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ABSTRACT

ATMOSPHERIC VOLATILE ORGANIC COMPOUND MEASUREMENTS: 

DISTRIBUTIONS AND EFFECTS ON AIR QUALITY IN COASTAL MARINE, 

RURAL AND REMOTE CONTINENTAL ENVIRONMENTS

by

Yong Zhou

University of New Hampshire, September, 2006 

Research Assistant Professor Barkley C. Sive, Chair 

A detailed description of the analytical methods employed for whole air 

sampling and analysis of atmospheric volatile organic compounds is 

presented. The system described in this thesis produced high precision 

measurements for a large suite of nonmethane hydrocarbons, halocarbons, 

and alkyl nitrates, from part per billion by volume (ppbv) to part per trillion by 

volume (pptv) levels. The measurement precision for most gases ranged 

from 1-10%.

Results from two subsequent field campaigns (2002 and 2003) 

conducted in Yellowstone National Park (YNP) are presented. The findings 

indicate that 2-stroke snowmobile engine emissions furnish large quantities of 

air toxics to the YNP air shed. Air toxics, which are major components of 2- 

stroke engine exhaust, show large enhancements between the high traffic 

and low traffic sampling periods. Evaluation of the photochemical history of air 

masses sampled in the Park reveals that the air toxic emissions were recent 

and persistent throughout the region and consistent with the 2-stroke exhaust 

sample fingerprints. Using a box model, the emission fluxes from snowmobile

xvi
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usage in the Park are estimated to be 0.35, 1.12, 0.24, 1.45, and 0.36 Gg/yr 

for benzene, toluene, ethyl benzene, xylenes, and hexane, respectively. The 

U.S. annual emissions from snowmobile usage are significant (-14-21%) with 

respect to EPA estimates.

Results of the atmospheric measurements of short-lived halocarbons 

are presented from the New England Air Quality Study 2002 campaign, 

summer 2003 at Thompson Farm (TF) and Great Bay, and the International 

Consortium for Atmospheric Research on Transport and Transformation 

(ICARTT) 2004 campaign. Elevated levels of bromoform (CHBr3) were 

frequently observed, with maxima of 37.9 pptv and 47.4 pptv for TF and 

Appledore Island (Al), respectively. During the ICARTT 2004 campaign, the 

average levels of CHBr3 and dibromomethane (CH2Br2) were higher at Al 

(CHBr3 = 14.3 pptv, CFI2Br2 = 3.2 pptv) compared to Thompson Farm (CHBr3 

= 6.3 pptv, CH2Br2 = 2.3 pptv). Wind conditions play a very important role in 

controlling the distributions of these gases. Emission flux estimates for CHBr3, 

CH2Br2, methyl iodide, and ethyl iodide were 26 + 57, 4.7 ± 5.4, 5.9 ± 4.6, and 

0.065 ± 0.20 nmol m'2 h“1, respectively.

xvii
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CHAPTER I

INTRODUCTION

Overview

Volatile organic compounds (VOCs) comprise a large family of carbon- 

containing compounds which are emitted into the atmosphere where they can 

participate in an array of photochemical reactions. Among the VOCs, non

methane hydrocarbons (NMHCs) and halocarbons can play critical roles in 

atmospheric chemistry. The oxidation of NMHCs produces a suite of free 

radicals that are involved in nitrogen oxides (NOx (NO + NO2)) catalyzed 

reactions which generate ozone in the troposphere. Certain NMHCs, such as 

benzene, toluene, ethylbenzene, the xylenes, and hexane, have been 

classified as air toxics and/or carcinogenic compounds and can have 

detrimental affects on human health. For halocarbons, marine derived short

lived halocarbons have been shown to influence tropospheric oxidation 

processes in various regions and contribute to stratospheric ozone depletion. 

Furthermore, these halocarbons have been frequently used as tracers to 

investigate the marine influence on air masses. These fundamentals help 

draw together the body of research conducted in Yellowstone National Park 

(YNP) and New England pertaining to these important classes of atmospheric 

VOCs.

This dissertation describes the observations of NMHCs at Yellowstone 

National Park (YNP) during the YNP 2002 and YNP 2003 campaigns. Air

1
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toxic emissions from snowmobiles in YNP were evaluated. The distributions 

of air toxics (benzene, toluene, ethylbenzne, xylenes, and hexane) associated 

with snowmobile exhaust were characterized. The emission fluxes in the Park 

were estimated and extrapolated to the whole United States to assess 

national annual air toxic emissions from snowmobile usage.

Also described in this dissertation are the observations of halocarbons 

in rural and coastal marine environments during the New England Air Quality 

Study (NEAQS) 2002, the International Consortium for Atmospheric Research 

on Transport and Transformation (ICARTT) 2004 campaign campaigns and 

the Great Bay emission study. Based on measurements of short-lived 

halocarbons, including bromoform (CHBr3), dibromomethane (CH2Br2), 

methyl iodide (CH3I) and ethyl iodide (C2H5I) at Thompson Farm, the Great 

Bay, Appledore Island, and the Gulf of Maine, the distributions of short-lived 

halocarbons at these sites were characterized and the factors controlling their 

distributions were investigated. The sea-to-air fluxes of selected gases were 

estimated for the Great Bay and the Gulf of Maine. Additionally, these short

lived halocarbons were used as tracers to investigate the transports of air 

masses and the marine influences on local air quality.

