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EXECUTIVE SUMNMARY

An "Atmospheric Deposition” Workshop was held at the University of
Minnesota, Minneapolis on 20-21 Novembor, 1985 under the support and
auspices of the Great Lakes National Program Office (GLNPO) of the
U.S. Envirommental Protection Agency (EPA). Participants at the
worssuop inc.uded distinguished scientists knowledgeable in
atmospheric processes from the U.S. and Canada, represeantatives of the
Canadian and U.o. organizations conducting monitoring studies and
staff of the GLNPO. The objectives of the workshop were two—fold:

(1) to review the Great Lakes atmospheric deposition metwork (GLAD)
presently operatea by EPA; and (2) to make recommendations as to the
design and strategy for a new or modified network capable of assessing
atmospheric deposition of selected toxic chemicals to the Great lakes,
identify sources and quantify source strengths. These objectives are
meant to assist in the successful achievement of the goals stated in
EPA's five-year stategy relative to atmospheric deposition: (1) to
determine the portion of total loadings of critical toxic pollutants
by atmospheric deposition; (2) to recommend the extent to which
additional remedial programs and intermational activities are needed
to control atmospheric sources; ana (3) to provide source information
for immediate regulatory actiun,

A thorough review of the present GLAD network and accumulated data on
precipitation concentrations conclusively showea that the GLAD network
as present.y constituted is not adequate to provide needed data om
atmospheric inputs of toxic chemicais to the Great Lakes. This

conclusion was based on siting, sample collection and data analysis



criterea.

A detailed discussion of the processes of wet deposition, dry particle
deposition and vapor exchange at the air—-water interface was held to
acquaint all present with the state—of—the—art in these areas., These
discussions led to the generation of recommendations on the structure
and design of a monitoring network capable of assessing atmospheric
inputs of toxic chemicals to the Great Lakes. The design strategy for
the network 1s to combine both deposition measurement and modeling to
assess atmospheric deposition., It would have relatively few sites
(e.g., 16) at which collection of wet precipitation, air particles and
meteorological data necessary for the modeling effort wouid occur.

Two to four of these sites would be designated as master sites where
calibrations, intercomparison studies and research would be carried
ont. Sites wourd be distributea in such a way as to estimate
"regional” deposition ( half of the sites) and "urban” deposition
since it is believed that intense episodes of localized inputs occur
in areas adjacont to population centers. If possible, monitoring
stations should be located on in—lake islands. A complete list of
instrumentation common to all sites is proviceu in the text but
includes wet-only precipitation samplers capable or isoirating the
analyte in the field, multiple Hi-Vol samplers operating to provide
directional data on atmospheric concentrations, and a suite of sensors
to measure meteorological parameters such as temperature profiles,
relative humidity, total suspended particulates (TSP), and wind speed
and direction. Additional instrumentation to be located at the master

sites are cascade impactors and any necessary to support the research



component. Toxic organic species to be monitored are polychlorinated
biphenyls (PCBs), routine organochlorine pesticides and industrial
chemicals, polycyclic aromatic hydrocarbons (PAHs), Hg, Pb and Cd,
toxaphene and generic chlorinated dioxins and furans. Anmalysis of
these toxic chemicals will require considerable analytical support. It
is anticipated that this network woulu largely replace the larger GLAD
network., The research component of this network should include a
significant effort to quantify dry deposition and vapor exchange ox
both inorganic and organic toxic species through a combination of
sampling and modeiiug 0f Over—liake processes, Other methods of
assessing atmospheric inputs should be continued (e.g., mass balance;
small lake studies, sediment and peat profiles). Every attempt should
be made to integrate the U.>. network with Canadian efforts using
similar samplers and stratagies, inter—calibrations amd co—located
sampling sites to implement an "Integrated Atmospheric Deposition
Network”. A rigorous QA/QC system need be institutea at the outset of
the project to ensure the quality of the data.

It is proposed that a multi-investigator study be performed in
the summer and winter of 198s to integrate deposition data generated
at the master sites with intensive over—lake measurements involving
wet deposition, dry deposition, vapor exchange and source

reconciliation,



2.0 Vorkshop Objectives

The Great Lakes National Program Otfice (GLNPO) of the U.S.
Envirommental Protection Agency (EPA) presently operates a 36 site
atmospheric monitoring networa (GLAD), of which 10 sites are equipped
with bulk samples for assessing orgumic contaminant deposition to the
Great Lakes.

The atmospheric depositiun program for the next five years has
three objectives as stated in EPA's S-year strategy document (1):

(1) to determine the portion of total loadings of critical toxic

pollutants by atmospheric deposition;

(2) to recommend the extent to which additional remedial
programs and international activities are needed to control
atmospheric sources;

(3) to provide source information for immediate regulatory
action,

The objectives or the “Atmospheric Deposition” workshop held at
the University of Minnesota on the 20 and 21 November 1985 under the
auspices ot the GLNPU ox EPA were:

(1) to review the atmospheric deposition monitoring network

(GLAD) operated by the GLNP;

(2) to make recommendations as to the design and strategy for a
new or modified atmospheric deposition network capable of
assessing atmospheric deposition of selected toxic organic
contaminants to the Great Lakes, identify sources and

quantify source strengths,



Essential to this discussion was a thorough review of the
feasibility and limitations of assessing wet and dry deposition, To
these ends, the first part or the workshop dealt with an overview of
the present GLAD netwura by T.C. Murpuy (DePaul University) and D.
Gatz (Illinois State Water Survey). Based on a study recently
completed for ErA, T.C. Murpny outlined requirements for a new Great
Lakes atmospheric and sources (GLAIS) network. These presentations
were followed by detailed discussions on the processes of atmospheric
deposition led by J. Pankow (Oregon Graduate Center) on wet deposition
of organic species, A. Andren (University of Wiscomsin) on dry
particle deposition of orgamic species, m. Weseley (Argonne National
Laboratory) on meteorologicas aspects of dry deposition, and T,
Bidleman (University of South Carolina) and S. Eisenreich (University
of Minnesota) on vapor-particle partitioning in the atmosphere and
volatilization, respectively. The remainder of the workshop involved
generating specific recommendations for measurement and assessment of
atmospheric deposition of organic contaminants to the Great Lakes,

Specific questions addressed throughout the workshop were:

(1) What is the relative importance of atmospheric deposition
compared to other input pathways for specific contaminants
in the Great Lakes Basin and specific Great Lakes?

