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One of the main hypotheses for the species causing the observed
health effects of ambient particulate matter is peroxides and other
reactive oxygen species (ROS). However, there is currently very
little data available on the concentrations of particle-bound ROS
or their behavior in different physical locations and seasons. The
concentrations of particle-bound ROS were determined for vari-
ous size fractions of the aerosol, ranging from 10 nm to 18 μm,
in Flushing, New York during the period of January and early
February 2004. Sampling was carried out at 3-hour intervals us-
ing a MOUDITM cascade impactor. The collected particles were
treated with the non-fluorescent probe dichlorofluorescin (DCFH)
that fluoresces when oxidized by the presence of ROS. The mea-
sured fluorescent intensities were converted into equivalent hydro-
gen peroxide concentrations, which were used as indicators of ROS
reactivity, by calibrations using H2O2 standards. Diurnal profiles
of the ROS concentrations were obtained. Correlations of the par-
ticulate ROS concentrations with the intensity of photochemical
reaction, estimated secondary organic carbon (SOC) and gas phase
OH and HO2 radical concentrations were explored. The intensity
of photochemical reactions and gas phase radical concentrations
were found to be moderate factors affecting particulate ROS con-
centrations. The concentrations of ROS were found to be higher in
the submicron size particles of the ambient aerosol.

INTRODUCTION
Epidemiological studies have reported a positive correla-

tion between particulate matter (PM) concentrations and human
morbidity and mortality (Dockery et al. 1992). These associ-
ations persist after adjustment for potential confounders and
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are thought to be causal. PM is composed of solid and liquid
particles that are emitted by sources such as motor vehicles,
roads, smokestacks, forest fires, windblown soil, volcanic emis-
sions, sea spray, and so on. Although there have been significant
advances in our understanding of the dynamics of the atmo-
spheric aerosol, the mechanisms underlying the aforementioned
responses have not yet been established. There have been con-
tinuing efforts to identify biologically active chemical species
that may cause a disproportionate fraction of the adverse health
effects. Of particular importance to particle toxicology are com-
bustion particles that have a core of elemental carbon coated with
a layer of organic hydrocarbons, metals, nitrates, and sulfates,
all of which may play a role in particle toxicity. It has been
suggested that particle toxicity arises through oxidative chal-
lenges to the lung, through the metal-catalyzed formation of
reactive oxygen species (ROS) via Fenton-type reactions (Stohs
and Bagchi 1995) at the target sites, at concentrations that over-
whelm endogenous antioxidant systems, causing inflammation
and leading to systemic dysfunctions. It needs to be recognized
that there are ROS present in the atmosphere associated with
respirable particles to which we are exposed. Mauderly (1998)
has also proposed peroxides as one of the chemical species that
might be associated with the adverse health effects observed for
fine particles. The presence of particle-bound ROS that could
be formed from a variety of anthropogenic and biogenic reac-
tive hydrocarbon species could help to explain the uniformity
of particle effects across a wide variety of locations in spite of
large differences in the chemical composition of the particulate
matter.

The chemical composition of the atmosphere is largely con-
trolled by the presence of various oxidants in the atmosphere that
effectively determine the lifetime of many natural and anthro-
pogenic pollutants such as methane (CH4), carbon monoxide
(CO), non-methane hydrocarbons, nitrogen oxides (NOx), and
sulfur dioxide (SO2). In turn, these pollutants can affect the level
of oxidants and thus, affect the atmosphere’s response to future
perturbations. Oxygen-containing free radicals such as the hy-
droxyl (OH), hydroperoxyl (HO2) and organic peroxyl radicals
(RO2), molecules like H2O2 and organic peroxides and ions
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98 P. VENKATACHARI ET AL.

such as the hypochlorite ion (OCl−) and the superoxide anion
(O−

2 ) are collectively described as reactive oxygen species. In
addition, there are organic peroxy radicals formed through the
reaction of hydroxyl radicals or ozone with reactive hydrocarbon
compounds. Atmospheric ROS is mainly generated from photo-
chemical reactions in polluted air containing two main classes
of precursor pollutants, volatile organic compounds (VOCs) and
NOx (Seinfeld and Pandis 1998). In the absence of sunlight,
the mechanism of formation of ROS is highly influenced by
the chemistry of the NO3 radical (Wayne et al. 1991) and the
OH radical formation from the reactions of ozone with alkenes
(mainly biogenic VOCs) (Paulson and Orlando 1996).

