78 or higher at all sites. Lead concentration is
correlated with nitrate at all locations sampled (R = 0.61 to
0.72) and with sulfate in Seattle and at the Tolt Reservoir (R =

0.57 to 0.73). All concentrations are negatively correlated with

rainfall volume.

Sea salt species contribute a third relationship to the
chemical composition of Western Washington wet deposition. The
chloride correlation with sodium and magnesium ranges from R =
«80 to .95 at all sites studied., Figures 7, 8, 9 and 10 present
time series of the equivalent concentrations of these species for
each site. These plots illustrate the higher concentrations that
occur for low rainfall, summer samples. Species have been
grouped according to the correlations discussed above and as

identified by multi-variate analysis.
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The multiple correlations of chemical composition have been
examined using a statistical program available at the University
of Washington, SFSS, for factor analysis. This program examines |
the entire data set for mutual tendencies of variability in
chemical makeup. Factors are then computed which can be used to
help identify sources of variability in rainwater composition.

Factor analysis detected the following groupings in the data:

TABLE 3
Grouping Identified BY Factor Analysis
Site Factor 1 Factoh 2 Factor X Factor 4
Bellingham Cl, Mg, Na NHs, NO, Ph# M+, NOs
S0,
West Seattle Cl, Mg, Na NH,, NO, AsH, Pb# H+, S0,
Maple Leaf H+, NH,, Cl, Mg, Na As#, Pb#, - - - -
Ca

NQ:. SO., Cl

#Pb and As are of low accuracy because of low concentrations
in precipitation.

Note that several factors (likely to be specific sources)
have been identified by this analysis. These include sea salt
(Na, Cl, Mg) and sources related to man (H+, NH.,, As, Pb,

NO;, S04). Within the last factor, different combinations
are detected at different sites. We found similar results for
factor analysis performed using both excess and total cation

concentrations and deposition.
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Spatial Variability of SeattleRain Composition

Rainwater composition within the Seattle area was examines
to detect effmcts of non-uniform emissions and transport of
pollutants in the city. Two or three rain collectors were
operated at different locations in Metropolitan Seattle. Far
the period, April 27 - September 7, 1982 a sampler was operateq
at the Universiy of Washington, on the roof of Wilcox Hall,

TABLE 4 :
Comparison of Seattle Collection Site Locations

Rainwater Composition, Summer (April 27-September 7, 1982)
Volume Weighted Mean Concentrations, mg/l

Site : U. of Wash. Maple Leaf West Seattle
S0+ (Total) 4.31 2.73 2.84
S04 (Excess) 4,17 2. 64 2.77
NOs as N 0.43 0.29 0.26
NHes as N .28 . 20 «17
Cl 97 « 67 53
Na#* .48 .40 .34
Mg .09 .07 .06
Ca .82 .18 .32
K% .09 .08 .08
Pb* (ug/l) 17.3 11.3 8.9
As# (ug/l) 2.3 1.6 2.0
In® (ug/l) 9.7 5.3 S.3
Cd# (ug/l) 1.7 0.7 0.4
Cu# (ug’/l) 6.1 5.5 S.7

*Some missing samples because volume insufficient for
measurement.

#Values of questionable accuracy because law concentrations of
ions are near detection limit.
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TABLE 4, CONTINUED
Comparison of Seattle Collection Site Locations
and Rainwater Composition

19 Weekly Samples Taken in Summer (April 27-September 7, 1982)

Site U. of Wash. Maple Leaf West Seattle
Sum, (+/=-) 1.07 1.21 1.28
NO3/S0s (Molar ratio) 37 « 40 .34

Summer Deposition in quantity/M? Fer Week

S dep (mg) S.97 S.77 S.04
H (meq) .40 .38 - 29
NOs as N (mq@) 1.88 1.26 « 83
NHe as N (mg@) 1.22 .86 « 56
Average Summer Values
H+ (field, ueq/l) 93.3 89.3 87.%9
pH (field) 4,03 4,05 4,06
Conductivity 35.0 25.6 23.0
Average Volume (ml) 288 273 209
Rainrate (mm/wk) 4,3 4.3 3.3
Weeks with rain 14 14 13
Weeks, no rain -] S é

Conclusions from Table 4

1 pH varies only slightly between the I locations.

2) Weekly Rainfall Volume was variable between sites within

Seattle, especially in the summer.

3 Deposition is highest for all ions at the University of
Washington.
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The similarity in pH at University of Washington and Maple
Leaf dispite quite different concentrations of excess SQO.,
and NOs suggestg that some of the additional sulfate at
University of.washington may be in the form of calcium
sulfate. The observed elevation of lead and nitrate
concentrations was expected at the University of Washington
site because of proximity to the University district auto
traffic. The presence of additional.sea salt, calcium, sulfate
and nitrate at University of Washington explains the higher
conductivity (35 uS/cm compared to 23-25 at other Seattle
sites) at University of Washington. Similar pH indicates added
NH, neutralized the higher nitric acid concentrations which
were measured for summer rainfall at University of Washington

when compared to the two other Seattle sites.

These results illustrate effects of localized pollution
sources as site variability of collected rainwater
composition. To characterize rainfall quality for an entire
region and not just a local area, sites should be as free as

possible from local influences,

Comparison of Tolt Reservoir and Seattle Rainwater

Figures 11-13 present concentrations of 5 species for the
sampling period for the Tolt Reservoir sampling site in the
Cascade foothills South of Stevens Paﬁs and for Maple Leaf
reservoir in Northern Seattle. The Tolt site receives lower
concentrations of all species except cadmium. Comparison of
correlations in these chemical data indicate that Tolt

Reservoir rainwater may be influenced by the same source
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factors as North Seattle but experiences lower concentrations
due to dilution of airborne material and by topographically
forced higher rainfall rates (Maple Leaf elevation, S50 meters;
Tolt elevation, S38 meters). Factor analysis indicates that
variability at both Maple Leaf and Tolt is dominated by two
sources, industrial-auto and by sea salt. In contrast the
results of factor analysis indicate that West Seattle appears
to have four separate sources; sea salt, ammonium nitrate,

arsenic + lead, and acid sulfate.

