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Export of reactive nitrogen from North America during
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Abstract. The global influence on tropospheric chemistry of nitrogen oxides (NO,=NO+NO,)
emitted by fossil fuel combustion may be strongly modulated by nonmethane hydrocarbon
(NMHC) chemistry taking place in the continental boundary layer. This effect is investigated using
a three-dimensional, continental-scale model of tropospheric O3-NO,-NMHC chemistry over
North America in summer. The model includes detailed representation of NMHC chemistry
including in particular isoprene. Model results are evaluated with observations for ozone, reactive
nitrogen species, and photochemical tracers at a number of sites in North America. Sensitivity
analyses are conducted to explore the effects of assumptions regarding the aerosol chemistry of
peroxy radicals and the fate of hydroxy organic nitrates produced from the oxidation of isoprene. A
budget analysis for the United States in the model indicates that 9% of NO, emitted from fossil fuel
combustion is exported out of the continental boundary layer as NO,, 3.5% is exported as
peroxyacetyl nitrate (PAN), and 3.7% is exported as other organic nitrates. Isoprene is the
principal NMHC responsible for the formation and export of organic nitrates, which eventually
decompose to provide a source of NO, in the remote troposphere. Export of NO, and organic
nitrates from the U.S. boundary layer is found to be a major source of NO, on the scale of the
northern hemisphere troposphere and on the scale of the upper troposphere at northern
midlatitudes. Proper representation of isoprene chemistry in the continental boundary layer is
important for simulation of NO, in global tropospheric chemistry models.

1. Introduction

Ozone is produced in the troposphere by photochemical oxida-
tion of hydrocarbons and CO in the presence of nitrogen oxides
(NO, = NO+NO,). In industrial regions with large anthropogenic
sources of NO, and hydrocarbons, high concentrations of surface
ozone represent a threat to public health and vegetation [National
Research Council, 1991]. On a global scale, tropospheric ozone
plays a critical role in controlling the oxidizing power of the atmo-
sphere [Thompson, 1992] and is an important greenhouse gas
[Hansen et al., 1997]. Several studies have suggested that export
of anthropogenic NO, from industrial continents could make a
large global contribution to ozone [Liu et al., 1987; Jacob et al.,
1993a; Mauzerall et al., 1996], thus linking regional air pollution
and global tropospheric chemistry issues. Accounting for this
anthropogenic source of ozone in global models requires an esti-
mate of the export of NO, out of the continental boundary layer;
complications arise because of the short lifetime of NO, against
oxidation to HNO3 (less than a day) and because of the presence
in the continental boundary layer of high concentrations of reac-
tive nonmethane hydrocarbons (NMHCs). These NMHCs modify
the chemistry of the continental boundary layer in several ways,
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including the formation of organic nitrates such as peroxyacetyl
nitrate (PAN). The organic nitrates can be exported out of the con-
tinental boundary layer and provide reservoirs of NO, in the glo-
bal troposphere [Crutzen, 1979], thus contributing to the
anthropogenic influence on ozone.

The object of this paper is to improve understanding of the
export of NO, and its reservoirs out of the continental boundary
layer over the United States in summer. The United States
accounts for 30% of the global NO, source from fossil fuel com-
bustion [Benkovitz et al., 1996]. We use a continental-scale ver-
sion of a global three-dimensional (3-D) model of tropospheric
photochemistry (cf. Wang et al., 1997a, b, ¢). We include in our
model a relatively detailed treatment of NMHC chemistry and
examine the ability of the model to simulate observations for
ozone, NO, species, and photochemical tracers over the United
States and Canada. We investigate how uncertainties in NMHC
oxidation pathways and other aspects of continental boundary
layer chemistry affect the simulation and assess the ability of glo-
bal models to quantify the export of NO,, species from the conti-
nental boundary layer. A companion study by Liang et al. [this
issue] extends our summertime analysis to investigate the export
of NO, species and ozone from the United States in different sea- |
sons.

Of particular importance for our analysis is the chemistry of the
highly reactive hydrocarbon isoprene (2-methyl butadiene) emit-
ted by vegetation [Guenther et al., 1995]. Isoprene dominates over
anthropogenic NMHCs as a precursor for ozone production over
the United States in summer [Trainer et al., 1987, 1991; Cantrell
et al., 1993; Chameides et al., 1988, 1992; McKeen et al., 1997].
Atmospheric oxidation of isoprene in the presence of NO, pro-
duces a variety of organic nitrates including PAN and related com-
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pounds [Paulson and Seinfeld, 1992; Fehsenfeld et al., 1992]. The
presence of isoprene also slows down the oxidation of NO, to
HNOj by providing a sink for OH radicals in the daytime and a
sink for NOj at night [Fan et al., 1994].

The model is described in section 2, and a more specific
description of the chemical mechanism is given in section 3. We
present in section 4 a detailed comparison of model results with
observations over the United States and examine the constraints
placed by these comparisons on the chemistry of the boundary
layer. The export of NO, and its reservoir species from the U.S.
boundary layer is discussed in section 5, and the sensitivity of this
export to NMHC chemistry is analyzed in section 6. Conclusions
are in section 7.

2. Model Description

This study is performed using a continental-scale version of a
global three-dimensional chemical tracer model (CTM). The
model is based on that used by Jacob et al. [1993b] with substan-
tial improvements. It uses a grid of 4° (latitude) x 5° (longitude) in
the horizontal and has nine layers in the vertical defined by a
sigma (terrain-following) coordinate. A subgrid nested scheme
[Sillman et al., 1990] is used to account for chemical nonlineari-
ties in urban and power plant plumes, as described by Jacob et al.
[1993b]. The domain includes North America and large areas of
the surrounding oceans (see Figure 1). Meteorological input is
provided by a general circulation model (GCM) developed at the
Goddard Institute for Space Studies (GISS) [Hansen et al., 1983].

The model includes a detailed photochemical mechanism,
which is integrated numerically using a modified-Gear algorithm
[Jacobson and Turco, 1994]. The mechanism includes 80 chemi-
cal species, of which 21 species (or families) are transported in the
model. A detailed description of the chemistry in the model is pro-
vided in section 3. Photolysis rates are calculated hourly using a
six-stream radiative transfer routine [Logan et al., 1981], based on
albedo and cloud cover from the GCM, and climatological ozone
profiles [Spivakovsky et al., 1990]. ‘

