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Photochemical production and loss rates of ozone at
Sable Island, Nova Scotia during the North Atlantic
Regional Experiment (NARE) 1993 summer intensive

K. A. Duderstadt,! M. A. Carroll,? S. Sillman,! T. Wang, 13
G. M. Albercook,! L. Feng,! D. D. Parrish,* J. S. Holloway, *
F. C. Fehsenfeld,* D. R. Blake,® N. J. Blake,® and G. Forbes®

Abstract. Three weeks of summertime surface-based chemical and meteorological
observations at Sable Island, Nova Scotia during the North Atlantic Regional
Experiment (NARE) 1993 summer intensive are used to study instantaneous photo-
chemical production and loss rates of ozone by means of a numerical photochemical
model. Results are most sensitive to the averaging scheme of data used to constrain
the model and the ambient variability of the measurements. Model simulations
driven by a time series of 5 min averaged data, most representative of the chemistry
at the site, yield an average net photochemical ozone production of 3.6 ppbv/d.
Estimates of net ozone production designed to filter out local sources, by using
1000-1400 LT median values of observations to drive the model and by excluding
short-lived hydrocarbons, give values ranging from 1 to 4 ppbv/d. These positive
values of net ozone production within the marine boundary layer over Sable Island
demonstrate the impact of polluted continental plumes on the background pho-
tochemistry of the region during the intensive. The dominant ambient variables
controlling photochemical production and loss rates of ozone at the site during the
measurement campaign appear to be levels of nitrogen oxides, ozone, nonmethane
hydrocarbons, and solar intensity determined by cloud cover. The model parti-
tioning of nitrogen oxides agrees for the most part with measurements, lending
credence to calculated photochemical production and loss rates of ozone as well as
inferred levels of peroxy radicals not measured at the site. Discrepancies, however,
often occur during episodes of intermittent cloud cover, fog, and rain, suggesting

the influence of cloud processes on air masses reaching the site.

1. Introduction

Determining the distribution of tropospheric ozone
(O3) and identifying processes responsible for climato-
logical trends in tropospheric ozone levels are priorities
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in global atmospheric chemistry. By controlling lev-
els of the hydroxyl radical (OH), ozone regulates the
oxidation capacity of the troposphere, influencing back-
ground levels of trace chemical species [e.g., Logan et al.,
1981; Thompson, 1992]. Oxidation properties within
the atmospheric planetary boundary layer in particular
influence the fate of pollutants emitted from the sur-
face as well as the amount of chemical deposition to the
biosphere. In addition, ozone within the continental
boundary layer directly impacts crops and forests. In-
deed, ozone sustained at levels as low as 40 ppbv can sig-
nificantly reduce crop yields [U.S. Environmental Pro-
tection Agency (EPA), 1988], of concern because many
rural areas of the United States and Europe currently
have daytime summertime ozone levels averaging 40-60
ppbv [e.g., Logan, 1985; Logan, 1989]. Finally, ozone as
a greenhouse gas has the potential to perturb the global
climate, especially in the upper troposphere where its
radiative effects are most significant [e.g., Intergovern-
mental Panel on Climate Change (IPCC), 1990; Lacis
et al., 1990].
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There is evidence that background levels of ozone in
the northern hemisphere are increasing [e.g., Volz and
Kley, 1988a; Marenco and Said, 1989; Oltmans and
Levy, 1994]. The initial steps toward identifying the
causes as well as the radiative and chemical effects of
this trend involve quantifying sources and sinks within
the global tropospheric ozone budget. Sources include
downward flux from the ozone rich stratosphere, hor-
izontal advection within polluted plumes, and in situ
photochemical production. Sinks include deposition at
the Earth’s surface and in situ photochemical loss.

Early theoretical studies calculate photochemical pro-
duction and loss rates comparable in magnitude to the
dynamical processes of downward transport and sur-
face deposition [e.g., Fishman et al., 1979; Liu et al.,
1980]. Within the past decade, researchers have col-
lected chemical and meteorological measurements at a
variety of locations throughout the troposphere in order
to validate these photochemical theories through nu-
merical photochemical models [e.g., Chameides et al.,
1987; Ridley et al., 1992; Jacob et al., 1996]. Figure
1 presents a global map of net photochemical rates of
change of ozone integrated over 24 hours (ppbv/day)
obtained from the literature for a variety of locations
within the planetary boundary layer during late spring,
summer, and early fall (based on seasons in the northern
hemisphere). Regions over remote oceans such as the
eastern North Pacific, equatorial central Pacific, equa-
torial western Pacific, central North Atlantic, and equa-
torial Atlantic as well as regions of Alaska not influenced
by biomass burning are associated with net photochem-
ical destruction of ozone [e.g., Liu et al., 1983; Chamei-
des et al., 1987; Carroll et al., 1990; Jacob et al., 1992;
Heikes et al., 1996; Davis et al., 1996a; Parrish et al.,
this issue]. Studies in the polluted continental bound-
ary layers over North America and Europe (not shown
in Figure 1) and within the continental boundary layer
in areas of biomass burning such as over the Amazon
forest and over western Alaska (not shown in Figure 1)
indicate net ozone production [e.g., Parrish et al., 1986;
Volz et al., 1988b; Jacob and Wofsy, 1988; Jacob et al.,
1992; Trainer et al., 1993; Kleinman et al., 1994; Car-
roll and Thompson, 1995]. These measurements agree
for the most part with global model calculations de-
signed to study the relative contributions of transport
and photochemistry to the ozone budget [e.g., Levy et
al., 1985; Muller and Brasseur, 1995; Atherton et al.,
1996]. Although it is apparent that human activity
is perturbing the photochemistry of the industrialized
continental boundary layer, the anthropogenic influence
on background photochemistry remains uncertain [e.g.,
Hough and Derwent, 1990; International Global Atmo-
spheric Chemistry (IGAC), 1992].

This paper presents calculations of summertime pho-
tochemical ozone production and loss rates for Sable
Island, Nova Scotia, an island in the western North At-
lantic. This site represents a transitional location be-
tween the polluted continent, where one expects to find
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net photochemical ozone production within the bound-
ary layer, and the clean marine environment, where one
expects to find net ozone destruction within the bound-
ary layer. Parrish et al. [1993; this issue] present sig-
nificant evidence of anthropogenic impact from the ex-
port of pollution from North America on the chemistry
at Sable Island by means of correlations of ozone and
carbon monoxide (CO) measured at the site. Jacob et
al. [1993] discuss continental scale model results gener-
ally consistent with these measurements. The addition
of measurements of nitrogen oxides and grab samples
for hydrocarbon compounds during the North Atlantic
Regional Experiment (NARE) 1993 summer intensive
provides information for further evaluating this anthro-
pogenic impact on ozone photochemistry at Sable Is-
land. Results indicate that Sable Island is characterized
by net ozone production during the intensive, suggest-
ing that this region is close enough to the continent for
pollution to significantly modify ozone photochemistry
within the marine boundary layer.

2. Measurements and Site

The measurements at Sable Island are part of the
NARE 1993 summer intensive. A primary goal of the
NARE campaign is to study the impact of anthro-
pogenic emissions from the North American continent
on the tropospheric ozone budget over the North At-
lantic Ocean [Fehsenfeld et al., 1996a]. The summer
intensive hosts a variety of surface-based, airborne, and
shipboard measurements described in detail by Fehsen-
feld et al. [1996b]. The location of Sable Island, one
of several surface-based sites spanning the North At-
lantic, allows continuous measurements downwind of
the polluted North American continent, ideal for as-
sessing the influence of continental plumes on marine
boundary layer processes within the regional ozone bud-
get. The Sable Island data set extends from August
14 through September 9 [Wang et al., 1996]. The
archived data can be obtained by anonymous ftp to sas-
sarch.sprl.umich.edu in the directory
/pub/ARCHIVE /summaries/BL, and Emmons et al.
[1997] includes a summary of the data within the con-
text of this archive. The photochemical modeling study
discussed in this paper focuses on 16 days from this data
set, selected based on the availability of concurrent mea-
surements.

A complete description of the Sable Island site and
measurement techniques appears in the work of Wang
et al. [1996]. Briefly, Sable Island is located approxi-
mately 180 km off the coast of Nova Scotia (43 55°N;
60 01'W) and 1000 km from the northeastern urban
corridor of the United States. The island is a cres-
cent approximately 1 km wide and 40 km long with
a maximum elevation of 30 m. Meteorological analyses
conclude that the chemical measurements most often
characterize the regional marine boundary layer [e.g.,
Merrill and Moody, 1996; Angevine et al., 1996)].
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Figure 1. Net photochemical ozone production in the boundary layer determined from measure-
ment and modeling studies around the globe (ppbv/d): (1) Jacob et al., 1992; ABLE-3A; inferred
from 24-hour average net photochemical production rates using instantaneous steady state pho-
tochemical model calculations based on aircraft measurements within 1 km above the surface
over western Alaska during July-August 1988; (2) Chameides et al., 1987; CITE-1; inferred from
diurnal average net ozone production determined from both instantaneous steady state as well
as diurnal time dependent model calculations for flights from 14°-36°N, 125°-170°W within 0-2
km above the surface during the fall of 1983 [see also Carroll et al., 1990]; CITE-2; presents
case studies within the boundary layer; (3) Davis et al., 1996b; PEM-West A; diurnal average
rates using a time dependent photochemical model within 0-1 km during September-October,
1991; (4) Liu et al., 1983; Knorr July 1973; from model results for shipboard measurements
taken during July and August 1978 from 8°N-8°S, 170°W; (5) referenced in the work of Carroll
and Thompson [1995]; Niwot Ridge; model results based on surface measurements during June-
August 1984; (6) Kleinman et al., 1994; SOS; model results based on surface measurements in
rural Georgia during July-August 1991; (7) Referenced in the work of Carroll and Thompson
[1995]; Scotia, Pennsylvania; June-July 1986; (8) Mauzerall et al., 1996; ABLE-3B; 24 hour av-
erage values of net ozone production from an instantaneous steady state model as well as a 1-D
time dependent model based on aircraft measurements taken from 45°-63°N, 50°-106°W during
July-August 1990; (9) Sable Island; model results presented in this paper based on surface mea-
surements giving net ozone production integrated over 24 hours; August-September 1993 (10)
Parrish et al., this issue; Azores; estimated from a modeled ozone decay rate of (0.11 ppbv/d)
and an average observed summertime ozone level of 27.8 ppbv; summer 1993; (11) Noone et
al., 1996; ASTEX/MAGE; results from a Lagrangian aircraft measurement study during a flight
through clean air [see also Carsey et al., 1997]; ASTEX R/V Malcolm Baldridge; one-dimensional
model calculations indicating a net ozone loss of 8 pptv/d; June-July 1992; (12) Heikes et al.,
1996; TRACE-A; model results for the marine boundary layer (0-700 m) from flight observations
during September-October 1992 [see also Jacob et al., 1996, Plate 1b]; 13) referenced in the work
of Carroll and Thompson [1995]; GTE/ABLE-2A; July-August 1985.
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The chemical measurements consist of nitric oxide
(NO), nitrogen dioxide (NOs), total reactive nitrogen
(NOy = NO + NO; + NO3 + 2N3;05 + HONO +
HO3NO; + PAN + HNO3 + aerosol nitrate + other or-
ganic nitrates), ozone, carbon monoxide, C;—Cg hydro-
carbons including isoprene, aerosol measurements, and