Composition of the Earth’s Atmosphere

The Earth’s atmosphere is an envelope of gas surrounding the planet 

which is essential for supporting life in numerous ways. The atmosphere is a 

mixture of a multitude of chemical constitutes, with the most common gases 

listed in Table1.1. The major components of the atmosphere (nitrogen (N2), 

78.1%; oxygen (0 2), 20.9%) have been known quantitatively for more than

2
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two hundred years. Five noble gases (argon (Ar), neon (Ne), helium (He), 

krypton (Kr), xenon (Xe)), nitrous oxide (N20), hydrogen (H2) and three 

carbonaceous gases (carbon dioxide (C 02), carbon monoxide (CO), methane 

(CH4)) complete the list of the atmospheric components, which are present at 

mole fractions of 10'7 or larger (Table 1.1). The gases making up the 

atmosphere may be characterized as constant and variable species. Constant 

gases always have the same mixing ratios within the homosphere (the part of 

atmosphere bellow an altitude of about 100 km) over time scales of decades 

to centuries, with N2, 0 2 and the noble gases comprising this category. 

Variable gases are found to have variable mixing ratios in different parts of 

homosphere at distinct times. For example, the global average mixing ratios 

of C 02 and CH4 have been known to vary seasonally, have higher mixing 

ratios in the northern hemisphere than in the southern, and increase in global 

average mixing ratios with time during the past century. The background 

mixing ratios of CO in remote locations are known to be higher in the northern 

hemisphere than in the southern hemisphere.

The atmospheric composition is actually much richer than is suggested 

by Table 1.1. As many as 3,000 other species have been identified as being 

present in the atmosphere. The mixing ratios of these trace gases are very 

low, but they are important to the chemistry of the atmosphere. With the 

development of instruments capable of separation and detection at mole 

fractions of 1CT12 or less, interest in their temporal and spatial distributions, 

sources, and sinks has grown. Most of these trace gases are carbon- 

containing in nature and represent many of the different classes of VOCs: 

hydrocarbons, halocarbons, aldehydes, ketones, alcohols, etc. This

3
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dissertation is concerned with the quantitative measurements of a large 

variety of atmospheric VOCs, the distributions of air toxics and marine- 

derived short-lived halocarbons, and their effects on air quality in remote and 

rural continental, and coastal marine environments.

4
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Table 1.1. The major constituents of the earth’s atmosphere (expressed 
mole fractions).

" Constant" Gases 

N2 (riitrogen)

0 2 (oxygen)

Ar (argon)

Ne (neon)

He (helium)

Kr (krypton)

Xe (xenon)

"Variable" gases 

H2 (hydrogen)

N20  (nitrous oxide) 

C 02 (carbon dioxide) 

CO (carbon monoxide) 

CH4 (methane)

0.781 

0.209 

9.3x1 O'3 

1.8x1 O'5 

5.2x1 O'6 

1.1x1 O'6 

0.9x1 O'7

-6x10‘7 

-3.3x1 O’7 

-3.55x1 O’4 

-0.4-2.2x10‘7 

-1.7x1 O’6

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Atmospheric Nonmethane Hydrocarbons and Air Toxics Associated

with Snowmobile Emissions in Yellowstone National Park 

Atmospheric Nonmethane Hydrocarbons

Hydrocarbons (HCs) are a large class of compounds that contain only 

hydrogen and carbon atoms in various combinations. Hydrocarbons are 

ubiquitous components of the atmosphere with a variety of anthropogenic and 

natural sources and linked with many aspects of atmospheric chemistry. The 

most abundant hydrocarbon in the background atmosphere is CH4 with an 

average tropospheric mixing ratio (1984-1993) of ~1.7 ppm [Dlugokencky et 

al., 1994], Because of its long lifetime (~8-10 years) [Taylor et al., 1991], CH4 

is distributed throughout the lower atmosphere, and its chemistry is important 

globally. The mixing ratios difference between CH4 and the next most 

abundant hydrocarbon is a factor of a 1000 or more. It is often useful to 

distinguish between CH4 and all of the other hydrocarbons (often called 

nonmethance hydrocarbons, or NMHCs). The major anthropogenic sources 

of NMHCs include fossil foul combustion, natural gas emissions, industrial 

processing of chemicals and waste, and biomass burning. The large 

emissions from terrestrial vegetation are the major sources of natural 

NMHCs. A small percentage of natural NMHC emissions also arise from 

oceanic sources. Although NMHC concentrations are orders of magnitude 

lower than CH4, and range from ppbv down to pptv levels, they are far more 

reactive. The most rapid process is generally the reaction with the hydroxyl 

radical (OH), which controls the lifetimes of most NMHCs. The removal of 

unsaturated hydrocarbons can also occur via reaction with ozone. Other 

minor NMHC sinks include reaction with chlorine radicals (Cl) [e.g., Wingenter

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



et al., 1996] and nitrate radicals (N 03) [Penkett et al., 1993]. The oxidation of 