Emissions of anthropogenic NO,, CO, and NMHCs are based
on national estimates for 1990 for the United States [Environmen-
tal Protection Agency (EPA), 1995] and Canada (Environment
Canada, 1995], with spatial distributions from the National Acid
Precipitation Assessment Program (NAPAP) [EPA, 1989]. The
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total emissions used in the model for the United States (based on
EPA [1995]) represent an increase from the NAPAP totals of 13%
for NO,, 70% for CO, and 10% for NMHCs. Anthropogenic emis-
sions of NO,, CO, and NMHCs in Central and South America are
taken from Benkovitz et al. [1996], J. A. Logan (personal commu-
nication, 1997), and Piccot et al. [1992], respectively. Biogenic
emissions of isoprene are calculated based on local vegetation
type, temperature, and sunlight, using the algorithm of Guenther
et al. [1995] as modified by Wang et al. [1997a). The isoprene
emissions for the United States in our model (Figure 2) are consis-
tent with those of Guenther et al. [1995], and are about a factor of
5 higher than the older estimate by Lamb et al. [1987] which has
been used in a number of previous O3 models [e.g., McKeen et al.,
1991a, b; Jacob et al., 1993a, b). Biogenic emissions of alkenes
and acetone are estimated by scaling to isoprene emissions, based
on work by Goldstein et al. [1996] and Singh et al. [1994a]. The
emission ratios used are 0.051 atoms C (alkenes)/atom C (iso-
prene) and 0.015 molecules acetone/atom C (isoprene).
Advection of tracers in the model is calculated using the sec-
ond-order moment scheme [Prather, 1986]. Dry and wet convec-
tive transport of tracers is computed' hourly, using convective
mass fluxes from the GCM with 4-hour resolution and including a
diurnally varying mixed layer [Prather ét al., 1987; Jacob and
Prather, 1990]. Dry deposition velocities for O3, HNO3, NO,,
CH,0, H,0,, PAN, and other organic nitrates are computed as
described by Jacob et al. [1993b] using a resistance-in-series
model [Wesely, 1989] and local CTM values for surface and envi-
ronmental variables. The deposition velocities for O3 and NO,, in
our model are in general agreement with observed values at Har-
vard Forest, Massachusetts [Munger et al., 1996]. Wet deposition
of soluble tracers (HNO3, H,0,, and organic hydroxynitrates) is
performed using the method developed by Balkanski et al. [1993].
The simulations are conducted from May 16 to August 31, with
the period May 16-31 used for initialization. We verified that the
16 day initialization period is sufficiently long to ventilate the
model domain. Boundary conditions for O5 at the edges of the
model domain (see Figure 1) are specified from ozonesonde data
as a function of latitude, altitude, and month [Logan, 1994].
Boundary conditions for CO are specified from a global 3-D
model study, the results of which are in good agreement with
observations (J. A. Logan, personal communication, 1997).
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Figure 1. Model domain and grid. The vertical grid is defined by a signia-coordinate and is shown here for an atmo-
spheric column based at sea level. The heavy line delineates the U.S. boundary layer region used in section 5.
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Figure 2. The average biogenic emission source of isoprene in June-August in the model. Units are 1012
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Boundary conditions for other tracers are specified as a function of
latitude and altitude, using data from the Pacific Exploratory Mis-
sion—West Phase A (PEM-West A) aircraft campaign over the
North Pacific [Hoell et al., 1996].

3. Chemical Mechanism
3.1. General Chemistry

The chemical mechanism used in our model includes detailed
photooxidation schemes for four NMHCs: propane, butane, pro-
pene, and isoprene. Butane is used as a surrogate for all alkanes
>C4, while propene is used to represent all alkenes >C3. The
lumping for butane and propene is done on a per atom carbon
basis, taking advantage of the similarity among the lumped hydro-
carbons in the yields (per atom carbon) of ozone, HO, radicals
(OH+HO,+R0,), and peroxyacyl nitrates (PANs = PAN + higher
analogs) [Jacob et al., 1989]. Explicit mechanisms are also
included for oxidation of methane and ethane, both of which are
present at fixed concentrations in the model (1.7 ppmv and
2.0 ppbv, respectively). Although ethane has variable concentra-
tions over the United States [Goldstein et al., 1995], its contribu-
tion to ozone and HO, chemistry is small [Cantrell et al., 1993;
McKeen et al., 1997] so that the assumption of a fixed concentra-
tion introduces no significant error. Sensitivity simulations con-
ducted in our model indicate that aromatic hydrocarbons play a
negligible role in ozone and HO, chemistry on a regional scale, in
agreement with previous studies of rural photochemistry [Trainer
et al., 1991; Cantrell et al., 1993; McKeen et al., 1997]; they are
neglected in our mechanism. Biogenic terpenes are also neglected;
their chemistry is uncertain, but their effect on Oj is certainly
much less than that of isoprene [Fehsenfeld et al., 1992].

Tracers transported in the model (Table 1) include seven reac-
tive nitrogen species: NO,, HNOj, three peroxyacyl nitrates
(PAN, PMN, and PPN), a lumped organic hydroxynitrate pro-
duced from oxidation of isoprene, and a lumped alkyl nitrate. Also

transported in the model are CO, H,0,, and the odd oxygen fam-
ily (O,) consisting mainly of ozone. Carbonyls produced as inter-
mediates in the oxidation of hydrocarbons (and also directly
emitted, in the case of acetone) are represented by seven tracers:
formaldehyde, acetaldehyde, methacrolein, other aldehydes
(RCHO), acetone, methylvinyl ketone, and other ketones (MEK).

The inorganic and methane photochemistry in our mechanism
is based on DeMore et al. [1994]. It includes heterogeneous con-
version of N,Os and NOj to nitric acid in sulfate aerosols, with
aerosol surface areas derived from a sulfate simulation using our
CTM [Chin et al., 1996; Liang et al., this issue]. A reaction proba-
bility 1=0.1 is adopted for these heterogeneous reactions [DeMore
et al., 1994]; at aerosol loadings typical of the United States, the
rate-limiting step in the heterogeneous conversion to HNO; is the
nighttime reaction of NO, with O3. Aqueous-phase cloud chemis-
try appears to have a negligible effect on O3 and NO, [Liang and
Jacob, 1997] and is not included in our simulation.

The chemical mechanism for NMHCs is based on Atkinson et
al. [1992], except for the isoprene chemistry which is deseribed in
the following section. The rates of many reactions have not been
studied directly, particularly those involving organic peroxy radi-
cals (RO,). For these reactions, rate constants are estimated on the
basis of similar reactions for which rates have been determined. In
our mechanism, we choose a rate constant for the generic
RO,+NO reaction of k=2.2><10'12exp(180/1‘) for all peroxy radi-
cals 2C3 (except acyl peroxy radicals). This value, based on the
measured rates and recommendations of Kirchner and Stockwell
[1996], is about a factor of 2 slower than the rate for C;HsO0,+NO.
For the RO,+HO; reactions, the rate constant for larger peroxy
radicals has been found to be greater than it is for methyl or ethyl
peroxy radicals [Rowley et al., 1992]. We adopt the value of Row-
ley et al. [1992], k=1.4x10"%exp(1380/T), as our generic
RO,+HO; rate for peroxy radicals 2C3 (except acyl peroxy radi-
cals). This value is approximately a factor of 2.5 times faster than
the reactions rates of methyl or ethyl peroxy with HO,. Many pre-
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Table 1. Chemical Tracers in the Model

Tracer Description
1 NO, = NO+NO,+NO3+2xN,0s+ HNO,+HNO,
2 O, = 03+0+NO,+2xNO;+3xN,0+HNO,
3 PAN (peroxyacety! nitrate)
4 HNO;
5 PMN ¢ pcfoxymclhacryloyl nitrate)
6 PPN (lumped peroxyacyl nitrate)®
7 ISN2 (lumped organic hydroxynitrates derived from
isoprene)
8 R4N2 (lumped alkyl nitrate)®
9 Cco
10 H,0,
11 Propane
12 ALK4 (lumped alkane >C4)4
13 PRPE (lumped alkene >C3)¢
14 Isoprene
15 Formaldehyde (CH,0)
16 Acetaldchyde (CH;CHO)
17 RCHO (lumped aldehyde >C3)f
18 Acetone
19 MEK (lumped ketone >C4)
20 Methylvinyl ketone
21 Methacrolein

2Assumed to have the reactivity of peroxypropionyl nitrate.

