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Abstract

Staci L. Simonich

Ambient high-volume (hi-vol) air samples were collected between March 15th and May

30th
2002, at Cheeka Peak Observatory (CPO), located on the tip of the Olympic

Peninsula, Washington State. This sampling campaign was in conjunction with the 2002

Inter-Continental Transport and Chemical Transformation (ITCT 2K2) Campaign and the

Photochemical Ozone Budget of the Eastern North Pacific Atmosphere (PHOEBA2)

experiment, both of which studied the effect of Trans-Pacific transport on the U.S. West

Coast. The anthropogenic semi-volatile organic compounds (SOCs) measured during this

time period included polycyclic aromatic hydrocarbons (PAHs) and various U.S. current-

use and historical-use pesticides. The total PAH concentration ranged from 0.480-4.49

ng/m3, which is comparable to other remote sites throughout the globe. Ten pesticides

(hexachlorobenzene, dacthal, chlorothalonil, heptachlor, trans-nonachior, cis-nonachior,

endosulfan I, triallate, trifluralin, and mirex) were also measured and their concentrations

(0.104-57.0 pg/rn3) were comparable to other remote sites and less than agricultural areas.

Gas-phase/particle-phase partitioning of SOCs was explored, with a significant

correlation with temperature found for endosulfan I and retene. A possible relationship at

CPO of low total suspended particulate (TSP) concentration with the concentration of
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non-exchangeable SOCs in the particle phase was found. Principal Component Analysis,

as well as a t-test, showed there were elevated concentrations and a unique pattern of

anthropogenic SOCs measured during possible Trans-Pacific events on March 15th16th

March 27th28th and April 22nd23rd
2002. These Trans-Pacific events were identified

using the GEOS-CHEM model and 10-day back air trajectories. The potential sources of

these compounds at CPO were determined using diagnostic ratios of their concentrations,

back trajectories calculated using HYSPLIT4, local meteorological conditions, and U.S.

pesticide use data.
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1. Introduction

1.1. Semi-volatile organic compounds

In recent years, the study of the long-range atmospheric transport of semi-volatile

organic compounds (SOCs) has become a major area of research in environmental

chemistry. SOCs are organic compounds that have a vapor pressure range of 102 to 10b0

ton [Mackay, 1997]. This range is less than gaseous inorganic compounds, such as ozone

or CO, and more than solid inorganic compounds, such as sand. A typical SOC is atrazine

(1), which has a vapor pressure of4x105 torn Its water solubility is 30 mg!L and Henry's

Law constant is 3x104 Pa m3/mol [Mackay, 1997], meaning that it tends to be found in

water rather than air. Other SOCs include phenanthrene (2), fluorene (3), fluoranthene

(4), and pyrene (5), with a water solubility range of 0.1 2 mg!L and a Henry's Law

3
2 5

constant range of 2 5 Pa m3/mol [Mackay, 1997]. These compounds tend to be found in

the air rather than water.

There are various sources of SOCs. Atrazine (1) is a pesticide, used on corn and

soybean crops. After application, atrazine can volatilize and be measured in the air above

the fields on which it was applied [Zhu, 1998]. Atrazine can also enter a river via surface
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runoff to the extent that it exceeded its maximum contaminant level (MCL) of3 tg/L for

100 days after application in one study [Shiitalo, 2003].

Compounds similar to phenanthrene (2), fluorene (3), fluoranthene (4), and pyrene (5)

are called polycyclic aromatic hydrocarbons (PAHs) and have a different source than

pesticides. PAHs are a result of the incomplete combustion of carbon-containing

compounds, such as diesel fuel [Rogge, 1993] and biomass [Oahn, 1999; Jenkins, 1996].

They can be found in high concentrations in air near urban / industrial areas [Harrad,

2003; Fang, 2004; Ohura, 2004] and in lower concentrations in air in rural / remote areas

[Halsall, 1997; Fernández, 2002; McVeety, 1998].

SOCs, after emission into the environment, are known to partition between the gas-

phase and particles in the atmosphere. This partitioning influences the atmospheric

lifetimes of SOCs and their potential to undergo atmospheric long-range transport

[Behymer, 1985]. Yamasaki [1982] showed the relationship between gas-phase/particle-

phase partitioning and temperature to be the following:

TSP*G AlogK =log -----+B (1)
P T

where TSP represents the total suspended particulate (in tg/m3), G and P the

concentration of a particulate SOC in the gas and particle-phase, respectively, A and B

the regression constants for each SOC, and T the temperature in K. The potential for

SOCs to partition onto particular matter is important because serious health effects may

result from the inhalation of particles with a diameter less than 10 pm [Taylor, 2002].

The ultimate fate of SOCs in the atmosphere can be influenced by at least two

mechanisms. SOCs can decompose due to reaction with OH, which is produced from the

photochemical destruction of ozone and water in the atmosphere [Brimblecombe, 1996].
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PAHs are susceptible to indirect photolysis with 0H, which is why PAHs tend to have an

atmospheric half-life of less than a day [Mackey, 1997; Schwarzenbach, 2003]. The other

mechanism is wet or dry deposition, in which SOCs reach the ground via adsorbing to

dust or dissolving in rain [Aston, 1997].

1.2 Long-range atmospheric transport

It is possible to measure SOCs far from their sources, because of long-range

atmospheric transport. Long-range atmospheric transport is the movement of an Soc

from its point of entry into the environment to remote locations. This process requires

that the soc has a relatively-long atmospheric half-life (t112 > 2 days [Webster, 1998]). It

is possible for an soc to undergo atmospheric long-range transport on particles and have

a short gas-phase atmospheric half-life, because Behymer [1985] showed PAHs had a

photolysis t112 greater than 42 days when sorbed onto carbon black and 1.5 days when

sorbed to fly ash.

There are many examples of organic compounds that undergo atmospheric transport.

PAHs, including phenanthrene (2), fluorene (3), fluoranthene (4), and pyrene (5), were

measured in the atmospheric gas-phase and particle-phase within a road tunnel in

Stockholm, Sweden [Kristensson, 2004]. PAHs also have been measured in high

concentrations in urban areas in Japan (309 ng/m3), the UK (72 ng/m3), and Taiwan (610

ng/m3) [Harrad, 2003; Fang, 2004; Ohura, 2004]. One study found high concentrations

of PAHs as a result of the destruction of the World Trade center (2207 ng!m3) [Swartz,

2003]. Another study was able to link an increase in the background concentration of

PARs and polybrominated diphenyl ethers (PBDEs) in the UK during Bonfire Festival

[Farrar, 2004].



PAHs have also been measured in remote areas, although in lower concentrations than

in urban areas. In the Arctic, PAHs were measured in the concentration range of 0.190-

0.470 ng/m3, with the higher concentrations occurring during the arctic haze period of

October April [Halsall, 1997]. In the Pyrenees of Spain, PAHs were measured in the

concentration range of 1.3 2.6 ng/m3, with the higher concentrations in the winter as

with the Arctic [Fernández, 2002]. Finally, in Isle Royale National Park PAHs were

measured at the concentration of 2.9 ng/m3 in the winter [McVeety, 1998]. The fact that

PAHs were found at each of these remote sites implies that long-range transport occurred,

because there was no known source of PAHs in the immediate vicinity of the sampling

site. This is especially true of Isle Royale National Park, which is on an island in Lake

Superior, 55 km from the nearest populated area and 28 km from shore [McVeety, 1998].

There exist several studies that have explored pesticides' transport in air as a result of

its use in agriculture. Glotfelty [1989] found that a series of pesticides (atrazine (1),

simazine (6), and alachior (7)), 21 days after application, decreased in concentration in

NN
C2H5HN 6 NHC2H5

Et

c-
/CH2OCH3

N CH2C1

Et

the soil by 1 25 %. The loss of the pesticides was caused by a combination of

volatilization and wind erosion of the soil. Organophosphate (OP) pesticides, including

chiorpyrifos (8), were measured in the Sierra Nevadas in the concentration range of 0.004

13 ng/m3. The authors linked the OPs to their seasonal usage in the Central Valley in

California [Zabik, 1993] and found the concentrations of OPs increased as the distance to
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the Central Valley decreased [Aston, 1997].

A further study by Waite [2001] measured lindane (y-HCH) (9) 1 m above and 2 km

downwind from a field during the Canadian growing seasons of 1997 and 1998. At 1 m, a

concentration range of 7.4 16.1 ng/m3 was measured, while 2 km away a concentration

range of 2.7 2.9 ng/m3 was measured. This implies long-range transport, as the

concentration of lindane must have traveled through the air to be detected 2 km away.