NMHCs produces a suite of free radicals that are involved in nitrogen oxides 

(NOx (NO + NO2)) catalyzed reactions which generate ozone in the 

troposphere. The main mechanism for the removal of many hydrocarbons is 

by hydrogen atom abstraction:

RH + H O R  + H20  (1)

In the presence of NOx and sunlight, excess ozone and other oxidants are 

formed within the troposphere. Reaction series (2-5) briefly outlines the main 

pathway leading to the photochemical production of ozone in the troposphere 

(M is a molecule, N2, 0 2, etc.)

R + 0 2 -> R 02 (2)

R02 + NO -> RO + NOz (3)

N 02 + hv (A < 440 nm) -» NO + O (4)

O + 0 2 + M —> O3 + M (5)

High concentrations of ozone formed near the surface can have directly 

damaging effects on human health, plants, and materials.

In addition to contributing to the formulation of tropospheric ozone and 

particulate matter (PM) [Ziemann, 2002; Takekawa et al., 2003], certain 

NMHCs, have been known to be air toxics and/or carcinogenic compounds 

and can have detrimental affects on human health and welfare. Most air 

toxics have anthropogenic sources, including mobile sources (e.g., motor 

vehicle), stationary sources (e.g., factories, refineries, power plants), and 

indoor sources (e.g., building materials and activities such as cleaning). 

Examples of air toxics include benzene, toluene, ethylbenzene, xylenes (p-, 

m- and o-xylene), hexane, CO, and particles, which can be emitted by motor
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vehicles and other moving sources. Most of air toxics have been identified 

through laboratory experiments in which animals receive very high doses of 

the compound being studied. Although humans almost never encounter the 

levels that animals are subject to in the laboratory, lower exposure levels can 

still pose severe health risks, including numerous respiratory, neurological, 

and carcinogenic effects. For example, air toxics such as benzene, toluene, 

ethlybenzene, xylenes, and hexane may cause irritation of the eyes and 

upper respiratory tract, respiratory arrest, dizziness, headaches, and 

anesthesia (http://www.epa.gov/ttn/atw/hlthef/hapindex.html). Acute and 

chronic exposures to toluene can affect the central nervous system (CNS) 

producing CNS depression and loss of memory [Irwin et a!., 1998]. 

Occupational exposure to benzene has shown increased incidences of 

leukemia in humans.

Air Toxic Emissions from Snowmobiles in Yellowstone National Park

Yellowstone National Park has been designated a mandatory Class I 

Airshed under the federal Clean Air Act (CAA). This requires that the quality 

of air within its boundaries remain in a state such that it does not suffer from 

impairment of visibility. A steady increase in wintertime oversnow recreational 

vehicle use in the Park since the late 1960s has significantly increased 

mobile-source (i.e., snowcoaches and especially snowmobiles) emissions. 

There are various environmental and health impacts associated with the use 

of snowmobiles in national parks, including air quality impairment from 

exhaust emissions [NPS, 2000], Exhaust from snowmobiles, especially those 

with 2-stroke engines, contains numerous toxic compounds including

8
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benzene, toluene, ethylbenzene, xylenes (p-, m- and o-xylene), and hexane, 

which are classified by the Environmental Protection Agency (EPA) as toxic 

air pollutants. The EPA and the International Agency for Research on Cancer 

(IARC) have classified benzene as a human carcinogen based on sufficient 

evidence from epidemiological studies [IARC, 1987; EPA, 1994], Based on 

the types of air pollutants associated with snowmobile exhaust, as well as the 

quantities in which they are emitted, the cumulative damaging health effects 

of what could be a highly concentrated, multi-pollutant mixture in the vicinity 

of snowmobiles are likely to be significant. This is particularly relevant for 

individuals who spend a considerable amount of time in the vicinity of 

snowmobile exhaust, such as areas of traffic congestion (entrance stations, 

parking lots) and poor emission dispersion. Another major concern is the 

accumulation of toxic organics in the snow pack. These pollutants may be 

flushed into nearby streams and water bodies during the spring snowmelt. 

Potential water quality concerns from snowmobile use in recreational parks 

have been addressed in several studies [Ingersoll et a i, 1997, Ingersoll, 

1999; Hagemann and VanMouwerik, 1999],

Winter use in Yellowstone National Park has been the subject of 

controversy for many years. Historically, an average of about 765 

snowmobiles entered Yellowstone each day, mostly using 2-stroke engines. 