speciated chlorinated compounds. The data set also in-
cludes continous measurements of temperature, relative
humidity (with which we derive water vapor mixing ra-
tios, Hy0), UV radiation, wind speed, and wind direc-
tion along with standard meteorological hourly surface
observations and twice daily upper air sondes.
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Table 1. Measurement Techniques, Associated Uncertainties, and Ambient Variability Observed at Sable Island

during the NARE 1993 Summer Intensive

Parameter O3 CO NOx = NO + NO2 NMHCs Noontime Jno, Temp
Units ppbv pPpbv pptv ppbC 1073 57! K
Technique UVA # NDIR ® P/CL ¢ canister calculated 4
Uncertainty 5% accuracy 10% accuracy 35% 5% accuracy £5% (clear skies) +1K
1 ppbv precision 10 ppbv precision 5% precision ~ +20% (overcast)

Minimum 15 50 8 1.2 3.4x1073 286
Lower 95% 18 77 19 2.7 3.6x1073 288
Lower 67% 22 97 4 3.5 4.5 x 1072 289
Median 28 110 97 5.1 8.0 x 1073 291
Mean 30 115 190 6.8 6.8 x 1073 291
Upper 67% 35 136 266 8.3 8.4x 1073 292
Upper 95% 51 173 881 17.9 8.7x 1078 294
Maximum 88 260 6953 48.3 8.8 x 1078 296
n 5343 5359 3602 81 16 4935

aUltraviolet absorption [Parrish et al., 1993).
bNondispersive infrared [Parrish et al., 1994].

cPhotolysis of NO; followed by chemiluminescense detection of NO by reaction with O3 [Wang et al., 1996].
dCalculated from Eppley UV measurements [Madronich, 1987b).

The chemical measurements within the Sable Island
data set have been filtered using the criteria for NO,
NO2, and NO, described by Wang et al. [1996], re-
moving data associated with local pollution from the
island generator and passing vehicles as well as data col-
lected when wind speeds are less than 1 m/s. For this
study we use 5 min averages of all chemical and mete-
orological measurements except for nonmethane hydro-
carbons, which are available from grab samples four to
six times daily.

Table 1 lists the measurement techniques and the as-
sociated uncertainties for Og, nitrogen oxides (NOx =
NO + NO;), CO, NMHCs, and Jno, (derived from
Eppley radiometer measurements). This table also
presents statistics associated with the ambient variabil-
ity of these measurements during the entire campaign.
Elevated levels of NOy, O3, and CO occur during a mul-
tiday pollution episode centered around August 28. The
data set exhibits more frequent variability in NO,, pre-
sumed to originate from fresh sources such as ship traffic
and an oil production platform 40 km to the southwest
[Wang et al., 1996].

3. Photochemical Theory

Generally, the large photochemical production and
loss rates of ozone calculated throughout the tropo-
sphere attain near balance, resulting in small net rates
of change. These net photochemical effects are difficult
to discern from field measurements. As a consequence,
analytical theory and numerical photochemical models
are usually required to assess ozone photochemistry.

Ozone is produced through the oxidation of volatile
organic compounds (e.g., CHy, CO, and NMHCs) in the
presence of odd hydrogen (HO, = OH + HO.), NO,,

and sunlight. Detailed descriptions of the gas-phase
photochemical reactions of ozone photochemistry ap-
pear throughout the literature [e.g., Lurmann et al.,
1986; Liu et al., 1987; Trainer et al., 1987; Carter,
1990]. These theories rely on the assumption that the
following reactions approximate photochemical steady
state:

(R1) NO;+hv ™% NO +0; INO,
(R2) NO + 03— NQO; + 0, ko
(R,3) NO+ HO;—NQO, + OH k3
(R4) NO+ CH30;—NO3+CH30 k4
(R5) NO + R;0,—NO, + R;0 ks;

where HO; refers to hydrogen peroxy radicals, CHz O,
refers to methyl peroxy radicals, and R;O5 refers to or-
ganic peroxy radicals other than CH30;. Peroxy radi-
cals result from the oxidation of CO, CH,, and NMHCs.
Measurement and modeling studies in many locations
show evidence of peroxy radicals as additional NO to
NO; oxidants leading to (R3)-(R5) [e.g., Parrish et al.,
1986; Chamedies et al., 1990; Ridley et al., 1992]. In
this study, we separate CH30; from the other organic
peroxy radicals in an effort to more adequately address
the role of nonmethane hydrocarbons in ozone photo-
chemistry at Sable Island.

The assumption of photochemical steady state im-
plies that the reaction rates (R1)-(R5) are sufficiently
fast as to allow the system to reach chemical equilibrium
within the timescale of fluctuations in solar intensity.
Although a detailed examination of the photochemical
steady state assumption is not included in this study,
it is important to recognize that scattered cloud cover,
causing rapid changes in solar flux, could invalidate this
assumption [Cantrell et al., 1993].



DUDERSTADT ET AL.: OZONE PRODUCTION AT SABLE ISLAND

The oxidation of NO to NO; through reactions (R1)-
(R5) yields the following steady state NO/NO; ratio:

[NO] _
[NOo] —

JINO, )
k2[03] + k3[H02] + k4 [CH302] + 2’65,‘[1?.,‘02]\

and ozone production rate:

P(Og) k3 [NO][HOz] + ky4 [NO] [CH302]
+Zksi[NO][R;O.]

= [NOz]Jno, — [NO][Os]k: (2)

Equation (3) and the assumption k3 = k4 = ks; al-
low the following analytical expression for total peroxy
radicals:

> ROy = [HO;]+ [CH305] + £[R;0;]

JNO,[NOs]
[NO][ks]

~ -0y (3
3

In this study we use equations (2) and (3) to determine
photochemical ozone production and total peroxy rad-
ical levels for the Sable Island data set using chemical
and meteorological parameters obtained through mea-
surements. We then compare these values to results
from a numerical photochemical model involving a more
explicit chemical mechanism which we describe in the
next section.

Ozone destruction occurs primarily by means of the
following reactions:

(R6) Os+hv 2920H+0,  Jp,
(R7) O3+ HO; — OH +20,  ky
(RS) O3 +0OH — HOs + O ks

with minor losses through the ozonolysis of alkenes. Jg_
is an effective photodissociation rate referring to the
net reaction of O3 photolysis followed by the reaction
of O(*D) with water vapor [e.g., Ridley et al., 1992].
These reactions yield an expression for ozone loss:

L(Os) = J5,[03] + k2[O3][HO:] + ks[Os][OH]  (4)

As measurements of J§,_, HO», and OH were not made
at the site, this study relies on numerical photochemical
model calculations to estimate ozone loss rates.

4. Photochemical Model

The photochemical model used in this study is de-
scribed in detail by Sillman et al. [1990a; 1993]. Briefly,
the model is based on the gas-phase chemical mecha-
nism from Lurmann et al. [1986], comprised of reac-
tions involving Oz, NOx, HO,, and C2-C; hydrocar-
bons (note that the self reaction of HO2 to form HyO»
takes into account the dependence on water vapor, con-
sistent with Stockwell [1995]). Modifications from Ja-
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cob and Wofsy [1988] address low NOy concentrations
characteristic of the remote environment. The chem-
ical mechanism uses rate constants from DeMore et
al. [1992], adjusting these rates as functions of tem-
perature, pressure, and humidity. Photolysis rates for
NO,, are available from calculations based on Eppley ra-
diometer measurements [Madronich, 1987b}. However,
photolysis rates for other species, especially Jo,, can-
not be determined from either Eppley radiometer mea-
surements or from an assumed ratio to the measured
Jno,- These rates are calculated using the radiative
transfer model of Madronich [1987a] and take into ac-
count latitude and time of day. Cloud optical depth in
the radiative transfer calculation is inferred by choos-
ing values that generate Jno, equal to measured val-
ues. The calculation assumes that total ozone column
density is 320 Dobson units (DU), characteristic of the
site during the month of August [Fishman et al., 1990].
Concurrent measurements of total column ozone would
provide more representative results, but this informa-
tion was not available at the time of this analysis.

The Sillman et al. [1993] model is part of the Inter-
governmental Panel on Climate Change Photochemical
Model Intercomparison [Olson et al., 1997]. This study
demonstrates a consistency in net Og production among
all the models for simulations of a marine environment,
with a variation about the mean of 10%.