Other studies have found lindane far from source regions in the air of the Canadian Arctic

[Bailey, 2000] and the air (0.002 0.044 nglm3) and water (13 600 ngIL) in the Pacific

Ocean [Kurtz, 1990].

Wallace [1996] studyed the diurnal variability in the concentration of endosulfan I (10)

in the air of Bloomington, Indiana, near an agricultural area. Endosulfan I was

10
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measured within a concentration range of 0.012 0.041 ng/m3, with the highest

concentrations measured during the hottest part of the day. The same research group

found chiorothalonji (11) and dacthal (12) in the air around the Great Lakes [James,

1999]. Two of these compounds (endosulfan I and chiorothalonil), along with others
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discussed previously (atrazine (1), simazine (6), alachior (7), and chiorpyrifos (8)) were

measured in the Bering Sea in multiple matrices, including air, ice, fog and seawater

[Chernyak, 1996]. From this result, we can deduce that long-range atmospheric transport

is possible for the pesticides discussed above.

A method used to trace SOCs to their source is back trajectories. Back trajectories are

calculated using meteorological data and models to find where and at what elevation an

air mass was 5 to 10 days prior to a given starting time. Jaffe [1999] used back

trajectories to show that increases in the concentration of CO and nonmethane

hydrocarbons (NMHCs) occurred when a back trajectory passed over East Asia. Despite

this result, there are significant uncertainties, especially in regions of sparse

meteorological data and frontal activity, such as the Northeast Pacific. One back

trajectory program, NOAA's HYSPLIT4, has a spatial resolution of 100 km [NOAA

HYSPLIT4, ww.arl.noaa.gov/ready/hysplit4.html].

1.3. Trans-Pacific atmospheric transport

Measurements of pesticides in the Bering Sea indicate the occurrence of long-range

atmospheric transport. It is possible for dust and compounds to travel intercontenentially,

to be deposited within the borders of another country. It has been shown that dust from

the Sahara Desert can be measured in North America [Taylor, 2002] and Scandinavia

[Franzén, 1994]. In the latter case, PAHs were measured in the dust at the concentration

of 2.6 tg/m3, along with lindane (11) at 5.7 ng/m3.
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Of particular interest to North America is Trans-Pacific atmospheric transport. This is

defined as the movement of contaminants from sources in Pacific Rim countries, across

the Pacific Ocean via prevailing westerly winds, to North America. The contaminants

include aerosols, gaseous species, and toxic chemicals [ Wilkening, 2001]. CO has been

measured at Guam, Midway, and Mauna Loa and spikes in the concentration of CO

during the late summer were traced to East and Southeast Asia [Jaffe, 1997]. In the San

Francisco Bay area, the background concentration ofmercury in rainwater was theorized

to be influenced by Chinese coal combustion [Steding, 2002]. This result came from the

author's study of back trajectories, which showed an increase in the concentration of

mercury when the trajectories passed through the middle latitudes (suggesting Asia as a

source).

There also seems to be an episodic trend in the occurrences of Trans-Pacific transport.

Historical records in Korea showed a frequency of dust events in the spring months

[Chun, 2001]. Tn recent years, dust events have been documented in the Pacific

Northwest of the U.S. and British Columbia. In late April 1998, satellite images showed

two dust clouds originating in the Gobi Desert crossing the Pacific Ocean and making

landfall in North America [Husar, 2001]. Corresponding to this event was an increase in

the amount of mineral dust and sulfur in the air across North America [Husar, 2001;

McKendry, 2001].

In conjunction with dust sampling, ozone, CO, peroxyacetyl nitrate (PAN), and volatile

organic compounds (VOCs), some of which are anthropogenic, were measured in

northwestern Washington State. Both land-based and aircraft data was collected during

the spring of a several year period. During March April 1998, CO, PAN, and various



NMHCs were measured at significantly elevated concentrations when air mass back

trajectories were shown to have passed over Asia [Jaffe, 1999]. In addition, it was found

that contaminants can travel across the Pacific in as little as five days [Jaffe, 1999]. A

year later, the same compounds were measured during a Trans-Pacific event at

significantly elevated concentrations, with the inclusion of ozone [Kotchenruther, 2001].

In 2001, the GEOS-CHEM global three-dimensional model, which predicts the

occurrence of Trans-Pacific transport of CO and ozone, was used to plan a schedule of

focused air samples. It was found that direct transport from Asia results in 4 6 ppbv of

ozone and 40 50 ppbv of CO in the NE Pacific troposphere [Jaegle, 2003]. In general,

there has been an increase in ozone in the NE Pacific over a 15 year period, which

corresponds to an increase in global nitrogen oxide emissions, especially from East Asia

[Jaffe, 2003b].

Relatively-little is known about Trans-Pacific atmospheric transport of SOCs. Bailey

[2000] measured a series of organochiorine SOCs, including lindane (9), at three sites in

the Canadian Arctic. The authors studied 5-day back trajectories and showed that lindane

concentrations correlated with the time an air mass spent over eastern Asia, prior to

arrival in the Canadian Arctic. Kurtz and Atlas [Kurtz, 1990] measured lindane in the

water and air in remote areas throughout the Pacific Ocean, including in the vicinity of

Northwestern U.S. Their result implies Trans-Pacific atmospheric transport, because

there were no known sources for lindane at the locations used by the authors.

The research presented in the following chapter links particular long-range transport

events, specifically the Trans-Pacific transport of dust and other contaminants, with

changes in the relative profiles and concentrations of SOCs measured on the Olympic



Peninsula of Washington State. High-volume air samples were collected at Cheeka Peak

Observatory and the SOCs, including PAHs and pesticides, were measured. The data was

interpreted using back trajectories, diagnostic ratios, and Principal Component Analysis

(PCA). These results were compared to the GEOS-CHEM model, which demonstrated a

link between Trans-Pacific pollution events and the SOCs measured at CPU.
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2. Trans-Pacific and regional atmospheric transport of anthropogenic semi-volatile

organic compounds to Cheeka Peak Observatory during the spring of 2002.

Robert K. Kuhn', Staci L. Simonich1'2, Daniel A. Jaffe3, Cindy L. DeForest"4, Glenn R.

Wilson2

'Department of Chemistry, Oregon State University

2Department of Environmental and Molecular Toxicology, Oregon State University

Interdisciplinary Arts and Sciences, University of Washington-Bothell

Now at Department of Chemistry, Davidson College, Davidson, NC.

Reproduced with permission from Journal of Geophysical Research-Atmospheres,

accepted for publication. Unpublished work copyright 2004 American Geophysical

Union
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2.1 Introduction

Anthropogenic semi-volatile organic compounds (SOCs) have been shown to undergo

atmospheric long-range transport. Some SOC pesticides undergo atmospheric long-range

transport after use and can be deposited in pristine locations throughout the globe

[Simonich, 1995], including the Arctic [Bailey, 2000], Sierra Nevada Mountains in

California [Zabik, 1993], and Isle Royale National Park in Lake Superior [Thurman,

2000]. The pesticides measured in the Sierra Nevadas were applied in California's

Central Valley and transported via dominant wind patterns to the sampling site [Aston,

1997], while it has been shown that both North America and East Asia are the sources of

the SOC pesticide measured in the Arctic [Bailey, 2000]. Polycyclic aromatic

hydrocarbons (PAHs), which are also SOCs, have been measured in air samples collected

at remote locations including Isle Royale [Mc Veety, 1988], the Mediterranean Sea

[Tsapakis, 2003], and the high mountains of Europe [Fernández, 2002]. PAHs have also

been found as a result of a dust event that originated from the Sahara Desert [Franzén,

1994]. The SOCs polychlorinated biphenyls (PCB5) have also been measured in remote

locations, such as the Mediterranean Sea [Mandalakis, 2002], due to atmospheric long-

range transport.

It is likely that anthropogenic SOCs undergo Trans-Pacific atmospheric transport to the

U.S. West Coast like other, more volatile, compounds. Dust events from the Gobi Desert

have been shown to coincide with enhancements of the concentrations of CO, ozone,

non-methane hydrocarbons (NMHC), and peroxyacetyl nitrate (PAN) in the U.S. West

Coast [Jaffe, 2003a]. Marine mixing values of CO, ethane, and ethyne have also been

affected by industrial pollution and biomass burning in Siberia [Jaffe, 1999; Jaffe, 2001].
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In addition, anthropogenic SOCs are known to partition between the gas-phase and

particles in the atmosphere. This partitioning influences the atmospheric lifetimes of

SOCs and their potential to undergo atmospheric long-range transport [Behymer, 1985].