Combustion of organic materials such as wood also can gen-
erate atmospheric ROS (Kao and Wang 2002). ROS appear in
both the gas and particulate phase. Earlier studies looking at at-
mospheric ROS have focused mainly on ROS in the gas phase
and in rainwater and cloud droplets (Sakugawa et al. 1993; Tsai
et al. 1991). However, concentration data on ROS in the particu-
late phase is limited (Hung and Wang 2001; Hasson and Paulson
2003; Venkatachari et al. 2005). Hasson and Paulson (2003)
suggested that most of the particle-bound ROS is H2O2, but ob-
serve greater ROS than would be present based on a Henry’s
Law model of uptake by the particles. However, they also ob-
served much lower concentrations than Hung and Wang (2001)
that they attributed to problems with the extraction procedure
of the earlier work. In laboratory studies, Docherty et al. (2005)
investigated the role of organic peroxides in secondary organic
aerosol (SOA) formation from biogenic monoterpenes such as
α-pinene and concluded that SOA was predominantly organic
peroxides with the latter contributing anywhere between 47%
and 85% of the total SOA mass. Ziemann (2002) postulated
diacyl peroxides as a nucleating agent and major component
of aerosol formed from reactions of ozone with cyclic alkenes
such as cyclohexene and its homologues. Thus, the extent and
nature of the ROS associated with particles is not yet well
characterized.

Particles generated in diesel emissions, combustion aerosols
from wood, incense, and so on are generally smaller than a few
tenths of a micrometer in diameter. Particles in this size range
have a rate of about 20–30%, of deposition in the alveolar regions
of the respiratory tract (Hung and Wang 2001). Excessive ROS,
either from exogenous or endogenous sources, exhibit a greater
cytotoxic effect on cellular membrane integrity (Vallyathan et al.
1988), and consequently induce cell injury that may trigger a
cascade of free radical reactions promoting disease processes.
ROS has been implicated in the pathogenesis of many pulmonary
diseases including asthma (Kehrer 1993), and has been known
to play a role in the tumor promotional stage of carcinogenesis
(Cerruti 1985). In contrast, most of the ROS in the gas phase
have high solubility and molecular diffusivity, and are mostly
absorbed by the mucus in the upper respiratory tract (Friedlander
and Yeh 1998).

Ambient measurements of particulate ROS made in the win-
ter of 2004, during the PM2.5 Technology Assessment and

Characterization Study—New York (PMTACS-NY) field cam-
paign at Flushing, New York are presented. Previously, Venkat-
achari et al. (2005) examined the particle-bound ROS in the
various size fractions of the ambient aerosols in Rubidoux, Cal-
ifornia and found that ROS concentrations correlated moder-
ately with the intensity of photochemical reactions, smaller par-
ticles were observed to have higher ROS concentrations, and
the general magnitude of ROS concentrations were found to be
at least an order of magnitude higher than observed in Taipei
(Hung and Wang 2001). This study examines the diurnal vari-
ation of ROS concentrations in the winter. It explores the rela-
tionship between ROS concentrations and ozone concentrations
that were used as an indicator of the intensity of photochemical
reactions. Secondary organic carbon (SOC) concentrations at
the site are estimated by applying the EC tracer method (Turpin
and Huntzicker 1995) on measured organic carbon (OC) and ele-
mental carbon concentrations (EC). The effect of these carbona-
ceous components on the measured particulate ROS concentra-
tions, as well as the statistical significance of their relationships
with the ROS are examined. Furthermore, ROS concentrations
are also compared with gas phase OH and HO2 concentrations
that were simultaneously measured at the site during this pe-
riod. Finally, a comparison with results obtained in Rubidoux is
presented.

EXPERIMENTAL SECTION

Sampling Location
During the period of January 12, 2004 to February 5, 2004,

airborne particulate matter was sampled and analyzed for re-
active oxygen species at the New York Supersite at Queens
College. This site is located at 40◦ 43′ 42′′ N, 73◦ 49′ 17′′ W,
about 14 kilometers west of Manhattan, and is close to both
freeways and airports. The Long Island Expressway (495) and
the Van Wyck Expressway (678) are both less than two kilome-
ters from the site. Two international airports, John F. Kennedy
and LaGuardia, are both within 12 kilometers of the sampling
site. Prevailing wind direction in this region is predominantly
northwesterly.

Instruments
Particle sampling was done using a Micro-Orifice Uni-

form Deposit Impactor©R (MOUDITM, MSP, Minneapolis, USA)
(Marple et al. 1991) and a Nano-MOUDITM (MSP, Minneapolis,
USA). The particles were collected on Nucleopore©R polycar-
bonate filters (Whatman, 1 μm pore size, USA). The MOUDITM

is a rotating 10-stage cascade impactor with a sampling flow
rate of 30 L/min. The Nano-MOUDITM is a 3-stage cascade im-
pactor, that is connected downstream of the MOUDITM through
a critical orifice in order to facilitate collection of nanometer
sized particles. The flow rate through the Nano-MOUDITM is
10 L/min. The cut sizes of the MOUDITM are 18, 10, 5.6, 2.5,
1.8, 1, 0.56, 0.32, 0.18, 0.1, and 0.056 μm, whereas those of the
Nano-MOUDITM are 0.032, 0.018, and 0.010 μm.