(2) what are the important deposition processes and how coulu
they be quantified?

(3) VWhat of the thousands of organic chemicals produced and

released to the environment need be measured and how?



(4) Vhat are the atmospheric sources and source stremngths for
specific organic contaminants?
(5) Vhat are the characteristics of an atmospheric deposition
ne twork
which is adequate to provide needed data?
(6) VYhat are the research needs to support the atmospheric
deposition network?
3.0 Atmospheric Deposition Processes
Atmospheric organic chemicals exist in the vapor phase and
adsorbed to suspended particles (TSP). The processes by which trace
organic contaminants are removed from the atmosphere (wet and dry
deposition) and the quantity ultimately deposited on the water/land
surface depend on the distribution between the vapor and particle
phases. Partitioning between the gas and aerosol phase depends on
contaminant vapor pressure, size and surface area of the aerosol,

temperature, and the organic carvon content. The less volatile the

compound, the higher the affinity for TSP, Theoretical considerations

and lavoratory and field measurements indicate that PCBs, DDT, Hg, low

molecular weigat (MW) hydrocarbons, and low MV PAHs exist primarily in

the gas phase in "clean” airsheds, while the more chlorinated PCB

congeners, high MW PAHs and dioxins occur primarily in the particle

phase. In "airty’ ur urvan/industrial airsheds, a greater fraction of

the total atmospheric burden for a particuiar chemical will occur in
the particle pnase. Particle size plays a significant role in the
removal efficiency of aerosol-bound contaminants, Organic species

tend to concentrate in the submicron particle-size fractiom (i.e.,



aerosol) and will be primarily removed by precipitation scavenging
(>70 %) while larger particles will have a greater fraction removed by
dry particle deposition.
Wet Deposition

The mechanisms of wet removal from the atmosphere are very
different for particle—associated compounds than for gas phase
compounds. The relative importance of these two processes depends on
the distribution of the organic compound between vapor and aerosol,
particle-size distribution and Henry'’s Law Constant (H), Non-reactive
organic gases will be scavenged by rain according to H if equilibrium
between the gas and aqueous phases is achieved (2,3). Henry's Law
constant, H, is the ratio of the compound’'s vapor pressure to its
solubility for low solubility compounds. In the absence of chemical
reactions occurring in the droplet, an atmospheric gas should attain
equil ibrium with a falling raindrop in about ten meters of fall. The
position of equilibrium defined by H is a function of temperature as
it increases by about 2 for each 10°C rise in temperature (3).

The total extent of organic compound scavenging by falling
precipitation may be given as:

W

T Vo a-0 +V 0

where Wp. = overall scavenging efficiency

_ [rain, T]
T~ [air,T]

ws is the gas scavenging erficiency

_ [rain, diss]

ws = Tair, gasl



W} is the particle scavenging efficiency

_ lrain, part.]
P lair, part.]

and § is the fraction of the total atmospheric concentration occurring
in the particle phase,
An atmospheric gas attaining equilibrium with a falling raindrop

is scavenged from the atmosphere inversely proportionmal to H:

where R is the universal gas constant, T = temperature, H = Henry's

Law Constant, and a = solubility coefficient. Surface flux then

becomes:
F =¢q'J'C = JC
g T TG
where J = rainfall intensity, ana Cg = concentration of organic gas in

the atmosphere. Field determined WT values are generally larger than
W8 values based on H for some organic compounds suggesting particle
scavenging by precipitation is an important flux term. Ligocki et al.
(3) have reported gas scavenging etficiencies for a variety of
nonpolar organic compounds measured in the field in Portland, OR.
Tables 1 and 2 from their paper compares the field—determined W
values to those estimated from consideration of H and ambient
temperatures., They obiained Wg values ranging from 3 to 105, and
which were underestimated by factors of 3 to 6 using H data at 25°C,
Correcting published H values for ambient temperatures of 5 to 9°C,

equilibrium between the atmospheric gas and dissolved constituent of



Table 1.
(Ref.3)

Table 3. Mean dissolved rain concentrations (ng ¢~!+ 1), mean gas phase concentrations (ng m™~? % 1), correlations

between rain and air data and gas scavenging ratios

Mean concentrations Correlation W, (meas) a (lit)
Compound Ran Air ) 8<C* 235“C Ref.t
Tetrachloroethene 46+34 1200+ 690 097 36+1.1 10 2
Trichloroethene $6+5.6 1500+ 1300 0.81 3713 24 2
Mesitylene 1428 430+220 0.82 1243 45 2
Toluene 88+£75(5)F 3800+ 2400 097 2+5(5) a 1
Durene 29+13 120+ 70 0.73 26+9 10 2
1,2,4-Trimethylbenzene 0+14 1300 £ 800 033 2749 42 2
Ethylbenzene 34+21 1300+ 700 0.75 27+11 kW) 1
m+ p-Xylene 110+73 3400 + 2000 0.68 33417 st 2
o-Xylene 45+ 31 1300 + 690 0.79 5+18 48 2
1.4-Dichlorobenzene 48+12 120+ 32 021 39+10(6) 82 1
1,2-Dichlorobenzene 0.26+0.20(5) 58+23 091 46+13(5) 12 1
1.24-Tnchlorobenzene 025+0.17(3) 38+04 —§ 661£51(3) 11 1
C,-naphthalenes 17+6 91£35 0.387 190+ 32 664 2
Naphtbalene 100+ 32 450+ 220 0.37 250+ 73 59 23
2-Methylnaphthalene 45+16 200+ 120 067 250+ 78 48 2
1-Methylnaphthalene 29+11 96+ 54 0.78 330+ 100 56 2
Dibenzofuran 176 19+5 069 930+ 180
Acenaphthene 5420 55+19 0.16 1000+ 310 250 3,4
Fluorene 1444 9.5+24 0.16 1500 + 390 350 3,4
Acenaphthylene 37+£13 28+16(4) 028 1600 + 500 (4) 72 3.4
Anthracene S1+20 28+10 048 1900 + 600 680 3,4
Methylpbenanthrenes 30+£8 133 0.09 2500 + 800
Dibenzothiophene 41+21 16205 0.59 2500 + 900
Phenanthrene 90+ 26 27+ 036 3400 + 740 1100 3,4
Benzo(e]pyrene 0.37+0.20(2) 0.03+0.01(5) - 5800(1)
Pyrene 9413 68+19 009 $900+ 1800 . 2900 3.4
Fluoranthene 4a8+17 78+20 020 6300 + 2000 2400 34
Benzo[b +, + A]fAuoranthene 1.6+19(2) 0.11+0.14(5) - 7400+ 1300(2) 1300°° 1
9-Fluorenone P+21 10+1.7 0.52 11,000 + 2200
Benz{a]anthracene 3310 0.28+007 0.06 12,000 + 4900 4300 34
Chrysene 79+28 045+0.07 0.00 18,000+6500 23,000 1
Diethylphthalate 59+30 27204 (4) 0.03 20,000+ 12,000(4) 21,000 |
Dioctylphthalate 26+08(6) 039+0.39(5) . 20.000 + 20.000 (4)
9,10-Anthracenedione 67x26 25+08 0.64 27,000 + 7000
a-HCH 11+3 0.34+005 048 31,000 + 6900 4200 1
Dibutylphthalate 46+10 0.37(1) - 110,000(1) 87,000 1