Comparison of Seattle and Bellingham Rainwater

To help assess the degree that Seattle area emissions
impact Northern Puget Sound, Bellingham data has been compared
to Seattle rainwater data. Figures 14 - 16 compare West
Seattle and BPellingham precipitation concentrations for S
species., These results indicate much lower concentrations of
S04 and arsenic in Bellingham when compared to Seattle and
Tolt indicating that if Seattle and Tacoma area sulfur and
arsenic emissions are transported this far North that they are
considerably diluted. For most other ions, the concentrations
at Bellingham are similar to those measured at the other
siteas. The Bellingham site is downwind during rain of most,
but not all of the Anacortes - Bellingham area sources of SQO:
and NO,. Our Bellingham rainwater composition is similar to
the composition of rain just north of the U.S. - Canadian

border (MclLaren, 1982).
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V] Seasonal Variability

The data collected in this study have been analyzed to
determine whether rainfall acidity and composition vary with
the time of year. This information is of interest for several
reasons: 1) Variability in emissions, transport, atmospheric
chemistry or rainfall can alter deposition. 2) Sensitivity o+f
biological systems may depend on time of year. Relationships
between impacts and sources may requife understanding of

smasonal variability of the parameters listed above.

Figures 17 and 18 display the weekly sample volume at each
of the four sites. The minimum in rainfall in the summer is
accompanied by higher concentrations of most species, A summer
season has been arbitrarily designated from April 27 until
September 7, 1982 with the remainder of the year referred to ag
winter. Weekly volume weighted average sample concentrations
for each season are ligted in Table & for four species of
interest: pH, nitrate, sulfate and calcium. The ratio of the
concentrations from the average summer sample to the average
winter sample has been calculated for each site. Seasonal
variation in emissions and atmospheric chemistry couple with
variation in precipitation amount to modulate deposition. In
the mid-western US, for example, the sulfate levels are highest
in summer as is precipitation amount. This produces a strong
maximum in acid depeosition. By comparison, in western
Washington, the increase in concentration in Summer is balanceg
by a decrease in precipitation to produce a relatively constant

level of deposition.
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Table S shows that in 1982-87 there was a marked‘
seasonality to volume weighted concentration. We find that
calcium, nitrate, sulfate and hydrogen ion are 2 to £ times
more concentrated in summer than in winter in Western
Washington rainwater. Rainfall quantity decreased in the
summer : In the summer, Seattle sites received 12 to 16 percent
of average weekly winter rainfall, while the Tolt River and
Bellingham received about 33 percent of their weekly winter
rainfall., Figures 17 and 18 show sample volume versus time for

each site.

The combined effect of higher concentration and low
rainfall rates in the summer produces different seasonal
deposition patterns at the four sites monitored in this study.
Both Seattle sites received higher mean weekly wet deposition
of sulfate, nitrate, ammonium, and hydrogen ion in the winter,
The Tolt Reservoir received higher average weekly wet
deposition of all four species in the summer than in the
winter. For three species: sulfate, nitrate and NH,,
Bellingham received higher weekly wet deposition in the
winter. For hydrogen ion, Tolt Reservior and Bellingham
received higher weekly hydrogen ion deposition in the summer.
Table & presents ratios for the rainwater concentrations,
volume, and wet deposition for the average weekly sample at

each of the four sites.



TABLE S

Summer /Winter Variability in Precipitation Composition
Effects on Concentration (Weekly Volume Weighted Mean)

Site W Seattle Maple Leaf Tolt R. Bellingham#

Analyte

pH, field summer 4,06 4,08 4.15 4,21

pH, field winter 4.48 4,47 4,79 4.75

S04 (excess) summer 2.77 2.64 1.76 1.33
(mg/1)

S04 (ercess) winter 1.24 1.135 0.35 0.70
(mg/1)

NOs as N summer Q.26 0.29 0.27 0.20
(mg/1)

NOs as N winter 0. 09 0.11 0.07 0.09
(mg/1)

Ca (total) summer 0.32 . 0.18 0.08 Dn.08
(mg/1)

Ca (total) winter 0.12 Q.09 0.04 0.04
(mg/1)

Volume(ml) summer 209 273 1272 Slé

Volume(ml) winter 1804 1790 3475 14864

Summer Season = April 27 to September 7, 1982 (19 weeks)

Winter Season = February lé, - April 24, 1982 and September 8,
1982 - February 15, 19837 (33 weeks)

*Winter Season for Bellingham = 24 weeks
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TABLE &

Summer/Winter Variability of Rainwater

Ratio of Weekly Average Concentrations

(summer /winter)
Site W Seattle Maple Leaf Tolt R Bellingham
Species
S0, (excess) 2.2 2.3 3.2 1.9
NO, 2.9 2.6 3.9 2.2
Ca 2.7 2.0 2.0 2.0
H+ 2.7 2.6 4.4 3.4
Velume Ratio = (winter/summer)
W Seattle Maple Leaf Tolt R Bellingham
Sample Volume 8.6 6.6 2.7 2.9
Deposition Ratic = (winter/summer)
W Seattle Maple Leaf Tolt R Bellingham
S0. 3.9 2.9 .86 1.5
NOs 3.0 2.4 . 68 1.3
H+ 3.2 2.6 063 .84
NH, 2.9 2.3 « 65 2.0
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V]l Relation of Emissions to Rainwater Composition