The simulations are set up as time dependent box
model photochemical calculations. Longer-lived species
(O3, total NOy, CO, NMHCs), presumed to be influ-
enced more by meteorology than by diurnal photochem-
istry, are used to initialize and constrain the model sim-
ulations according to the diurnal time series observed
at Sable Island during the day being represented (with
sithulations done separately for each of the 16 days).
Intermediate species (e.g., aldehydes and ketones) are
allowed to reach steady state by spinning up the model
through five diurnal cycles before recording the results.
Levels of shorter-lived species (e.g., NO, NO,, OH, and
peroxy radicals) and instantaneous production and loss
rates comprise the output.

Species that are long-lived but are not included in the
suite of measurements at Sable Island are prescribed us-
ing values obtained from the literature: methane equal
to 1.7 ppmv [Wild et al., 1996] and molecular hydro-
gen equal to 0.58 ppmv [Seinfeld, 1986]. Following the
nomenclature of Lurmann et al. [1986], C4 — C; alka-
nes determined from grab samples at the site (n-butane,
i-butane, n-pentane, and i-pentane) are lumped in the
model mechanism under alk4. Similarly, hexane (Cg)
is included in the mechanism under the lumped alk?7.
Hydrocarbons not determined at the site, and conse-
quently not included in the model runs, include xy-
lene and butene. Primary sources of butene are an-
thropogenic. The short lifetimes of cis- and trans-
2-butene, approximately 30 min [Finlayson-Pitts and
Pitts, 1986], suggest that transport from the continent
over the ocean will not significantly contribute to levels
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observed at the site. Local sources of butene and xylene,
however, might be present from emissions on the island,
passing ships, or the oil platform to the southwest.
Questions remain concerning the validity of allowing
the intermediate species to reach steady state through
the five diurnal cycle spin-up time. For our model sim-
ulations, changes in concentrations of selected interme-
diate species during the final day of model spin-up time
are as follows: formaldehyde (2%), acetaldehyde (2%),
higher aldehydes (6%), hydrogen peroxide (3%), ace-
tone (22%), and methyl ethyl ketone (15%). Because
acetone and methyl ethyl ketone take much longer to
reach steady state, initial concentrations of these species
are set at nonzero at the beginning of the simulation.
Allowing intermediate species to reach steady state is
valid only if the photochemical age of the air mass from
the time of emissions is longer than the time it takes a
given species to reach steady state in the model simula-
tion. Back trajectories indicate transport times ranging
from 1-5 days from continental source regions with the
additional possibility of accumulation from prior emis-
sions over the continent [Merrill and Moody, 1996] sug-
gesting that a 5 day spin-up time is adequate for rep-
resenting much of the campaign. We furthermore as-
sume the same diurnal cloud pattern for the 5 day spin-
up time based on Jno, values calculated from Eppley
radiometer measurements. In reality, air masses most
likely traveled under different cloud conditions before
reaching the site. Running the model with 5 days of
spin-up time under clear-sky conditions before encoun-
tering the observed cloud conditions gives values of net

DUDERSTADT ET AL.: OZONE PRODUCTION AT SABLE ISLAND

ozone production greater on average by 4%, with a max-
imum increase of 20% occurring on the overcast day of
September 5.

We explore several different averaging schemes for us-
ing the measurements of longer-lived species to drive
the model. The first scheme (hereafter referred to as
FIVEMIN) updates concentrations of Og, total NOy,
CO, and NMHGC:s as well as levels of relative humidity,
temperature, and solar intensity at each 5 min time step
using the time series of 5 min averages of the observa-
tions. We interpolate values linearly when concurrent
measurements are not available. The second scheme
(hereafter referred to as MEDIAN) relies on constant
values of O3, total NO,, CO, NMHCs, and relative
humidity to constrain the model at the beginning of
each time step using median values of the measurements
made during peak photochemical activity, 1000-1400 lo-
cal time [local solar time equal to Atlantic standard time
(AST)]. In the second set of simulations, temperature is
allowed to vary smoothly throughout the diurnal sim-
ulation using parameters derived from a sinusoidal fit
to the measurements. Similarly, photolysis rates are
allowed to vary diurnally, based on the photolysis cal-
culation described above, with a constant cloud optical
depth determined from a second-degree polynomial fit
to measured Jno, from 1000 to 1400. A third scheme
(hereafter referred to as MEAN) is similar to the sec-
ond but uses mean values of measurements during the
1000-1400 LT time window to constrain the model. Me-
dian, mean, and standard deviations for the 1000-1400
LT time window are presented in Table 2. Periods of

Table 2a. The 1000-1400 LT Mean Values of Temperature, Noontime Jno,, and Periods of Precipitation and

Cloud Cover from the Sable Island Data Set

Date Temperature, K Precipitation, LT Fog, LT Noontime Jno,, 107371
Aug. 19 290.3 10-11 4.48
Aug. 21 290.1 8-10, 13-15 4-15 3.60
Aug. 22 289.6 8.77
Aug. 23 289.1 8.24
Aug. 24 289.5 8.42
Aug. 25 290.7 15-17 8.38
Aug. 26 291.4 4-9 8.32
Aug. 27 291.3 8.24
Aug. 28 292.0 all day 5.15
Aug. 29 291.0 7.13
Aug. 30 290.6 8.67
Aug. 31 289.5 8.04
Sept. 1 291.8 15-16 15-19 4.02
Sept. 3 290.1 6-8, 13 6-19 5.83
Sept. 4 293.2 0-8, 15-23 7.94
Sept. 5 291.5 13-14, 17-19 all day 3.38
Mean (+o) 290.7 (1.1) 6.79 (2.0)
Median 290.7 7.99
Maximum 293.2 8.77
Minimum 289.1 3.38
n 16 16
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Table 2b. The 1000-1400 LT Mean Values, Median Values, and Standard Deviations (in Parentheses) of H;0
and Og from the Sable Island Data Set

Date H-0, parts per thousand O3, ppbv
Mean(c) Median n Mean(o) Median n

Aug. 19 16.8 (0.1) 16.9 48 29 (1) 31 121°
Aug. 21 18.7 (0.2) 18.6 48 24 (1) 24 25
Aug. 22 15.2 (0.5) 15.4 34 20 (1) 20 38
Aug. 23 14.9 (0.6) 15.1 48 23 (1) 22 40
Aug. 24 16.0 (0.4) 16.1 48 30 (4) 29 37
Aug. 25 17.7 (0.2) 17.8 48 40 (1) 40 35
Aug. 26 18.8 (0.1) 18.9 48 31 (3) 36 38
Aug. 27 15.7 (0.4) 15.8 48 35 (2) 34 39
Aug. 28 19.7 (0.7) 20.0 48 73 (8) 72 37
Aug. 29 18.5 (0.2) 18.5 48 42 (2) 43 35
Aug. 30 14.6 (1.5) 14.8 48 31 (1) 31 39
Aug. 31 10.2 (0.1) 10.2 48 29 (4) 28 39
Sept. 1 19.4 (0.4) 19.9 48 36 (1) 36 25
Sept. 3 18.4 (0.4) 185 48 27 (1) 27 35
Sept. 4 22.1 (0.3) 22.1 48 32 (4) 34 39
Sept. 5 20.7 (0.5) 20.7 48 20 (1) 19 35
Mean (o) 17.4 (2.9) 17.5 (2.9) 33 (13) 33 (12)
Median 18.1 18.2 31 31
Maximum 22.1 22.1 73 72
Minimum 2.9 10.2 20 19
n 16 16 16 16

aStatistics on August 19 are based on measurements taken over the entire day because data are not available from
1000-1400 LT.

Table 2c. The 1000-1400 LT Mean Values, Median Values, and Standard Deviations (in Parentheses) of NO,
and CO from the Sable Island Data Set

Date NOy, pptv CO, ppbv
Mean(o) Median n Mean(a) Median n

Aug. 19 60 (70) 38 1222 99 (4) 99 1222
Ayg. 21 1178 (1373) 620 38 96 (3) 95 26
Aug. 22 86 (34) 75 38 101 (5) 100 38
Aug. 23 57 (48) 34 40 102 (4) 103 40
Aug. 24 90 (11) 93 37 112 (8) 110 37
Aug. 25 76 (19) 69 35 126 (5) 127 35
Aug. 26 271 (116) 232 38 161 (7) 164 38
Aug. 27 136 (20) 145 39 118 (4) 119 39
Aug. 28 46 (11) 44 37 223 (21) 221 37
Aug. 29 131 (34) 126 35 163 (7) 165 35
Aug. 30 90 (17) 88 39 114 (5) 113 39
Aug. 31 118 (17) 40 41 103 (6) 105 39
Sept. 1 69 (38) 58 25 118 (5) 118 25
Sept. 3 38 (7) 38 35 112 (5) 112 35
Sept. 4 70 (58) 44 39 116 (9) 117 39
Sept. 5 391 (186) 434 35 80 (5) 80 35
Mean (+0) 182 (281) 136 (160) 122 (35) 122 (35)
Median 88 72 113 113
Maximum 1178 620 223 221
Minimum 38 34 80 80
n 16 16 16 16

aStatistics on August 19 are based on measurements taken over the entire day because data are not available from
1000-1400 LT.
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Table 2d. The 1000-1400 LT Mean Values, Median Values, and Standard Deviations (in Parentheses) of
Alkanes from the Sable Island Data Set

Date Ethane, pptv® Propane, pptv Alk4? pptv AlK7¢ pptv
Mean(o) Median Mean(o) Median Mean(a) Median Mean(oc) Median