* Average temperature duning sampling. +1 = Mabey er al. (1982), 2 = Mackay and Shiu (1981), 3 = Sonnefeld et al.
(1983). 4 = Pearlman et al. (1984). *Number of samples, if other than seven.  §Correlation not computed for fewer than
JAverage of the values for m-xylene and p-xylene.

four points

for benzo[b]fluoranthene and benzo[A]flucranthene.

{Value for 1-ethylnaphthalene.

** Average of the values

Tablc 4 Companison of ficld W, values to temperature-dependent a values® for polycyclic aromatic hydrocarbons

Sample date and mean temperature

212-413  2/14-2/15  2/20-2/21  2/23-2/24  2/29-3/8  3/16-3/20  4/11-4/12 Average
Compound 8§C 6C 5C 7C 9C 9C 8'C W,/a
Naphthalene W, 160 340 240 290 140 270 290

T a 190 220 240 200 170 170 190
able 2. Wy/a 086 1.6 10 1.5 081 1.6 1.5 1.3
Fluorene W, 1200 2200 1500 1300 930 1500 1500
(Ref.3) a 1200 1400 1500 1300 1100 1100 1200
er. Wola 1.0 1.6 1.0 1.0 0.84 14 12 1t
Phenanthrenc W, 2900 3400 3900 4100 2100 4000 3300
p 3600 4300 4700 3900 3300 3300 3600
W,/a 0.81 080 0.84 1.1 062 12 091 0.90
Anthracene W, 1000 2100 1800 2100 1400 2700 2000
a 2300 2700 2900 2500 2200 2200 2300
W,/a 043 0.78 0.60 0.84 063 1.2 0.85 0.76
Fluoranthene W, 5100 6000 6900 7000 3500 9900 5400
a 6000 7100 7600 6500 5600 5600 6000
W,/a 0.85 0.85 091 1.1 0.63 1.8 0.90 1.0
Pyrene W, 5000 6200 6600 7000 3000 8600 4800
a 9800 12,000 13,000 11,000 8700 8700 9800
W,/fa 0.51 0.52 0.51 0.64 0.34 099 0.49 0.57
Benz{aJanthracene W, 11,000 14,000 22,000 13,000 8000 9400 7300
a 8700 9800 10,000 9300 8200 8200 8700
W,/a 1.3 1.4 22 14 098 11 0.84 1.3

*a values were calculated from the data of May et al. (1978) and Sonnefeld er a! (1983).
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precipitation was demonstrated for several PAHs. Based on these
results, temperature—corrected W8 values may be used to estimate
organic gas concentrations in the atmosphere or temperature—specific H
values.

Precipitation scavenging of particles containing sorbed organic

species (Wp) permit the calculation of surface fluxes:

FP = wp'J"CP
where Fp is the particle flux and Cp is the concentration of
atmospheric particulate organic compound. Depending on particle size,
precipitation intensity and type of meterological event, WP may equal
104 to 106. The higher value implies that the aerosol is readily
incorporated into cloud water and is hygroscopic. The lower value
implies a non hygroscopic, probably carbonaceous particle that is not
readily incorporated into cloud water. Below cloud particle
scavenging efficiencies of 103 to 10° for 0.01 to 1.0 pm particles
have been reported. The most comprehensive study of particle
scavenging by precipitation was conducteu by Ligocki et al, (4).
Tables 3 and 4 list Wp values of 102 to 109 for a series of PAHs,
alkanes'and phthalates and compares Wp to wg values. In general, wp
values were consistent with below-cloud and in-cloud scavenging for
PAHs, in which the compounds with higher scavenging ratios were
associated more frequently with large particles. To adequately
preaict Wp's, detailed information on particle-size distribution,

organic concentrations in particle—size ranges and meteorologicas

parameters are needed.



Table 3. Particle scavenging ratios for neutral organic compounds during rain events in Portland, Oregon n
. 1984

%

2/12- 2014~ 220- 2/23- 2/29- 316 4/1)-
213 218 2,21 228 3 3/20 412
fromal weak showers cold warm showers cold