®Assumed to have reactivity based on a weighted average of
“ISNI1” and “ISNI2” in the work of Pauslon and Seinfeld
[1992]. See Table 2b for details. _

€Assumed to have the reactivity of butyl nitrate:

dAssumed to have a reactivity based on a weighted average
of butanes and pentanes [Lurmann et al., 1986].

€Assumed to have the reactivity of propene.

fAssumed to have the reactivity of propionaldehyde
(propanal).

EAssumed to have the reactivity of methylethylketone
(butanone).

vious photochemical mechanisms have used rates for RO,+NO
and RO,+HO, reactions based on those measured for methyl or
ethyl peroxy [Carter, 1990; Stockwell et al., 1990]. The rates used
in our work result in a higher branching ratio for the RO,+HO,
reaction relative to RO,+NO. Observed HO,/OH and RO,/HO,
ratios from a recent field study in Colorado indicate that larger
peroxy radicals must have a lower RO,+NO rate constant and a
higher RO,+HO, rate constant, compared to the values for methyl
peroxy radicals [Stevens et al., 1997].

Permutation reactions of organic peroxy radicals with the
methyl peroxy radical (CH30;) and the acetyl peroxy radical
(CH3CO3) are also included in our model. Rates for CH30,+R0O,
reactions are based on Atkinson [1994], while those for
CH3CO3+RO, are set equal to the rate for CH3;CO3+CH30,.
Reactions among secondary and teitiary RO, radicals have been
found to be very slow [Atkinson, 1994] and may be neglected. Per-
mutation reactions of primary RO; radicals or peroxyacyl radicals
not involving either CH30, or CH3COj are of minor importance
in the atmosphere [Stockwell et al., 1995] and are neglected.
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The hydroperoxy radical (HO,) is highly soluble in aqueous
aerosol [Schwartz, 1984] where it reacts rapidly with transition
metal ions such as Cu(l)/Cu(ll) [Graedel et al, 1986;
Mozurkewich et al., 1987] and perhaps other species including
itself [Hanson et al., 1992]. A model study by Ross and Noone
[1991] suggests that loss of HO, to aqueous aerosol is sufficiently
fast to compete with the sink fromh gas-phase reactions. Plummer
et al. [1996] found that HO, concentrations measured at a nonur-
ban site in Ontario were 2.5 times lower than values derived from
a gas-phase model and reported that a missing sink for HO, with a
corresponding lifetime of 50 s is needed to resolve the discrep-
ancy. Similarly, Cantrell et al. [1996] found that adding an aerosol
loss for HO, to their gas-phase model, with a reaction probability

=0.5-1.0, greatly improved their agreement with observations at
Mauna Loa, Hawaii. As discussed below, our model with gas-
phase chemistry only also appears to generate excessive HO, con-
centrations. We include therefore in our standard simulation an
aerosol loss of HO,; using the same sulfate aerosol surface area as
used for N,Os and NO; and assuming a reaction probability y=1.
No accounting is made of the reaction products; that is, they are
assumed inert. The resulting lifetime for HO, against scavenging
by aerosols is about a minute in surface air over the eastern United
States; the effect on model results is discussed in section 4.
Organic peroxy radicals RO, may be expected in general to have a
slower loss to aerosols than HO, because they are less water-solu-
ble. We choose not to include aerosol uptake of RO, in our stan-
dard mechanism but discuss in section 4 the results of a sensitivity
simulation including the uptake.

3.2. Isoprene Chemistry

Our mechanism for the oxidation of isoprene is listed in Tables
2a-2c; this mechanism is of particular importance in our study.
Several recent studies have determined many of the important fea-
tures of isoprene oxidation and have produced mechanisms that
reasonably simulate observations in chamber studies [Tuazon and
Atkinson, 1990a; Paulson and Seinfeld, 1992; Carter and Atkin-
son, 1996]. The isoprene mechanism used in this work is based
upon that of Paulson and Seinfeld [1992] but includes a number of
modifications. ‘

The main sinks for isoprene are reaction with OH, Oj, and
NO;. The dominant sink is reaction with OH. Reaction of OH
with isoprene proceeds by addition of OH to one of the two double
bonds, followed by addition of oxygen, producing six different
unsaturated peroxy radicals (RO,), represented in our mechanism
as the lumped species RIO2. The principal branch of the
RIO2+NO reaction produces alkoxy radicals, which subsequently
react with O, or decompose to yield the observed products meth-
acrolein (MACR), methylvinyl ketone (MVK), formaldehyde
(CH,0), HO,, and other carbonyl compounds (IALD). Methac-
rolein and methylvinyl ketone go on to react with OH and ozone
[Tuazon and Atkinson, 1989, 1990b; Paulson and Seinfeld, 1992]
and also photolyze [Raber and Moortgat, 1995]. _

Unsaturated hydroxynitrates denoted ISN2 in our model are
formed from RIO2+NO [Trainer et al., 1991], with a yield of
about 12% (based on Arkinson [1994]). This yield is similar to the
value used by Paulson and Seinfeld [1992) and somewhat higher
than the best fit value of 8.8% found by Carter and Atkinson
[1996]. Chemical loss of ISN2 is by reaction with OH and ozone,
and by photolysis. As in the work of Paulson and Seinfeld [1992],
we choose rates for the reactions of ISN2 by analogy to the reac-
tions of the structurally similar compounds methacrolein and
methylvinyl  ketone. We use rate constants of
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k(ISN2+0H)=1.25x10"!! and k(ISN2+03)=2.25x10"'8 cm3 mole-
cule’! 51, These reactions result in the return of NO, to the atmo-
sphere. Photolysis cross sections and quantum yields for ISN2 are
assumed to be the same as those measured for methyl nitrate [Rob-
erts and Fajer, 1989]. While alkyl nitrates have been found to be
rather insoluble and to deposit only slowly to the surface [Luke et
al., 1989; Roberts, 1990], it is expected that hydroxynitrates such
as ISN2 have considerably larger Henry’s law constants [Kames
and Schurath, 1992; Shepson et al., 1996] and hence are more
readily deposited [Roberts, 1990; Muthuramu et al., 1993]. Fur-
ther support for rapid deposition of multifunctional organic
nitrates is the lack of detection of these species in the ambient
atmosphere, althongh this may possibly be due to rapid chemical
removal or to sampling problems [Muthuramu et al., 1993]. We
remove ISN2 by dry deposition in our model, with a deposition
velocity equal to that of nitric acid as was assumed previously by
Trainer et al. [1991]; we also scavenge ISN2 in precipitation by
assuming that it behaves as a highly soluble tracer.