Yamasaki [1982] showed the relationship between gas-phase/particle-phase partitioning

and temperature to be the following:

TSP*G AlogK =log ----+B (1)
P T

where TSP represents the total suspended particulate (in j.xg!m3), G and P the

concentration of a particular SOC in the gas and particle-phase, respectively, A and B the

regression constants for each SOC, and T the temperature in K. The potential for SOCs to

partition onto particular matter is important because serious health effects may result

from the inhalation of particles with a diameter less than 10 pm [Taylor, 2002].

During the spring of 2002, as part of the 2002 Inter Continental Transport and

Chemical Transformation (ITCT 2K2) campaign and the Photochemical Ozone Budget of

the Eastern North Pacific Atmosphere (PHOBEA2) experiment [Bertschi, 2003; Liang,

2003; Parrish, 2003; Weiss-Penzias, 2003], high-volume (hi-vol) air samples were

collected at Cheeka Peak Observatory (CPO) in Washington State and analyzed for a

wide range of anthropogenic SOCs, including PAHs and pesticides. These were some of

the first measurements of these anthropogenic SOCs at a remote site in the Pacific

Northwest of the U.S. Isentropic back trajectories were calculated to identify and classify

the geographical areas the air masses had passed over prior to being sampled and local

meteorological data was used to determine local conditions during the sampling period.

Principal Component Analysis (PCA) was used to see changes in the concentrations of

the SOCs during the sampling dates and to link the trajectory categories to the SOCs
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measured. Potential sources of PAHs and pesticides were investigated, the fonner by

comparing the measured ratios of individual PAHs in the air samples to the ratios

produced from the combustion of biomass, gasoline, and diesel [Rogge, 1993; Simoneit,

1993; Jenkins, 1996; Oanh, 1999; Harley, 1999; Yunker, 2002], and the latter by

comparing the pesticides measured in the air sampled to pesticide use-patterns in the U.S.

[USGS Pesticide National Synthesis Project, ca.water.usgs.gov/pnsp/use92/]. Although

not the main focus of the study, the gas-phase/particle-phase partitioning of the SOCs

measured was investigated.

2.2 Methodology

2.2.1 Sampling

24- and 48-hour air samples were collected during the period of March 15th 2002, to

May 30th 2002, at CPO in Washington State (48.3°N, 124.6°W; 480 m above sea level).

CPO is located near the Pacific Ocean on the northwest tip of the Olympic Peninsula

(Figure 1). Using a modified hi-vol air sampler (Tisch Environmental, Cleves, OH) with

an average throughput of 14 m3 of air per hour, a total of 16 samples and 2 field blanks

were obtained during this time period (see Table 1). Each sample consisted of 2 glass

fiber filters (GFF) in series to collect particle-phase compounds and 2 polyurethane foam

(PUF) plugs in series to collect gas-phase compounds. The second GFF was used to

assess adsorption of gas-phase compounds to the first GFF and the second PUF was used

to assess the potential for gas-phase analyte breakthrough. The PUF plugs were

precleaned using an Accelerated Solvent Extraction (ASE) 300 solvent extractor (Dionex

Corp., Sunnyvale, CA) with 3 extraction steps using acetone, ethyl acetate, and

dichloromethane (100°C, 1500 psi for 10 minutes). The GFFs were wrapped in aluminum
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foil and baked in an oven at 3 50°C for 12 hours. Before and after use, the PUFs and

GFFs were stored at -20°C.

TSP was measured via 24-hour (12am 12am PST) integrated particulate samples

collected onto Teflon filters with a Rupprecht and Patashnick (Albany, NY) Dichotomous

Partisol-Plus Sequential Sampler (Model 2025). This sampler collected continuous fine

fraction (< 2.5 tim) and course fraction (2.5 10 tm) aerosols from a common air stream

using a virtual impactor. Filters were weighed pre- and post-sampling using a Mettler

UMT2 balance under controlled temperature and RH conditions using standard EPA

protocols as described in 4OCFR Part 50 Appendix L Section 8. This is similar to the

procedure done by other researchers [Cotham, 1995; Simcik, 1998; Naumova, 2003].

Observations of CO, ozone, NON, aerosols, TSP, and meteorology were carried out by

Dan Jaffe' s research group at the University of Washington-Bothell. Sample preparation,

extraction, instrumental analysis, quality control, and data analysis were carried out by

members of Staci Simonich's research group at Oregon State University.

2.2.2. Extraction and Analysis of Samples

Following sample collection and prior to extraction, the following stable isotope-

labeled surrogates were spiked onto each pair of PUF plugs and GFFs at the appropriate

concentration: d10-fluorene, djo-phenanthrene, djo-pyrene, d12-triphenylene, d12-

benzo[a]pyrene, dj2-benzo[ghi]perylene, d14-EPTC, d10-phorate, d5-atrazine, d10-diazinon,

d7-malathion, dio-parathion, d8-p,p '-DDE, d8-p,p '-DDT, d6-methylparathion, d13-

alachlor, djj-acetochlor, d14-trifluralin, '3C6-hexachlorobenzene, d6-y-

hexachlorocyclohexane, d4-endosulfan I, d4-endosulfan II, 13C12-PCB 101, and '3C12-PCB

180; and were used to calculate the concentration of anthropogenic SOCs measured in
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samples. Each pair of PUF plugs and GFFs was ASE-extracted once with

dichioromethane and once with ethyl acetate using the ASE conditions described above.

The extracts were dried with Na2SO4 and concentrated under nitrogen to 100 L. d10-

acenaphthene, djo-fluoranthene, d12-benzo[k}fluoranthene, d6-PCB 77, and d6-a

hexachiorocyclohexane were added as internal standards prior to analysis to calculate the

recovery of the labeled surrogates, which was in the range of 80-105%. The extracts were

analyzed by electron impact (El) and electron capture negative ionization (ECNI) gas

chromatography/mass spectrometry (GC/MS) using both selected ion monitoring (SIM)

and full scan modes, of which SIM mode was used for quantitation. The GC/MS system

consisted of an Aglient 6890 GC with a DB-5MS column (J&W Scientific, 30m x 0.25

mm i.d.; 0.25 tm film thickness) interfaced with an Aglient 5973N MSD. The GC oven

temperature began at 60°C and was held for 2 mm, followed by an increase of 6°C/mm to

300°C, which was held for 3 mm for a total runtime of 45 mm.

The instrument limit of quantitation was apptoximately 100 pg/pt (El) and 1 pg/pt

(ECNI). The method detection limit was 1.67 pg/rn3 (El) and 16.7 fg/m3 (ECNI). The

concentration range of the field blanks were 25 120 pg/rn3 for PAHs, with

phenanthrene found at the highest concentration (16.7-79.7 pg/rn3). Of the pesticides,

only trifluralin (13) (0.56 pg/rn3), hexachlorobenzene (14) (3.27 pg/rn3), chlorothalonil

02N NO2

13
CF3

CI
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(11) (0.73 pg/rn3), and endosulfan 1(10) (0.76 pg/rn3) were detected in the field blanks.

By comparing these field blank concentrations to the Soc concentration reported in

Table 3, a measured/field blank SOC concentration ratio in the range of 4.3-18 can be

calculated.

2.2.3. Back Trajectories

Isentropic back trajectories were calculated using NOAA' s Air Resources Laboratory's

(ARL) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4) model 1997

(http://www.arl.noaa.gov/ ready/hysplit4.html) with the National Center for

Environmental Prediction's (NCEP) "final model run" (FNL) meteorological data set.

Ten-day back trajectories were calculated at a starting altitude of 500 m (the approximate

elevation of CPO) every 6 hours during the sampling period (0:00 PDT to 0:00 PDT) and

the resulting data was uploaded into ArcMap (ESRI, Redlands, CA).

While trajectories give a general indication of air mass transit, there are significant

uncertainties, especially in regions of sparse meteorological data and frontal activity,

such as the Northeast Pacific. Stohl [1998] provides a good discussion of trajectory

uncertainty and errors and Jaffe [2001] discusses the application of back-trajectories to

interpret observations at CPO. The interpretation by Jaffe [2001] indicates that using

trajectories to interpret relatively small datasets is not always successful.