Compound MW cyclone storm front  front front
Table 3 Polycyclic aromatic hydrocarbons and denvatives
852 > Dibenzofuran 168 NA® 4900 23000 NA 9300 500 NA
(Ref.4) Fluorene 166 NA NA 34000 NA 8200 2400 NA
9-Fluorenone 180 29.000 NA NA 9000 17000 1900 18,000
Phenanthrene + Anthracene 178 19,000 2500 38,000 5600 17,000 15000 22.000
Methylphenanthrenes 192 19000 NA 15000 3400 11,000 NA NA
Fluoranthene 202 4500 2400 15000 3500 12,000 23,000 18,000
Pyrene 202 2600 1700 13000 3600 10,000 20000 14,000
9,10-Anthracenedione 208 1700 NA 2600 1400 3900 NA NA
Benz[a]anthracene 228 640 410 1300 400 2300 2600 1100
Chrysene 228 1700 1100 3500 1200 4500 3800 2400
7-Benz[deJanthracenone 230 560 NA 1100 900 2700 NA NA
Benzo[b + + k)fluoranthene 252 1300 430 2700 3200 4900 2100 900 -
Benzo| e]pyrene 252 1400 430 3000 2800 4500 1700 290
Benzo[a]pyrene 252 580 180 2500 1200 3900 NA NA
Perylene 252 630 NA 2600 920 3000 NA NA
Benzo[ghi]perylene 276 1300 NA 4200 3900 5800 NA 290
Coronene 300 2000 NA 1800 NA 14000 NA NA
Average of PAHs with MW < 202 15000 2900 24000 5000 12.000 11.000 18,000
Average of PAHs with MW > 202 1200 510 2500 1800 5000 2600 1000
Alkanes
Eicosane 282 21,000 NA 15000 89.000 44,000 NA 32,000
Heneicosane 296 14000 NA 16000 76000 46,000 10.000 12.000
Docosane 310 15000 NA 12,000 63,000 34000 NA 6300
Tricosane 324 27,000 3900 16000 29000 44000 NA 13.000
Tetracosane 333 10000 NA 18000 NA 27000 NA 6400
Pentacosane 352 47000 5000 11,000 26000 29,000 NA 22
Hexacosane 366 NA 3300 14006 NA 36000 NA 7000
Average of alkanes 22000 4100 15000 57000 37,000 10000 14,000
Phthalate esters
Butylbenzylphthalate 298 1000 NA 13000 10000 NA NA NA
Bis[2-ethylhexyl]-
phthalate 391 9100 NA 37000 15000 NA NA NA
Diocryiphthalate 391 29000 NA 15000 65000 NA 35000 25000
Average of phthalates 13000 NA 22000 30000 NA 35000 25000
Table4 Mean particle scavenging ratios, mean gas scavenging rauos®, and overall scavenging ratios for
neutral organic compounds
Dominant |
Compound Mean¢t Mean W, Mean W, Mean W scav. mech.§
Table 4. a-HCH 00 Nal 31,000 31,000 g
(Ref.4) Dicthylphthalate 0.0 NA 20,000 20,000 8
‘ Dibenzofuran 0.008 11,000 930 1000 8
Fluorene 0.009 15,000 1500 1600 g
Phenanthrene + Anthracene 0.011 17,000 3300 3500 g
9-Fluorenone 0.021 15,000 11,000 11.000 g
Methylphenanthrenes 0.027 13,000 2500 2800 B
Fluoranthene 00s3 11,000 6300 6600 g
Pyrene 0071 9300 5900 6100 g
Eicosane 0.14 40,000 NA 5600 P
9,10-Anthracenedione 0.21 2400 27,000 22,000 g
Heneicosane 041 32,000 NA 13,000 P
Dioctylphthalate 0.56 36.000 20,000 30.000 P
Docosane 06! 27,000 NA 17,000 p
Chrysene 0.7 2600 18,000 7000 g
Benz[a]anthracene 075 1300 12,000 4000 8
Benzo[e]pyrene 097 2000 5800 2100 p
Benzo[ a]pyrene 098 1700 NA 1700 P
Benzo[b +; + k]fluoranthene 098 2200 7400 2300 p
Perylene 1.0 1800 NA 1800 p
Tricosane 10 22,000 NA 22,000 P
Tetracosane 10 16,000 NA 16,000 P
Pentacosane 10 23,000 NA 23.000 P
Hexacosane 10 15.000 NA 15,000 p
Bis[2-ethy lhexyI]phthalate 10 20,000 NA 20,000 p
Benzo[ghi]peryiene 1.0 3100 NA 3100 P
Coronene 10 5900 NA 5900 p

*Mean gas scavenging rauos from Ligocks er al. (1985). t¢ = [acrosol])/[vapor + aerosol). W
=W o+ Hy(l-¢) §g=gas; p=parucle. INA = not available
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The total wet surface flux of organic compounds in the atmospherxe
may be estimated from:

FT =Wp'Chir = wg(l-O)cair + wp¢cair

RT
(ﬁ-)(l—b)cair + wpa)cair

Dry Particle Deposition

The dry deposition of particle-bound organic compounds onto a
receptor surface depends on the type of surface, resistance to mass
transfer in the deposition layer, particle size, and macro- and
micrometeorology. Particles are delivered to surfaces by Brownian
diffusion (mmd ¢ 0.3 pm), inertial impactiominterception (mmd = 0.5-5
um) and gravitational settling (mmd > 5§ pm). Because Brownian
diffusion increases below 0.3 um and inertial impaction—interception
increases as particle size increase above 0.5 um, the minimum
deposition velocity (Vd) is in the range of 0.3 to 0.5 um. As stated

earlier, nonpolar organic compounds in the atmosphere tend to

concentrate on the smail, caroon—rich, high surface area particles,
In the simplified case, the flux of particles to a receptor
surface i.:

Vd'Cp

F =
p,dry

where Fp. is the surface flux of particle-bound chemical, Vd is the

dry
deposition velocit, and Cp is the organic concentration in the
particulate phase. The particle deposition velocity, Vd, may be

viewed as the result of a series of resistances in transfer from the

well-mixed atmosphere to the surface (Figure 1).



Figure 1. Simplified Model of Dry Deposition
(from M. Weseley, ANL)

v _, deposition velocity

d
= -F/C
Z
= 1 + r + r
/(ra b c)
Cz = concentration at height z

r , aerodynamic resistance
a

Th’ sublayer resistance

/ C , surface concentration

C , Subsurface resistance
SSs

assumed 2zero

All resistances are for conceptual
horizontal lavers.
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Vd = F/cp,z

where T.» Tps T, BTE aerodynamic, sublayer and subsurface resistances,

c
respectively and Cp , is the particulate comcentration at a reference
beight. If r is assumed to be zero, then the aerodynamic resistance

components T.» Ty may be roughly estimated from local measurements of

u,, mean wind speed at a specified height; and Gg, & measure of

atmospheric stability. Vd (ll(ra + rb) estimates for the Great Lakes
based on seasonal atmospheric stabilities varied with season with
values of 0.5 to 1.0 cm/sec in summer to 1.7 cm/sec in the colder
months, M. Wesley (Argonne) and A. Andren (University of Wisconsin)
point out that the following measurements or data are esseantial to
adequately predict (“moue.”) dry particle deposition:

C(r); concentration as a function of particle size;

u(z); wind velocity at a reference height;

T-T,; surface and atmospheric temperatures;

RH: relative humidity;
p(r); particle density as a function of particle size;
D(r); molecurar diffusivity as a function of particle size;

OC(TSP); organic caroon content;

TSP; total suspended particulate concentrations.
These parameters may be used in a variety of dry deposition models
(5,6) to quantify particle deposition.