The reaction of RIO2 with HO, produces a hydroxy organic
peroxide (denoted RIP in our model). We assume that RIP and all
other organic peroxides either react with OH or photolyze with the
same rate constants as for CH3OOH. Alkyl peroxides, which are
weak oxidants and sparingly soluble in water [O’Sullivan et al.,
1996], are not remchd by dry deposition in our model. The pres-
ence of a hydroxy group increases the Henry’s law constant by 3—
4 orders of magnitude [Zhou and Lee, 1992; O’Sullivan et al.,
1996], allowing efficient scavenging by both wet and dry deposi-
tion. Therefore we include a deposition sink for hydroxy organic
peroxides in all model grid boxes, with a lifetime of 12 hours, to
simulate the effects of dry and wet deposition.

The reaction of isoprene with ozone proceeds by addition of the
ozone molecule to either of the double bonds in isoprene, forming
a five-membered ring [Lloyd et al., 1983]. The ringed intermediate
decomposes forming products including Criegee biradicals. There
has been significant disagréement concerning the product yields
[Paulson et al., 1992; Grosjean et al., 1993c; Aschmann and
Atkinson, 1994]. In this work, we adopt the yields recommended
by Aschmann and Atkinson [1994], which are in reasonably good
agreement with those of Grosjean et al. [1993c].

Another loss process for isoprene in the model is reaction with
the nitrate radical NO3. While the details of this pathway are fairly
uncertain, it is assumed to begin with addition of NOj to either of
the double bonds. The resulting isoprene-NO3 adduct reacts with
0, forming a peroxy radical containing a -ONO, substituent. We
assume that this peroxy radical can react with NO, HO,, or other
peroxy radicals. The product distribution for the NO reaction is
from Paulson and Seinfeld [1992].

4. Comparison With Observations
4.1. Approach .

We evaluate the model results by comparison with measured
trace gas concentrations from rural sites in North America, focus-
ing on early afternoon (1300-1600 local time) when surface con-
centrations are representative of a generally deep mixed layer
which can be resolved by the model. Because our model is
intended to simulate a typical meteorological year, rather than a
specific year, the comparison must be based on seasonal statistics
of concentrations. The seasonal median is a particularly useful sta-
tistic as it is relatively insensitive to bias by occasional pollution
events. When median observations are not available, we use sea-
sonal mean concentrations for comparison. In calculating the
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median (or mean) model concentrations for a rural site, appropri-
ate area weighting of the rural box and the subgrid plume boxes is
done so that the model time series includes representative sam-
pling of aged pollution plumes [Jacob et al., 1993b]. The observa-
tions used for comparison are for 1975-1995, while the model
emissions are for 1990. There have been no significant long-term
trends in rural O concentrations over the United States during the
19751995 period [National Research Council, 1991; EPA, 1993;
Fiore et al., 1997]. Emissions of NO, and volatile organic com-
pounds (VOC) have shown little change from 1975 to 1995, while
emissions of CO have declined by about 20% [EPA, 1995].

The evaluation for ozone is based on the ensemble of observa-
tions from the EPA Aeronometric Information Retrieval System
(AIRS), which includes hourly data from hundreds of stations in
the United States for the years 19801995, The spatial distribution
and long-term trends of ozone in the EPA/AIRS record have been
described previously by our group [Fiore et al., 1997]. For com-
parison to our model, the EPA/AIRS record was analyzed to pro-
vide median summer afternoon ozone cencentrations for each
4°x5° model grid square. These values were obtained by comput-
ing the median 1300~1600 LT June—-August concentration for
each station in a grid square for each year from 1980-1995 and
averaging the medians over all stations in the grid square and then
over all years. No distinction between urban and nonurban stations
was made in the averaging, as we found no significant differences
between ozone at these two station categories over the scale of a
4°x5° grid square. For species other than ozone, the observational
database in rural air is sparse, and we use for model evaluation an
array of measured seasonal statistics assembled from a number of
individual investigators (Table 3).

4.2. Ozone

The modeled and observed summer afternoon median concen-~
trations of ozone in surface air (Figures 3a and 3b) show maxima
in the eastern United States and southern California, reflecting the
distribution of NO, emissions. The difference between the simu-
lated and observed median ozone concentrations (Figure 3c)
shows a region extending from the Gulf of Mexico to Missouri
where the model overestimates observations by 20 ppbv or more.
The largest overestimate is over Louisiana and eastern Texas,
where the model is 30-40 ppbv too high. A scatterplot comparing
model and observed median ozone concentrations for each 4°x5°
grid square in the United States is shown in Figure 3d. For a
majority of the grid boxes, simulated ozone concentrations are
within 1 standard deviation of the interannual variability in the
observations. Excluding the nine grid points in the south central
United States where the model is more than 20 ppbv too high
(points marked by crosses), the model concentrations are well-cor-
related with the observations (r2=0.61), with a linear regression
slope of m=1.09. A small overestimate of ozone may be expected
as a result of the depositional sink for ozone at the surface, since
our model results are for the lowest model layer (0—~500 m), while
the observations are typically made 10 m above ground.

The overestimate of ozone over the south central United States,
which was identified as a problem in an earlier version of this
model [Jacob et al., 1993b], appears to be due to a combination of
causes. A displacement of the Bermuda High to the northeast in
the GISS GCM causes the ventilation of the south central United
States with tropical maritime air from the Gulf of Mexico to be too
weak [Jacob and Prather, 1990). This circulation problem results
in regional stagnation and anomalously high temperatures and
insolation, promoting ozone formation. Observational data from
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Table 2a. Isoprene Oxidation Mechanism: Chemical Species Involved