Previous modeling of .industrial influences on rain quality
have focused on sulfur emissions and subsequent wet deposition
because sulfate appears to dominate acid deposition in most
areas. We had hoped to use trace metals emitted by specific
souces to estimate contributione of ASARCO, other industries
and urban population centers to sulfate and nitrate deposition
in western Washington., This was not possible because of the
low levels of these trace metals. An alternate method has been
used to estimate the sulfate contributions by different sources
in western Washington. We have chosen to model sulfate
concentrations because sulfate contributes &5 to 75 percent aof
the acidity in Western Washington rainwater from charge balance
ang correlation of sulfate and hydrogen ion concentrations.
Sulfate deposition is calculated by dispersing emissions during
rain into a 16 segment wind rose and assuming a conversion rate
for Sp: to S0s and a washout rate. An approximation of
other S0; contributions to sulfate in Western Washington rain
has been made by assuming two emission points located in Tacoma
and Seattle and applying the model used by Vong (1982). It
should be recagnized that the calculation of diverse S0,
sources as single point sources in Seattle and Tacoma is only
intended to roughly approximate their contributions to local
rain chemistry. The calculated sulfate deposition from the
major point sources in Tacoma (copper smelter) and Centralia
{(power plant) are most suitable for estimating long term
averages, one year or longer, The model predictions in Table 7
indicate that, for average wind and rain patterns, the Tacoma

copper smelter is the largest source of sulfate in Puget Sound
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rainwater, contributing about 60 percent in West Seattle, 45
percent at Maple Leaf reservoir, and approximately 35 percent
at the Tolt reservoir in the Cascade foothills. The Tolt
calculation is uncertain since only B4 percent of measured
sulfate is predicted. This apportionment of Puget Sound
rainwater sulfate appears to account for 84 to 96 percent of
the measured concentrations for 1982-83 as shown in Table 7.
Figure 19 presents the results of calculations for sulfate
deposition from emissions of the ASARCO Copper Smelter in
Tacoma into 16 sectors of 100 km length from the emission

point.
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Tacoma Copper Smelter (Vong,1982)
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1.

TABLE 7
Summary of Calculations of Contributions To SO0.
from Sources of Sulfate in Rainwater

W Seattle Maple Leaf Tolt R
(mg/1) (mg/1) (mg/1)

Measured: Rainwater Concentration:
Background (excess) 0.22(16%) 0.22(17%) 0.22(27%)
Sea Salt 0B (6%) « 06 (S%) L0&6(7%)
Model ed»
Tacoma Smelter 0.88(62%) 0.60(45%) 0.28(34%)
Centralia power pl 0 (6%) 0.08 (&%) 07(97)
Fierce County SO0, .09 (&%) « 06 (S%) 03(4%)
King Co S0: Negl. e 23(LT7%) «03(4%)
Total Fredicted 1.36(96%) 1.25(94%) 0.469(B4%)
Measured (1982-3) (mg/l) 1.42 1.33 0.82
Underprediction (mg/1) 0.06(4%) Q.08(&%4) Q. 1316%)

*Reference: Hutcheson and Hall, 19745 Vong, 1982

Assumptions:

Emission rates: Fierce County S0; = 1500 kg/HR
King County S0; = 2670 kg/HR
Smelter SO; = 14273 kqg/HR
Centralia Power plant SQ; = 4213 kg/HR
(Vong, 19823 PSAPCA, 1983)

Meteorolaogy and Scavenging efficiency:! Winds are average
climatological values and Scavaging as
reparted by Vang (1982).

Area S0O; Sources: Pierce County S$0: and King County
SO; are modeled as point sources located
in downtown Tacoma and the Duwamish Valley,
respectively,
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NADF data for the Hoh River indicate much lower
concentrations for sulfate, nitrate and hydrogen ion near the
coast of Washington than in the FPuget Sound area. Sections III
and V utilize Hoh River data as background to be subtracted
from Seattle precipitation concentrations in this study. Our
data is compared to other measurements in table 8.

Table 8

Rain Chemistry Data Measured by Other Investigators

Comparison of Western Washington Rainwater Excess Concentrations

with Other Geographical Areas (Micro Equivalents / Liter)

Western Wash. Sjoangen Sweden Hubbard Brook FPoker Flat

Analyte 1982-83 Sweden 73-73 NH 1963-74 AK. 79-81
NO3 7.1 - 8.6 31 2.1 1.9
Cl 11.3 -16.3 18 14.4 2.6
SQ. 16.7 -29.2 69 59.7 7.2
NH. .6 - 5.7 31 12.1 1.1
Na 9.6 -11.3 15 5.4 1.0
K 0.7 = 0,9% 3 1.9 0.6
Mg 2.5 - 3.4 7 3.7 0.2
Ca 2.2 = 4.4 13 8.6 0.1
H+ 25 - 39 52 73.9 11
pH 4.4 - 4,6 4.3 4,13 4.96
S0. Dep. 26 - 35 70 80 2.1
(meq/miyear)

H+ Dep. 36 - 56 53 ez - 113 3.1
(meq/mtyear)

Reference: This study$ Granat, 19785 Likens,197&; Gallaway,l1982)

#Concentration value of questionable accuracy.



Explanations for increased under-—-estimation of S0,

deposition with distance include:

1) Inability of model to predict increased nucleation
scavenging of 502 for large oxidation and transport

times and distances.

2) Errors from modeling Seattle 50: source emissions

as one point source.

VI Measurements by Other Investigators

The results of this study indicate that rainwater in
Western Washington is acidic with measureable concentrations of
heavy metals and sea salt. Comparison of our data with other
studies of rainwater chemistry indicate that the areas known to
experience damage from acid deposition such as southern Sweden
and New England receive 2 to 7 times more sulfate and 1.3 to 2
times more hydrogen ion than Western Washington (Likens, 19761
Granmat, 1978). Data collected in Vancouver, B.C. indicate
higher nitrate and calcium concentrations and lower hydrogen
ion concentrations than in Seattle rainfall (Barrie, 1983).
However, Seattle receives three times the hydrogen ion and Z-4
times the sulfate concentrations that were detected at a remote
site with low rainfall rates located in Foker Flat, Alaska

(Galloway, 1982).
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Table 8 , Continued
Comparison of Western Washington Rainwater Excess Concentrations
with Nortwest Rain Data (Micro Equivalents / Liter)

Port Hardy BC Vancouver BC Hoh River WA
Analyte 1977-79 1980 1980-B82
NOs 5.9 13.5 1.5
Cl1 8l1.4 26.4 38.3
SO 28 36 8.5
NH, 4.4 10.9 0.3
Na 76.8 23.2 31.4
K# 3.0 3.4 0.8
Mg 17.4 6.2 7.4
Ca 11.2 27.4 3.1
H+ 11.5 17.5 4.06
pH | 4.94 4.76 5.39

#Concentration value of questionable accuracy.