Particle deposition velocities have been estimated from
deposition to artificial surfaces (grass; trees; filter paper; glass

or Al plates; plates coated with hydrophilic substances such as
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ethylene glycol). For a number of nonpolar chlorinated hydrocarbons
thought to associate with fine particles, Vd values of 0.1 to 1.0
cm/sec were observed. These values are similar to estimates for
reactive gas and aerosol deposition to soils, grass, trees,
agricuitural crops and snow,

A. Andren suggestea that measurements required to assess dry
deposition needed to occur on an event basis during unstable
atmospheric periods and also on a regular periodic basis. This
assumes that particle deposition tends to concentrate during intense,
episodic periods; however, fiela measurements are few. DMeasurements
should be performed in a few rural areas representative of "regional”
deposition and more intensively in major source areas. It is always
preferable to make the measurements over the lake than on the
shoreline, Atmospheric organic contaminants should be measured with
both high volume and low v.lume samples. It is advisaole to determine
particle size distributions as well as a measure of total Cp and TSP.
Denuders may be of some vaiue in isolated situations., These sampling
procedures are severely restricted by analytical detection limits.

T. Murphy (DePaul University) has suggested that although most of
the atmospheric burden of nonpolar organic compounds may be in the gas
phase, and these contaminants are concentrated on fime particles, dry
deposition especially near sources, may be dominated by large particle
deposition. Gravitational settlimg velocities for large particles are
greater than 2 cm/sec while submicronsized particles may have
deposition velocities much less than 1 cm/sec. Urban and industrial

centers bordering the Great Lakes may contribute to regiomal emissions
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and deposition as well as intense localiz.d deposition (e.g., Chicago,
IL - Gary, IN ; Detroit, MI; Hamilton, Ont.).

The relative importance or wet versus dry depositiom (R) depends
on the proportion of atmospneric organic concentration in the gas and
particle phases (b), and the relative efficiency with which each phase

is removed by wet and dry deposition. In general,

N i [(WS-J-CS) + (Wp'J'cp)]Atw
w/d (V4.Cp)

Based on atmospheric fluxes of Al, Pb, and Pb—-210 to Crystal Lake, Vi,
A, Andren (Table 5) concluded that 70-80% of the Pb and Pb-210 flex
was due to wet deposition, while <40% of the Al flux was attributed to
wet inputs. The major difference is that Pb and Pb-210 are associated
with submicroa aerosol and effectively removed only by precipitation
scavenging, Al is derived from large soil particles that have high
Vd's. In contrast, atmospheric inputs of PCBs to Lake Michigan are
likely due to scavenging of particurate PCBs by rain with small

contributions from gas scavenging and dry particle deposition.

Transter of organic vapors across the air-water interface can
of tentimes be predictea from a two—film diffusion model (4-6). In
this model, the rate of gas trans.er between the well-mixed air and
water reservoirs across the stagnant films at the interface is assumed
to be governed by moiecuiar diffusion and is driven by the
concentration gradient between the equilibrium concentrations at the
interface and bulk reservoirs. For steady-state transfer, the flux

(F), is given by:



Table 5. (from A.W. Andren)

TOTAL ATMOSPHERIC FLUXES AT CRYSTAL LAKE

ELEMENT WET'  DRY®  TOTAL SED. RATE UNITS

AL 3.6 6,9(66)° 10,5 11,1 a6 - oM %= w7}
P 0.8 0.220° 1,0 1.2 e - oMl w7
Pe-210 1,58 0.21(12)° 1.79 1,86 opM - e - YR

IBASED ON RAIN DEPOSITION ONLY.
ZUNCERTAINTY 1s ABouT + 20% (TawsoTt, 1981)
3

INDICATES 7% DRY INPUT,

*EpgINGTON AND RoBBINS (1976) ESTIMATE 1.5 FOR LAKE MICHIGAN
(Sta, 17).
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F, = K, (C-P/B)
1 .1, R
xoL K ng
where F = flux in moles/nf * hr; KL'KB = liquid and gas—phase mass
transter coefficients (m/hr); C = solute concentration in liguid phase
(moles/m?). P = solute partial pressure in atm.,; T = absolute
temperature in Ogk, and R = gas constant. The volatilization rate may
be controlled by resistance to mass transier in the liquid phase, gas
phase or a combination of the two., At typical values of KL and Kg (20
cm/hr and 2000 cm/hr, respectively), resistance to mass transfer
occurs > 95% in liquid phase for H ) 4.4 x 1073 atm m3/mole, and > 95%
in gas phase for H { 1.2 x 1073 atm m3/mole. Considering the range ot
H values for PCB congeners, 60 to 90% of the resistance occurs in the
liguid phase at 25-C., This implies that, in general, slightly soluble
P(Bs with H > 10™4 atm m3/mole tend to volatilize from water; however
trans.er direction is established by the concentration gradient,
Examples of compounds where this occurs are P(Bs, many CHs including
pesticides, chlorinated benzemes and tetrachloroethylene.