In February 2003, the National Park Service (NPS) capped overall levels of 

snowmobile use (920 snowmobiles daily) and required that during the 2003- 

04 winter use season, most (i.e., 80%) of all recreational snowmobiles 

operating in the Parks be best available technology (BAT) equipped. All such 

machines were mandated to be BAT equipped by the 2004-05 winter use

9
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season. On November 10, 2004, the NPS published another decision 

implementing winter use rules for an interim period, through the winter of 

2006-07. This decision allowed 720 snowmobiles per day in YNP, all 

commercially guided. With minor exceptions, all snowmobiles would be 

required to meet NPS’s BAT requirements. At the current time, BAT 

requirements include a 90% reduction in hydrocarbons and a 70% reduction 

in CO relative to the EPA’s baseline assumptions for uncontrolled 

snowmobiles that were published in the Federal Register on November 8 , 

2002 [EPA, 2002]. These requirements translate into hydrocarbon emissions 

not exceeding 15 g/kW-hr, and CO emissions not exceeding 120g/kW-hr. The 

temporary winter use plan ensures that resources are protected and allows 

the NPS to complete the development of a long term plan for winter use and 

Environmental Impact Statement (EIS), which will guide the management of 

winter recreational use of the Park beginning with the winter of 2007-2008.

Several studies to date have examined emissions from snowmobile 

engines [Morris et a!., 1999; Bishop et al., 2001; Southwest Research 

Institute, 2002], A mobile source emissions inventory based on fuel use in 

YNP during the 1998-1999 season found that snowmobiles account for 

approximately 27% of the annual emissions of CO and roughly 77% of the 

annual emissions of hydrocarbons [Morris et al., 1999]. Research conducted 

by the Southwest Research Institute found that exhaust emissions from 

commercially available 4-stroke snowmobiles were significantly less than 2- 

stroke sleds. Compared to 2-stroke snowmobiles, 4-stroke snowmobiles emit 

95-98% less hydrocarbons and roughly 90% less toxic hydrocarbons 

[Southwest Research Institute, 2002], According to the air quality analysis of
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snowmobile and snowcoach emissions for the 2004-05 winter use plan, the 

baseline condition (920 2-stroke snowmobiles daily) results in 864 tons of CO 

and 608 tons of hydrocarbons per winter season in YNP, while emissions of 

CO and hydrocarbons were estimated to be 235 ton/season and 23 ton, 

respectively by using alternative 5 (920 4-stroke snowmobiles daily) [NPS,

2004], Results from a 2-day study conducted at the West Entrance station 

found a mean toluene mixing ratio of 1976 ppm in snowmobile exhaust 

[Morris et al., 1999]. Personal exposure measurements of VOCs were 

conducted for YNP employees during the winter of 1999. This study 

monitored a number of toxic compounds, including benzene, toluene, and 

formaldehyde [Kado et al., 2001]. Of the VOCs measured in this study, 

toluene had the highest relative concentration. Also, VOC monitoring 

conducted at fixed sites showed similar types of gasoline-associated toxic 

compounds (e.g., benzene and toluene) at each location, with highest levels 

prevailing at the West Entrance. The study indicated that the concentration of 

benzene for some employees could approach the Recommended Exposure 

Levels (RELs) as established by the National Institute for Occupational Safety 

and Health (NIOSH). The study supported the hypothesis that “Park 

employees and the surrounding environment are exposed to high levels of 

many toxic pollutants as a result of snowmobile use within the Park...” [Kado 

et al., 2001], These results indicate that levels of individual pollutants, 

including carcinogens such as benzene, resulting from snowmobile exhaust, 

can be high enough to be considered a threat to human health.

The majority of air quality research conducted in YNP has focused on 

snowmobile exhaust emissions and human exposure to toxic air pollutants.
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Very little information exists concerning the spatial variation of air toxics from 

snowmobile emissions in YNP. In our study described in Chapter 3, we use 

atmospheric measurements to characterize the distribution and spatial 

variation of air toxics associated with oversnow vehicular traffic. The emission 

rates of benzene, toluene, ethylbenzene, xylenes, and hexane from 

snowmobile use in the Park are estimated by using a box model. The results 

are compared to estimates of emissions based on the actual use of 

snowmobiles and emission measurements made during 2003 campaign. This 

research will provide base-line VOC data which can ultimately be used by the 

NPS to assess the effectiveness of management decisions concerning 

oversnow traffic in YNP.