Deposition, gm/m* per Year

Sulfate (Total) 2.23 2,435 1.37
H+ 0.019 , 0.025 0.014
Reference: (Barrie, 1982) (Barrie, 1982) (Yanish, 1983)
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A recent compilation of rain chemistry data indicates that
Western Washington rainfall has lower concentrations of
hydrogen ion, nitrate, lead, zinc, and sulfate than the
heavily polluted Chio Valley and Northeastern U.S., but Western
Washington receives higher concentrations of hydrogen ion and

sul fate than most of the northwestern U.S. (Munger, 1982).

Comparison of our data with other investigations of
western Washington rainfall, shown in Table B, found general
agreement. One event study in Seattle showed arsenic and
sul fate values similar to our data but observed higher zinc,
cadmium, potassium and calcium concentrations (Larson et al.,
11975). Dethier (1981) found higher copper, lead, and zinc but
less arsenic in the North Cascades than at the Tolt River site
in this study. A six month study near Snoqualmie Pass found
consistently higher calcium and nitrate concentrations than
detected at the Tolt in this study (Logan et al., 1981).
Logan’s samplers were located near automobile traffic on I-90
and may have found a locally higher nitrate concentration for
this reason. Measurements of precipitation ionic
concentrations from month duration, wet only samples on the
roof of a nearby University of Washington building found lower
PH (4.2) and higher concentration values for all species than
we report (USDOE, 19793 1981). Their data may not be
representative of the Seattle area due to local sources of
nitrate, calcium and sulfate found in our precipitation samples
from the University of Washington. Our study found lower
calcium than other studies reviewed here. This could be due to
low dry deposition by use of the wet/dry rain sampler {n this

project and locating the samplers in grassed areas.
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VIII.

Conclusions and Recommendations

1

4)

Deposition of acid in the Washington Cascades is

at or above the reported threshold for acidificat-
ion of sensitive lakes with low capacity to
neutralize acid inputs. Sensitive lakes are common

in the Cascade Mountain Range.

Acid concentrations and acid wet deposition in
western Washington are less than one-half that
received in heavily impacted areas in the north-
eastern US and Southern Sweden but higher than most
of the northwestern U.S. The average pH in western
Washington was 4.4 - 4.4, about 0.25 pH units less
acid (higher) than in northeastern US and southern
Sweden. Western Washington rain acidity is at the
level reported to be on the threshold of damage to

aquatic populations.

Rainwater in north Seattle and at the Tolt
Reservoir show similar compositions, probably due

to similar sources impacting both areas.

At the Seattle sites, acid deposition was higher in
winter than in summer. Deposition was higher in
summer than in winter at Tolt and Bellingham.

This difference reflects the higher precipitation
in summer at Tolt and Bellingham compared to the

other sites.
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&)

7)

8}

)

Western Washington rainfall is acidic with
seasonally higher concentrations of most ionic

species in the sumnmer.

Models suggest that the dominant acid sources for
Seattle and Tolt rainfall appear to be the Tacoma
Copper Smelter for sulfate and transportation
emissions for nitrate. This is largely based on
the contributions of ASARCDO and transportation to

S02 and NO; emissions in Puget Sound.

Rain in Bellingham has lower concentrations
of sulfate and was less acid than that at Seattle

sjites,

Rain from oceanic air at Hoh River sampling site
contains about 1& percent of the sulfate
concentration and 17 percent of the nitrate in

Seattle rainwater.

The deposition and concentrations of major ions
were not appreciably degraded by sampling and
analysis procedures except for trace metal species,
potassium and phosphate., The precision and
sensitivity of analytic methods was not sufficient
to accurately determine trace metal concentrations

in western Washington rainwater.
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E.

Suggestions for Future Work

1)

2)

3

4)

Analysis of the trends in acidic precipitation in
western Washingion will require long term
monitoring of rainwater composition in westarn
Washington. A major problem in our understanding
of acid precipitation in eastern US and Canada is
lack of long term deposition data. This suggests
that the current program sampling rain in western

Washington should be continued in the long term.

Collection of event length precipitation samples
with more ixtonsive transport wind-field
measurements would help to identify source-receptor
relationships in western Washington rain quality.
Electric Power Research Institute (EPRI) plans such

a program for 1983 - 1984.

Improvements are needed in sensitivity of analysis
for trace metals. These measurements are useful to
trace acid deposition toc specific sources or types
of sources in Western Washington. Trace metal
analysis of Hoh River rainwater would be useful to

to discover man’s impact at this coastal site.

The existing data set indicates there may now be
damage to fish resources in Cascade lakes., To
clarify this problem, measurements of lake
buffering capacity, biology and acid input are

needed,
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Appendix A! Accuracy of Data

The data that result from this program must be
sufficiently accurate to satisify the anticipated applications
for the data: to characterize the precipitation in terms of
acid inputs to the land and to trace the acidifying species to
sources or classes of sources. The data will fulfill these
needs if the samples are collected anq transported tao the
analytic laboratory without contamination and the analysis is
done with sufficient accuracy and sensitivity to quantify the

dizsolved species in the rain.

Samples of precipitation were collected in automatic rain
sensing wet-dry collectors using acid washed plastic buckets,.
The sample duration was one week and samples were collected
over the period January 15, 1982 - February 15, 1983. Volume,
temperature and conductivity were measured at the time of
collectiont field pH and conductivity were measured after about
24 hours storage at room temperature at the University o+
Washington. All sample handlgng and storage used Nalgene
plastic bottles and labware. The last rinse af sach bucket was
analysed to detect contamination of the bucket. Samples were
sent to the EPA laboratory at Manchester for analysis and

storage at 4* C.