Theoretical and experimental methods to estimate mass transfer
coefficients in the field for gas and liquid-phase controlled organic
compounds have been develuped., Mackay and Yeun (8) have suggested
equations relating environmental mass transfer coefficients based on
Schmidt number (Sc) and windspeeu at a referemce height of 10 m (Ulog
m/sec):

K. =1.0x 1073 +46.2 x 1073 U* §¢ _~0.67
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Figure 2. Henry's Law Constants (H) and Air-Water Partition

Coefficients (H’) for PCB Congeners Measured
in Air (vapor) and Water (filtrate) in Lake
Superior - 1980 (Ref. 13).
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K =1.0x 107 + 34,1 x 1074 U° 5¢,70+5 (U* > 0.3)
K =1.0 x 107 + 144 x 1074 0°2:2 5¢,~0.5 (U* < 0.3)

U'l(env)

0.5
6.1 +0.63 Ulo) UlO

where U° = sir-side, friction veloc.ty (m/sec). Results suggest that
envirommental mass transfer coefficients will generally be lower than
those measured in the laboratory. Annual integrated KL values for

liquid-phase controlled organic compounds determined from mass balance
calculations on large lake systems are 0.2 to 0.25 m/day, or about 50

to 100% smaller than predicted from laboratory experiments: (Table

6).
Tabie 6. K Values Determined from Mass Balance Calculations

Lake Compound EL (m/day)

Zurich 1,4-dichlorobenzene 0.24

Saginaw Bay, P(Bs 0.2

Lake Huron

Lake Superior PCBs 0.24

Great Lakes P@Bs 0.10

(modified from Ref. 13)

Estimating volatilization of P(Bs, for example, is complicated by
the inability to accurately determine the comcentration of the
dissolved, unassociated species in equilibrium with the atmospheric
vapor. An example of this phenomenon is presented in Figure 2, where
Henry’s Law Constant (H) or air-water partition coefficients (H') for
several PCB congeners are compared to apparent air-water partition

coefficients (H') determined from measurements of atmospheric P(Bs in
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the vapor phase and dissolved PQss in two surface water samples from
Lake Superior (13).

The apparent H’ values are lower than the range or H values for
the 3 to 5 substituted PCB congeners at 25°C but similar to H values
at 10°C, much closer to the ambient temperature of Lake Superior. The
temperature dependence on H for PCiss (9) suggests that gas—phase P(CBs
may be absorbed into the lake at colder temperatures and lost via
volatilization at warmer temperatures. For bodies of water such as
Lake Superior, PQY _ _ absorption may be important for 9 or 10 months

ga
of the year.

Air-Transfer Scenario: PCBs as an Example

Figure 3 depicts our present understanding of the relative
importance of air-water transfer processes for hydrophobic organic
cycling in large lakes. The dominant input pathway is the scavenging
of particles from the atmosphere containing sorbed organic species,
with dry particle deposition being much less important, Particles
thus reaching the lake equilibrate with the new aqueous eaviromment,
and partition between the dissolved phase and other biotic and abiotic
particle phases. P(Bs in the dissolved phase equilbrate with the
atmospheric gas phase or or mixed downward., Several important
observations can be made. The major input is through precipitation
scavenging of particles and the major losses are through
volatilization and sedimentation., It is comceivable that measurement
of PCB flux to the atmosphere via volatilization may be more than
counterbalancea by atmospheric inputs on particles, Mackay and

Paterson (9) describe this phenomenon as a dynamic, steady—state but
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non-equil ibrium process whereby the input (particle scavenging) is
connected to loss (volatilization) by the equilbrium partitioning of
hydrophobic species. This model also suggests that airborne
concentrations of orgamnic contaminants over the lakes are partially or
wholly derived from in-lake processes. Compounds such as PCBs may
cycle between water and air with intermittent periods of intense

deposition followed by slower but prolomged volatilization.

4.0 Great Lakes Atmospheric Deposition (GLAD) Network

T. Murphy (DePaul University) thoroughly reviewed the present
GLAD network as to whether it fulfilled its overall mission to
quantify atmospheric inputs of nutriemts, metals and toxic organmic
contaminants to the Great Lakes, He concluded that the GLAD network
as presently constituted is not adequate to provide needed data omn
atmospheric loading rates of trace metals and toxic chemicals. This
conclusion was basea on evaluation of GLAD using criterea based on
siting, sample collection methodology and solute analysis. Figure 4
shows the locations of the 36 stations comprising the GLAD network and
15 stations on the Canadian side. Each GLAD site is equipped with
weekly—integrating, wet/dry automatic precipitation samplers. Until
recently, 28 sites had been equipped with three bulk colectors. The
bulk collectors have now been discontinued such that the 36 sites
collect integrating wet—only precipitation samples for nutrient and

trace metal analysis. There is presently no sampler dedicated to
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organic monitoring studies. Murphy applied a set of criterea
developed by EPA to sites listed in Table 7. Siting criterea relate
to obstructions nearby, distance between samplers, orientation of
samplers, nature of ground cover, use of rain gauges and distance to
nearest local contaminating sources such as roads, etc. More than 50
% of the sites are located in areas directly impacted by
urban/industrial sources; most are within 0.5 km of the shoreline and
many are located on roofs. A few sites are located on islands in the
lakes, but none collect samples on or over the lake,

D. Gatz (Illinois Water Survey) examined the chemical data
collected at GLAD sites in 1982 and compared them to data similarly
collected at regional National Atmospheric Deposition Program (NADP)
and National Trend Network (NIN) sites. The NADP sites shown in Figure
5 are located away from the lakes and localized sources, and may be
considered representative or regional deposition. GLAD sites are more
closely aligned with urban areas and lake shorelines. A comparison of
ion balances for 11 NADP sites and 36 GLAD sites for 1982
precipication show the GLAD data routinely exhibit cation deficits
(Figure 6). This behavior suggests problemns in quality assurance and
control at the analytical laboratory.

Spatial distributions portrayed using median concentration
isopleths for sulphate, nitrate, pH, ammonium and calcium showed close
agreement between NADP concentrations and NADP + GLAD concentrationms
in similar areas. The GLAD sites added spatial resolution and
coverage in urban areas. Cumulative frequency distributions for the

same ions at pairea sites in GLAD and NADP consistently showed



Figure 5. NADP/GLAD Site Map A —— NADP
(D. Gatz, lll. State Water Survey) [] —— GLAD




PERCENT FREQUENCY

COMPARISON OF 'ION BALANCES, 1982

11 NADP SITES AND 37 GLAD SITES

40

35

30

25 -

20 -
15
10
5 -
'.:“..'H‘.‘.‘:r.r............— Tt~ igm g e
—100 —-80 —-B0 —40 —20 0 20 40 60 80 100
100*%(SUM A — SUM C)/{(SUM A + SUM C)
s} NADP (448 Sa) a GLAD (367 Sa)

Figure 6. Comparison of lon Balances, 1982 in the
GLAD/NADP Networks

(D. Gatz, lll. State Water Survey)