WINTERTIME ROS IN NYC 99

Reagents
Rapid quantitative determination of ROS concentration can

be performed with a fluorogenic probe such as dichlorofluo-
rescin (DCFH). DCFH is a non-fluorescent reagent that be-
comes fluorescent dichlorofluorescin (DCF) upon reaction with
ROS. DCFH was prepared from 2′, 7′-dichlorofluorescin diac-
etate (DCFH-DA) (Calbiochem, California, USA), according to
the procedure provided by Cathcart et al. (1983). Mixing 0.5
mL of 1 mM DCFH-DA in ethanol with 2 mL of 0.01 N NaOH
solution, yielded an unstable DCFH solution, which was in-
cubated at room temperature in the dark for 30 minutes. The
hydrolyzate was then neutralized with 10 mL sodium phosphate
buffer solution to maintain a pH of 7.2 in the resulting solution.
The solution was kept on ice without exposing it to the light
until use. To catalyze the reaction between DCFH and the ROS,
Immunopure©R Horseradish peroxidase (HRP) (Pierce Chemi-
cal, Illinois, USA) was added to the DCFH solution in a ratio
such that the working reagent of DCFH-HRP contained 2.2 units
of HRP/mL of the reagent. DCFH has been proved to have a high
sensitivity that is capable of detecting picomole levels of hy-
droperoxides (Cathcart et al. 1983). Scott et al. (1988) and Zhu
et al. (1994) explored DCFH response to xanthine oxidase and
iron/H2O2 exposures respectively under various conditions and
suggested DCF formation from the superoxide, H2O2, and the
OH radical oxidation as the reason for observed results. DCFH
oxidized products induced by peroxyl radicals have also been
documented (Adom and Liu 2005). Furthermore, it should also
be noted that DCFH has been found to respond to peroxyni-
trite in biological assays (Kooy et al. 1997). Thus, its lack of
specificity toward reactive oxygen species (LeBel et al. 1992),
coupled with its positive response to all the oxidants constituting
“ROS” have made it an appealing probe for studying toxicologi-
cal phenomena, and has led to its wide use in biological systems
for detecting oxidative activity and indicating oxidative stress.
Recently, DCFH has also been used in the assay of particles for
ROS formed from welding fumes (Antonini et al. 1998).

Procedure
Sampling was done at 3-hour intervals in the morning (8–

11 A.M.), early afternoon (12–3 P.M.), late afternoon (4–7 P.M.),
and at night (9 P.M.–12 A.M.) in order to determine the pattern
of diurnal variation of ROS concentration. Field blanks were
also collected. Subsequent to the particle collection, the sample
filters and the field blanks were suspended in a 50 mL beaker
containing 12.5 mL of 1 μM DCFH-HRP, and sonicated for 15
minutes to extract ROS from the particles, and then incubated at
37◦C for a further 15 minutes. After incubation, each sample of
the suspension was placed in clear 4-sided cuvettes (10 mm × 10
mm). Analysis of the samples for ROS was performed with the
help of a TurnerTM Quantech Digital Filter Fluorometer (model
#FM109535). The cuvettes were inserted in the sample cham-
ber of the TurnerTM Fluorometer to measure the fluorogenic
intensity of DCF in each sample and field blank. The measured

fluorescent intensity of the field blanks (approximately 28–60%
of the fluorescence of the particle samples) was subtracted from
those of the particle samples to minimize the uncertainty arising
from possible contamination during analysis. Background fluo-
rescence caused due to autooxidation of DCFH or by the action
of the added peroxidase is also taken care of in the analysis by
subtracting the blank fluorescence from that of the sample. In
order to correlate the fluorescent intensities and concentrations
in terms of equivalent H2O2 concentrations (Hung and Wang
2001), an assay of standard solutions of H2O2 was performed.
Solutions of 1.0, 2.0, 3.0, and 4.0 × 10−7 M H2O2 were pre-
pared in 0.1 mL aliquots each and were added to 3 mL of the
DCFH-HRP reagent mixture. Blanks were prepared with 0.1
mL distilled and deionized water instead of H2O2. Standard so-
lutions and blanks were incubated at 37◦C for 15 minutes, and
the resulting fluorescent intensity was measured by the filter
fluorometer. A calibration curve (shown in supplementary ma-
terial, Figure S1) was drawn from the measured fluorescence
of standard H2O2 solutions, and the fluorescence intensity data
from the analysis of the samples was converted into equivalent
H2O2 concentrations using the obtained calibration curve. In
prior biological studies, it has been documented that removal
of the diacetate groups in DCFH-DA may result in trace H2O2

production (Rota et al. 1999). However, we suggest that these
are quantitatively insignificant sources of error, based on the
observed background levels of DCF fluorescence. Myhre et al.
(2003) came to the same conclusion based on results of tests
they performed on cellular systems.