2.2.4. Principal Component Analysis

PCA of the data was done using the SAS System for Windows V8 (SAS Institute Inc.,

Cary, NC). The SOCs were divided into two different analyses: PAHs and pesticides.

Each individual SOC was normalized to the total concentration of the SOCs in that group

to allow for direct comparison between sampling dates. The PAHs and pesticides were
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analyzed by PCA separately to determine if they were influenced differently during the

sampling campaign due to having different sources (combustion vs. agriculture).

2.3. Results and Discussion

2.3.1. Back Trajectories and Meteorological Data

During the sampling periods, the back trajectories tended to fall into three categories

that are classified in Table 1. Exemplified by the sample of March 27, 2002, the first

category (Type 1) corresponds to long-range transport from East Asia. This entails a

direct path from Asia to CPO without passing over any land mass in transit and can

include trajectories that pass over Europe and the Atlantic Ocean. Only one of the

samples of the 16 collected during the campaign corresponds to this category and it is

shown in Figure 2 (A and B). The second category (Type 2) is long-range transport with

possible local influences. This is a long-range transport event from East Asia and/or

Siberia, however before reaching the sampling site at CPO, the local weather conditions

cause the air mass to pass over the major population areas nearby (including Seattle,

Washington; Victoria and Vancouver, British Columbia). Eleven out of 16 samples,

including the April 22, 2002 sample and the March 2002 sample, have this type of

trajectory, which is shown in Figure 2 (C and D, E and F). The third category (Type 3)

involves trajectories that were from the Canadian Arctic. Four out of 16 samples falling

in this category, including the May 9, 2002 sample, generally pass over the Arctic andlor

Canada, veer south, and pass over Vancouver Island before arriving at CPO. Figure 2 (G

and H) shows this type of trajectory. It is important to note that, within these categories,

there were variances within the 24 or 48 hour sampling period and that the model has a

surface resolution of 100 km (NOAA HYSPLIT4, ww.arl.noaa.gov/ready/hysplit4.html).
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Table 1. Dates and times air samples were collected and HYSPLIT4 results showing the geographical
regions the 10-day back trajectories nassed over five and ten days nnor to arriving at CPOa

Start Sampling time (hr) 5 days back 10 days back Type of trajectoly
3/15/02 48" VI, AK Russia, Arctic 2
3/27/02 24c PAO East Asia, Europe 1

4/3/02 VI, BC, AK PAO, CANAR 3
4/9/02 48b WA, VI, PAO Russia, East Asia 2
4/17/02 48" VI, WA, PAO Russia, PAO 2
4/20/02 24" VI, AK Russia 2
4/22/02 48" VI, AK PAO, Russia, East Asia 2
4/25/02 48" VI, WA, AK Russia, PAO 2
4/29/02 48" VI, BC, AK Russia (arctic), PAO 2
5/3/02 48" VI, AK PAO, Russia 2
5/6/02 48" VI, BC CANAR 3
5/9/02 48" VI, BC CANAR 3

5/12/02 24'-' VI, WA, BC PAO, CANAR 3
5/21/02 48" VI, WA, BC PAO 2
5/25/02 48b

VI, WA, BC PAO (local) 2
5/30/02 48b

VI, PAO PAO, East Asia 2
a

Abbreviations: VI: Vancouver Island; AK: Alaska; PAO: Pacific Ocean; BC: British Columbia; CANAR: Canadian
Arctic; WA: Washington State
"Sample began at 12 am PST

Sample becan at 12 urn PST

An additional note is that, with the exception of March 27, 2002, all of the trajectories

pass over Vancouver Island and the Strait of Juan de Fuca, a major shipping lane for the

Puget Sound, before arriving at CPO (see Table 1). Ship emissions are potentially

significant, because studies have shown that ships passing CPO increase the

concentration of NO and aerosols measured at the site [Jaffe, 2001]. Also, the ships use

diesel for fuel, the combustion of which results in the emission of PAHs [Cooper, 2003].

By comparing the calculated trajectories with the median wind directions at CPO (given

in Table 2) it is clear that, in the vast majority of cases, the wind at CPO comes from

either the Pacific Ocean or from the Strait of Juan de Fuca and could potentially transport

ship emissions to the site.

The weather conditions at CPO, averaged over the same time periods as the samples

and HYSPLIT4 trajectories, are given in Table 2 along with the trajectory-type

classification. Mean temperatures ranged from just below freezing (-0.79 °C) on March

15 to 13.1 °C on May 12. Within each sampling period, the range of temperatures was 2-
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10 °C. The wind conditions ranged between 1.5 and 5.4 rn/s. The direction that the wind

came from was significant in that there were two general directions represented: from the

populated areas east of CPO (i.e. Seattle, Victoria, and Vancouver) via the Strait of Juan

de Fuca and from the Pacific Ocean, the latter being the most frequently seen event (12

out of 16 samples). This agrees with the HYSPLIT4 results discussed above and shown

in Table 1.

2.3.2. PAHs

A wide variety of anthropogenic SOCs were measured at CPO. Table 3 shows the field

blank corrected, total concentration (sum of gas-phase and particle-phase) of the sum of

the PAHs (PAH) and pesticides measured during this campaign. The PAHs had the

highest concentration (0.480 - 4.49 ng/m3 total PAH) and included compounds found in

gasoline, diesel, and biomass emissions [Simoneit, 1993; Rogge, 1993; Yunker, 2002].

The concentration range of total PAHs from CPO is above the 0.190-0.470 ng/m3 range

measured in the Arctic [Halsall, 1997], is within the 1.30-2.60 ng/m3 range measured at

Estany Redo, a remote high elevation site in the Catalan Pyrenees [Fernández, 2002], and

is less than the 20.0-83.2 ng/m3 range measured in the Mediterranean Sea [Tsapakis,

2003].

In order to examine differences in the relative profile of PAHs, the concentration of

individual PAHs measured in a sample at CPO was normalized to the phenanthrene

concentration in that sample. These values were averaged, because there was no

correlation between wind direction and normalization ratio, and compared to PAH data

normalized in the same way from other locations in other studies. A Student's t-test was
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used to compare the relative PAH profile measured at CPO to other urban, remote, and

marine sites. For most individual PAHs, the average normalized PAH values from CPO

Table 2. Meteorological and TSP data collected at CPO
during the samnline neriods

Date Ta W.S.b W.D.c TSP" Typee

3/15/02 -0.79±1.0 2.3± 1.3 74± 91 2

3/27/02 3.1±0.6 4.0± 1.1 268±15 6.3 1

4/3/02 9.0±2.9 3.3± 1.9 84± 70 4.5 3

4/9/02 6.5± 1.0 5.4±2.0 195±47 3.0 2

4/17/02 5.0±2.4 2.8±1.3 255±29 2

4/20/02 5.1 ± 2.0 2.0 ± 1.2 249 ± 36 29 2

4/22/02 4.3±1.9 4.2±2.3 270±43 15 2

4/25/02 4.3± 1.2 1.5± 1.1 86±91 11 2

4/29/02 9.6± 3.3 3.1 ± 1.6 231 ± 86 20 2

5/3/02 3.6±1.5 3.4±0.5 263±19 3.3 2

5/6/02 3.9 ± 3.2 2.7 ± 0.6 265 ± 15 12 3

5/9/02 6.3±3.1 2.8±0.7 271±47 ii1 3

5/12/02 13 ± 5.4 4.9 ± 2.7 87 ± 78 7.8 3

5/21/02 8.5± 1,9 2.4± 0.6 267± 9 6.6 2

5/25/02 9.8± 1.0 2.3± 1.0 160±56 4.5 2

5/30/02 8.7± 1.4 2.0± 0.8 259±28 11 2
a mean values and standard deviations of temperature in °C
b mean values and standard deviations of wind speed in mis

median values and standard deviations of wind direction in degrees
from north

dunits of tg/m3

Trajectory type (Table 1)
no measured TSP on this date, average TSP value used
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Table 3. PAH and pesticides measured in CPO air samples (field blank corrected)a
Date TPAHb REV' HCBd THALC HEPT DAC5 END 1h TRANS CIS TRIFk MIR' Typetm

3/15/02 1.34 0.089 43.1 N.D. N.D. N.D. 1.43 0.337 0.27 16.2 N.D. 2
3/27/02 1.08 0.141 47.8 52.0 ND. 0.0350 2.98 0.466 0.484 1.55 8.19 1