Aug. 19 870 (18) 871 62 (9) 60 160 (3) 161 13 (0) 13
Aug. 21 863 (8) 865 265 (32) 271 574 (35) 577 19 (1) 19
Aug. 22 865 (5) 864 156 (4) 156 164 (4) 162 10 (0) 10
Aug. 23 816 (1) 816 83 (5) 83 155 (2) 155 11 (1) 11
Aug. 24 899 (26) 901 307 (67) 323 670 (172) 716 25 (4) 26
Aug. 25 833 (15) 828 122 (25) 104 179 (12) 178 13 (1) 13
Aug. 26 1474 (47) 1480 791 (12) 793 1210 (183) 1220 40 (6) 39
Aug. 27 953 (15) 953 130 (5) 128 210 (12) 212 6 (1) 6
Aug. 28 1396 (97) 1400 394 (81) 388 335 (87) 331 6 (1) 6
Aug. 29 1069 (52) 1050 224 (60) 201 316 (68) 290 8 (3) 6
Aug. 30 971 (99) 906 141 (35) 115 177 (114) 168 8 (0) 8
Aug. 31 852 (22) 856 85 (13) 93 132 (12) 141 7 (1) 7
Sept. 1 915 (25) 928 156 (7) 156 191 (17) 191 5 (0) 5
Sept. 3 720 (26) 938 100 (33) 123 215 (41) 252 10 (0) 11
Sept. 4 896 (85) 929 176 (17) 185 183 (17) 177 5 (2) 4
Sept. 5 614 (80) 617 455 (168) 461 1200 (440) 1220 36 (10) 36
Mean (+0) 938 (219) 950 (210) 228 (188) 228 (190) 379 (357) 384 (360) 14 (11) 14 (11)
Median 883 904 156 156 201 202 10 11
Maximum 1474 1480 791 793 1210 1220 40 39
Minimum 614 617 62 60 132 141 5 4
n 16 16 16 16 16 16 16 16

2Values of NMHCs are based on 5 min linear interpolations from grab samples.
bDenotes n-butane, i-butane, n-pentane, and i-pentane
°Hexane

Table 2e. The 1000-1400 LT Mean Values, Median Values, and Standard Deviations (in Parentheses) of
Alkenes from the Sable Island Data Set

Date Ethene, pptv Propene, pptv Isoprene, pptv
Mean(o) Median Mean(o) Median Mean(o) Median
Aug. 19 58 (29) 52 56 (25) 51 13 (0) 13
Aug. 21 59 (1) 59 63 (2) 63 17 (1) 17
Aug. 22 71 (5) 70 60 (5) 59 46 (4) 47
Aug. 23 43 (1) 43 41 (2) 41 24 (2) 24
Aug. 24 32 (2) 31 51 (2) 53 70 (15) 74
Aug. 25 80 (4) 83 79 (6) 80 63 (6) 64
Aug. 26 280 (43) 281 118 (19) 119 43 (4) 43
Aug. 27 38 (7) 34 29 (4) 30 123 (14) 132
Aug. 28 68 (30) 69 54 (25) 54 111 (30) 113
Aug. 29 145 (17) 136 114 (16) 105 21 (18) 12
Aug. 30 92 (45) 61 89 (50) 52 92 (5) 95
Aug. 31 49 (20) 47 50 (10) 50 45 (2) 46
Sept. 1 121 (37) 143 84 (24) 98 116 (31) 129
Sept. 3 42 (13) 50 41 (20) 56 65 (46) 26
Sept. 4 33 (11) 25 27 (12) 19 76 (17) 79
Sept. 5 57 (2) 57 40 (5) 40 81 (13) 81
Mean (40) 79 (62) 78 (64) 62 (28) 61 (27) 63 (36) 62 (40)
Median 59 58 55 54 64 56
Maximum 280 281 118 119 123 132
Minimum 32 25 27 19 13 12

n 16 16 16 16 16 16
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Table 2f. The 1000-1400 LT Mean Values, Median Values, and Standard Deviations (in Parentheses) of
Aromatics from the Sable Island Data Set

Date Acetylene, pptv® Benzene, pptv Toluene, pptv
Mean(o) Median Mean(c) Median Mean(o) Median
Aug. 19 177(28) 171 ' 68 (5) 67 24 (4) 23
Aug. 21 150 (1) 150 58 (6) 56 67 (11) 62
Aug. 22 146 (3) 146 74 (1) 74 116 (7) 118
Aug. 23 134 (1) 134 58 (1) 58 115 (12) 116
Aug. 24 150 (4) 153 69 (5) 66 68 (15) 60
Aug. 25 224 (12) 231 110 (12) 102 54 (0) 54
Aug. 26 323 (20) 324 191 (12) 191 160 (8) 160
Aug. 27 144 (8) 140 106 (5) 103 83 (4) 82
Aug. 28 389 (73) 385 179 (8) 182 118 (6) 115
Aug. 29 284 (44) 281 162 (53) 142 168 (8) 167
Aug. 30 149 (18) 137 101 (2) 100 97 (1) 98
Aug. 31 112 (9) 114 117 (16) 122 97 (11) 101
Sept. 1 266 (62) 302 122 (65) 95 84 (0) 84
Sept. 3 132 (2) 131 96 (29) 112 115 (44) 97
Sept. 4 132 (10 138 98 (26) 80 63 (3) 64
Sept. 5 79 (2) 79 208 (63) 211 56 (2) 57
Mean (+0) 187 (86) 189 (88) 114 (48) 110 (48) 93 (39) 91 (39)
Median 150 148 104 101 91 91
Maximum 389 385 208 211 168 167
Minimum 79 79 58 56 24 23
n 16 16 16 16 16 16
aAcetylene is not included in the model simulations.

fog and rain recorded by surface observations are also 08— 7 T

indicated in Table 2 (in LT) for later reference. .
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for completeness. 0.0 0.2 0.4 0.6 0.8
We evaluate the model by comparing model-calculated NO/NG; ratio calculated from measurements

NQ/NO; ratios with NO/NO; ratios determined from . . .

the measurements of NO and NO, as well as model- Figure 2. Correlation of daytime (0800-1600

calculated XRO5s with values determined from measure-
ments using equation (3). We consider observed 5 min
averages as well as model calculations at 5 min intervals
from 0800-1600 LT in order to avoid potential compli-
cations associated with sunrise and sunset. Figure 2
shows the correlation of NO/NO; ratios calculated by
the FIVEMIN simulations and NO/NO; ratios made up
of 5 min averaged NO and NO; measurements. Figure
3 shows a similar correlation for peroxy radical mixing
ratios. Overlaid onto these figures are binned averages,
each representing 20% (by number of points) of the cal-

LT) NO/NO; ratios from model calculations using
FIVEMIN simulations and NO/NO; ratios from mea-
surements. The total number of points is 1060, 1% of
which are not shown because the calculations from the
measurements are greater than 0.8. Averages of model
and measurement values based on 20% of the results
(by number) are overlaid onto the figure. Vertical bars
represent standard deviations of the model results. Hor-
izontal bars represent the range based on calculations
from measurements for each average. A line with a slope
equal to one also appears on the figure. Two-sided lin-
ear regression (line of organic correlation [see Hirsh and
Gilroy, 1984]) gives y = 0.72 x + 0.084.
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Figure 3. Correlation of daytime (0800-1600 LT) per-
oxy radical mixing ratios from model calculations us-
ing 5 min input values and peroxy radical mixing ra-
tios calculated from measurements using equation (3).
Symbols are the same as in Figure 2. Two-sided linear
regression gives y = 0.25 x + 24.

culations. The vertical error bars refer to standard de-
viations of the model output. The horizontal error bars
depict the range of the values from measurements over
which each average is determined.

The correlation between calculations from the model
and measurements for the NO/NO; ratios is positive,
with a square of the correlation coefficient 2 = 0.56.
The binned averages show a significant trend, with the
lowest 80% of the points falling close to the line with
slope equal to 1.0. The model, however, does not re-
produce the few high NO/NOQ; ratios (greater than 0.6)
determined from the measurements. The high NO/NQO,
ratios determined from measurements may result from
nonsimultaneous measurements of NO and NO; [ Wang
et al., 1996) combined with rapid fluctuations in solar
intensity caused by cloud cover.

The comparison of model peroxy radical levels and
levels derived from measurements via equation (3) (Fig-
ure 3) shows agreement in terms of the average magni-
tude of ¥RO, (0800-1600 LT averages: 34 pptv ERO-
from the model and 38 pptv ¥RO; calculated from mea-
surements). Furthermore, model calculations of RO,
using the model output of NO, NO, ks, k3, Jno,,
and O3 along with equation (3) agree well with model
YRO, determined from the sum of individual peroxy
radicals [r?> = 0.98], supporting the photochemical the-
ory presented in section 3. The model, however, does
a poor job in representing the factors that cause vari-
ations about the mean in the measured peroxy radical
levels, as seen in the correlation in Figure 3 [r? = 0.27].

We can explain the relatively weak correlation of Fig-
ure 3 with respect to the strong correlation of Figure 2
by noting that the NO/NO; ratio is affected by two ma-

DUDERSTADT ET AL.: OZONE PRODUCTION AT SABLE ISLAND

jor influences: (1) the ratio determined from the reac-
tions of (R1) and (R2) alone plus (2) a smaller modifica-
tion from reactions (R3) - (R5) representative of peroxy
radical levels. Reactions (R1) and (R2) depend only on
NOy, O3, and solar intensity. Peroxy radicals, how-
ever, involve all of the hydrocarbon chemistry, which
is complex and extensive, exceeding the current mea-
surement and modeling capabilities. Consequently, it
is no surprise that the model versus measurement cor-
relation of NO/NOz is stronger than the correlation of
YRO;. In addition, model-calculated ¥RO; is driven
largely by the rate of the O3 + hv — O(*D) + O pho-
tolysis reaction. Estimates for this rate during cloudy
periods are approximate. Finally, peroxy radical levels
are strongly affected by aqueous reactions not included
in the model. Indeed, a day by day examination sug-
gests that the largest differences between measurement
and model results occur during periods of fog, rain, and
scattered cloud cover, supporting the theory that cloud
processes not included in the model (i.e., aqueous chem-
istry, rain-out, and variations in solar intensity) influ-
ence the radical photochemistry at the site.