RESULTS AND DISCUSSION

ROS Concentrations
Sampling was performed in four 3-hour intervals through

the course of a day to characterize particulate ROS concentra-
tions and determine the diurnal variation in the concentration
of ROS in the various size fractions of the Flushing aerosol.
The results obtained are presented in Table 1. For the ambient
aerosol in Flushing, the average total ROS concentrations ex-
pressed in terms of equivalent H2O2 concentrations were 1.149,
1.338, 1.176, and 1.056 nanomoles/m3 during the sampling in-
tervals between 8–11 A.M., 12–3 P.M., 4–7 P.M. and 9 P.M.–
12 A.M., respectively. Smaller particles were observed to have
higher ROS concentrations, especially particles in the 10–56 nm
size range.

Lower concentrations of ROS were found in this study when
compared to the study conducted in Rubidoux (Venkatachari
et al. 2005). The lower concentrations can be attributed to any
of the following: the study was conducted in winter when the
temperatures and the intensity and duration of the solar flux
was not conducive for photochemical reactions to produce free
radicals. The presence of strong northwesterly winds for much
of the period meant that not much reactive material was being
brought to the area. With northwesterly flow, there are no major
cities on the way to New York City. The high wind speeds lead
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FIG. 1. Diurnal variations of (a) mean total particulate ROS concentrations and (b) mean stagewise ROS concentrations.

to high dilution and low residence time in source areas. Also,
there were no smog episodes to provide the amount of precursors
necessary for the production of a large amount of free radicals.

Figure 1a shows the diurnal variations in the average total
ROS concentrations. The highest average total ROS concentra-
tions occur during the midday sampling intervals. The nighttime
ROS concentrations are comparable in magnitude being only
slightly lower than the daytime levels. Although there is not a
sharp drop in concentration during the evening, this diurnal pat-
tern suggests that photochemical activity is the main source of
the ROS. Primary emissions would be expected to come from
motor vehicles operating on the nearby highways (Long Island
and Van Wyck Expressways). However, they would show a peak
concentration in the earliest time interval (8–11) when there

would be the morning rush hour traffic coupled with the rela-
tively lower mixing height that would persist from the overnight
period. Given the peak activity in mid-afternoon, it appears that
photochemistry is the main source of the observed oxidative
activity.

The ozone levels were consistently low at night, with aver-
age concentrations of less than 10 ppbv, which suggests that
the amount of fresh ROS being formed by the oxidation of
alkenes by ozone is minimal. The nighttime levels seem to in-
dicate the presence of some long-lived ROS species, mostly
organic peroxides (Docherty et al. 2005) and thus potential for
transport.

Figure 1b shows the trends in stagewise particle-bound
ROS concentrations. There was no observable diurnal trend
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in the stage-wise ROS concentrations. A two-level Analysis of
Variance (ANOVA) of the size and time dependent ROS con-
centrations in the 10–56 nm stages with the corresponding con-
centrations in the other stages revealed that statistically signif-
icant higher ROS concentrations (p < 0.001) occurred in the
Nano-MOUDITM stages. This trend was observed in Rubidoux
as well (Venkatachari et al. 2005). The disconnect in the con-
centrations of ROS in the Nano-MOUDITM stages in Rubidoux
were attributed to the condensation of vapor phase ROS onto
the particles or the filters as a result of their adiabatic expan-
sion at the low pressures encountered in the Nano-MOUDITM

stages. In Flushing, a disconnect in the ROS concentrations does
occur in the Nano-MOUDITM stages (see Figure S2a, supple-
mentary material) although to a much lesser extent than was
observed in Rubidoux. This result might be explained by the
fact that the majority of the vapor-phase ROS was already con-
densed onto the particles at the lower winter temperatures of
the order of –15◦C to –10◦C encountered throughout the pe-
riod of the study. Hence, the concentration of particle-bound
ROS in these stages might have been overestimated. It should
be noted that this overestimation applies only to the ROS con-
centrations per stage for the Nano-MOUDITM stages, and not
the total ROS concentrations. The total Nano-MOUDITM stage
concentrations are found to be significantly different from, and
lower than the total concentration of the MOUDI stages (see Fig-
ure S2b, supplementary material). Also, it should be noted that
since 3-hour samples were collected, short-lived ROS having
lifetimes substantially less than 3 hours cannot be estimated and
hence the concentration of ROS might also be underestimated in
this study. It is not possible to fully define the size distribution of
the particle-bound ROS, but it is likely to be in the sub-micron
range.