4/3/02 0.662 0.084 40.9 32.7 N.D. 1.13 12.1 0.545 0.541 3.27 N.D. 3
4/9/02 0.796 0.074 40.9 ND. 3.82 0.187 3.50 0.641 0.149 ND. ND. 2
4/17/02 0.943 0.074 42.4 3.71 3.16 N.D. 0.555 0.522 0.190 ND. ND. 2
4/20/02 0.715 0.064 46.3 1.64 6.80 0.003 0.902 0.610 0.299 N.D. N.D. 2
4/22/02a 4.49 0.299 57.0 51.9 10.0 5.88 29.7 5.12 5.24 0.104 30.1 2
4/25/02 1.24 0.076 42.6 1.67 3.50 0.122 1.53 0.370 0.117 ND. N.D. 2
4/29/02 1.28 0.101 39.4 5.13 6.08 0.35 3.94 0.728 0.229 N.D. ND. 2
5/3/02 0.525 0.039 45.0 6.76 4.88 2.08 1.12 0.700 0.296 N.D. N.D. 2
5/6/02 0.480 0.035 40.3 1.12 4.05 0.012 1.01 0.45 0.162 N.D. N.D. 3
5/9/02 0.975 0.088 41.4 27.1 5.92 0.12 1.82 0.633 0.180 ND. N.D. 3

5/12/02 1.90 0.149 45.4 N.D. 8.10 3.10 1.79 0.271 ND. N.D. N.D. 3
5/21/02 0.793 0.044 41.7 N.D. 6.06 1.47 7.27 0.753 0.120 N.D. N.D. 2
5/25/02 0.865 0.077 35.5 ND. 4.32 0.96 9.06 0.892 0.152 ND. ND. 2
5/30/02 0.833 0.081 36.0 N.D. 6.17 0.417 6.73 1.08 0.196 ND. ND. 2
a ND. = not detected
b in ng/rn3

retene in nglrn3
d
hexachlorobenzene in g/rn3

chiorothalonil in pIm
heptachior in pg/rn
dacthal in pg/rn3

h
endosulfan I in pglm3

trans-nonachlor in pg/rn3

cis-nonachior in pg/rn3
k trifluralin in p/rn3

mirex in pg/rn
Trajectory type (Table 1)
This sample includes the only measurement of triallate (3.92 pg/rn3), endosulfan sulfate (4.25 pg/rn3), and endosulfan 11(5.16

were not statistically different from urbanized, remote, and marine locations' values

measured in other studies (see appendix for concentrations of individual PAH5).

However, the normalized value for anthracene (15) (mean value of0.13 + 0.032 at CPO)

was not statistically different to the data collected from urban and marine areas (0.09-

0.12 ± 0.044) and was statistically different when compared to the values measured from

remote non-marine areas (0.016-0.046, p < 0.05) (Figure 3). The atmospheric half life of

anthracene (0.58-1.7 hours) [Atkinson, 1987a] is less than phenanthrene (2) (2.01-20.1

hours) [Southworth, 1979], which results in decreased anthracene/phenanthrene ratios
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Figure 3. Comparison of mean anthracene/phenanthrene ratios from urban
(Bloomington, IN, and Birmingham, UK), marine (CPO and astern Mediterranean Sea)
and remote nonmarine sites (Alert, Tagish, and Dunai in the Canadian Arctic, Isle Royale
NP) with standard deviation error bars where available. [Simonich, 1994; Harrad, 2001;
Tsapakis, 2003; Halsall, 1997; McVeety, 1988]
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farther from combustion sources [Halsall, 1997; McVeety, 1988]. Our relatively high

anthracene/phenanthrene ratios indicate that some of the combustion sources of

anthracene and phenanthrene measured at CPO are nearby and may be coming from

passing ships in the Strait of Juan de Fuca or along the Pacific Coast. Ship emissions may

also be the reason for the relatively high anthracene/phenanthrene ratio measured in the

Eastern Mediterranean Sea [Tsapakis, 2003].

The measured PAHs in the particulate phase at CPO were compared to several

diagnostic ratios of individual PAHs suggested by Kavouras [2001], Dickhut [2000],

Harley [1999], Rogge [1993], Oahn [1999], and complied by Yunker [2002] (Table 4).

Measured gas phase PAHs at CPO were not included in this calculation in order to allow

for direct comparison with source characterization studies that only measured the particle

phase PAHs. Also, only mean ratios were considered at CPO, because there was no

correlation between wind direction and ratio. This could be a result of having a relatively

small data set, or that passing ships are a source of PAHs at CPO, regardless of wind

direction. The mean ratios for BaAI(BaA+C+T) (0.40 ± 0.025) and B[e]P/(B[e]P+B{a]P)

(0.67 ± 0.046) (see Table 4 for abbreviations) measured at CPO are within the range for

both diesel engines (0.38-0.64 and 0.67, respectively) and gasoline engines (0.43 and

0.60-0.80, respectively). The mean ratio of BaAI(BaA+C±T) is also within the range of

coal (0.18-0.50). Both the mean ratio of Fl/(Fl+Py) (0.55 ± 0.025) and IP/(IP+BP) (0.79 ±

0.094) at CPO are out of range of gasoline (0.40 and 0.18, respectively). However, the

mean ratio of Fl/(Fl+Py) is within the range of coal (0.48-0.60) and the mean ratio of

IP/(IP+BP) is within the range of diesel (0.3 5-0.70). The mean BbF/BkF (1.8 ± 0.30) and

B{a]P/BP (1.2 ± 0.095) ratios at CPO are similar to the gasoline ratio (1.9 and 1.2,
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Table 4. Diagnostic ratios of particle-phase PAHs for different combustion sources and mean ratios with standard deviation
for narticle nhase PAHs at CPOa, b

source Fl! BaAJ BteIP/ IP/ BaA! BbF/ Ba]P/ IP!
(Fl+Py) (BaA+C+T)d (B[e]P+BIaIP)a (1P+BP) C BkF BP BP

CPO 0.55 0.40 0.67 0.79 0.76 1.8 1.2 2.0
± 0.025 ± 0.055 ± 0.046 ± 0.094 ± 0.103 ± 0.300 ± 0.095 ± 0.342

E.M.h 0.50 0.23 0.67 0.40 0.63 0.99 0.35 0.67
± 0.085 ± 0.080 ± 0.036 ± 0.055 ± 0.31 ± 0.41 ± 0.25 ± 0.16

diesel 0.60-0.70 0.38-0.64 0.67 0.35-0.70 0.73 1.1 0.81 NA
gasoline 0.40 0.43 0.60-0.80 0.18 0.53 1.9 1.2 0.33
wood 0.74 0.56 0.48 0.69 0.93 1.2 1.4 2.3
coal 0.48-0.60 0.18-0.50 NA 0.48-0.57 0.18 0.35 NA 1.1

a Rogge, 1993, Harley, 1999, Oanh, 1999, Dickhut, 2000, Kavouras, 2001, Yunker, 2002
b NA: not available
Fl = fluoranthene (4), Py = pyrene (5)

d BaA = benzo(a)anthracene (16), C + T = chrysene (17)+ triphenylene (18)
BeIP = benzo(e)pyrene (19), B[a}P =benzo(a)pyrene (20)
IP = indeno(l,2.3-cd)pyrene (21), BP = benzo(ghi)perylene (22)
BbF = benzo(b)fluoranthene (23), BkF = benzo(k)fluoranthene (24)

h
Eastern Mediterranean Sea ITsavakis. 20031

I17
18 19 2016
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respectively), but are different from the ratio for diesel exhaust (1 .1 and 0.81,

respectively). The mean BaA/C ratio at CPO (0.76 ± 0.10) is similar to diesel exhaust

(0.73). From these ratios and the normalized PAH values, it is clear that the PAH data

from CPO shows the influence of a complex mixture of combustion sources. These likely

include the diesel engines of ships that pass through the Strait of Juan de Fuca and the

Pacific Coast, the automobiles from populated areas to the east of CPO, and local and

long-range biomass combustion. Additional data is needed to sort out the relative

contributions of these sources with wind direction at CPO.