Surface deposition is not included in the model runs
because of uncertainties associated with chemical de-
position to the ocean surface within a stable marine
boundary layer [e.g., Voldner et al., 1986; Joffre, 1988].
However, section 5.8 presents model results that exam-
ine the potential effects of including surface deposition
in the model calculations. We include neither wet depo-
sition nor aqueous chemistry in the model simulations.

Many authors investigate the impact of chlorine, bro-
mine, and iodine on ozone loss [e.g., Finlayson Pitts
et al., 1990; Singh et al., 1996; Davis et al., 1996b].
We have not included halogen chemistry in our model
simulations but intend to pursue this topic in future
research. The Sable Island data set lends itself well
to studying the impact of halogens on ozone photo-
chemistry because the site is located within the ma-
rine boundary layer and levels of speciated NMHCs are
available at the site throughout the intensive, and their
ratios may well provide evidence of halogen atom reac-
tivity.

5. Results and Discussion
5.1. Net Photochemical Ozone Production

Figure 4 presents net photochemical ozone produc-
tion rates integrated over 24 hours for FIVEMIN model
simulations during the 16 days of measurements. Net
ozone production [(P — L)(O3)] refers to the difference
between ozone production and loss rates
[(P —L)(O3) = P(03) — L(O3)]. The average net pho-
tochemical ozone production integrated over 24 hours
for these simulations is 3.6 ppbv/d (o = £3.8 ppbv/d)
with a median value of 3.5 ppbv/d. The maximum
value, 13.6 ppbv/d, and the minimum value, -2.3 ppbv/d,
demonstrate the large variability at the site. These
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Figure 4. (P — L)(Os3) integrated over 24 hours for the FIVEMIN simulations.

model simulations indicate net photochemical ozone
production at the site for all days save three: August
19, August 28, and September 3. All three of these
days exhibit low levels of solar radiation (51, 59 and
66% of the clear-sky maximum, respectively) and low
levels of NOy (53, 61 and 53% of the median values,
respectively).

There are 3 days exhibiting NO, levels that are sig-
nificantly higher than the campaign median of 97 pptv
(Tables 1 and 2): August 21, August 26, and Septem-
ber 5. Selected alkane levels (propane, alk4, and alk7)
are also high on these days (Table 2). On all three
of these days, surface winds are from the southwest in
the direction of the oil platform. In particular, there
is a NOy peak on August 21 in the late morning that
reaches 7 ppbv with high NO, /NO, ratios (0.8-1.0) sug-
gesting a fresh source upwind of the measurement site.
If we exclude these 3 days from the data set, the av-
erage net photochemical ozone production (FIVEMIN
simulations) is 2.7 ppbv/d.

As described in section 4, there are three types of
simulations presented in this study involving: (1) high-
resolution input (FIVEMIN), (2) 1000-1400 LT median
values as input (MEDIAN) and (3) 1000-1400 LT mean
values as input (MEAN). Figure 5 compares net pho-
tochemical ozone production integrated over 24 hours
from these sets of simulations. It is evident that the
resolution of input values and the particular method
of averaging introduce significant differences. Calcula-
tions based on high-resolution data (FIVEMIN) result
in significantly higher photochemical ozone production
on some days (e.g., August 23, August 28, August 30,
and September 4) and significantly lower production on
other days (e.g., August 21 and September 5). This dif-
ference is due in large part to three factors, all resulting
from peaks in NO,. First, intermittant peaks in mea-
sured NO, create a situation in which the median values
are significantly lower than the mean values, resulting in
differences in photochemical ozone production (August
26). Second, large peaks in NOy levels before and after
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Figure 5. Comparison of (P — L)(O3) integrated over 24 hours for FIVEMIN, MEDIAN and

MEAN simulations.
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the 1000-1400 LT time window occasionally introduce
differences between the FIVEMIN and the MEDIAN
and MEAN results (e.g., August 23, August 28, August
30, and September 4). The third reason concerns large
peaks in NOy within the 1000-1400 LT time window
(e.g., August 21 and September 5). Because ozone pro-
duction efficiency decreases with increasing NO, levels
[e.g., Liu et al., 1987; Lin et al., 1988; Sillman et al.,
1990b; Chatfield and Delany, 1990], averaging over NOy
peaks by using either the 1000-1400 LT mean or median
values would tend to overpredict O3 production rates.

5.2. Regional Ozone Photochemistry

In this section we use the MEDIAN simulations which
filter out peaks in NO, in an effort to present results
more characteristic of regional photochemistry. The av-
erage value of net ozone production integrated over 24
hours derived for the 16 days using these simulations
is 2.7 ppbv/d (0 = +4.0). The contributions to photo-
chemical ozone production and loss rates from reactions
(R3) - (R5) and (R6) - (R8), respectively, appear in Fig-
ure 6 (instantaneous noontime values, ppbv/hour). On
average, the conversion of NO to NO2 by HO; is respon-
sible for 46% of the photochemical ozone production.

2.5
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The conversion of NO to NOs by CH303 is responsible
for 19%, and the reaction of NO with other organic per-
oxy radicals is responsible for 35%. The significant ox-
idation of NO to NO, by organic peroxy radicals other
than CH30; indicates the importance of NMHC levels
in photochemical ozone production at the site (section
5.4).

Ozone photochemical loss rates are dominated by the
photolysis of ozone followed by the reaction of O(1D)
with water vapor. On average, over 64% of ozone pho-
tochemical loss occurs through this net reaction. The
reaction of ozone with HO, contributes 28% to ozone
photochemical loss, and the reaction of ozone with OH
contributes 7%.

Assuming that these results are characteristic of re-
gional  photochemistry, the  correlations of
model-calculated photochemical ozone production and
loss rates with input parameters provide information
about the factors controlling ozone photochemistry in
the region. Photochemical ozone production increases
strongly with NO, in model calculations. To a lesser
extent, photochemical ozone production increases with
solar intensity and NMHCs. Ozone loss rates increase
strongly with increasing levels of ozone and solar in-
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Figure 6. Instantaneous rates of P(O3) and L(O3) from (R3)-(R5) and (R6)-(R8), respectively,

using MEDIAN simulations.
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Figure 7. Calculated instantaneous rates of (a) pro-
duction of ozone at noon versus measured NOy and (b)
loss of ozone versus measured O3 based on model cal-
culations for each of the 16 days (squares). The lines
show P({O3) versus NOy and L(O3) versus O3 based on
model calculations using the campaign averages for all
input parameters (Table 1) except for NO, and O3, re-
spectively. Excluding the two outliers of August 21 and
September 5 from Figure 7a gives r2 = 0.94, slope equal
to 8.9 and y intercept equal to -0.07.

tensity. Figure 7 shows the correlations of noontime
photochemical ozone production with NOy and ozone
loss rates with O3 from the model runs. As shown in
this figure, the rate of ozone production is closely cor-
related with NOx on all days except for two outliers
(August 21 and September 5), both days with dense
cloud cover. Net photochemical ozone production also
increases with increasing levels of NO,. Ninety-five per-
cent of the NO, measurements at the island fall between
19 and 881 parts per trillion by volume (pptv), indicat-
ing the potential for net photochemical ozone produc-
tion as well as net ozone loss.

It is important to acknowledge the dangers of ex-
trapolating in situ results from this data set to con-
clusions concerning regional photochemistry and clima-
tology. First, the synoptic flow over the island dur-
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ing the NARE 1993 summer intensive is anomalous,
with frequent flow from the clean continental areas to
the northwest rather than from the polluted regions to
the southwest [Merrill and Moody, 1996; Moody et al.,
1996]. Second, the measurement site is located within
the marine boundary layer, assumed to be thermally
stable during periods of flow from the polluted continent
[e.g., Wang et al., 1996; Angevine et al., 1996]. Conse-
quently, air masses sampled at the site are not necessar-
ily of the same origin as indicated by synoptic flow [e.g.,
Angevine et al., 1996; Kleinman et al., 1996; Daum et
al., 1996]. Current research involving this data set fo-
cuses on chemical correlations based on air mass origin
determined from synoptic flow as well as an analysis
of the local meteorology using vertical soundings and
surface observations to determine whether or not sur-
face observations are characteristic of flow aloft (M.A.
Carroll et al., manuscript in preparation, 1998). Third,
as discussed in section 5.4, there is some evidence of
hydrocarbon variability, resulting from local emissions
(especially isoprene), which may influence photochem-
ical ozone production rates. Finally, high variability
in NOy attributed to polluted plumes from ship traf-
fic and the oil platform to the southwest [Wang et al.,
1996] may lead to significantly different values of pho-
tochemical ozone production at the site than would be
expected on a regional scale.

Local sources are also suggested by high NO,/NO,
ratios concurrent with peaks in NOy [ Wang et al., 1996].
Ship traffic may represent a characteristic source of the
western North Atlantic. On the other hand sources such
as the oil platform would be unique to Sable Island. The
median ratio of NO,/NO, at Sable Island is 0.3. In con-
trast, aircraft measurements taken in the lowest 1.5 km
over the Gulf of Maine show values of NO around 50
pptv and NOy around 1 ppbv [Buhr et al., 1996]. If we
assume a noontime NO/NO; ratio similar to the me-
dian NO/NO; ratio at Sable Island (0.3), we arrive at
a NO,/NO, ratio over the Gulf of Maine of 0.2. Simi-
larly, aircraft measurements in the polluted continental
plume give median NO,/NO, ratios of 0.16 [Daum et
al., 1996]. The higher NO4/NQy ratios at Sable Island
could suggest (1) a local source of NO, unique to the
location, (2) different transport regimes to Sable Island
than to the regions sampled by the aircraft, (3) more
significant loss of NO, through deposition and cloud
chemistry within air masses transported to Sable Island,
or (4) release of NOy due to thermal decomposition of
PAN following diabatic heating over Sable Island.