Short-lived Halocarbon Measurements in New England Rural and 

Coastal Marine Regions 

Short-lived Halocarbons

Halocarbons have anthropogenic and natural sources with 

atmospheric lifetimes varying from days to centuries. The short-lived 

halocarbons, such as CHBr3 , CH2 Br2 , CH3 I and C2 H5 I have been shown to be 

sources of the halogen oxide radicals BrO and 10 to the atmosphere. These 

radicals play important roles in the chemistry of the troposphere. Reactive 

halogen chemistry has been linked to depletion of surface ozone in various 

regions, including the Arctic and Antarctica, [Barrie et al., 1988; Foster et al., 

2001; Bottenheim et al., 2002], coastal areas [Alicke et al., 1999; Nagao et 

al., 1999; Galbally et al., 2000], and the marine boundary layer [Leser et al., 

2003; Carpenter et al., 1999]. Iodine chemistry has also been shown to lead
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to new particle formation [O’Dowd et al., 2002; Hoffmann et al., 2001; 

Jimenez et al., 2003]. Gaseous alkyl iodides may act as precursors to particle 

production in coastal regions and are estimated to significantly increase both 

direct scattering and cloud condensation nuclei (CCN) concentrations 

[Hoffmann et al., 2001; Jimenez et al., 2003]. Under strong convective 

conditions, which are predominant in the tropics, even relatively short-lived 

gases such as CHBr3 and CH2 Br2 can be transported to the stratosphere or 

reach it as inorganic Br, thus contributing to ozone depletion [Solomon et al., 

1994; Davis et al., 1996; Dvortsov et al., 1999; Schauffler et al., 1999; 

Montzka et al., 2003], In addition, short-lived marine halocarbons have been 

frequently used as tracers to investigate the marine influence on air masses 

[e.g., Atlas et al., 1992; Blake et al., 1996a; Blake et al., 1999], 

Measurements of these marine tracers are important for improving our 

understanding of the atmospheric processes that control the production and 

distribution of air pollutants along coastal marine regions.

Marine macroalgae and microalgae are capable of producing a 

considerable number of different halocarbons [Gschwend et al., 1985; Manley 

and Dastoor, 1988; Sturges et al., 1992; Moore and Tokarczyk, 1993; 

Carpenter and Liss, 2000; Quack and Wallace, 2003], It has been suggested 

that in macroalgae, the formation of halocarbons is initiated by an enzyme- 

catalyzed reaction of accumulated halide ions with hydrogen peroxide to form 

hypohalous acid. Halocarbons may be subsequently formed in the algal cells 

and transferred to seawater or alternatively, formed outside the cell by 

reaction of the released hypohalous acid with organic matter in seawater 

[Carpenter et al., 1999, and references therein]. Field measurements and
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laboratory culture studies of microalgae suggest planktonic species produce 

and release halocarbons into the seawater, particularly in coastal areas [Klick 

and Abrahamsson, 1992; Moore et al., 1996], In these species, 

bromoperoxidase and iodoperoxidase enzymes are believed to be 

responsible for the production of bromocarbons and iodocarbons, respectively 

[Moore et al., 1996], Apart from biogenic sources, the anthropogenic 

chlorination of seawater also leads to the production of trihalomethanes 

(THMs) [Fogelqvist and Krysell, 1991; Jenner et al., 1997; Allonier et al., 

1999; Quack and Wallace, 2003], with bromoform as the principal by-product 

[Allonier et al., 1999]. In this process, hypochlorite and hypobromite react with 

organic material, producing THMs. The production of THMs by chlorination is 

greatly enhanced with increased bromide concentrations in the water [Jenner 

et at, 1997],

Atmospheric CHBr3 is one of the most abundant biogenic organic 

bromine compounds and is a major source of reactive bromine to the 

atmosphere [Schauffler et at, 1999; Carpenter and Liss, 2000]. A positive 

correlation between CHBr3 and CH2 Br2 has been observed in air masses with 

recent marine influences indicating that they have a common biological 

source [Carpenter et al., 2003], Photolysis and reaction with OH are the major 

atmospheric sinks of CHBr3, yielding a photochemical lifetime of ~2-3 weeks 

[Carpenter and Liss, 2000]. For CH2 Br2, reaction with OH is the major 

removal mechanism with a lifetime of ~3—4 months [Schauffler et at, 1999], 

The 1990 global average tropospheric concentrations of CHBr3 and CH2 Br2 

were 0.2-0.3 pptv and 0.5-3 pptv, respectively [Brasseur et at, 1999]. The 

source strength of CH2 Br2 was estimated by Carpenter et at [2003] to be
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between 15 and 25% of the global CHBr3 flux, which is -2 .2  *  1011 g CHBr3 

yr" 1 [Carpenter and Liss, 2000]. This implies that the higher global average 

atmospheric concentration of CH2 Br2 compared to CHBr3 is likely because of 

its longer lifetime.