7

QA X
1 LAKESUPERIOR < WET COLLECTOR SITES (v
0 e X :C4N4DIA/V (;//Q(,‘%/bv. 5,'{21 (/5)
e (o > []=GLAD Bul K Q//Q(;/Zw S: 72y (28)
U] > 0
e 1o
RQ | Yy A\
| e - OO =
Bewns u- CAL 10 Ne. Piot Location r 4’6‘
S %, x
- e = z ! % =4 £Pa
I hages Bemon Herber ar 1" < :
e . o . amg] [ & QZlef _
S n z = X/ AE ONTARIZ
1.:“"" g‘,’ E: G s 3 it Mma *nNa
rmien M0 z w Q caoM YPLa
S B § o
e’-jlo. Retess il ad - Qolé | Da % Ka
oW = ~ @\t
Eaconabe :_ :? . - u. " \}‘S« L’J o S‘Q,-——
e o : aris ) 1a .
e i GRS TR SR
el LA - ‘ \
g:.;ﬂupf ".g SE ‘l

Figure 4. Wet Collector Sites in U.S. GLAD and Canadian Networks.

i
BeER 8 83383 2
4



20

differences between the site populations (Figure 7) for sulphate and
calcium median concentrations. These data show that major element
concentrations and deposition generated in the NADP network adequately
describe regional inputs., GLAD sites may more properly

describle urban inputs.

D. Gatz concluded that GLAD network laboratory measurements of pH
are biased low, major ion concentrations are similar but generally
higher that NADP/NIN values, and wet deposition demonstrates the
influence of local urban loading effects. The GLAD network adds
resolution to the other metwork sites located in the Great Lakes

vicinity.

5.0 Recommendations for a Great Lakes Atmospheric Inputs and Sources
(GLAIS) Network.

5.1 General Recommendations
The most important recommendation is that the relevant U.S. and
Canadian agencies cooperate in the formation of an ”"Integrated
Atmospheric Deposition Network”, The relative importance of the
atmospheric deposition pathway compared to other input pathways is a
matter of conjecture. In the Upper Lakes, especially Lake Superior,
inputs of P(Bs, DDI, rAHs, and chlorinated dioxins and furans are
derived primarily from atmospheric depositiom (7, 11-13). In the
Lower Lakes, atmospheric inputs may dominate for some compounds but
riverine sources dominate in most cases. For example, atmospheric Pb
input to Lake Michigan is accounted for by accumulation in bottom

sediments. In coatrast, P(Bs are about equally loaded from



Table 7:A‘.L Compliance of GLAD Sites to Criteria

Key to Column Headings in Table

(from T. Murphy, DePaul University)
Rf = Are collectors on a roof ?
Rg = Does the site have a recording rain gauge?
Sp = Is the site located at a Waste Water Treatment Plant (POTW)?7
Tr = Are trees obstructing the site (angle >45° above horizon)?
Rd = Is there a frequently used road within 100m of the site?
Co = Are the collectors located too close to one another?
So = Is a local source adversly affecting the site?
Ob = Are objects obstructing the site (angle >45° above horizon)?

Siting criteria from £PA Quality Assurance Manual for
Precipitation Measurement Systems (1985).

1 = Obstructions subtend an angle less than 30° with the horizon.

2 = The distance between samplers or rain gages is >2m.

J = Routine air, ground or water traffic is more than 100m distant.

4 = There are no overhead wires that affect the collectors.

S = Open storage of agricultural products, fuels or other foreign materials
are not be within 100m of the collectors.

6 = The ground surface is grass or gravel, and is firm.

7 = wet/dry collectors are oriented parallel to the prevailing winds with
the wet bucket upwind.

8 = The rain gage is oriented parailel both to the collector and to the
prevailing wind

C1 = Station Classification

Class I: Station satisfies criteria 1-8;
Instrumentation includes: automatic precipitation collector
recording rain gauge; pH and Cond. meters; Wind speed and dir
Sensors; 502 and NO,, analyzers.

Class 1I: Station satisfies criteria 1-8;
Instrumentation includes: automatic precipitation collector
recording rain gauge; pH and Cond. meters.

Class |11: Station satisfies criteria 1-8;
Instrumentation includes: automatic precipitation collector
non-recording rain gauge; pH and Cond. meters.

Class 1V: Station does not satisfy all 8 criteria;
Instrumentation identical to Class | station.

Class V: Station does not satisfy all 8 criteria;
instrumentation identical to Class 11 station.
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Evanston
Jardine Plant
So. Water Plant
Bay City
Beaver lsland
Benton Harbor
Eagle Harbor
Empire
Escanaba

Grand Marais
Mt. Clemens
Muskegon
Ontonagon

Port Austin
Port Sanilac
Tawas Point
Duluth
Gooseberry Fls
Gull Lake
Hovland

Cape Vincent
Silver Creek
Sodus Point
Grand Island
Olcott
Rochester
Conneaut
Fairport Harbor
Lorain
Put-In-Bay
Toledo

Erie
Cornucopia
Green Bay
Man 1 towoc
Milwaukee
Hammond Bay
Rossport

Wawa

Sault Ste Marie
Sarnia

Niagara ot Lake
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atmospheric and riverine sources (12). The chlorinated hydrocarbon
burden of Lake Ontario and Lake Erie sediments can only be explained
by dominating inputs from the Niagara River and Detroit River,
respectively. Urban and industrial centers bordering the Great Lakes
may also support intense, localized atmospheric inputs to the
nearshore area ( 30 km) of unknown magnitude. Thus, atmospheric
deposition of organmic contaminants to the Great Lakes is impacted by
regional deposition of pollutants transported some distance from their
source, and localized deposition of pollutants transported short
distances from sources. To complicate the issue, regional deposition
is impacted by both regional sources and sources outside of the Great
Lakes Basin., The GLAIS network must take into account these differing
deposition patternms.