The measured PAils in the particulate phase at CPO were also compared to the PAHs

measured in the Eastern Mediterranean Sea (Table 4) [Tsapakis, 2003]. The mean ratios
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of B [e]P/(B [e]P+B [a]P), Fl/(Fl+Py), and BaA/C are not statistically different to the mean

ratios measured in the Eastern Mediterranean Sea, indicating some similar sources

between these two marine sites, likely including diesel ship emissions. Possible reasons

for the differences in the other ratios (p < 0.001) include the CPO samples were taken

over a longer time period (two months vs. one month), the Eastern Mediterranean Sea

samples were collected at six different sites, and the Eastern Mediterranean Sea samples

had a larger concentration of PAHs (20.0-83.3 ng/m3 total PAH) than CPO (0.480-4.49

ng/m3 total PAH) [Tsapakis, 2003].

2.3.3. Pesticides

Table 3 also gives the concentrations of pesticides measured at CPO.

Hexachlorobenzene (HCB, 14), which was used as a pesticide until 1965 in the U. S. and

is a byproduct of the production of other organochiorine compounds (EPA's PBT

Chemical Program, www.epa.gov/opptintr/pbt/hexa.htm), was measured in the highest

concentration range (35-57 pg/m3) and was detected in all samples. The HCB

concentrations at CPO were comparable to the concentrations (23 - 110 pg/rn3) measured

at a high elevation site in the Canary Islands [Van Drooge, 2002]. Heptachlor (25) (3.2-

10.0 pg/rn3), trans-nonachior (26) (0.27-5.12 pg/rn3) and cis-nonachior (27) (0.12-5.24

pg/rn3) are byproducts of the manufacture of technical chiordane, which was used until

-.-,
Cl

Cl Cl

1988 in the U. S. [www.epa.gov/opptintr/pbt/chlordane.htm], and were measured in

almost all of the CPO samples. These concentrations are much less than the 200-900
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pg/rn3 of each byproduct that was measured in Bloomington, IN, an agricultural area in

the Midwest [Anderson, 1988]. Chiorothalonil (11), which is currently used in the U.S. as

a fungicide on peanuts and potatoes, was measured in the range of 1.1-52.0 pg/rn3 at

CPU, which was lower than the concentration range (20-100 pg/rn3) found in the Great

Lakes [James, 1999]. Dacthal (12), which is currently used in the U.S. to control annual

weeds, was measured in a range of 0.1-5.9 pg/rn3 at CPU, which was lower than the range

(2-10 pg/rn3) found in the Great Lakes [James, 1999]. Endosulfan 1(10), currently used

in the U.S. as a contact insecticide on various crops, was measured at CPU in the range of

0.6-29.7 pg/rn3, which is lower than the range (17-4 1 pg/rn3) measured in Bloomington,

[N [Wallace, 1996]. Endosulfan I was recently measured in the air at an agricultural site

in rural South Korea at the very high concentration of 1200 pg/rn3, indicating that it is

also used in Asia [Yeo, 2003]. Given the relatively long atmospheric half-life of

endosulfan I (1.03 d [Atkinson, 1 987b]), it may be a potential marker for Trans-Pacific

transport. Chiorothalonil, dacthal, and endosulfan I are used in large amounts (-1 06 kg) in

the U. S., including the Pacific Northwest, according to a 1992 USGS survey [USGS

Pesticide National Synthesis Project, ca.water.usgs.gov/pnsp/use92/].

In some CPU samples, additional pesticides including trifluralin (13), triallate (28), and

mirex (29), along with endosulfan 11(30) and its degradation product endosulfan sulfate

(31), were measured in the concentration range of 0.104-30.1 pg/rn3. Because there is no

0 CI

iPr\/C\
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significant agriculture near CPO, we can surmise that the pesticides measured at CPO

underwent atmospheric transport to the site from regional and long-range sources.

2.3.4. Gas-phase I particle-phase partitioning

Although not the primary objective of this study, we were able to investigate the gas-

phase/particle-phase partitioning of SOCs measured at CPO. As shown in equation 1, a

measurement required in the calculation of gas/particle partitioning is TSP. TSP data

from CPO during the sampling periods is shown in Table 2. Three sampling periods had

no TSP data (March 15th, April 17th, and May 9th 2002), so the mean value of TSP (11

jig/rn3 ± 7.2) was used. This mean value is similar to the value of TSP (13 jtg/m3) given

by Bidleman {1988] for a clean, continental location. Using the temperature data in Table

2 and equation 1, the resulting linear regression equations and r2 are presented in Table 5.

Table 5. Linear regression equations and r2 for gas-phase I particle-phase partitioning of some SOCs measured
at CPO using measured TSP

values1

Compound Regression equationb r2 Regression equation r2

phenanthrene -4977(T')+ 19.6 O.l25(p<O.2) -5189 (T')+20.8 0.337'
phenanthr:n:

-3310 (T1) + 13.5 0.0858 (p <0.5) -4095 ± 991 (T') + 18.4 ± 3.5 0881d

fluoranthene -2474 (T) + 10.1 0.0475 (p <0.5) -4402 ± 810 T' + 18.4 ± 2.8 0.897I
pyrene -5421 (T5+20.8 O.l60(p<O.2) -4167±871 T4+17.5±3.0 0892d
retene -3141 (T1)+ 12.4 0.366@<0.05) NA NA

endosulfanl -5169 (T')+19.7 0.366(p<0.05) NA NA
hexachlorobenzene -2519 (T1) + 11.4 0.0535 (p <0.5) -449 (T') + 7.38 0.007e

an = 16, NA: not available
b from CPO data
Dachs, 2000; value of r2 calculated by authors

d
Yamasaki, 1982; Pankow, 1991; values of r2 given in cited work
Sanusi, 1999; value ofr2 given in cited work

Only the pesticides HCB and endosulfan I and the PAHs phenanthrene (2) (both alone

and with anthracene (15)), fluoranthene (4), pyrene (5), and retene (32) are included in

Table 5, because all of the other SOCs measured at CPO were not distributed between the

two phases. Of these compounds, endosulfan I and retene show values of r2 of 0.366,

with p-values less than 0.05. The others are not significantly correlated to equation 1,

with p-values less than 0.5.
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There is a limited amount of data from the study of gas-phase/particle-phase

partitioning, especially for pesticides. Of the SOCs in Table 5, phenanthrene +

anthracene, fluoranthene, and pyrene data was collected by Yamasaki [1982] and

statistically-compiled by Pankow [1991a]. Phenanthrene data was collected by Dachs

[2000] and HCB data was collected by Sanusi [1999]. The linear regression equations for

fluoranthene and pyrene are both outside the 95% confidence interval given by Pankow

[1991 a] for equation 1. The linear regression equation of phenanthrene + anthracene is

within the 95 % confidence level given by Pankow [1991a]. The linear regression

equation of phenanthrene is comparable to Dachs [2000], while the linear regression

equation for HCB varied from Sanusi [1999].

Variation from equation 1 may be a result of the low TSP concentration. Pankow

[1991 b] suggested that the percent ofa given compound in the particle phase that is non-

exchangeable is influenced by TSP. In particular, the lower the value ofTSP, the greater

the percent of a compound that is non-exchangeable. Of the data used in Table 5 as a

comparison, Dachs [2000] and Yamasaki [1982] collected data at or near urban areas,

with a large average TSP (51 tg/m3 ± 20 and 127 jg/m3 ± 52, respectively). Keller

[1984] also sampled near an urban area and measured an average TSP of 41 g/m3 ± 8.4.

All three of these data sets showed very strong correlations (p < 0.00 1) to equation 1.

Sanusi [1999] measured an average TSP at a concentration of 0.3 tg/m3 and Simcik
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[1998] measured an average TSP of 17 tg/m3 ± 7.8, while at CPO the average TSP was

11 tg/m3 ± 7.2. The gas-phase/particle-phase partitioning of SOCs in these studies did

not correlate with equation 1, suggesting the influence of non-exchangeable compounds

in the particle phase at low TSP concentrations. Additional samples are needed to

investigate partitioning within a larger data set and to explore the relationship of gas-

phase/particle-phase partitioning with the vapor pressures of the SOCs measured

{Tsapakis, 2003].