Symbol Formula® Description
ACTA CH;C(0)OH acetic acid
ALD2 CH;CHO acetaldchyde
CH20 CH>0 formaldchyde
CHC HCOC(CH;3)OH)CHO carbony! hydroxy compound and/or dihydroxy
compound (assumed inactive)
(6(0) (6(0] carbon fnonoxide
EOH C,H;OH ethanol
ETO2 CH;CH,00 cthylperoxy radical
ETP CH3;CH,O0H cthylhydroperoxide
GCO3 HOCH,C(0)00 hydroxy peroxyacetyl radical
GLCO3 HCOHC(0)00 - peroxyacyl from GLYX
GLP HCOHC(O)OOH peroxide from GLCO3
GLPAN HCOHC(0)OONO, peroxyacylnitrate from GLCO3
GLYC HOCH,CHO glycolaldehyde (hydroxyacetaldehyde)
GLYX CHOCHO glyoxal
GP HOCH,C(0)OOH peroxide from GCO3
HAC HOCH,C(O)CH; hydroxyacetone
HCOOH HCOOH formic acid
IALD HOCH,C(CH;)=CHCHO hydroxy carbonyl alkenes from isoprene
1A02 HOCH,C(CH;3)XOO)YCH(OH)CHO RO2 from isoprene oxidation products
IAP HOCH,C(CH;3} OOH)CH(OH)CHO peroxide from 1A02
INO2 0,NOCH,C(0O0)XCH;)CH=CH, RO2 from ISOP+NO3
INPN 0>NOCH,C(OOH)(CH;3)CH=CH, peroxide from INO2
ISN1 HOCH,C(OO)(CH3)CH(ONO,)CH,0H RO2 from ISN2
ISN2 CH,=C(CH;)CH(ONO,)CH,OH isoprene nitrate
ISNO3 RONO, stable organic nitrate
ISNP HOCH,C(OOHXCH;)CH(ONO,)CH,OH  peroxide from ISN1
ISOP CH,=C(CH;)CH=CH, isoprene
MACR CH,=C(CH;)CHO methacrolein
MAN2 HOCH,C(ONO,)(CH;3)CHO RO2 from MACR+NO3
MAO3 CH,=C(CH;)C(0)00 peroxyacyl from MVK and MACR
MAOP CH,=C(CH;)C(O)OOH peroxide from MAO3
MAP CH;C(0)O0OH peroxyacetic acid
MCO3 CH;C(0)00 peroxyacetyl radical
MEK RC(O)R >C3 ketones
MGLY CH3;COCHO methylglyoxal
MNO3 CH3;0NO, methylnitrate
MO2 CH;00 methylperoxy radical
MOH CH;0H methanol
MRO2 HOCH,C(OO)(CH;3)CHO RO2 from MACR+OH
MRP HOCH,C(OOHXCH;3)CHO peroxide from MRO2
MVK CH,=CHC(O)CH; methylvinylketone
MVN2 O,NOCH,CH(0OO)C(0)CH, RO2 from MVK+NO3
O2CH20H O,CH,0H produced by CH20+HO2
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Symbol Formula® Description
PAN CH3C(0O)OONO, peroxyacetylnitrate
PMN CH,=C(CH3)C(O)OONO, peroxymethacryloyl nitrate (MPAN)
PO2 HOCH,CH(OO)CH; RO2 from propene
PP HOCH,CH(OOH)CH;3 peroxide from PO2
PPN CH;3;CH,C(O)OONO, peroxypropionylnitrate
PRN1 0,NOCH,;CH(OO)CH3 RO2 from propene+NO3
PRPE C3Hg propene
PRPN 0O,NOCH,CH(OOH)CH3 peroxide from PRN1
RCHO CH;CH,CHO >C2 aldehydes
RCO3 CH;3CH,C(0)00 peroxypropionyl radical
RCOOH C,H5;C(O)OH >C2 organic acids (assumed inactive)
RIO1 HOCH,C(OO)(CH3)CH=CHOH RO2 from isoprene oxidation products
RIO2 HOCH,C(0O0O)(CH3)CH=CH, RO2 from isoprene
RIP HOCH,C(OOH)(CH3)CH=CH, peroxide from RIO2
ROH C3;H;0H >C2 alcohols
RP CH;CH,C(0)O0H peroxide from RCO3
VRO2 HOCH,CH(OO)C(O)CH; RO2 from MVK+OH
VRP HOCH,CH(OOH)C(O)CHj, peroxide from VRO2

3For lumped species, a sample formula is given.

the EPA/AIRS network show that while median ozone concentra-
tions in the south central United States are relatively low, due to
ventilation from the Gulf of Mexico, 90th percentile concentra-
tions are comparable to the northeastern United States [Fiore et
al., 1997], indicating the large impact on ozone that can result
when ventilation is shut off. An additional cause for our model
overestimate of ozone formation in the south central United States
may be that we do not have the resolution necessary to simulate
the nonlinear chemistry associated with mixing of clean air from
the Gulf, large industrial (point) sources of NO, along the Gulf
coast, and high isoprene emission inland.

4.3. NO,, Species

Simulated concentrations of NO,, PAN, and HNO; are com-
pared to observations in Figure 4. The model reproduces observed
NO, values generally to within 30% and also captures the
observed spatial gradients. The short chemical lifetime of NO,
(less than a day) against oxidation to HNOj3 causes the concentra-
tions of NO,, to fall off rapidly away from its source regions.

Concentrations of PAN in the model are highest over the north-
eastern United States, reflecting a combination of high NO, emis-
sions and relatively low temperatures. Model results are highly
correlated with observations but are generally about 30% too low.
Our simulation of PAN represents a major improvement over the
results of Jacob et al. [1993b], where PAN concentrations were
overestimated by a factor of 2-3. There are several reasons why
‘our model achieves a better simulation. First, it resolves PAN and
the higher peroxyacyl nitrates as separate tracers, whereas these
were lumped in the previous study. As discussed below, we find
that the higher peroxyacyl nitrates are approximately half as abun-
dant as PAN over the United States. Second, the chemical mecha-
nism used in the earlier study [Lurmann et al:, 1986] had an
excessive yield of CH3CO; radicals and, consequently, of PAN

from isoprene oxidation. This has been corrected in our mecha-
nism, both by the lower yield of methylglyoxal from isoprene and
by the inclusion of permutation reactions of CH3CO; radicals with
other peroxy radicals. In section 6 we will demonstrate the domi-
nant contribution of isoprene oxidation to the production of PAN.

Simulated concentrations of HNO; exceed observations by
approximately 25%. This may be expected since model results are
for the 0-500 m vertical column, while the observations are near
the surface. Because of its rapid dry deposition to the surface,
HNO; should exhibit a strong vertical gradient in the lowest
500 m of the atmosphere. In éddition, the model does not distin-
guish between gas-phase HNO; (g) and aerosol nitrate (NOj3"),
while the observations are for HNO; (g) only. Observations indi-
cate that the ratio of NO3™ to HNOj (g) in rural surface air over
eastern North America is in the range 0.1-0.4 [Parrish et al.,
1993a]. '

The observed partitioning of NO,, at rural sites [Parrish et al.,
1993a; Munger et al., 1996] offers an additional test 0f~NOy chem-
istry in the model. Results are shown in Table 4. The simulated
ratios agree with observations to within 20%, with the exception
of the NOx/NOy ratio at Egbert, Ontario, where the observed ratio
is much higher than at the other sites; Parrish et al. [1993a] note
that the NO, measurements at Egbert may have been biased
upward.