The analytic method and detection limits reported by the
EPA laboratory are listed in Table 9. Precision and accuracy of
the analytic methods were checked periodically with EPA Quality

Control and Performance samples.
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TABLE 9
Analytic Method and Detection Limits, EFA Manchester

Analyte Method Limit of Det., ug/1l*
S0, Auto Analyser - Colorimetric ' J00Q
NO; as N " 2
NHs as N " 2
c1 " 2
PO« " 2

Analytic Instrument

PESQ00Q/PE360
Na Flame Atomic Absorption (AA)#= 5 /7 20
Mg " 10 7/ 10
K " 1710
Ca " 1 /7 30

PES000-Zaeman/PE403I-HGA2100

As Graphite Furnace (AA)#x 0.1 /7 2
Cu * 0.1 /7 .8
Pb * 0.1 /1
in " i1 7 10
Cd " 0.1 / 0.1

*Anal. Chem. 52, 2247 (1989)

##Two different ARA instruments were used during this program.
The new analytic instrument that increased sensitivity was used
after October of 1982.
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Analytic accuracy was tested by comparing analytic results
against solutions prepared in our laboratory for concentrations
and conductivity and NBS potassium phthalate pH reference for
pH. The results of these comparisons of analysis to our test

solutions is given in Table 10 and for rainwater in (1.

TABLE 10
Comparison of Analytic Results to Standards
Analytic Result = (Slope) X (Standard) + Intercept

Analyte Method Slope Intercept R?
S0, Auto. Colorimetric 1.03 114 . 99
S0. Ion Chromatograph# 0.99 . 065 .99
Cl Auto. Colorimetric .78 0.83 . 99
NOs Ion Chromatograph# 1.05 -0.0195 .99
NO; Auto. Colofimetric 0.97 0.063 « 99
Conductivity Pt Electrode 1.08 0.98 .99

Comparison of UofW and EFA pH Against Standards
pH Glass Electrode pH(UofW) = pH(EPA) - 0,04

#Hegg, D. A.; Atmos. Sciences, Univ. of Wash.

TABLE 11
Comparison of Sulfate and Nitrate Analysis Techniques for
Rainwater Samples By Least Squares Regression

#*Heqgg(ion chromatograph)=(Slope)X(EPA(colorimetric))+Intercept
Slope Intercept R2?

Sul fate 1,15 -. 054 e 72
Nitrate 93 .010 .98

#Hegg, D. A.; Atmos. Sciences, Univ. of Wash,
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We also tested precision by submitting split samples, two
duplicate samples from one precipitation collection identified
to the laboratory as different samples. The results of this

test is presented in table 12,

Table 12

Estimates of Analytic Uncertainty
by Split Samples of Rainwater
Least Squares Regression of Replicate Analysis,
(Sample 2) = (Sample 1) X (Slope) + (Intercept); mg/l

Analyte Slope Intercept R?

S0, 1.06 -.029 « 95
C1 1.03 -« 023 78
NO; as N 1.00 -.001 .99
NHs as N 1.02 -. 001 «97
Na 1.05 -.015 .99
Ca «86 « 006 « 356
K .22 .012 .03
Mg 1.04 -.001 .98
Cu 1.53 .08 .45
As 65 « 40 «45
Fb «87 « 60 -39
Zn .42 .56 .28
Cd -. 44 « 55 .0l
Conduct. 1.02 -.13 .« 99

Each analyte: 19 pairs of differently labeled identical samples
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Considering the requirements of this program, we find the
accuracy of chemical analysis acceptable for the major species
(except calcium) based on tests of accuracy and precision.
Ratios of reported concentrations indicate 8~13 percent
variability in the results for sulfate in the 0.6 to 2.0 mg/l
range which includes most Puget Sound rainwater concentrations
and 8 percent for nitrate. Therefore, the choice of techniques
by EPA for these two critical anions appears to give good
results for the concentrations typical of Puget Sound rain.
Except calcium, potassium and the five trace metals, all
species have average differences ot reported concentrations for

split samples of less than 20 per—cent of the average value.

" The sensitivity of the analytic techniques used for the
trace metals and potassium was not sufficient to use the
results to trace acid deposition to specific sources or classes
of sources in this program. Analysis of the five trace metals
species (lead, arsenic, copper, zinc, and cadmium) was
performed on unfiltered, unacidified aliquots of rainwater,

All trace metal species, except lead, show poor reproducability
of measured concentration at the levels that exist in western
Washington rain. Zinc and cadmium also show poor correlation

Oof the data with the least squares regression line.
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Explanations for the relatively poor analytic precision

for metals include:

1) Analytical insensitivity at the low concentrations

found in Washington rainwater,

2) Possible loss of metals to the walls of the sample
bottle for these gpecies because sample was not

acidified prior to storage for later AA analysis.

Detection limit problems are real for rainwater and
explanation 1) probably is important to the calculated
precision. However, explanation 2) may be important. NADP
specifies acidification to pH = 2 for these analyses (Peden et

al., 1979) and this should be done in future studies,

Due to analytical uncertainties, rinc and cadmium have
been omitted from the analysis in this report except for
inclusion in mean annual average volume weighted
concentrations., Data for potassium, lead, arsenic, and copper
were included in factor analysis although caution is suggested

in drawing conclusions from these data.

Hydrogen ion was measured with a glass pH electrode at the
University of Wash. (field) and at the EPA analytical labatory
(lab). Comparison of field (University of Wash.) pH
measurement of NBS and potassium phthalate pH reference
standards found a mean negative bias of 0,07 pH units by
University of Wash. Comparison of lab (EPA) and field
(University of Wash.) was made for rainwater H+ concentration
calculated from measured pH, shown in table 10, indicates that

field pH averages 0.06 to 0.10 pH units less than lab pH.
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Laboratory pH was not taken for some summertime samples due to

low sample volume. Charge balances were calculated for these

low volume samples using pH from regression of field pH with

lab pH to generate the missing lab pH values.

TABLE 13

Relationship Between Field and Lab Rainwater
Hydrogen Ion Concentration, Calculated from pH
M+(Lab) = H+(Field) X (Slope) + Intercept
Least Squares Regression, Units = H+(ueq/l)

Site Slope Intercept R? # Observs,
Maple Leaf .80 .96 .74 7
West Seattle .91 47 .80 36
Tolt River 94 - .39 .94 45
Bellingham .84 .85 .87 31

Four explanations for lower field pH values than lab pH

are considered:

1)

4)

Negative bias in field pH measurement techniques is

suggested by audit samples.

Leaching of small amounts of insoluble particulate
material in rainwater into solution during transport

and storage (Peden, 1978).