5.3. Net Photochemical Ozone Production
and Air Mass Origin

Carroll et al. [1994] discuss the variation of chem-
ical mixing ratios in air masses with different synop-
tic origins. Figure 8 shows calculated net photochem-
ical ozone production integrated over 24 hours during
events grouped into three categories of air mass ori-
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Figure 8. (P — L)(0O3) integrated over 24 hours (MEDIAN simulations) in categories of synoptic

air mass origin.

gin: marine, northern Canada, and polluted continen-
tal. We consider values of net ozone production result-
ing from model calculations using the MEDIAN simu-
lations in order to present results more characteristic of
regional photochemistry (as in section 5.2). We have
excluded August 21, August 26, and September 5 from
this analysis because the NOy, aerosol, surface wind
direction, and alkane levels indicate probable contami-
nation of the air masses from local sources such as the
oil platform to the southwest (section 5.1). We have
excluded these days in order to form more conservative
conclusions on the impact of flow from the continent on
the chemistry of the region. August 21 [(P — L)(O3)
= 8.0 ppbv/d] is characterized by synoptic scale trans-
port from the marine regions to the east but surface
winds from the southwest. August 26 [(P — L)(03) =
11 ppbv/d] represents a day of transition of synoptic
flow from the polluted continental to northern Canada
regions with surface winds from the southwest. Septem-
ber 5 [(P — L)(Os) = 7.8 ppbv/d] indicates an air mass
origin from the polluted continent with surface winds
from the southwest.

The groupings show evidence that in situ ozone pro-
duction is highest in air masses which originate from
northern Canada rather than from the more polluted re-
gions of eastern North America. This is most likely due
to the impact of NOy emission sources in Nova Scotia,
relatively close to Sable Island. As described in section
5.2, ozone production rates are primarily dependent on
NOy levels, while ozone loss is determined largely by

ozone levels. Significant net production of ozone is cal-
culated only during events with NO, greater than 70
pptv. These events are more frequently associated with
transport from northern Canada than transport from
the polluted continental region. Air masses originating
from the polluted continental region tend to have rela-
tively low NO, (Table 2), presumably because of NOy
removal during transport. The polluted air masses also
tend to have higher ozone, especially on August 28. The
combination of high ozone and low NOy creates a situ-
ation in which polluted continental air masses at Sable
Island may be characterized by net ozone loss rather
than production. Furthermore, transport from the pol-
luted continental region is frequently accompanied by
cloud cover, which limits ozone production even when
NOy is present (August 29).

As mentioned in section 5.2, the flow regimes char-
acterizing the NARE summer intensive are anomalous
[Merrill and Moody, 1996]. Climatologically, circulation
around the Bermuda High brings air from the urban cor-
ridor along the east coast of the United States to Sable
Island in summer [ Wendland and Bryson, 1981]. Dur-
ing this period of measurements at Sable Island, how-
ever, only 30% of the flow originates over the polluted
continent, with only one pollution episode attributable
to flow from the eastern United States [Wang et al.,
1996]. As a consequence, the results of this photochem-
ical modeling study may not adequately represent cli-
matological trends of photochemical ozone production
at the site during the month of August.
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Table 3. Noontime OH Mixing Ratios and OH Reactions With CO, CH4, and NMHCs Using 1000-1400 LT

Median Values

Mean (+o) Median Maximum Minimum
OH, mol cm™3 3.3 x 10° (£1.0 x 10%) 3.5 x 10° 5.4 x 10° 1.6 x 10°
CO + OH, ppbv/h 0.35 (£0.16) 0.35 0.75 0.15
CH, + OH, ppbv/h 0.11 (+0.03) 0.11 0.18 0.05
Alkanes + OH, ppbv/h 0.02 (+0.02) 0.01 0.08 0.006
Alkenes + OH (all but isoprene), ppbv/h 0.03 (+0.02) 0.02 0.10 0.01
Isoprene + OH, ppbv/h 0.07 (0.04) 0.07 0.18 0.01
Aromatics + OH, ppbv/h 0.01 (%0.01) 0.01 0.02 0.002

5.4. Nonmethane Hydrocarbons and
Anthropogenic Impact

Possible sources of nonmethane hydrocarbons include
long-range transport from the continent, emissions from
passing ships or the oil platform to the southwest,
oceanic emissions, and local emissions from the island.
Unfortunately, the resolution of nonmethane hydrocar-
bon measurements is insufficient to resolve the observed
variability. We have filtered the NMHC measurements
according to evidence of local pollution subjectively in-
ferred from anomalous peaks (several orders of magni-
tude above average values) in aerosols, NOy (according
to Wang et al. [1996]), and NMHCs. Some evidence of
contamination in several collection canisters by ethene,
propene, benzene, and toluene further reduces the num-
ber of observations available for this study.

Table 3 shows the significance of NMHCs to photo-
chemical ozone production by comparing the instanta-
neous noontime production rates of OH reactions with
CO, CHy, and NMHCs (using MEDIAN simulations).
Hydroxyl radical reactions generally initiate the oxida-
tion sequence of these compounds with subsequent re-
actions resulting in the formation of peroxy radicals and
consequently photochemical ozone production. On av-
erage, the reaction of CO with OH at noon proceeds
at a rate of 0.35 ppbv/h, the reaction of CH4 with
OH proceeds at 0.11 ppbv/hr and the total of the re-
actions of NMHCs with OH proceeds at 0.16 ppbv/h.
It is clear that NMHCs contribute significantly to pho-
tochemical ozone production relative to CO and CHj.
In contrast, at other oceanic sites more removed from
continental influence, NMHCs are assumed to play a
negligible role in photochemical ozone production [e.g.,
Liu et al., 1983; Chameides et al., 1987; Ridley et al.,
1992]. However, it is important to differentiate between
site specific photochemistry and regional photochem-
istry. At Sable Island, levels of alkenes (including iso-
prene) and aromatics, both having short lifetimes, may
represent local sources.

We present the contribution of speciated hydrocar-
bons to photochemical ozone production at the site us-
ing an OH-reactivity-based scale developed by Chamei-
des et al. [1992]. In this scale the reactivity of a given

hydrocarbon with OH is normalized to the reactivity of
propene in pptv:

C;  kou(j)

propene — equivalent(j) = [X; 3 kou(CsHg) ®)

where [X;] is the mixing ratio of a particular hydro-
carbon species j in pptv, C; is the number of carbon
atoms in j, 3 is the number of carbon atoms in propene,
and kon(j) and kou(CsHs) are reaction rates of j and
propene with respect to OH, respectively. Unlike the
forward production rates from OH reactions, this ap-
proximation takes into account the number of carbon
atoms oxidized from each hydrocarbon molecule. Table
4 presents a ranked list of propene-equivalent mixing
ratios of nonmethane hydrocarbons for mean values of
the Sable Island data set.

The reactivity of isoprene in Table 4 calls into ques-
tion local island influences. The lifetime of isoprene
with respect to OH calculated at noon averages 1 hour
(range 0.6-2.1 hours). According to back trajectory cal-
culations, transport times from the continent to the is-
land range from several hours, when the air mass passes
directly over Nova Scotia, to several days, for other air
mass origins [Merrill and Moody, 1996]. It is unlikely
that isoprene emitted from the continent would survive
transport over the ocean to the island. Furthermore, the
pronounced diurnal variation in isoprene levels suggests
local sources. During daytime (0800-1600 LT) isoprene
mixing ratios average 71 pptv (median equal to 55 pptv,
o = +51 pptv, n = 35). At night (2000-0400 LT) iso-
prene mixing ratios average 16 pptv (median equal to
9 pptv, 0 = £23 pptv, n = 16). The island lacks trees,
the strongest emitters of isoprene, but is covered by
grasses and succulent plants, weak emitters of isoprene
[Lamb et al., 1987]. Estimated isoprene emissions of 0.2
mg C m~2 h™!, a conservative estimate with respect to
the rates used by Guenther et al. [1995) to model emis-
sions in low productivity grass and shrublands, would
result in ambient mixing ratios of the order of 100 pptv
[Guenther et al., 1996], comparable to observations at
Sable Island. Although the ocean may also represent
a potential source of isoprene [Bonsang et al., 1992],
an oceanic source is unlikely because of the variabil-
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Table 4. Propene-Equivalent Mixing Ratios of Nonmethane Hydrocarbons for August 22 (Clear Sky) and

August 28 (Fog)

Hydrocarbon, pptv August 22 August 28
Mixing Ratio Propene-Equivalent Mixing Ratio Propene-Equivalent
Isoprene 235 940 565 2278
Toluene 826 202 805 200
Propene 177 177 162 162
Alk4* 729 1490 143
Ethene 140 138 45
Benzene 444 1092 51
Propane 468 1164 45
Ethane 1728 2800 24
Alk7® 60 36 8

aDenotes n-butane, i-butane, n-pentane, and i-pentane.

bHexane.

ity of isoprene levels, a feature expected for emissions
from island vegetation but not for a widespread oceanic
source.

Selected alkenes (e.g., propene) and aromatics (e.g.,
toluene) are also highly reactive in the model simu-
lations. We assume that these short-lived anthropo-
genic hydrocarbons originate from local anthropogenic
sources: the island generator, passing ships, the oil plat-
form to the southwest, or sources from Nova Scotia.
Several hydrocarbon samples on August 24, August 26,
and September 5 show evidence of emissions from liqui-
fied petroleum gas, suggesting anthropogenic influences
from the island. Categorizing the data according to air
mass origin does not show significant trends in levels
of these hydrocarbons. This result is most likely due
either to local sources of NMHCs or to uncertainties as-
sociated with assigning categories of air mass origin to
the chemical data set.