4.4. Other Tracers

Simulated and observed concentrations of CO, CH,0, and
H,0, are compared in Figure 5. Elevated concentrations of CO
are due to both direct emissions and photochemical production
from hydrocarbons, most importantly isoprene. Concentrations of
CO are highest over the eastern United States. The model tends to
underestimate CO concentrations at most locations by about
15 ppbv.
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Reaction Rate Constant Reference

Reactions With OH
ISOP+OH=R102 2.54E-1 l‘exp(4l()fl‘ )
MVK+OH=VRO2 4.13E-12 exp(452/T) 3,9
MACR+0H=.5xMAO3+.5xMRO2 1.86E-11 exp(175/T) 3,9
ALD2+0OH=MCO3+H20 5.60E-12 exp(310/T) 3
RCHO+0OH=RCO3+H20 2.00E-11 3
GLYC+OH=.8xGCO3+.2xGLYX+.2xHO2 1.00E-11 3
GLYX+0OH=HO02+2xCO 1.10E-11 (—-—[ 0,1+33E18 ] 3

) 2[0,] +3.5E18
GLYX+OH=GLCO3 1.10E-11 (—-—[&-]———J 3
2[0,] + 3.5E18
MGLY+OH=MCO3+CO 1.70E-11 3
HAC+OH=MGLY+HO2 3.00E-12 3
IALD+0OH=.44xIA02+.41XxMAQ3+.15xHO2+.15xCHC 3.70E-11 4
ISN2+OH=ISN1 1.25E-11 2,4
ko = 8.00E-27 (T/300)>*
PRPE+OH=PO2 k o = 3.00E-11 3
F=05

ACTA+OH=MO02+C02+H20 4.00E-13 exp(200/T) 1
HCOOH+OH=H20+C02+HO2 4.00E-13 1
MNO3+OH=CH20+NO2 3.50E-13 3
MOH+OH=HO2+CH20 6.70E-12 exp(-600/T) 1
EOH+OH=HO2+ALD2 6.18E-18 exp(532/T) 3
ROH+0OH=HO2+RCHO 5.5E-12 3 (1-butanol)

Reactions With O3
i T ST
N CALDZA OBORPRODUCTS T 0% 400B15 expt2000) ‘
MACRI- UL PO SONZCOTIN s
e GLYX o BHACH IHCOOMAPRODUCTS | G16E15 oxpl1814rm .
ISN2+03=.2x03+.08xOH+.5xCH20+.5XIALD+.5xNO2+.5xISN2 2.25E-18 2,4
PR]?(I)?;S:{Ef%%ﬁa%o;g;glb%?i‘?xco+.3><H02+.l35x0H+ 6.50E-15 exp(-1880/T) 3

Reactions With NO3
ISOP+NO3=INO2 3.03E-12 exp(-446/T) 3
MVK+NO3=MVN2 2.00E-14 2,11
MACR+NO3=MAN2 6.70E-15 11
MACR+NO3=MAO3+HNO3 3.30E-15 11
ALD2+NO3=HNO3+MCO3 1.40E-12 exp(-1860/T) 3
RCHO+NO3=HNO3+RCO3 1.40E-12 exp(-1860/T) 3 (ALD2)
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Reaction Rate Constant Reference

RCHO+NO3=HNO3+RCO3 1.40E-12 exp(-1860/T) 3 (ALD2)

1.40E-12 exp(-1860/T)
GLYX+NO3=HNO3+HO02+2xCO y ( [0,]+35E18 ) 3 (ALD2)

2[0,]+3.5E18

1.40E-12 exp(-1860/T)

GLYX+NO3=HNO3+GLCO3 y ( [0,] ] 3 (ALD2)
2[0,] +3.5E18
MGLY+NO3=HNO3+CO+MCO3 1.40E-12 exp(-1860/T) 3 (ALD2)
PRPE+NO3=PRN1 4.59E-13 exp(-1156/T) 3
Reactions Involving PANs

ko = 2.7E-28 (T/300) 7!
MCO3+NO2=PAN k.. = 1.2E-11 (T/300y%2 32

F=03
RCO3+NO2=PPN 1.20E-11 (T/300) % 3
GCO3+N02=GPAN 1.20E-11 (1/300) % 3
MAO3+NO2=PMN 1.20E-11 (T/300)09 3
GLCO3+NO2=GLPAN 1.20E-11 (T/300) % 3

Ko = 4.9E-03 exp(-12100/T)
PAN=MCO3+NO2 K o = 4.0E+16 exp(-13600/T) 32

F=03
PPN=RCO3+NO2 4.00E+16 exp(-13600/T) 3
GPAN=GCO3+NO2 4.00E+16 exp(-13600/T) 3
PMN=MAO3+NO2 4.00E+16 exp(-13600/T) 3
GLPAN=GLCO3+NO2 4.00E+16 exp(-13600/T) 3
PAN=MNO3+CO2 2.10E+12 exp(-12525/T) 12
PMN+OH=N02+.59xHAC+2xHO2+PRODUCTS 3.60E-12 10
PMN+03=N02+.6XCH20+HO2+PRODUCTS 8.20E-18 10

RO,+NO Reactions
ETO2+NO=ALD2+NO2+HO2 4.90E-12 exp(180/T) 3
OO SO TPCONMOLIN SPHACOLICE s 1 s
IN(?IZS«L)£~ICO}l=21(.) L)f(l;lsgﬁ‘.f;HO%.85><ISN2+.05><N02+.1><MACR+ 2.20-12 exp(180/T) 47
ISN1+NO=1.9xXNO2+.95XGL YC+.95XHAC+.05XISN2+.05XNO2+ 2.20B-12 exp(180/T) 247
05xHO2 —_—

MAN2+NO=2xNO2+CH20+MGLY 2.20E-12 exp(180/T) 7
MRO2+NO=NO2+HO2+.17¥XMGLY +.83XHAC+.83XCO+.17xCH20  (1-fy) 2.20E-12 exp(180/T) 75
MRO2+NO=ISN2 fiy 2.20E-12 exp(180/T) 7
M\T;I:;Iég;t?;ggg;3><H02+.3><CH20+.6><MC03+.6><GLYC+ 2.20E-12 exp(180/T) .
PO2+NO=NO2+HO2+CH20+ALD2 2.20E-12 exp(180/T) 7
PRN1+NO=2xNO2+CH20+ALD2 2.20E-12 exp(180/T) 7

RIO1+NO=NO2+IALD+HO2+.75xCH20

(1-fy) 2.20E-12 exp(180/T)