ROS-O3 Correlation
Since photochemical reactions of chemical species accounts

for a majority of the free radicals in the daytime atmosphere, the
local intensity of photochemical reactions could be an important
cause of the observed particle-bound ROS concentrations. Al-
though O3 can be transported, it is largely a result of local photo-
decomposition. In this study, the average ozone concentration
was examined as a potential marker of the intensity of pho-
tochemical reactions as suggested by Hung and Wang (2001).
The ozone data was obtained from standard photometric ozone
monitors maintained by the New York State Department of Envi-
ronmental Conservation (NYSDEC) at the site. The scatter plots
of the average ozone concentrations and the corresponding ROS
concentrations for the daytime sampling intervals are shown in
Figure 2.

There is a weak correlation between the O3 and the ROS con-
centrations that indicates the formation of ROS is promoted by
enhanced photochemical activity. The correlation, as evidenced
by the Pearson correlation coefficient, r, is highest for the 12–
3 P.M. sampling interval since the local intensity of photochemi-

cal reactions would be maximum at this time. The lower correla-
tion during the late afternoon sampling period of 4–7 P.M., might
be due to the fact that the sampling was done during wintertime,
when days were shorter and hence the local intensity of solar ra-
diation would be low for most of this sampling period. In order to
confirm that the relationship of ozone with ROS was significantly
different, and that the regressions were statistically significant,
a single factor ANOVA was performed (see supplementary ma-
terial). The results of the ANOVA test indicated a significant
difference (p < 0.001) and that the level of ozone affected the
magnitude of the ROS concentrations. These results show that
the local intensity of photochemical reaction was a moderate
factor affecting the formation of particulate ROS in the daytime
atmosphere. The absence of a more positive correlation maybe
explained by the vertical mixing in the lower few kilometers,
slow dry deposition to the surface, and local sources of NO such
as motor vehicle traffic that destroys O3. The particle-bound
ROS include longer lived oxidative species that were formed
multiple hours ago and transported to the site. Moreover, the
chemistry of formation of the different constituents of ROS is
complex. At this time, little is known about the specific con-
stituents of the ROS and additional work is needed to elucidate
their structure that would provide additional insights into their
formation mechanisms. Their generation and binding to parti-
cles is affected by a variety of factors such as the concentrations
of the precursor components, meteorological conditions such
as solar radiation, water vapor concentration, temperature and
pressure (Logan et al. 1981). For example, it has been observed
that the yields of hydrogen peroxide increase from 1% in dry
air to 9% in moist air, and the yields of other complex perox-
ides also increase substantially in the presence of water vapor
(Reeves and Penkett 2003). It is apparent that ROS producing
chemical systems are non-linear, and thus, the correlation with
local O3 concentrations can be expected to be relatively weak.
This finding is consistent with previous studies (Hung and Wang
2001; Venkatachari et al. 2005).

ROS–SOC Correlation
Secondary organic carbon (SOC) refers to particulate ma-

terial formed in the atmosphere through gas-to-particle con-
version processes, most of which are photochemically driven.
The ratio of the ambient concentrations of particulate OC
to EC includes information about the extent of SOC forma-
tion, since primary OC and EC are mostly emitted by the
same combustion source. Ambient ratios of OC/EC which are
greater than this primary OC/EC ratio indicate secondary or-
ganic aerosol formation. Thus, secondary OC can be defined
as:

OCsec = OCtot − OCpri

and

OCpri = EC × (OC/EC)pri
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FIG. 2. Regression graphs showing correlation between mean ozone concentrations and mean total particulate ROS concentrations during the three daytime
sampling periods.