In light of concerns that alkenes (including isoprene)
and aromatics observed at the site may come from lo-
cal sources, we present model simulations (FIVEMIN)
in which (1) we include all NMHCs, (2) we exclude
isoprene but retain other NMHCs, (3) we exclude all
alkenes and aromatics but retain alkanes, and (4) we
exclude all NMHCs. Simulations 3 and 4 do not as-
sume initial concentrations of alkenes, aromatics, and
the derivatives acetone and methyl ethyl ketone during
the model spin-up period. The simulations which take
into account all NMHC species measured at the site give
an average net photochemical ozone production rate in-
tegrated over 24 hours of 3.6 ppbv/d (¢ = £3.8). Re-
sults from simulations excluding isoprene average 2.9
(o = £3.3). Results from simulations excluding alkenes
and aromatics average 2.0 (¢ = £2.7). Finally, results
from simulations excluding all hydrocarbons average 1.6
(o = £2.3). A similar set of results based on MEDIAN
simulations that tend to filter out NO peaks leads to
the following results (1) all NMHCs (average equal to
2.7 ppbv/d, o = +£4.0), (2) no isoprene (average equal

to 2.0 ppbv/d, o = +3.5), (3) no alkenes and aromatics
(average equal to 1.6 ppbv/d, ¢ = £3.0), (4) no NMHCs
(average equal to 1.1 ppbv/d, ¢ = £2.5). Consequently,
there is a range of 1-4 ppbv/d that could represent re-
gional values of net ozone production.

If levels of isoprene are indeed an island effect and
other alkenes and aromatics result from local sources,
the simulation excluding alkenes and aromatics using
median 1000-1400 LT input would provide the most
reasonable estimate for O3 production and loss rates
for the region, giving an average net ozone produc-
tion rate integrated over 24 hours of 1.6 ppbv/d. It
is clear from Tables 3 and 4 that without alkenes and
aromatics the chemistry would be dominated by CO
and CHy. Indeed, noontime instantaneous production
rates of OH reactions for the simulations that exclude
alkenes and aromatics average the following: CO + OH
(0.49 ppbv/h), CHs + OH (0.15 ppbv/h) and alkanes
+ OH (0.03 ppbv/h). Furthermore, in these simula-
tions the noontime instantaneous production rate of the
reaction of OH with other organic gases derived from
alkane oxidation (acetaldehyde, higher aldehydes, ace-
tone, methyl ethyl ketone, and methanol) averages only
0.03 ppbv/d. The reaction of formaldehyde, which re-
sults from both CH, and alkane oxidation, proceeds at
an average rate of 0.07 ppbv/h. While the oxidation of
alkanes and their derivatives is significant in these sim-
ulations, it does not equal the influence of CO and CH,
oxidation on O3 production.

5.5. NO/NO; Ratios

Peak NO/NO; ratios calculated from MEDIAN mo-
del simulations and using all NMHCs measured at the
site average 0.33 for the 16 days used in this study
{median equal to 0.31, maximum equal to 0.57, min-
imum equal to 0.12, ¢ = £0.10). These values are
lower than ratios observed in the marine boundary layer
over the North Pacific during Chemical Instrumenta-
tion Test and Evaluation (CITE) 2, ranging from 0.7
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to 1.0 [Carroll et al., 1990], as well as model and mea-
surement analyses for free tropospheric flow at Mauna
Loa, averaging approximately 0.6 at noon [Ridley et al.,
1992]. The lower NO/NO; ratios at Sable Island re-
sult from the combination of higher O levels as well as
lower levels of solar intensity, noting that cloudy days
are included in the Sable Island analysis. NO/NO; ra-
tios from model calculations for the most part agree
with observations (Figure 2). However, differences on
smaller timescales occur during periods of fog and/or
precipitation, as discussed in section 5.7.

5.6. Peroxy Radicals

Noontime peak total peroxy radical mixing ratios av-
erage 39 pptv for the MEDIAN model simulations us-
ing all NMHCs measured at the site (median equal to
41 pptv, maximum equal to 63 pptv, minimum equal
to 12 pptv, ¢ = £16). These levels are slightly lower
than noontime average levels of peroxy radicals calcu-
lated during other summertime modeling studies in re-
mote and rural locations such as the lower free tropo-
sphere over Mauna Loa, 50 pptv [Ridley et al., 1992),
the boundary layer air sampled at Niwot Ridge, 60 pptv
equivalent [Parrish et al., 1986], and Scotia, Pennsyl-
vania, 70-218 pptv [Trainer et al., 1991]. They are
also lower than calculations of noontime peroxy radi-
cals from measurements made at Mauna Loa, 60 pptv
[Ridley et al., 1992], as well as the direct measurements
of peroxy radicals made at Izafa (Canary Islands), 50-
100 pptv [Mihelcic et al., 1994].

The noontime ratio of hydroperoxy radicals to total
peroxy radicals (HOz/3> RO,) calculated for the Sable
Island dataset averages 0.46 over the sixteen days (me-
dian = 0.45, max = 0.66, min = 0.28, o0 = £ 0.10).
These model results are similar to measurements at
Izana, which give ratios around 0.5 [Mihelcic et al.,
1994]. The Sable Island ratios are slightly higher than
ratios determined from photochemical models at Sco-
tia, averaging 0.3 [Trainer et al., 1991], and slightly
lower than ratios determined from models at Mauna
Loa [HOz/(HO2+CH30,)], averaging 0.6 [Ridley et al.,
1992].

The model partitioning of organic peroxy radicals
provides an additional means of assessing the contribu-
tion of speciated NMHCs to photochemical ozone pro-
duction rates. Table 5 lists results from 2 days of model
simulation: August 22, a clear-sky day representative of
relatively clean air, and August 28, a cloudy day dur-
ing the peak of the pollution episode. For August 22,
RIO; (isoprene peroxy radical) and VRO; (methyl vinyl
ketone peroxy radical), both intermediates of isoprene
oxidation, comprise 34% of R;O2 (the total organic per-
oxy radicals excluding CH305,). An analysis of the pro-
duction rates of RIOy with NO and VRO, with NO
suggests that these two derivatives of isoprene are re-
sponsible for approximately 9% of the photochemical
ozone production modeled at the site. Of course, the
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Table 5. Model Partitioning of Organic Peroxy Radi-
cals for August 22 and August 28

Peroxy Radical, pptv August 22 August 28
HO- 18.2 17.9
MO 7.0 11.8
R;iO2 (sum) 9.6 32.6
PO, 3.5 9.2
RIO» 2.5 10.8
MCO3 1.9 3.0
VRO, 0.8 1.0
GCOg 0.6 3.5
ETO: 04 1.2
ECOs 04 2.0

Model nomenclature from Lurmann et al. [1986]: HOs,,
hydrogen peroxy radical; MOg2, methyl peroxy radical; R;Oz,
sum of organic peroxy radicals other than MO2; POg, propene
peroxy radical; RIO,, isoprene peroxy radical; MCOas, per-
oxyacetyl radical; VRO2, methyl vinyl ketone peroxy rad-
ical; GCO3, HOCH2CO3; ETO2, C2H502; ECOs, organic
COs compounds derived from higher NMHCs.

oxidation mechanism of isoprene also increases levels of
HO2 and CH30s3, leading to an additional indirect con-
tribution to photochemical ozone production. Similarly,
for August 28, RIO; and VROs comprise 36% of R;Og,
suggesting a contribution to photochemical ozone pro-
duction of approximately 17%. Results from both days
indicate the importance of isoprene in photochemical
ozone production at the site.

5.7. Case Studies During Fog and Rain

During episodes of fog and rain, aqueous chemistry
and rainout may influence chemical concentrations and
forward production rates not captured by the gas-phase
mechanism of the model. Consider the following termi-
nation reactions for peroxy radicals:

(R9) OH +NO; % HNO, ko
(R].O) HOy + HO;—H504 + 04 kio
(R].l) RO2 + HO;,—ROOH + O ki

The products of reactions (R9) and (R10) are highly
soluble in water, with Henry’s law coefficients at 25°C
of 2.1 x 10° [Schwartz and White, 1981] and 6.9 x 10*
[Hwang and Dasguptae, 1985], respectively. Removal of
HNOg3 and H3O5 from the system through rainout de-
creases levels of peroxy radicals and nitrogen oxides.
Because the latter species are catalysts for ozone pro-
duction, reducing their concentrations decreases the ef-
ficiency of ozone production.

Other loss processes could involve the dissolution of
peroxy radicals, HNOg3, and H2O; into fog droplets fol-
lowed by aqueous reactions and subsequent reevaporat-
ion [e.g., Lelieveld and Crutzen, 1990; Carroll et al.,
1994; Norton et al., 1994; Roberts et al., 1996]. Roberts
et al. [1996] present measurements of NO, at Chebogue
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Figure 9. Model results for August 28. (a)
NO/NQO; ratios. (b) Peroxy radical mixing ratios: To-
tal peroxy radicals (solid line); HO2 + CH302 (dotted
line); CH3Q; (dashed line). (c) Ozone production:
(P —L)(O3) (solid line); P(Q3) (dotted line); L(Oj)
(broken line); ozone loss by reaction with HO, (dashed
line). Hourly mean values (crosses) and standard devi-
ations (vertical bars) of measurements also appear on
the figure. Fog is present throughout the day.

Point and Sable Island as well as speciated NO, at
Chebogue Point to show evidence of wet deposition and
cloud chemistry in air masses reaching these sites. They
suggest that the loss of peroxy acetyl nitrate (PAN) cor-
relates with fog episodes, providing an additional mech-
anism for NO, loss. Furthermore, cycling of HNO; to
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NO, has been proposed to occur in liquid and solid
aerosol processes [Hauglustaine et al., 1996; Jacob et
al., 1996].