2.3.5. Principal Component Analysis

To determine possible common sources, SOC concentrations were evaluated by PCA

to link the concentrations with the back trajectories discussed in Section 3.1. Similar

analyses have been accomplished in the Chesapeake Bay [Dickhut, 2000] and in Japan

[Ohura, 2004]. Figure 4 shows a plot of the PCA results for the PAHs. Prini explained

75.5% of the variation and was found to be correlated positively with the sum of the

normalized concentrations of the following PAHs: fluorine (3), phenanthrene (2),

fluoranthene (4), retene (32), benzo[a] anthracene (16), and chrysene (1 7)/ triphenylene

(18). These PAHs were found in the highest concentrations of the PAHs measured at

CPO. Prin2 explained 10.2% of the variation and correlated negatively with the sum of

the normalized concentrations of benzo[a]anthracene and chrysene / triphenylene. Prin2

was also associated with the high molecular weight, particle-bound PAHs measured,

including benzo[ghi]perylene (22) and indeno {1,2,3-cd]pyrene (21). A plot of both

principal components showed a clustering of all but three samples: March 2002

(circle A), April 22', 2002 (circle B), and March 15th 2002 (circle C).
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Figure 4. Plot of Prini vs. Prin2 of the PCA of the PAHs. A represents the sample of
March 27, 2002. B represents the samples of April 22nd 2002. C represents the sample
of March 15th 2002.
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Figure 5. Plot of Prini vs. Prin2 of the PCA of the pesticides. A represents the sample of
March 27th,

2002. B represents the samples of April 22nd 2002. C represents the sample
of April 3rd

2002. D represents the sample of May 9th 2002. B represents the sample of
March 15th 2002.
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Figure 5 shows the Prini vs. Prin2 plot for the pesticides. Prini explained 88.0% of the

variation and correlated positively with the normalized concentration for HCB (14), while

Prin2 explained 9.44% of the variation and was correlated positively with the normalized

concentration of chlorothalonil. Prini also correlated negatively with the total pesticide

concentration. The plot showed a clustering of all sampling dates but five: March 27th

2002 (circle A), April 22m, 2002 (circle B), April 3, 2002 (circle C), May 9t1, 2002

(circle D), and March 15th 2002 (circle E). Of these sampling dates, all but March 15th

2002 showed significant concentrations of chlorothalonil (11). March 15th showed a

significant concentration of trifluralin (13), which could result in its clustering behavior

shown in Figure 5.

The PCA results were compared to the back trajectory categories discussed in Section

3.1. In the PAH PCA, the sampling dates that clustered represented categories 2 and 3,

while the three separate points represented trajectory categories 1 (March 27tl) and 2

(March 15th
and April 22'). In the pesticide PCA, the sampling dates that clustered

represented categories 2 and 3, while the five separate points represented all three

categories (category 1 with March 27th, category 2 with March 15th and April 22uid, and

category 3 with April 3rd and May 9th)
Since categories 1 and 2 are similar in that the air

masses undergo Trans-Pacific transport and several category 2's are clustered with

several category 3's, it seems PCA interpretation of the data set is needed to separate out

which category 2's show strong evidence of Trans-Pacific transport. Finally, the three

sampling periods pulled out by both PAH and pesticide PCA (March l5t1, March 27th,

and April 22w') add further evidence that these sampling periods were influenced by

Trans-Pacific transport, regardless of the differences in PAH and pesticide sources.
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2.3.6. Trans-Pacific Transport

While most Trans-Pacific transport of pollutants occurs in the free troposphere [Jaffe,

2003a; Jaeglé, 20031, episodes of enhanced pollutants from Asia have been observed at

CPO [Jaffe, 1999; Jaffe, 2003a]. Of interest is the potential effect of Trans-Pacific

transport events on the concentration of PAHs and pesticides measured at CPO. During

this sampling campaign, CPO was possibly influenced by Asian pollution during our

March 1516th March 27th28th and April 22nd_23rd, 2002, sampling periods. This was

determined from CPO observations of CO and aerosols { Weiss-Penzias, 2003], from the

GEOS CHEM global model [Liang, 2003], and suggested by our PCA results and

trajectory classification. The 48 hr sample of March 15th, 2002, overlapped with the 1st

Trans-Pacific event. This sample was significantly different (p <0.001) from the 13 non-

Trans-Pacific samples for acenaphthene (33), fluorine (3), and trifluralin (13). The 24 hr

sample of March 27th
which overlapped with the 2nd Trans-Pacific event, was

significantly different from the 13 non-Trans-Pacific samples for HCB (14),

chlorothalonil (11), cis-nonachior (27), mirex (29), and retene (32) concentrations (p <

0.00 1). The 48 hr sample, which started at 12 am PST on April 22nd overlapped with the

3rd
Trans-Pacific event. This sample had the highest concentrations of all SOCs detected

except for trifluralin and chiorothalonil (Table 3) and the concentrations were

significantly different (p <0.001) from the 13 samples taken during non-Trans-Pacific

events. This sampling period was also the only time triallate (28), endosulfan 11(30), and

endosulfan sulfate (31) were detected. The presence of elevated concentrations of

pesticides and changes in the normalized concentrations of PAHs shown by PCA in

Section 3.5, including those not measured in other samples, along with back trajectories
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that pass over Asia and the GEOS-CHEM model predictions, could signify Europe and

Asia as potential sources of these SOCs on March 15th16th March 27th28th and April

22t23td,
2002 [ Weiss-Penzias, 2003; Liang, 2003]. The estimated atmospheric half-lives

for the measured pesticides in the gas-phase range from 2.2 days (cis-nonachior and

trans-nonachior) to 1731 days (chiorothalonil) [EPI Suite v. 3.1.1, Environmental

Protection Agency, 2003].

Retene (32), a marker for biomass combustion [Simoneit, 1993], had the highest

phenanthrene-normalized values during the 2id and 3' Trans-Pacific events (0.74 on

March 27th28th
and 0.93 on April 2211231d1) compared to the 13 non-Trans-Pacific events

(mean of 0.33 ± 0.094) and was significantly different (p <0.001), while the Trans-

Pacific event of March 15th16th was not significantly different (0.20). The elevated

concentrations of retene during March 27th28th and April 22nd23rd sampling periods and

elevated concentrations of other PAHs on April 22nd could result from combustion

sources in Asia, despite the relatively short atmospheric half-lives of PAHs in the gas-

phase (retene: 3.09 hr, phenanthrene: 2.01-20.1 hr, and anthracene: 0.58-1.7 hr) [EPI

Suite v. 3.1.1, Environmental Protection Agency, 2003; Atkinson, 1 987a, Southworth,

1979]. In Jaffe [1999], gas-phase compounds with atmospheric half-lives as short as 6.5

hr (n-butane [Doyle, 1975]) were measured at elevated concentration in Asian air masses

arriving to the U.S. West Coast, because of concentration enhancements during relatively

short Trans-Pacific transport times in comparison to global background concentrations. In

addition, SOCs may partition onto particles as discussed in Section 3.4 and particle-

bound PAHs are known to have atmospheric half-lives in the range of 1 to 3 days

[Behymer, 1985]. It is possible that particle-bound PAHs undergo Trans-Pacific transport.
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Finally, because SOCs, including PAHs, require sunlight to photodegrade in the

atmosphere [Behymer, 1985], they may readily undergo Trans-Pacific transport during

overcast periods.

2.4. Conclusions

Anthropogenic SOCs, including PAHs and pesticides, were measured in hi-vol air

samples collected at CPO during Spring 2002 as a part of ITCT 2K2 campaign. Possible

sources of PAHs at CPO include local or regional emissions from ships and automobiles,

local biomass burning, and Trans-Pacific transport. Possible sources of pesticides at CPO

include regional and long-range agricultural sources, including Trans-Pacific transport.

PCA, as well as a t-test, showed there were elevated concentrations of anthropogenic

SOCs measured during possible Trans-Pacific events on March 15th46th March 27th28th

and April 22nd23rd
2002, that were identified using the GEOS-CHEM model. Gas-

phase/particle-phase partitioning was explored, with significant correlation to

temperature found with endosulfan I and retene and the possible relationship at CPO of

low TSP concentration and the concentration of non-exchangeable compounds in the

particle phase. Levoglucosan, a major component of the fine smoke particulate matter

from biomass burning, will be measured in future samples to better quantify the

contribution of biomass combustion to the site [Simoneit, 2001]. Additional data is

needed to investigate PAH and seasonal pesticide concentration trends with local

meteorological conditions and different air trajectories in order to refine our assessment

of potential North American and Trans-Pacific sources of anthropogenic SOCs at CPO.
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3. Conclusions

It has been shown in the previous chapter that there is a link between Trans-Pacific

pollution events and changes in the relative profile and concentrations of SOCs measured

at CPO. During three Trans-Pacific events at CPO, certain SOCs were found to have

significantly-higher concentrations than during non-Trans-Pacific events. This result was

further supported by PCA, which showed the influence of small molecular weight PAHs

and HCB on the relative profile of SOCs during these events. Comparison to the results

of the GEOS-CHEM model for the same time periods and 10-day back trajectories

showed that the most likely cause for the increase in SOC concentrations at CPO was

Trans-Pacific transport. This is the first research to show a link between SOCs and Trans-

Pacific transport in specific air masses.