4,7°
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Reaction Rate Constant Reference
RIO1+NO=ISN2 fn 2.20E-12 exp(180/T) 4,7°
Rléf;éj(g?gﬁ?-;—;ﬁ:lz(32+‘69XCH20+.402><MVK+.288><MACR+ (1-fyy) 2.20E-12 exp(180/T) 4, s
RIO2+NO=ISN2 fn 2.20E-12 cip(180/T) . 4,7°
VRgé:II:IACézI;OB.28><H02+.28><CH20+.72><MCO3+.72><GLYC+ (1-f) 2.20E-12 exp(180/T) 7
VRO2+NO=ISN2 fiy 2.20E-12 exp(180/T) 7b
MCO3+NO=MO2+NO2+CO2 2.00E-11 3
RCO3+NO=NO2+ETO2 2.00E-11 3
GCO3+NO=NO2+HO2+CH20 2.00E-11 3
MAO3+NO=NO2+CH20+HO02 2.00E-11 2,3,9
GLCO3+NO=NO2+HO2+CO 2.00E-11 2

RO3+HO, Reactions

ETO2+HO2=ETP 6.50E-13 exp(650/T) 3
IAO2+HO2=]1AP 1.40E-13 exp(1380/T) 8
INO2+HO2=INPN 1.40E-13 exp(1380/T) 8
ISN1+HO2=ISNP 1.40E-13 exp(1380/T) 8
MAN2+HO2=ISNP 1.40E-13 exp(1380/T) 8
MRO2+HO2=MRP 1.40E-13 exp(1380/T) 8
MVN2+HO2=ISNP 1.40E-13 exp(1380/T) 8
PO2+HO2=PP 4.90E-13 exp(720/T) 3
PRN1+HO2=PRPN 1.40E-13 exp(1380/T) 8
RIO1+HO2=RIP 1.40E-13 exp(1380/T) 8
RIO2+HO2=RIP 1.40E-13 exp(1380/T) 8
VRO2+HO2=VRP 1.40E-13 exp(1380/T) 8
MCO3+H02=ACTA+O3 3.00E-13 exp(1040/T) 3
MCO3+HO2=MAP 1.30E-13 exp(1040/T) 3
RCO3+HO2=.7xRCOOH+.7X03+.3xRP 4.30E-13 exp(1040/T) 3
GCO3+HO2=.7xRCOOH+.7x03+.3XGP 4.30E-13 exp(1040/T) 3
MAO3+HO02=.7xRCOOH+.7x03+.3xMAOP 4.30E-13 exp(1040/T) 3
GLCO3+HO2=.7xRCOOH+.7x03+.3XGLP 4.30E-13 exp(1040/T) 3

ETP+OH=.5XOH+.5XETO2+.5xALD2
GP+OH=.5xOH+.5XGCO3+.5XCH20
GLP+OH=.5xOH+.5XGLCO3+.5xCO
IAP+OH=.5XOH+.5XRCHO+.5XIAO2
INPN+OH=INO2
ISNP+OH=.5XOH+.5XRCHO+.5XNO2+.5xISN1
MAOP+0OH=.5XOH+.5XRCHO+.5XMAO3
MRP+OH=.5xOH+.5XRCHO+.5xMRO2
PP+OH=.5xOH+.5xP0O2+.5xRCHO
PRPN+OH=PRN1

ROOH+OH Reactions

3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)
3.80E-12 exp(200/T)

1 (CH;00H+OH)
1 (CH;00H+QH)
1 (CH;00H+OH)
1 (CH300H+OH)
1 (CH;00H+OH)
1 (CH;00H+OH)
1 (CH;00H+OH)
1 (CH300H+OH)
1 (CH;00H+OH)
1 (CH;00H+OH)
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Table 2b. (continued)

Reaction Rate Constant . Reference
RIP+OH=.5xIA02+.4XR102+.1XRIO1 3.80E-12 exp(200/T) 1 (CH;00H+OH), 2
VR_P+OH=.5><OH+.5><RCHO+.5><VR02 3.80E-12 exp(200/T) 1 (CH300H+OH)

RO,+RO, Reactions
ETO02+MO02=.75XCH20+.75XALD2+H02+.25xMOH+.25XEOH 3.00E-13 2,3
PO2+MO02=HO2+.5XALD2+1.25XCH20+.16XHAC+.09xRCHO+ 6.00E-13 23

25XMOH+.25XxROH bl ’
RIO2+MO02=.43xH02+.35XCH20+.20xMVK +.14xMACR+
.07XRIO1+.06XIALD+.25XMEK+.75XCH20+.25xMOH+ 8.00E-14 2,3
25XROH+.5XHO2
RIO1+MO2=.5XIALD+.5xH02+.38xCH20+.25xMEK+.75XCH20+ 8.00E-14 23
25XxMOH+.25XROH+.5xHO2 e >
IAO2+MO02=.5xH02+.15XCO+.09XGL YX+.18XHAC+.13xGLYC+
29XMGLY +.04XCHC+.25XMEK+.75XCH20+.25XxMOH+ 8.00E-14 23
25XROH+.5xHO2
ISN1+MO2=NO2+.5XGLYC+.5XHAC+.25XRCHO+.75XCH20+ 8.00E-14 23
25XMOH+.25XROH+.5XH02 ) e >
VRO2+M02=.14xHO2+.14xCH20+.36XMCO3+.36XGLY C+ 8.00E-14 23
.14xXMGLY +.25XMEK+.75XCH20+.25XMOH+.25XROH+.5xHO2 el i
MRO2+MO02=.5xH02+.09xMGLY +.42XHAC+.42XCO+.09xCH20+ 8.00E-14 23
25XMEK+.75XCH20+.25XMOH+.25XROH+.5xHO2 Rl >
MVN2+MO02=N02+.5xCH20+.25xMCO3+.25XxMGLY+.25xHO2+ 8.00E-14 23
25%XRCHO+.75XCH20+.25XMOH+.25XROH+.5XxHO2 S >
MAN2+MO2=NO2+.5XCH20+.5XMGLY+.25XRCHO+.75%CH20+ 8.00E-14 23
25XxMOH+.25XROH+.5xHO2 el >
INO2+MO02=.55XxNO2+.4xXH02+.425XISN2+.025XNO2+.05SXMACR +
.08XCH20+.03xXMVK+.25XRCHO+.75xXCH20+.25xMOH+ 8.00E-14 2,3
25XROH+.5xXHO2
PRN1+MO2=NO2+.5XCH20+.5XALD2+.25xRCHO+.75xCH20+ 8.00E-14 23
25xMOH+.25XROH+.5xHO2 e i
ETO2+ET02=2XALD2+2xXHO2 6.08E-14 exp(-110/T) 3
ETO2+ETO2=EOH+ALD2 3.72E-14 exp(-110/T) 3
1.4E-11
MCO3+M02=CH20+MO2+HO2 1

1 + 4.55E-07 exp(3820/T)

14E-11

MCO03+M02=ACTA+CH20 T+ 2.20E+06exp (~3820/T)

—

1.4E-11
MCO3+ET02=MO2+ALD2+HO2 | I TeeTET L2
MCO3+ET02=ACTA+ALD2 14E-11 1 —_
' " 1+ 2.20E+06exp(-3820T) -’
MCO3+P02=MO2+ALD2+CH20+HO2 14E-11 -
- " 1 + 4.55E-07 exp(3820/T) ,
MCO3+P02=ACTA+35XRCHO+.65XHAC 14E-11 L2