where OCsec is secondary OC, OCtot is total OC, OCpri is primary
OC, and (OC/EC)pri is the primary ratio estimate. Further details
on the method can be found elsewhere (Turpin and Huntzicker
1995). Based on the measured OC and EC, the upper bound
of the primary OC/EC ratio was found to be 1.3 (Venkatachari
et al. 2006), and was used to calculate SOC. Figure 3 shows
the scatter plots of the estimated SOC concentrations and the
corresponding particulate ROS concentrations for the sampling
intervals. It is observed that the ROS is best correlated with SOC
during the midday intervals, especially during the late afternoon.
One-way ANOVA analyses were conducted between ROS and
EC, OC, and estimated SOC, respectively (see supplementary
material). A statistically significant relationship (p < 0.05)

was observed only in the case of ROS and SOC. Thus, despite
the lack of an observable strong correlation, the existence of a
statistically significant correlation, as well as the consistency of
the positive relationships between ROS and SOC for all the peri-
ods suggests that the measured ROS is photochemically driven.
Scatter plots between ROS and EC and ROS and OC (Figures S3
and S4, supplementary material) were also constructed. Trends
observed in this scatter plots, accompanied with the lack of a
positive, statistically significant correlation (p > 0.05) from
the ANOVA analyses conducted between them seem to indicate
that primary emissions, especially from motor vehicles, are not
a major source of the measured particle-bound ROS. However,
it is not possible to ascertain their exact impact without



104 P. VENKATACHARI ET AL.

FIG. 3. Regression graphs showing correlation between estimated SOC concentrations and mean total particulate ROS concentrations during the sampling
periods.

knowledge of the specific chemical nature of the observed
ROS.

Correlation of ROS with Gas Phase OH and HO2

Figure 4 shows the average concentration profiles of ROS
and gas phase OH and HO2 radicals over the period of sam-
pling. The gas phase data was provided by the Penn State Uni-
versity group that did the measurements at the site during the
study period. Laser Induced Fluorescence was used to measure
gas phase OH and HO2 radical concentrations. The results in-
dicate the existence of, at best, a weak positive correlation. In
order to confirm that the relationship of ROS with the gas phase
radicals was significantly different, a single factor Analysis of
Variance (ANOVA) was performed (see supplementary mate-
rial). The results of the ANOVA test indicated that different
levels of OH, HO2, and OH+ HO2 resulted in significantly dif-
ferent (p < 0.001) ROS concentrations. The weak correlation
may represent the difference between relatively lower reactiv-

ity particle-bound ROS that accumulates over time and distance,
and local photochemistry producing the gas phase radicals, since
the OH and HO2 radicals are not going to be transported over
long distances. The lack of a more positive correlation of the
particle-bound ROS, both with ozone as well as other gas phase
oxidants, shows the decoupling of the particulate matter ROS
from the gas phase oxidants. Also, a decreasing relationship be-
tween the ROS concentration and OH and HO2 concentration
was observed during the 9 P.M.–12 A.M. sampling period (graph
not shown). One of the major reaction pathways for biogenic
VOC’s like isoprene and terpenes is their reaction with OH, re-
moving it from the air and ultimately forming organic peroxyl
radicals.

In an urban environment like New York City, CO, CH4,
and NMHC’s also function as OH sinks leading to the forma-
tion of organic peroxides. A negative correlation might then
be expected. Aerosol uptake of the species formed from the
aforementioned pathways are expected to be the major con-
tributors to the particle-bound ROS formed at night, since
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FIG. 4. Scatter plot of mean total particulate ROS with gas phase OH and HO2 radical concentrations over the period of sampling.

at the low temperatures encountered during the study, nitrate
radical chemistry would not play an important role in ROS
formation.

CONCLUSIONS
Sampling of ambient aerosols was performed to characterize

the particle-bound concentrations of ROS, their diurnal varia-
tion, and dependence on various factors. These measurements
suggest that the local intensity of photochemical reactions, as in-
dicated by the correlations found between the ROS and O3 con-
centrations was a moderate factor in the formation of daytime
ROS. The weak oxidative chemistry occurring during winter
when this study was undertaken, coupled with the complex atmo-
spheric chemistry of ROS, suggests that the weak correlation is
to be expected. Observed correlations, or the lack thereof, of the
measured ROS with EC, OC and estimated SOC concentrations
at the site, further strengthen the argument for the photochem-
ical nature of the measured ROS. The presence of comparable
nighttime ROS during the sampling period might be indicative
of the fact that the biogenic VOC-OH radical reaction pathway
might be a dominant source of the nighttime ROS. Moderate
correlations were found between the particle-bound ROS and
gas phase HOx concentrations. Further study is required to put
these results in perspective with the ROS that is generated in
situ in the tissues of the lung and to try and relate the exposure
that people may receive of directly inhaled ROS to that which
is generated in situ.
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Figure S2:. (a) Stagewise concentration distribution curve, and (b) scatter plot of the total ROS concentration in the Nano-MOUDI stages versus the total ROS
concentration in the MOUDI stages.