Consumption of organic acids by algae during sample

storage (Gallaoway, 1982).

Absorption—-desorption reactions including weak acids,

from SO; or hases from laboratory air ammonia.
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Bias about egqual to the difference between UofW field and
EFA lab pH of rainwater samples was detected using standards.
Organic acids and effects of laboratory atmospheric gases are
expected to be fairly small in comparison to the strong acid
content and probably are not the cause of lower field pH. The
second explanation seems most plausable. Some insoluble
cations are present as indicated by comparison of filtered and
unfiltered aliquots. A ring appeared in sample buckets after
collection on several weeks also indicating the presence of
small amounts of insoluble material in Western Washington
rainwater. Rainwater can contain basic, insoluble (often soil
derived) minerals due to below cloud scavenging of dust by

falling rain.

We examined the effect of ambient temperature storage in
terms of change in sample pH during the one day to one week
residence of the sample in the bucket prior to analysis. pH
measurements of rainwater stored at 20° C found a small pH
increase of within two weeks after collection and little change
between 2 and 8 weeks. These observations are consistent with
a previous study indicating replacement of hydrogen ion by
particulate calcium in room temperature storage of unfiltered
solutions. The samples collected in this study were not
refrigerated for | - 7 days in the field and during a 2 or 3
day period between collection and arrival at EPA lab. pH and
conductivity were measured at the EPA laboratory within 24
hours after sample delivery. The samples were then filtered
and analysis performed for sulfate, nitrate, ammonium, chloride
and phosphate. Unfiltered samples were reserved for

determination of sodium, potassium, calcium, magnesium and
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other metals. Samples were maintained at room temperature

until pH and conductivity were measured, the refrigerated at

4* C until analysis.

The effect of insoluble materials on sample composition
was evaluated by comparison of 27 filterad versus unfilter=d
aliquots of the four cations of primary concern the charge
balance. The results indicate that unfiltered aliquot
concentrations range from 1-27 percenf higher than
concentrations in filtered aliquots. Table 14 pregents a
regression analysis for filtered versus unfiltered cations.

TABLE 14
Comparison of Filtered vs Total Concentrations

For Important Cations

Least Squares Regression
Filtered = (glope) X (Total) + (Intercept), mg/l

Species Slope Intercept R?
Na 893 . 022 .61
Ca « 737 « Q06 .43

K 1.04 -.003 .97
Mg .912 . 002 . 90

Note: 27 samples of rainwater were measured for each analyte.

The data in Table 14 is used in correcting charge balance for
particles as described on the following page and in table 185.
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A common test of the accuracy cf the analytical methods
and completeness of the choice of analytes is the balance of
positive and negative ions. A ratio of 1.0 confirms
electro-neutrality and implies that the analysis scheme is
appropriate. Table 15 presents the mean and standard
deviations (by site) of this charge balance ratioc. Measured
cations exceed anions by about 18 percent, Possible

explanations for this cation excess iqclude!

1) Analytical error, considered unlikely as discussed

earlier.

2) Presence of low solubility particles detected by AA and

not the Technicon Auto—-Analyzer is considered to be the

likely source of this charge inbalance.

Regreasion analysis of filtered versus unfiltered cations

was used in the charge balance equation to predict the charge

balance ratio in filtered aliquots as shown in the right column

of Table 1%, below. The results of this analysis indicate that

most of the charge balance error is due to insoluble cations.

Table 15
Charge Balance of Rainwater Samples
Site Measured Predicted
(+) /(=) (+) /(=)
Maple leaf 1.15(.22) 1.00(,23)
West Seattle 1.17¢.29) 1.03(.28)
Tolt River 1.21 (.4Q) 1.08¢(,38)
Bellingham 1.19¢(.29) 1.00(.29)
All Locations 1.18(¢.29) 1.02¢(.29)
(185 Samples)
Range of Values 0.40-3.32 0.33~3.11

(185 Samples)
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Three acidic species which could be present in westarn
Washington rainwater were not measured in this study?
bicarbonate, bisulfite, and organic acids {(such as formate or
acetate anions detected in rainwater by Galloway, 1982).
Organic acids can represent up to 25 percent of the acidity of
rainwater in very remote locations, especially where
agricultural burning is present., 0Organics are not expected to
be important in Western Washington rain except possibly at the
Hoh River. Analysis for organic acids was not performed.
Carbonic acid in equilibrium with 340 ppm atmospheric CO; can
be calculated to contribute less than 1.0 ueg/]l at pH = 5,0 and
less than 0.3 ueq/l at pH = 4,5. Bisulfite and sulfite are
more important where high atmospheric S0; concentrations
occur, as in Tacoma or locations in Seattle near industrial
sources., Many difficulties exist in determining HSO; in

rain:

1) SOz in Solution could partly oxidize to SO, during
the one day to one week that the sample remains in the

field or during transport to the EPA Lab.

2) §02 may desorb or abscorb from the rain sample such
that analysis reflects atmospheric levels of §0; in

the laboratory rather than the sample environmental

conditions.

Since acidic solutions shiftt the partioning aof the

S02/HS03/50s equilibrium towards gasecus S0: (Taylor et
al., 1982), the HSO; contribution to the charge balance of
weekly samples of Western Washington rains is expected to be

small away from emission sources.
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The Wet-Dry Sampler as a Source of Rain Composition

Variability.

The sampler contributes to variability in measured
precipitation quality because of uncertainty in the operation
of the precipitation detector. 1§ rainwater composition varies
during the period of rainfall, the measured composition will be
a function of the period during which the sample is collected.
The rainwater samplers used in this project detect
precipitation using a sensor grid overlying a heated plate.
Accumulation of a sufficient volume of rainwater bridges the
gap between the plate and sensor, completes an electrical
circuit which energizes a motor to move the lid from the wet
bucket exposing it to precipitation. The samplers used in this
study were of two slightly different designs. The samplers at
the Tolt Reservoir and West Seattle required a slightly larger
rain volume to actuate the lid than the other locations. To
test the combined effect of sampler design and bucket wash
consistency on measured rainwater composition, two samplers of
different sensor design were co-located at Maple Leaf reservoir
during the Summer of 19682. The results of ths comparison are

presented in Table 16.