The processes controlling atmospheric inputs of specific organic
contaminants are wet depositon (scavenging of gases and particles by
rain and snow), dry particie deposition and vapor—exchange at the air—
water interface. The relative importance of each process depends on
the distribution of the chemical between the gas and particle phase
and the efficiency of removal for each phase., In general, chemical-
physical properties of the organic contaminant (e.g., H; Sol; Pv; Kow)
may be combined with mass transfer parameters (J; Uz: Vd: RH) and
atmospheric concentrations to estimate deposition using simple (rain)
or complex (particle or gas dry aeposition) models. The GLAIS network
should include the measurement of these parameters if it is to be

successful.,
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The organic contaminants which have been frequently measured in
the Great Lakes ecosystem include the P(Bs, chlorinated pesticides and
chlorinated compounds which are by-products of industrial activities
(e.g., H(B; octochlorostyrene). In addition, some measurements of
PAHs and chlorinated dioxins and furans have been reported (R.Hites,
Indiana University, personal comm.). The new GLAIS network should
monitor a suite of frequently encountered toxic chemicals as well as
search for new chemicals introduced into the enviromment, especially
via emerging technologies such as municipal waste incineration.

The new GLAIS network must incorporate a rigorous sampling
protocol and QA/QC program to ensure the validity of the data. This
protocol must descripe the development status for each contaminant to
be considered in terms of its concentration, precision, accuracy and
validity (i.e., compliance with assumptions made in analytical
methodology) . Care should be taken to provide analytical detection
limits corresponding to expected concentrations. U.S. and Canadian
efforts should be closely coordinated in terms of goals, and sampling
and analytical protocols.

As conceptualized by the workshop participants, the GLAIS network
wourd encompass about 6 to 8 sampling sites per lake for "routine”
deposition monitoring (2 to 4 in U.S. and Canada each), and 1 or 2
"master” stations per lake which incorporate research and cooperative
studies (1 in Canada; 1 in U.S.). The sites should be evenly
distributed between U.S. and Canadian territory (except for Lake
Michigan). Perhaps 4 of the 8 routine stations should be located to

assess regional inputs and the remaining 4 to assess more localized
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urban inputs, The sites should be located, where posssible, on inm
lake islands ( ©.8., Beaver Island; Isle Royale) and upwind and
downwind relative to the prevailing wind direction. Every effort
should be made to incorporate over—lake sampling and a stromg research
component to the new networx, The routine stations would be equipped
with sufficient wet samplers, air particle samplers and equipment
necessary to collect meteorological data required for modeling
atmospheric deposition.

Alternate methods of estimating total and atmospheric inputs of
organic contaminants to the lakes should be continued. These include
snow—coring, where possible, to obtain integrated winter loading
rates, obtaining dated laxe sediment and peat cores and mass balance
studies,

5.2 Specific Recommendations.
5.2.1 Sampling Sites

® Routine Monitoring Sites
* 6 to 8 por lake (divided between U.S. and Canada)
* 3 to 4 per lake in dominant urban areas
® 4 to5 in rural areas differing in land-use
* In-lake islands and onlake sites are

preferable to shoreline sites.

* Master Sites
* 1 or 2 per lake (divided between U.S. and Canada)
* Rural and urban area(s)
* Co-located with Canadian sites,

5.2.2 Measurement at Routine Monitoring Sites
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Deposition

(1) Wet-only integrating samplers

2 week sampling period

In-situ separation of particulate and idssolved
organic species

In-situ isolation of dissolved species
Collector surface area ) 0.2 m?

Samplers suitable for all-weather operation
Deposition

(2) Hi-Volume air samplers equipped with filter
and backup adsorbent operated directionally.
Sampl ing frequency of 24 hours every 3 days

(1) Low-volume cascade impactor

* Climatological/Meteorological Parameters

Continuous recording of rain intensity, temperature,

wind direction and velocity, and relative humidity.

5.2.3 Mecasurement at Master Sites

* Vet Deposition

(2) Wet—only integrating precipitating samplers
(1) Event precipitation sampler

In~situ separation of particulate and dissolved
species

In situ isolation of dissolved species
Collector surface area > 0.2 mf

All-weather operation

® Dry Deposition
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¢ (3) Hi-volume air samplers equipped with filter and
backup adsorbent

* Sampling frequency — every 24 hours

* Hi-Vols operated in concurrence with wind vectors
(directional sampling)

¢ (1) Low flow cascade impactor with backup adsorbent

s (1) Hi-Vol dedicated to TSP and OC measurement

¢ (Climatological/Meteorological Parameters
¢ Same as for routine monitoring sites
¢ Meteorological tower for measurement of atmospheric

gradients (e.g., Tsurface — Tair: etc.).

5.2.4 Chemical Measurements

* Routine
* PCBs (total; congeners)
* Chlorinated pesticides and other common QlCs.
* PAHs
* Pb, Cd

¢ Resarch Component (Master Site)
¢ Toxaphene
* Chlorinated dioxins and furans
s Hg

* Other
* TSP, OC (ISP); density and mmd of size—differentiated

particles,

5.2.5 Quality Control/Quality Assurance
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sampl ing protocols

inalytical protocols

slers at U.S. and Canadian sites
sample replication} exchange between
oratories.

inalytical detection limits,
itinuing) Deposition Methods
itudies

i winter burdens

n peat cores (atmosphere only)
{/or remote island studies
‘iation

mpling

ds of specific sources

lysis

omment

earch Compoment to Monitoring Study

tmospheric inputs of organic contaminants
at the air-water interface may result in
rganic gases or volatilization of organic
. Research needs are:

nstants (h) for organic contaminants
pendence of H

hodology to distinguish vapor and

ecies in the atmosphere, and dissolved
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and non-dissolved species in the water
Development/implementation of time-dependent model
describing air-water interactionms
Methodology to estimate enviromnment-dependent mass
transfer coefficients
Detailed study to establish importance of urbam vs. mnonb-
point, intensive, localized deposition
Development/implementation of of dry particle deposition
models
Deveiopment/implementation of field measurements over lake
and at the master site describing dry particle deposition
models.
Identification of non-routine chemical substances in
atmospheric deposition offering potentially adverse
impacts on ecosystem health.
Implementation of research to "calibrate” dry particle
deposition to artificial surfaces,
Conduct research to quantify the relative importance
of atmospheric versus riverine contaminant inputs.
A major field experiment should be conducted in the summer
and winter of 1988 to integrate atmospheric data generated
at the rural and urban master sites with those generated
concurrently from an intensive over—lake study involving a
meteorological tower and surface ship. The objectives of
the mul ti—investigator study are to quantify the absolute

atmospheric inputs, the relative importance of the various
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input processes, recomcile sources,and to verify

atmospheric deposition models. Two potential locations

are southern Lake Michigan near Chicago and western

Ontario near Toroato.
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