Previously reported results indicate much higher production rates and 

subsequent emission of CHBr3 in coastal regions compared to the open 

ocean (Table 1.2 and references cited therein). Estimates of algal biomass 

and halocarbon emissions suggest that macroalgae in coastal regions 

contribute about 70% of the global CHBr3 production [Carpenter and Liss, 

2000], Mixing ratios of CHBr3 measured at the coastal site Mace Head, 

Ireland, ranged from 1.0 to 22.7 pptv with a mean value of 6 . 8  pptv in 

September 1998 [Carpenter et al., 2003] (Table 1.2). Coastal CHBr3 

concentrations presented by Quack and Wallace [2003] in the region 40° - 

60°N ranged between 1 and 8.3 pptv. In contrast to these coastal regions, a 

mean mixing ratio of 0.5 pptv was observed in the open ocean of the northern 

Atlantic in October 1996 [Fischer et al., 2000] (Table 1.2). These results 

suggest that the coastal marine environment is a source region for CHBr3, 

with elevated mixing ratios that might strongly influence the atmospheric 

chemistry in these regions [Carpenter and Liss, 2000]. In some coastal 

regions, where numerous disinfection facilities and power plants dump 

effluent into coastal waters, chlorination of water may serve as an additional 

source of CHBr3. The current source estimate from water chlorination is -0 .3  

Gmol Br yr"1, which accounts for a small part of the annual global flux of -10  

Gmol Br yr" 1 [Quack and Wallace, 2003] but may be more significant locally
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[Fogelqvist and Krysell, 1991; Jenner etai ,  1997; Allonier et al., 1999; Quack 

and Wallace, 2003],

Atmospheric CH3I and C2 H5I are marine derived iodocarbons that have 

been identified as significant sources of iodine to the atmosphere [Singh et 

al., 1983a; Yokouchi et al., 1997; Vogt et al., 1999]. In addition to biological 

production, photochemical production in surface seawater has been indicated 

as an important source of CH3I [Moore and Zafiriou, 1994; Happell and 

Wallace, 1996]. The major sink for atmospheric CH3I and C2 H5I is photolysis. 

Recently, microbial consumption has been identified as a loss process for 

CH3I [Wingenteret al., 2004], The photolytic lifetime of CH3I at low latitudes is 

reported to be 3-4 days, increasing to 2 weeks or more at higher latitudes 

[Blake et al., 1999]. There is very little information on the lifetime of C2 H5I 

because even fewer atmospheric measurements are reported in the literature 

for this molecule. However, Carpenter et al. [1999] have suggested that C2 H5I 

and CH3I have similar photochemical lifetimes. Previously reported mixing 

ratios of CH3I and C2 H5I have ranged from 0.12-1.47 pptv and <0.02-0.21 

pptv, respectively, from measurements at Mace Head [Carpenter et al., 1999] 

and 0.24-2.0 pptv and <0.03-0.31 pptv, respectively, over the Asian seas 

[Yokouchi et al., 1997]. Atmospheric mixing ratios of C2 H5I are significantly 

lower than those of CH3I (Table 1.2), which may reflect the lower volatility, 

slower sea-to-air flux, and shorter lifetime of the heavier species rather than a 

lower oceanic production rate [Carpenter et al., 1999].

In contrast to marine derived short-lived halocarbons, both 

tetrochloroethene (C2CI4) and trichloroethene (C2 HCI3) are anthropogenic 

halocarbons and widely used as solvents and dry cleaning fluids [Wang et al.,
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1995], with main sources located in the Northern Hemisphere. Previous 

measurements have shown a strong latitudinal gradient in the mixing ratios of 

these gases, with highest concentrations at high latitudes in the Northern 

Hemisphere and relatively low concentrations in equatorial regions and the 

Southern Hemisphere [Wang et al., 1995; Blake et al., 1999] (Table 1.2). 

These two compounds are frequently used as tracers of urban air masses 

[Blake et al., 1996b]. The concentrations and ratios of these two compounds 

reflect the extent of anthropogenic influence and help to characterize the 

photochemical aging of contaminated air masses. High concentrations of 

C2 HCI3 relative to C2CI4  point to fresh anthropogenic emissions because of its 

short atmospheric lifetime of ~7 days [Quack and Suess, 1999] compared to 

C2CI4  with an OH lifetime of about 3.5-4 months [Singh et al., 1996; Olaguer, 

2 0 0 2 ], Conversely, relatively high levels of C2CI4  can indicate long-range 

transport of urban air masses. Therefore the ratio of C2 HCI3/C2CI4 can help 

constrain air mass processing times.
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Table 1.2. Halocarbon mixing ratios as reported in the literature a

Location or Latitude and Dates CHBr3pptv CH2Br2 pptv CH3I pptv C2H5l pptv C2CLpptv C2HCI3pptv Reference
Region Longitude, deg
Mace Head 53.3 N, 9.9 W Sept. 1998 6.8(1.0-22,7) 1.44 (0.28-3.39) 3.8(1.3-12.0) Carpenter,
(shore) et al., 2003

July 1996 3.4(1.9-8.7 Bassford, et
al., 1999

May 1997 6.27 (1.9-16.3) 0.43 (0.12-1.47) 0.06 (<0.02-0.21) Carpenter, 
et al., 1999