Table 16 presents two types of sources of measurement
uncertainty in these rainwater data: analytical and sampling.
Co-located sampling variability includes both analytical and
sampling variability. With the exception of potassium and
trace metals, these results indicate that the combined sampling
and analysis related variability ranges from 8 to 29 percent
for the species analyzed. These tests show that two analyses
display lower relative variability for colocated samplers than
for identical split samples for unknown reasons. The potassium
analysis is not precise enough to justify any conclusions.

TABLE 16

Variability in Rain Sampling by Fraction Difference for Analysis,
Sampling and Site Location by Analyte

Species Analytical# Co—-located»s
X Y X Y
S0.(mg/1) .04 (.032) «20 (.7867)
Cl-(mg/l) 13 (.021) 12 (113
NO; as N(mg/l) 01  (.001) 12 (.279)
NHs as N(mg/1) 12 (.003) .28 (.069)
Na (mg/1l) 11 (.01 «22 (.083)
Ca (mg/1) S92 (.01%) .23 (.047)
K (mg/l .87 (.012) .67 (.081)
Mg (mg/l 19 (.003) «29 (.036)
Sample Volume (ml) —— .13 (18.4)
Conductivity 01 (.142) .08 (1.94)
(uS/cm)
pH-lab (pH units) (.03) (. 03)
pH=field(pH units) (.10)

Where: X = Difference/Average and
Y = Difference in Specified Units
(X and Y are absolute values)

#Analytical Uncertainty determined from split samples.
##Colocated samples collected S meters apart at Maple Leaf.
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We have compared our precision and accuracy to that of the
Canadian program, CANSAFP and to the EPRI program, SURE. CANSAP
reports uncertanties as about 0.1 pH unit, 20 per-cent on
chemical analysis, with variability due only to collection of
5-80 per-cent and variation due to sitinq for nitrate and 10 to
30 per—cent for sulfate. Calcium and potassium displayed the
largest relative variability for their data, similar to this

study (Barrie, 1982).

An analysis of EPRI-SURE precipitation chemistry data for
colocated samples indicated the following ratios or fractional

error in analysis for the following ions in table 17 (Topol,

1982).
Table 17
Fractional Error for Colocated Samples
Conduct. S04 NOs Cl NH, Na K Ca Mg Al
« N6 .05 « 05 .11 .08 .18 «43 .16 « 13 37

pH (error in pH units): 0.06

We conclude that the analyses used in this program suffice
to quantify the acid deposition in Western Washington. The
analytic precision for trace metals was low enough to reduce
confidence in assigning sources to the acid deposition,
Increased sensitivity is needed for trace metals and this may
be improved by acidifying the samples prior to storage and
analysis. Inductively coupled plasma analysis may also improve

sensitivity over AA for some trace metals.
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APPENDIX B

Frequency of Occurrence of Rainwater Concentrations, Volume, Conductivity,

and Deposition Quantity by Sampling Location
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FIGURE 31 : Frequency of Occurrence at Tolt Reservoir
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Appendix D

Excess Cation Concentrations (mg/1) (based on Cl-=) *52 weeks

Bellingham

Volume Weighted Average Linear Average
Na (-.001) Nax .02

Mg  .004 Mgx  .006

K .028 Kx 045

Ca .043 Cax .068

West Seattle *

Volume Weighted Average Linear Average
Na -.067 '-,018
Mg .002 .010
K .012 .034
Ca .112 .178

Maple Leaf*

Volume Weighted Average Linear Average
Na (-.022) .008

Mg  .004 | 012

K .015 .042

Ca .09 .154

Tolt River

Yolume Weighted Average Linear Average
Na (-.003) 024

Mg .006 .007

K .020 .032

Ca .037 .049



Appendix E
King County Emission Inventory (tons/yr), 1980

Source SOx NOx
Fuel Combustion 22024 8700
Industrial

Rrocesses 640 1052
Solid Waste 1 2
Disposal

Transportation 3091 41796
Slash burning 67

King County
Total 25756 tons/yr 51617 tons/yr

Pierce County Emission Inventory, 1980

Source SOx NOx
1. Fuel Combustion 12102 6808
2. Industrial

Processes 88351 178
3. Solid Waste

Disposal 2 3
4. Transportation 1186 14575
5. Slash burning 1 , 26

Pierce County
Total 101,642 tons/yr 21,587 tons/yr



1980 Two County SOx and NOx Emissions

SOx NOx
King 25,756 51,617
Pierce 101,642 21,587
Total 127,398 73,204 tons/yr

1979 Four County SOx and NOx Emission
King, Pierce, Kitsap and Snohomish Counties
SOx NOx
136,195 92,313
King and Pierce Counties, Percent of 4 County Total:
SOx = 93.5%
NOx = 79.3%

Comparison of Major Point Sources to Two County Total Emission
1. Auto/Transportation (NOx)s 14,575 Pierce
41,796 King

66,371 tons/year
77% of 2 County NOx = transportation

2. Smelter (S02) = 87,178 tons/yr
68% of 2 County S02 = Smelter
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Appendix F
PROCEDURES FOR ACID RAIN SAMPLING

Scrub the inside of the collection bucket and lid, using a2 new or

very clean brush which will be set aside and used only for this
purpose. Disposable kimwipes may also be used. No tap water or

soaps should ever be used on any acid rain eguipment. Only deionized
water shall be used and the conductivity of the deionized water should
be less than or equal to 1.5 umhos/cm. This check should be made
before any washing or rinsing is started. A small amount of baking
soda can be used as an aid in scrubbing. .Whea scrubbing is completed,
rinse the bucket and lid with deionized water at least three times.

NOTE: To develop proper field and lab technique, great care should
be taken to prevent touching the inner surface and rim of
the bucket and lid. Disposable plastic gloves are reocmmended
for in-lab work with the buckets to prevent accidental con-
tact while scrubbing. For the same reason, the lid should
always be set down with the inside up.