Surface observations on 6 out of the 16 modeled days
record rain or drizzle during daylight hours. These
are prime conditions for the loss of HNO3 and H2O,
through rainout. Fog was present on 8 of the 16 days
used in this analysis. Four of these days record obser-
vations of both fog and rain. There is also the possibil-
ity of the chemical loss of intermediate species through
rainout and fog during transport from the continent to
the island.
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Figure 10. As in Figure 9 but for September 1.
Rain and fog are present throughout the afternoon and
evening.
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Figures 9 and 10 present model results (FIVEMIN)
for August 28 and September 1. Figure 11 shows the re-
sults of a clear-sky day, August 22, for comparison. Sur-
face observations indicate the presence of fog through-
out the day on August 28 and in the afternoon and
evening of September 1. No rain is reported on Au-
gust 28, but rain accompanies the fog on September 1.
For both days, peroxy radicals calculated using mea-
surements are 30% lower than those calculated by the
numerical model during periods of rain or fog. During
periods of rain or fog the model tends to calculate larger
values of peroxy radicals than values derived from mea-
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Figure 11. As in Figure 9 but for August 22. Clear

skies prevail throughout the day.

13,549

surements. September 3 (not shown) is an exception,
but model results still fall within the large variability of
peroxy radicals calculated from measurements, presum-
ably caused by the rapid fluctuations in solar intensity
measured on that day. August 22, an example of a day
with clear sky observations, shows considerably closer
agreement among model calculations and values calcu-
lated from measurements.

Given the prevalence of fog and rain at the site, it
would be worthwhile to include aqueous reactions and
rain out in the model. Results of box model studies by
Lelieveld [1990] give a rough estimate of the influence
that aqueous reactions might have on photochemistry
in this location. Lelieveld [1990] uses longitudinally av-
eraged conditions at 45°N north latitude and 1.5 km
altitude to calculate a summertime net ozone produc-
tion of +3.3 ppbv/d with gas-phase chemistry alone and
+2.3 ppbv/d including aqueous reactions, suggesting a
30% bias when aqueous chemistry is excluded.

5.8. Surface Deposition

The meteorology associated with this data set sug-
gests a stable marine boundary layer created by the flow
of warm air over the cool ocean [Angevine et al., 1996],
justifying the assumption that the main resistance to
surface deposition results from large-scale dynamics as-
sociated with atmospheric stability. Considering the
complexity of determining deposition velocities over the
ocean as well as the strong stability of the atmosphere
in this region, we assume deposition to be negligible for
the in situ photochemical calculations presented up to
this point.

Surface deposition appears in the box model as an
additional sink:

Al A ©
t h

where C; is the concentration of the species, vq4 is the
deposition velocity, and h is the model height. Our
analyses of vertical soundings over Sable Island during
the intensive suggest internal boundary layer or marine
boundary layer thicknesses ranging from 200 to 1000 m.
In this section we assume a model height of 500 m. We
consider the maximum impact of including surface de-
position on the steady state photochemical calculations
by considering depositon velocities (Table 6) taken from
the literature [Liu et al. 1983; Thompson and Zafiriou,
1983; Sillman et al., 1993].

Including surface deposition characteristic over the
ocean [Thompson and Zafiriou, 1983; Liu et al., 1983]
results in an average decrease in net ozone production
rates of 7%. The impact of surface deposition is almost
entirely due to the loss of H2Og, which is allowed to ac-
cumulate in the model steady state calculation during
the 5 days of model integration time before the results
are recorded. When deposition is not included, HaO,
model mixing ratios reach 3 ppbv, and the photolysis of
H, 0, represents a significant source of radicals. When
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Table 6. Deposition Velocities From the Literature

Liu et al. [1983]

Thompson and Zafiriou [1983]

Sillman et al. [1993]

Over Land Over Water
Os 0.05 0.05 0.05 0.6
HNO3 0.65 0.43 0.05 2.5
NO2 0.0005 0.0012 0.05 0.6
NO 0.0005 0.00017 0.05 0.1
PAN 0.05 e 0.05 0.25
H>0; .o 0.6 0.05 1

Velocities are in cm s~

deposition is included, the HyO2 values in the model
drop below 1 ppbv, and H2Os photolysis is no longer a
significant radical source. Daum et al. [1996] have mea-
sured Hy0O4 mixing ratios of up to 6 ppbv in plumes of
polluted air over the North Atlantic off the east coast
of the United States, but 1 ppbv is considered a more
realistic estimate for H,O, for this region [e.g., Daum
et al., 1990; Lee et al., 1993]. OH and HO; levels both
decrease by 10% in the simulation with surface deposi-
tion.

6. Sensitivity and Uncertainty Analysis

Detailed sensitivity studies of chemical mechanisms
are available for conditions representative of both ur-
ban and rural environments [e.g., Milford et al., 1992;
Yang et al., 1995; Gao et al., 1996]. These studies fo-
cus primarily on the sensitivity of peak ozone levels to
changes in levels of precursor species, meteorological pa-
rameters, and reaction rates.

For this study, we conduct a simplified analysis of un-
certainties in photochemical ozone production and loss
rates for the measurements at Sable Island by consider-
ing the uncertainty (precision and accuracy) of the mea-
surements as well as uncertainties intrinsic to the model
mechanism. A rough approximation to the sensitivity
of photochemical ozone production and loss rates from
measurement uncertainties is obtained by holding se-
lected chemical and meteorological input values at their
mean value and systematically varying each parameter,
X, in order to calculate sensitivity coefficients:

9P(0s) v

oz (7)

" The results are presented in Table 7. We use these sen-

sitivity coefficients to determine uncertainties in pho-

tochemical ozone production and loss rates inherent to

the measurement techniques by means of propogation

of errors, a technique that assumes the individual pa-
rameters are independent:

OP(O . 00s P
7bi00 = hor GG + o, (G + - (®

The assumption that the variables used in this analysis
are independent is valid for all chemical species except
for O3 and CO, which show a significant correlation
[Wang et al., 1996]. Jno, and temperature show simi-
lar diurnal variability, peaking in the middle of the day.
However, the dominant factors in photochemical ozone
production and loss rates (NOy, Jno,, and O3) are for
the most part independent of one another in the com-
plete data set [Wang et al., 1996].

The uncertainties derived from this analysis are pre-
sented in Table 8. On the basis of measurement un-
certainties of NOy, Jno,, NMHCs, O3, CO, and tem-
perature, photochemical ozone production rates have
a 1 o uncertainty of +33% (439% for overcast condi-
tions), photochemical ozone loss rates have a 1 ¢ un-
certainty of £11% (£23% for overcast conditions), and
net photochemical ozone production rates have a 1 o
uncertainty of +44% (£49% for overcast conditions).
It is important to recognize that uncertainties for net
ozone production are large in percentage because net
ozone production represents a small difference between
ozone production and ozone loss rates. However, un-
certainties less than 100% validate our conclusions that
daytime net ozone production is dominant at the site
during the campaign.

In this sensitivity analysis, photochemical ozone pro-
duction at Sable Island during the intensive depends
most strongly on uncertainties in the measurements
of NOx, NMHCs, and solar radiation. Photochemical
ozone loss at the site depends primarily on uncertainties
associated with measurements of ozone, solar intensity,
and relative humidity. Net photochemical ozone pro-
duction depends on uncertainties associated with mea-
surements of NO, and to a lesser degree NMHCs, solar
radiation, and ozone.

It is beyond the scope of this paper to include an
uncertainty analysis of the rate constants in the photo-
chemical model. Yang et al. [1995] present a thorough
analysis of this type for urban conditions, arriving at
a 1 o uncertainty in ozone levels of +20-30%. As the
study by Yang et al. [1995] uses parameters charac-



DUDERSTADT ET AL.: OZONE PRODUCTION AT SABLE ISLAND 13,551
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sensitivity of net ozone production to the factors men- | 2 T e ex
tioned above, we conclude that calculating more accu- ) Bone % .é w B E J‘E‘f
rate net photochemical ozone production rates relies o || L igg aax & g :
primarily on reducing uncertainties in NOyx measure- 3 XX ]S - é ,'E 5
ments and calculated photolysis rates as well as im- '4; w o5° @ 8=
proving the resolution of NMHC measurements. o - fé E
Model results also present evidence that clouds within ﬂ;: ° 7 B 5
the marine boundary layer temper ozone production O |5 &8 2z - 3 g =
rates (from solar intensity, cloud chemistry, and rain- B |>| &% a2 & - ki
out), encouraging further study involving the role played oy % C © 2 &9 - §
by clouds and fog in regulating the oxidizing capacity 2 |=] ©= © - *E g
of the marine boundary layer in this region. The mete- Q © & ¥
orological conditions at Sable Island as well as the dis- A |~ 2 5 = 2 g
crepancies between numerical model calculations and ~ ‘:’ § w 8 § s g
measurements motivate future studies including aque- 2 |8 E e E;.__‘.) g § 2 -
. . . . . i) o x 900 RODO g 29
ous reactions and rainout in modeling the chemistry [5" &l 99732 o oS8 . s 23
A ZORrROBRE . O

within air masses reaching the site.
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Table 8. Total Uncertainties in P(O3), L(Q3), and (P — L)SO,«,) Based on Results
from Table 6 and Mean Values of P(O3), L(O3), and (P — L)(O3)
o(P-L)(0g), PPbV/h Model Results Percent
Using Mean Values, ppbv/h Uncertainty
P(0s) 0.41 (clear) 1.24 33% (clear)
0.49 (overcast) 39% (overcast)
L(0a) 0.033 (clear) 0.31 11% (clear)
0.070 (overcast) 23% (overcast)
NetOsP 0.41 (clear) 0.94 44% (clear)
0.46 (overcast) 49% (overcast)
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