Cape Grim 40.7 S, 144.7 Jan.-Feb. 2.6 (0.7-8.0) 0.43 (0.10-1.39) 2.6(1.0-7.3) Carpenter,
(open ocean air E 1999 e ta i,  2003
masses)
Patagonian Oct.-Nov. 2.4 ±0.48 Fischer, et
Shelf (South) 1996 al., 2000
Tsukuba Town, Apr. 1990 (0.79-1.71) (0,70-1.28) Sharp, et
Japan (shore) al., 1992
Point Barrow, 71.3 N, 156.6 1984-Sept., 6,3(2-11) Cicerone, et
Alaska W 1987 al., 198S
Alert (shelf) 83 N, 64 W Jan. 1992 2.6 (2.0-3.7) 0.8 (0.5-1.0) (0.9-1.4) 8.3 (6.6-9.7) 8.4(5.4-11.5) Yokouchi, 

etal., 1994
Apr. 1992 1.6 (0.9-3.2) 0.8 (0.6-1.0) 0,4(02-0.6) 6.8 (4.3-9.5) 2.4(05-4.3)

Atlantic (open 0-50 N 1982; 1983 0.85 ± 0.44 2.70 ± 0.59 Penkett, et
ocean)

(Northern
hemisphere)

0-50 N, E. 
Atlantic 
30-90 N

1982

Aug.-Sept.
1989

1 (15-30) (5-10)

13 ± 6 3 ± 1 

21 ± 5

al., 1985 
Class & 
Balischmite 
r, 1986 a, b, 
A 1988 
Koppmann, 
e ta i,  1993 
Wiedmann, 
e ta i, 1994

0-65.7 N, 0.1- Oct. 1996 0.5 ±0.1 1,0 ±0,2 Fischer, et
35.5 W ai, 2000

Pacific (open 0-71 N Sept., Dec. (7-26) Wang, et
ocean)

36-41 N 
(>2km)

1989, Mar., 
Jun 1990

0.35 ±0,08 0.79 ±0.03

ai, 1995

Schauffler, 
e ta i,  1999

35 N-22 S. W. Jan., Feb. 1.01 (0.28-2.9) 0,87 (0.47-1.36) 6.6(0.68-40) Yokouchi,
Pacific 1991 e ta i,  1997
35 N-40 S, W. Sept., Oct. 0.63 (0.13-1.91) 0.59 (0.14-1,58) 0.87 (0.05-5.0) 1.9 (0.36-27.9) 0.48 (<0.1 -13.5)
Pacific 1992
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Table 1.2. (continued).

Location or Latitude and Dates CHBr3pptv CH2Br2 pptv CH3I pptv C2H5I pptv C2CI4 pptv C2HCI3pptv Reference
Region Longitude, deg
Pacific (open 4-43 N, 113- Sept. 1994 1.2 (0.38-10.67) 7(0.83-128.7) 3.52 (0.03-141.2) Quack &
ocean) 150 E

25-48 N, 114- 
165 E
25-48 n. 114- 
165 E
0.5 S-59.5N, 
114-122 E

Sept., Oct. 
1991

0.6b (0.12-1.15) 

0.32b (0.18-1.81)

7.2* (2.1-231) 

21* (16-370) 

9.0 (0.9-250.3)

Suess, 
1999 
Stake, et 
al., 1997

Blake, et 
al., 1996

0-40 N, 90.3- 1982 29 12 Singh, et
117 W al., 1983
10S-15N, Feb., Mar. 2.30 (0.50-6.70) 1,07 (0.6-1.8) 5.4(1.8-24.2) Atlas, et
144-165 E 1990 al., 1993
39-55 S, 135- Nov. 1995 0.3 1.4 Blake, et
160 E al., 1999
15-35 N, 115- Dec, 1996- 0.7 ±0.1 U, et al.,
140 E Feb. 1997 2001

W. Pacific & 15N-15S, 1.2 ±0.7
Indian Ocean 95-120 E
(open ocean)
E & SE Asian Jan.-Mar. 1.2(0,32-7.1) 0.77 (0.38-1.42) 0.63 (0,24-2.0) 0.09 (<0.03-0.31) 9.5(1.77-70.0) 147 (<0.1-261) Yokouchi,
Seas (open 1994 e ta i, 1997
ocean)
Antarctic 60.5-66.5 S. Oct.-Dec. 6.3(1.0-37.4) 37(0.3-8.6) 2.4 ± 1.5 Reifenh&us
(shelf) 54.5-69,16 W 1987 er&

Heumann, 
1992 a & b

* Values are given in parts per trillion by volume 
b Median concentrations___________________