After scrubbing and rinsing the bucket is ready for the acid rinse.
Add a wozkable amount of 0.5 N ECl and carefully swirl. The dilute
acid should contact the entire inner surface of the bucket. Let
stand for 15 minutes. Slowly empty while turning the bucket to once
again cover the entire inner surface and the entire rim of the bucket.
Rinse thoroughly at least three times with deionized water contacting
all inner surfaces and -entire rim. Allow the last rinse to sit in
the bucket for at least one hour. At the end of this time, check the
conductivity of the last rinse water. If the conductivity is greater
than 1.5 unhos/cm., repeat the deionized water rinse process. 1If

the conductivity is less than or equal to 1.5 umhos/cm, save an
alicuot of the final rinse in a new and previously (deionized water)
rinsed Nalgene sample bottle. label this last rinse sample as it is
tg be an;lyzed as a background for the rain sample later collected in
that bucket.

NOTE: Use only reagent grade hydrochleric acid for the acid rinse.
The bucket lid does not go through the acid rinse process
as it might damage the sealing gasket.

Check the conductivity of the deionized water before £illing the
carboy and after the water écmes out of the carboy spigot. The
readings should both be less than or equal to 1.5 umhos/cm. and no
more than a 10% difference between the two readings. Sample bottles
(new Nalgene only) should be rinsed in the lab, using only water from
the carboy as this is the only water scurce in the field. Rinsing of
the sample funnel and graduate cylinder between samples should be
done only with water from the carboy. The "clean" or sample funnel
and graduate cylinder should be kept separate from other equipment
and stored in a clean plastic bag during transportation and storage
to prevent contamination.



FIELD PROCEDURES FOR ACID RAIN SAMPLING

l. Check sampler operation. If closed, use a piece of metal to
short the sensér; it should open. If it is raining at the time
of collection and the sampler .is open, remove the water from the
sensor; it should close. Note the status of sampler (open/
closed), operability, weather conditions, date and time. Care-
fully remove wet-side sample bucket and repalce with clean acid-
rinsed bucket. Put the lid £fr'ém the clean bucket on the just
removed wet-side bucket and carry the covered sample to the van
to prevent spillage or contamination. When handling the sample
buckets and lids, care must be taken to avoid touching any
surface that may eventually come into contact with the sample.

2. Renove the chart paper from the rain gauge. Record the time and
date on the chart paper. Using the "dirty”" or non-sample graduate
cvlinder (and funnel if desired), measure the volume of the rain
gauge sample and record this on the chart paper. Do the same with
drv-side bucket of the sampler: These samples are discarded.
Replace the rain gauge chart paper carefully, wind the gauge chart
drive timer (do not overwind) and refill the pen with ink if needed.
The chart must start on Monday to enable the gauge to record properly
for seven days. Ve will be collecting on Tuesdays, but any cor-
rections will be made later. Do not engage new chart until the
guage bucket has been emptied. Engage pen to new chart and add a
starting spike with the pen to ensure proper ink flow. Close the
door to the rain gauge housing and make sure the lid to the rain
gauge is secure.

3. Carefully replace sampler batteries with freshly charged batteries.
Disengage both used batteries, taking care to prevent shorting the
battery by touching contacts, and remove. Place fresh batteries
in position and carefully attach leads to posts. Replace and
secure battery lids. Finally, check to see that sampler is opera-
tional.

4. While in the van, record in a bound log book the infoxmation pre~
viously reccrded on the rain gauge chart paper. Do this while
your f£ield conductivity meter is warming up. Also record the
sampler status (open/closed), operability and weather conditions.
Record also the field measurements about to be taken. Make a
note of the condition of the actual sample, looking for dust or
soil particles, leaves, bugs, bird excrement, a ring in the bucket
or anything notable. Remove the "clean” graduate cylinder..and
funnel from plastic bag and rinse with water from the carboy.
Rinse all inner surfaces of the graduate and slowly rotate while
exmptving to rinse the entire rim. Carefully handle only the
outside surface of the funnel while rinsing and only the upper
portion of the funnel as the outside surface of the spoit wi
contact the sample when £illing the sample bottles. Be sure to
rinse the ocutside of the spout too. Rinse the graduate and
funnel three times. Do notd;mpty the last rinse from the graduate.
Place the rinsed funnel upsdje down on the inside surface of the
1id to the collection bucket. The bucket lid, as vell as all
other caps and lids, should be at rest with the inside (sample



Pield Procedures for Acid Rain Sampling

contact) surface up.

Ringse the conductivity probe and tube used for measurements
several times and then take a reading. The conductivity of the
rinse water should be less than or ecual to 1.5 umhos/cm, .and
within 10% of the blank. Record the measurement and tempera-
ture. Measure and record the values of the conductivity standards,
being sure to include temperature readings. Whenever conductivity
standard measurements are taken, start with the lower standard
first and rinse the probe and tube between standards. The probe
and tube should be rinsed between 2ll readings and the probe
should be subnersed and shaken dry several times before a reading
is taken. Rinse the probe and tube and then take a zeading fronm
the last rinse of the "clean" graduate cylinder. Once aga;n, the
conductivity should be less than or egual to 1.5 umhos®"™ within
10% of the blank. Empty the graduate, rinsing the entire zim as
you do so. Using the funnel, carefully measure the volume of the
rain sample in the graduate. Read and record the volume to the
nearest 10 milliliters, Using the funnel <$ill pre-rinsed 8 oz.
Nalgene sample bottles, two for the EPA lab, one for the WDOE lab
in Olympia and sample pemitting one for your own use. Seal and
label sample bottles. Measure and record conductivity and tempera-
ture of remaining sample using the same dunk and shake technigue.
Repeat if sufficient sample allows. Rinse the probe and tube and
take known standard measurements once again and record. 1If

sample qguantity is limited ,the field measurements and EPA lab
aliquots are high priocrity.

Send last rinse sample and all field samples for EPA and WDOE by
Groyhound bus (collect) to: Washington Department of Ecology
Mail Stop PV-ll
Olympia, WA 98504

If sample quantity allowed, and you have an aliquot°o£ your own,
allow the sample to reach rocm temperature (20 - 25°C) and measure
pH, conductivity and femperature and recoxl in the log book. Store
and sh;p samples at 4 °C.