SECTION S1: ROS-OZONE CORRELATION: ANOVA
TEST RESULTS

ROS Conc.
in nanomoles/m3 Ozone in ppb

0.926 1
1.086 2
1.128 2.7
1.08 3.1
1.214 7.7
1.011 8
1.018 9
1.178 9.5
1.263 9.7
1.3 11.4
1.16 11.5
1.105 12
1.388 12
1.3 12.4
1.075 12.5
1.425 12.8
1.121 13.5
1.193 15.4
1.115 15.8
1.015 15.8
1.156 16.7
1.263 16.9
1.106 17
1 17.9
1.123 17.9
1.223 18.4
1.4 18.6

ROS Conc.
in nanomoles/m3 Ozone in ppb

1.053 19.4
1.275 19.9
1.275 21
1.2 23
1.3 23.1
1.313 23.1
1.525 23.3
1.23 23.6
1.5 23.6
1.388 24.5
1.263 24.6
1.338 25.1
1 513 26.6

Ozone in ppb

A: 0–10 B: 10–15 C: 15–20 D: 20–30

0.926 1.3 1.193 1.275
1.086 1.16 1.115 1.2
1.128 1.105 1.015 1.3
1.075 1.388 1.156 1.313
1.214 1.3 1.263 1.525
1.011 1.075 1.106 1.23
1.018 1.425 1 1.5
1.178 1.121 1.123 1.388
1.263 1.223 1.263

1.4 1.338
1.053 1.513
1.275
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Single factor ANOVA

Source of
variance F ratio P value

Critical F ratio
(α = 0.05)

Between groups 8.46 0.000219 2.866

The Analysis of Variance (ANOVA) test is a statistical test
for the heterogeneity of means by the analysis of group vari-
ances. Here, ANOVA is used to test for the presence of a statis-
tically significant difference in ROS concentrations with ozone

Figure S3:. Regression graphs showing correlation between measured EC concentrations and mean total particulate ROS concentrations during the sampling
periods.

concentrations. Towards this end, the ROS concentrations are
classified into four groups based on the corresponding ozone
concentrations of 0–10, 10–15, 15–20, and 20–30 ppb. A sta-
tistically significant distribution is said to be obtained if the P
value (defined as the probability that a variate would assume
a value greater than or equal to the observed value strictly by
chance) is less than the significance level, denoted by α. Also,
the F ratio, which is the ratio of two independent estimates of
the variance of a normal distribution, should be greater than a
certain critical value calculated based on the significance level
(α) and the number of degrees of freedom. As observed in the
tables above, these criteria are satisfied, and hence, the ROS
concentrations are affected significantly differently by different
ozone concentrations.
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Figure S4:. Regression graphs showing correlation between measured OC concentrations and mean total particulate ROS concentrations during the sampling
periods.

SECTION S4: CORRELATION OF ROS WITH SOC, EC
AND OC: ANOVA TEST RESULTS

S4-1: ROS-SOC ANOVA

SOC Conc. in μg/m3

A: < 0.55 B: 0.55–1.1 C:>1.1

1.313 1.400 1.425
1.338 1.350 1.018
1.000 1.388 1.086
1.193 1.500 1.128
1.156 1.223 1.425
1.121 1.178 0.926
1.075 1.275 1.300
1.011 1.513 1.300

SOC Conc. in μg/m3

A: <0.55 B: 0.55–1.1 C:>1.1

1.123 1.263 1.525
1.105 1.160 1.388
1.275 1.300 1.214
1.230 1.106 1.388
1.263 1.263
1.075
1.200
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Single factor ANOVA

Source of variance F-ratio P value Critical F-ratio (α = 0.05)

Between groups 3.54 0.039 3.25

S4-2: ROS-EC ANOVA

EC Conc. in μg/m3

A: <0.45 B: 0.45–0.70 C: 0.7–1.5 D: >1.5

0.959 1.223 1.214 0.926
0.880 1.300 1.500 1.075
1.200 1.400 1.388 1.388
1.123 1.075 0.938 1.350
1.086 1.106 1.121 1.128
1.263 1.018 1.263 1.000
1.425 1.178 1.300 0.975
1.513 1.275 0.909 1.086
1.230 1.190 1.105 1.156
1.275 1.240 1.263 1.338
1.070 1.056 1.160 1.193
0.933 1.525 0.924 1.388

1.300 1.011 1.313
1 475

Single factor ANOVA

Critical F-ratio
Source of variance F-ratio P value (α = 0.05)

Between groups 0.36 0.78 2.79

S4-3: ROS-OC ANOVA

OC Conc. in μg/m3

A: <1.1 B: 1.1–1.8 C: 1.8–2.6 D: >2.6

0.959 1.400 1.070 1.525
1.450 1.121 1.425 1.263
1.123 1.223 1.263 1.350
1.086 0.933 1.018 0.924
0.880 1.178 1.105 0.938
1.015 1.275 1.053 0.909
1.000 1.185 1.193 1.214
1.075 1.313 1.240 0.926
1.230 1.500 1.011 1.128
1.200 1.190 1.300 1.086
1.275 1.106 1.300 1.388
1.338 1.388 1.300 1.425
1.513 1.156 1.160 1.388
1.263 1.056 0.975