To continue from this research, an air sampling network has been established in the

Northwestern U.S. to allow for comparison of the strength of Trans-Pacific events. Along

with CPO, measurements of SOCs at Marys Peak, OR (1250 m) have been ongoing for a

year, while at Mt. Bachelor, OR (2800 m) measurements have just begun. These sites are

located at relatively-high elevation in comparison to CPO (480 m), have relatively-easy

access, and are relatively far from local anthropogenic sources. Ideally, these sites would

be located in the free troposphere. Being in the free troposphere would minimize the

influence of local sources so that Trans-Pacific events could be identified more clearly.

As shown in this research, even though it is possible to detect a Trans-Pacific event at

CPO, CPO is also influenced by local pollution, including ship emissions. Preliminary

results from Marys Peak showed that the site is in the free troposphere at night during the

summer and likely throughout the day in the winter. At other times, Marys Peak may be



influenced by the Willamette Valley and other areas to the east. A site at a higher

elevation, such as Mt. Bachelor, may not have such a strong local influence (i.e. a lower

background concentration of PAHs and pesticides) and would be a better site to detect

Trans-Pacific events. Other instrumentation in use at Mt. Bachelor to assist in the

determination of Trans-Pacific events include ozone and CO [Jaffe, 2003a] .With research

from this network, not only will the local influence of SOCs be understood, but a clear

understanding of the influence of Asian sources on SOC concentrations in the Pacific

Northwest U.S. will be developed.

The results presented in this thesis bring up the question of the global transport of

PAHs and pesticides. If it is possible for the Northwestern U.S. to be influenced by Asian

pollution via Trans-Pacific transport, it is conceivable that Europe is influenced by U.S.

pollution and Asia influenced by European pollution. Although there are the examples

showing the influence of dust from the Sahara Desert to North America [Taylor, 2002]

and Scandinavia [Franzén, 1994], there are no examples in the literature stating explicitly

that Europe and Asia are influenced by North American and European emissions of

SOCs, respectively. Galperin [1995] used an atmospheric transport model that consisted

of 14 compounds, including PAN, NIVIHCs, and ozone, and found that a significant

portion of Arctic and West Asian acid pollution was produced by European sources (28%

each). Also, 50 % of SON, 70 % of NOR, and 40 % of NH deposition in central Asia,

Kazakhstan, and the European and Asian parts of Russia are imported from outside

sources. This result may be true for SOCs, which could be researched by a long-term air

sampling network similar to the one established by us in the Northwestern U.S. Such

intercontinental transport of SOCs may influence the entire hemisphere over time. The
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import of pollutants may increase the concentration of pollutants to the point that it

exceeds local standards for air quality [ Wilkening, 2001].

There has been some work in attempting to reduce the movement of air pollutants in

the Northern Hemisphere. The 1979 Convention on Long-range Transboundary Air

Pollution (LRTAP) has required the reduction of the emission and use of the classes of

compounds discussed above, including PAHs and certain pesticides, ozone, and NO

[UNECE Convention on Long-range Transboundary Air Pollution,

www.unece.org/env/lrtap]. Only Europe, the U.S., and Canada have ratified it, however.

Holloway [2003] suggested that LRTAP could be the basis for a hemispheric-wide treaty

that includes East Asia. The authors cite China's willingness to reduce domestic air

pollution and its reduction ofSO2 emissions as a possibility that China may be open to

other policies to reduce air pollution. On the other hand, Selin [2004] argued that Europe

would not need to be a part of such a treaty, since Europe is influenced by North

American pollution rather than Asian. However, since European pollution influences

Asian air, the argument goes full circle. Perhaps in the future, a hemispheric-wide treaty

will be developed, when there is more scientific data showing the flow of pollutants

throughout the Northern Hemisphere.

The results presented in the previous chapter become an integral part of the scientific

data required to convince countries in the Northern Hemisphere to reduce their air

emissions. We can now add PAHs and pesticides to the list of compounds already known

to undergo Trans-Pacific transport. Continuing from this research will clearly show a

widespread geographical link between Trans-Pacific atmosphere transport and

anthropogenic SOCs.
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7. Appendix

Table 6. Blank-corrected total concentration of individual PAHs measured in CPO air samnlesa b

Date Acec Fluord Phene AntW Pyrh Ret B[aIA C+Tk B[bJF' B[k]Fm B[e]P
3/15/02 0.086 0.483 0.433 0.031 0.126 0.053 0.089 N.D. ND. ND. N.D. 0.035
3/27/02 N.D. 0.088 0.191 0.026 0.082 0.062 0.141 N.D. N.D. 0.114 0.284 0.070
4/3/02 N.D. 0.089 0.185 0.018 0.055 0.040 0.084 N.D. 0.080 N.D. ND. 0.035
4/9/02 0.032 0.097 0.239 0.015 0.065 0.051 0.074 0.040 0.054 0.023 N.D. 0.024
4/17/02 0.011 0.079 0.165 0.046 0.071 0.051 0.074 0.059 0.171 0.051 0.025 0.037
4/20/02 0.019 0.082 0.197 0.027 0.056 0.046 0.064 0.039 0.113 N.D. 0.001 0.024
4/22102a 0.201 0.317 0.320 0.118 0.250 0.231 0.299 0.668 0.647 0.317 0.228 0.149
4/25/02 0.048 0.206 0.258 0.015 0.073 0.055 0.076 0.104 0.114 0.088 0.099 0.026
4/29/02 0.035 0.119 0.385 0.015 0.101 0.107 0.101 0.105 0.115 0.063 0.028 0.025
5/3/02 0.016 0.066 0.171 0.012 0.030 0.025 0.039 0.020 0.057 0.003 0.001 0.012
5/6/02 0.010 0.052 0.130 0.003 0.031 0.026 0.035 0.020 0.059 0.031 0.045 0.012
5/9/02 0.011 0.055 0.193 0.042 0.099 0.092 0.088 0.059 0.166 0.046 0.015 0.037
5/12/02 0.080 0.262 0.310 0.003 0.126 0.113 0.149 0.209 0.226 0.095 0.053 0.049
5/21/02 0.011 0.078 0.186 N.D. 0.060 0.059 0.044 0.098 0.108 0.087 0.030 0.022
5/25/02 0.029 0.083 0.228 0.018 0.065 0.053 0.077 0.098 0.108 0.046 0.026 0.024
5/30/02 0.032 0.080 0.220 0.015 0.077 0.086 0.081 0.100 0.056 0.047 0.029 N.D.
a ND. not detected
b in ng/m3

acenaphthene
d fluorene
e phenanthrene
anthracene

g fluoranthene
h pyrene

retene
benzo[a]anthracene

k chrysene + triphenylene
I benzo[bjfluoranthene
mbeO[k1fluoranthne

benzo[epyrene



54

Table 7. Blank-corrected total concentration of
individual PAHs measured in CPO air samples
(cont.)a b

Date B[a]Pc Jnd' Dibenze [gpf
3/15/02 N.D. N.D. N.D. N.D.
3/27/02 0.012 N.D. N.D. 0.009
4/3/02 0.006 0.062 N.D. ND.
4/9/02 0.011 0.045 ND. 0.015
4/17/02 N.D. 0.065 N.D. 0.032
4/20/02 N.D. 0.043 N.D. N.D.
4/22/02 0.106 0.276 0.118 0.249
4/25/02 0.011 0.049 N.D. 0.017
4/29/02 0.013 0.048 N.D. 0.015
5/3/02 N.D. 0.043 0.020 0.011
5/6/02 N.D. 0.022 N.D. N.D.
5/9/02 ND. 0.065 N.D. N.D.
5/12/02 0.022 0.095 ND. 0.030
5/21/02 N.D. N.D. ND. N.D.
5/25/02 0.011 N.D. ND. ND.
5/30/02 0.011 N.D. N.D. N.D.

a ND. = not detected
b in ng/m3

benzo[alpyrene
d indeno[1 ,2,3-cd]pyTene

dibenz[a,h] anthracene
benzo[ghi]perylene