Overview of NEAQS 2002 and ICARTT (NEAQS-ITCT) 2004 Campaigns

and Short-lived Marine Halocarbon Measurements

The New England Air Quality Study (NEAQS) 2002 (available at 

http://www.al.noaa.gov/NEAQS/) took place in summer 2002 and was 

initiated jointly by AIRMAP, a UNH air quality and climate program, and by 

NOAA. A primary goal of NEAQS was to improve our understanding of the 

atmospheric processes that control the production and distribution of air 

pollutants in the New England region. Information on the distribution of short

lived marine halocarbons will help to elucidate processes related to the 

marine influence in this region. Chapter 4 presents the atmospheric 

measurements of the marine derived halocarbons CHBr3 and CH2 Br2, and the 

anthropogenic halocarbons C2CI4  and C2 HCl3 from January-March and 

June-August 2002 at Thompson Farm (TF) in the seacoast region of New 

Hampshire. Also presented are measurements of CHBr3, CH2 Br2, CH3 I, 

C2 H5 I, and C2CI4, from 18-19 August 2003 at TF and five other locations 

throughout the local Great Bay estuarine area. Emission fluxes of marine- 

derived halocarbons were estimated from these measurements. For CHBr3, 

the results from the Great Bay study are compared with sea-to-air fluxes from 

the Gulf of Maine determined from air and surface seawater measurements 

made onboard the NOAA ship Ronald H. Brown as part of the NEAQS 2002 

campaign. Finally, the potential anthropogenic source strength of CHBr3 

discharged into local water bodies from power plants and water treatment 

facilities was assessed.

The International Consortium for Atmospheric Research on Transport 

and Transformation (ICARTT) 2004 was formed to help coordinate a series of
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experiments developed by a number of research groups in North America and 

Europe, which were aimed at developing a better understanding of the factors 

that shape air quality in their respective countries and the remote regions of 

the North Atlantic. The combined research conducted in ICARTT focused in 

three main areas: regional air quality, intercontinental transport, and radiation 

balance in the atmosphere. Among the programs that make up ICARTT 2004, 

the New England Air Quality Study - Intercontinental Transport and Chemical 

Transformation (NEAQS - ITCT) 2004 program initiated jointly by AIRMAP 

program, and by NOAA, focused on air quality along the Eastern Seaboard 

and transport of North American emissions into the North Atlantic. 

Measurements of key atmospheric species at Thompson Farm, Durham, NH, 

and Appledore Island, ME, were conducted with the clear goal of addressing 

fundamental gaps in our knowledge of atmospherically relevant trace gas 

distributions, oxidative processing of anthropogenic and biogenic organic 

carbon, the mechanisms of aerosol formation and aerosol modification and 

trace gas exchange at the surface ocean. The study described in Chapter 5 

focuses on the distributions of the oceanic short-lived brominated organic 

compounds and uses these gases as tracers to better understand the 

transport of air masses and the marine influences on air quality in rural 

continental and coastal marine environments in the New England region. In 

Chapter 5, we present the measurements of atmospheric CHBr3 and CH2 Br2 

conducted during ICARTT (NEAQS-ITCT) 2004 campaign at Thompson Farm 

(July 2-August 15, 2004), and at Appledore Island (July 2-August 13, 2004). 

For comparison, measurements of these two gases at Thompson Farm 

during July 3-September 17, 2003 are also presented. Vertical profiles of
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these two gases in the troposphere over the coastal region of the Gulf of 

Maine were obtained from measurements conducted onboard the NASA DC- 

8  aircraft during ICARTT 2004 campaign. The atmospheric distributions are 

interpreted with local wind data to investigate the source region relationships. 

Correlations of CHBr3 with CH2 Br2 and CH2 Br2/CHBr3 with CHBr3 are 

presented to demonstrate their common sources and to study the evolution of 

the compositions of air masses at the coastal and inland sites. Additionally, in 

the case study section, CHBr3 and CH2 Br2 are used as marine tracers to 

study the tropical storm impacts on dissolved gas emissions, characterize the 

transports of air masses during ozone episodes, and to identify the 

entrainment of an air mass influenced by biomass burning from the upper 

troposphere.
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CHAPTER II

EXPERIMENTAL

Canister Preparation

The canisters used in the present studies were 2-liter electropolished 

stainless steel canisters (University of California, Irvine, CA) and 1-liter silica 

lined canisters (Entech Instruments, Simi Valley, CA). Before being sent to 

sampling locations, canisters were prepared at UNH and were first flushed 

with ultra-high purity (UHP) helium and then evacuated to 1 x 10' 2 torr. 

Flushing and evacuating the canisters reduces the possibility of 

contamination by the canisters’ pre-sampling contents. Canisters were 

evacuated to 1 x 10"2 torr using the pump-out manifold displayed in Figure 

2.1. The manifold line was connected to two "U-tubes" immersed in liquid 

nitrogen which are connected to two Vacuubrand model RZ16 vacuum pumps 

(Vacuubrand, Germany). The 1” O.D. 6 ’ long U-tubes prevented any back 

diffusion of pump oil to the clean vacuum line. The pump-out manifold was 

equipped with an Edwards TC-1 thermocouple gauge and 507 analog display 

(Edwards High Vacuum, Wilmington, MA) to monitor pressures between 1 x 

10' 3 and 1.0 torr. After the canisters were evacuated, they were then flushed 

with UHP helium and evacuated again to 1 x 10' 2 torr. The UHP helium was 

cold trapped cryogenically (passed through an activated charcoal/molecular 

sieve (13X) trap immersed in liquid nitrogen) to ensure no contamination from 

the regulator attached to the cylinder. Depending on the sampling project,
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humidification of the canisters was necessary to minimize surface adsorption 

of various gases under the low relative humidity conditions.
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