1.075

Single factor ANOVA

Source of variance F-ratio P value Critical F-ratio (α = 0.05)

Between groups 0.24 0.86 2.78

In order to explore the effect of primary emissions on the
observed ROS concentrations, linear regressions were carried
out between the measured ROS concentrations and EC and OC
concentrations observed at the site. Additionally ANOVA anal-
yses were carried out to investigate the statistical significance
of the effect of the EC and OC concentrations on the observed
particle-bound ROS concentrations. It was observed, as seen in
Figures S3 and S4, that both EC and OC, in general, exhibit
poor, negative correlations with the observed ROS concentra-
tions. Furthermore, the ANOVA analyses between these com-
ponents seem to indicate no statistical relevance of primary EC
and OC concentrations on the ROS concentrations. The observed
positive correlations during the afternoon periods between, the
EC and OC and ROS concentrations, when there is maximum
photochemical activity, again serves to reinforce our hypothesis
of the photochemical activity driving the ROS concentrations.
Additionally, as seen above, the ANOVA analysis when carried
out between the observed SOC concentrations, and the ROS
concentrations indicates the presence of a statistically relevant
relationship between the two (P-value > α; F-ratio > Critical
F-ratio).

SECTION S3: CORRELATION OF ROS WITH GAS PHASE
OH AND HO2: ANOVA TEST RESULTS

S3-1: ROS-OH ANOVA

OH Conc. in ppt

A: 0–0.0095 B: 0.0095–0.025 C: 0.025–0.04 D: 0.04–0.08

1.056 1.4 1.121 1.193
1.45 1.015 1.3 1.35
1.086 1.223 1.2 1.338
1.07 1.053 1.086 1.263
1.263 1.075 1.105 1.275
0.938 1.185 1.313 1.16
1.3 0.909 1.525 1.5
0.975 1.24 1.23 1.513
1.018 1 1.425 1.3
0.933 1.388 1.388 1.388
1.19 1.214 1.178 1.263
0.88 1.425 1.128
1.123 1.106 0.926
1.011 1.075 1.275
0.959 1.115 1.156
0.924
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Single factor ANOVA

Critical F-ratio
Source of variance F-ratio P value (α = 0.05)

Between groups 6.661 0.00067 2.779

S3-2: ROS-HO2, ANOVA

HO2 Conc. in ppt

A: <0.25 B: 0.25–0.5 C: >0.5

1.056 1.223 1.525
1.45 1.185 1.128
1.086 1.3 1.425
0.88 1.121 1.106
0.938 1.388 1.3
1.123 0.933 1.156
1.19 1.086 1.193
0.975 1.115 1.178
1.263 1.214 1.275
0.959 1.075 1.338
1.07 0.926 1.313
1.015 1.2 1.275
1.053 1.105 1.5
1.24 1 1.263
0.924 1.23 1.388
1.4 1.075 1.3
1.018 1.388 1.16
1.011 1.263

1.513

Single factor ANOVA

Critical F-ratio
Source of variance F-ratio P value (α = 0.05)

Between groups 10.036 0.000211 3.179

S3-3: ROS-(OH + HO2) ANOVA

(OH + HO2) Conc. in ppt

A: <0.3 B: 0.3–0.5 C: >0.5

1.056 1.185 1.388
1.45 1.3 1.106
1.086 1.388 1.525
0.88 1.121 1.425
0.938 0.933 1.128
1.123 1.115 1.3
0.975 1.086 1.156
1.19 1.075 1.193
1.263 1.214 1.178
0.959 1.2 1.275
1.07 1 1.313
1.015 1.105 1.338
1.053 0.926 1.275
1.24 1.23 1.263
0.924 1.075 1.5
1.018 1.388
1.4 1.3
1.011 1.16
1.223 1.263

1.513

Single factor ANOVA

Critical F-ratio
Source of variance F-ratio P value (α = 0.05)

Between groups 10.036 0.000211 3.179

ANOVA analyses were conducted on ROS, OH and HO2

concentrations to provide the statistical strength to the arguments
made in the main text. As observed above, there appears to be a
significant relationship between the gas phase radicals and the
measured ROS concentrations. In all three cases, the criteria for
statistical significance, as alluded to before, are satisfied. Thus,
there is statistically different ROS for different OH, HO2 and
OH + HO2 concentrations.