1 + 2.20E+06exp(-3820/T)

1.4E-11
1 + 4.55E-07 exp(3820/T)

RCO3+MO02=CH20+HO2+ETO2
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Reaction

Rate Constant Reference
RCO3+M02=RCOOH+CH20 14E-11 1.2
03+MO2= * T+ 2.20E+06exp(-3820/T)
GCO3+MO02=2xCH20+2xH02 L4E-11 1,2
IC03+M02-~2xCH20+2x4 T+ 4.55E-07 exp(3820/T) :
1.4E-11
GCO3+M02=RCOOH+CH20 T2 30E6exp (3800 12
MAO3+MO2=CH20+HO2+CH20+MCO3 L4E-11 1,2
FIQEELHEORHOZCHON 1+ 4.55E-07 exp(3820/T) :
MAO3+MO2=RCOOH+CH20 L4E 11 1,2
D= R 1 + 2.20E+06 exp (-3820/T) :
GLCO3+MO2=CH20+2xH02+CO S4B 1] 1,2
FHIDZELALOY. +O 1+ 4.55E-07 exp(3820/T) ’
GLCO3+M0O2=RCOOH+CH20 __14E-11 1,2
= ’ 1+ 220E+06exp(~3820/T) ’
MCO3+MCO3=2xMO02 2.8E-12 exp(530/T) 6
MCO3+RI02=MO2+ 864xH02+.69XCH20+.402XMVK + 1.4E-11 s
288XMACR+.136XRIO1+.127XIALD 1 + 4.55E-07 exp(3820/T) ’
MCO3+RIO1=MO2+IALD+HO2+.75XxCH20 L4E-11 1,2
ORIV AL DAL 15X 1+ 4.55E-07 exp(3820/T) ’
MCO3+IA02=MO2+H02+.29xCO+.18xGLY X+ 36XHAC+ 1.4E-11 L
26XGLYC+.58XMGLY+.08XCHC 1 + 4.55E-07 exp(3820/T) S
MCO3+ISN1=MO2+NO2+ GLYCHAC 14E-11 1,2
PN ISR GL L 1+ 4.55E-07 exp(3820/T) :
MCO3+VR02=MO2+.28xH02+.28XCH20+.72XMCO3+.72XGLYC+ 1.4E-11 12
28XMGLY 1 + 4.55E-07 exp(3820/T) ’
MCO3+MRO2=MO2+HO2+.17XMGLY+.83xHAC+.83xCO+ 1.4E-11 s
17%CH20 1 + 4.55E-07 exp(3820/T) '
MCO3+MVN2=MO2+NO2+CH20+.5XMCO3+ 5XMGLY+.5xHO2 L4E-11 1,2
* Y FLAZOY. * * 1+ 4.55E-07 exp(3820/T) =
MCO3+MAN2=MO2+NO2+CH20+MGLY KLY 1,2
PYARSMEARUALIEE, 1+74.55E-07 exp(3820/T) ’
MCO3+INO2=MO2+.1XNO2+.8xHO2+85XI SN2+ 05XNO2+ 14E-11 o
.1><MACR+.15><CHZQ+.05XMVK 1 +4.55E-07 exp(3820/T) ’
14E-11
MCO3+RIO2=MEK+ACTA T+ 2.20E+06exp (~38207T) 1,2
1.4E-11
MCO3+RIOI=MEK+ACTA T+220E+06exp(—3820T)  *2
MCO3+IA02=MEK+ACTA L4E-11 1,2
ARSI AL 1+ 2.20E+06 exp(-3820/T) ’
MCO3+ISN1=RCHO+ACTA+NO2 L4E-11 1,2

1 + 2.20E+06exp(-3820/T)
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Reaction Rate C_o_hstant Rcfc;'cnceb
1.4E-11
MCO3+VROZ=MEK+ACTA T+220E+06exp(—3820T) 2
1.4E-11
MCO3+MRO2=MEK+ACTA T+ 220E+06exp(-3820) 2
MCO3+MVN2=RCHO+ACTA+NO2 L4E-11 1,2
* 1 + 2.20E+06exp(=3820/T) ’
MCO3+MAN2=RCHO+ACTA+NO2 Y 1,2
~ ek - 1 + 2.20E+06exp(-3820/T) ’
MCO3+INO2=RCHO+ACTA+NO2 L4E-11 1,2
HNDE=RL ARG 1 + 2.20E+06exp(-3820/T) ’
MCO3+PRN1=MO2+NO2+CH20+ALD2 14E 11 1,2
V= 4 1+ 4.55E-07 exp(3820/T) '
MCO3+PRN1=RCHO+ACTA+NO2 L4E-11 1,2

MCO3+RCO3=MO2+ETO2
MCO3+GCO3=MO2+HO02+CH20
MCO3+MAO3=MO2+CH20+MCO3
MC03+GLCO3=MO2+HO2+CO

1+ 2.20E+06exp(-3820/T)
2.8E-12 exp(530/T)
2.8E-12 exp(530/T)
2.8E-12 exp(S30/T)
28512 exp(530/f)

T o & &

Read 2.54E-11 as 2. 54x10°11, Reference code: 1, DeMore et al. [1994]; 2, this work; 3, Atkinson et al. [1992), Atkinson [1994]; 4, Paulson and Sein-
feld [1992]; 5, Aschmann and Atkinson [1994];6, Lightfoot et al. [19921; 7, Kirchner and Stackwell [1996], 8, Rowley et al. [19921; 9, Tuazon and Atkin-
son [1989, 1990b]; 10, Grosjean et al. [1993a b], 11, Lurmann et al. [1986]; 12, Roberts [1990].

ko[M]

. {1+ 1og o kgM/k )2}
k = | T+kM/k_ |¥F ‘

be fractional yield of organic nitrate from reaction of RO»+NO, computed as a function of temperature and number of carbon atoms [Atkinson,

1990].

Photolysis of CH,O is an important source of HO, radicals
over the United States [McKeen et al., 1991a]. The model matches
observed mean or median cancentrations to within 10%, except at
the Georgia site where it is too high. The dominant source of
CH,0 over the United States in the model is oxidation of isoprene,
consistent with observations [Munger et al., 1995].

Production of H,0O,, by the self—reactlon of HO,, is a major
sink for HO, over the United States, so that simulation of H,0,
provides a test of HO, chemistry in the model. Model results show.
a maximum over the southeastern United States, reflecting high
humidities and high isoprene emissions, but overestimate observa-
tions by 60-80% at the two sites in that region (F and N). Dis-
placement of the Bermuda High in the model causes reduced
precipitation over the southeast United States compared to obser-
vations [Balkanski, 1991]. As a result, the loss of H,O, by wet
deposition is suppressed, contributing to the high concentrations
in the model. Another possible reason for the high HO, concen-
trations in the model is our neglect of H,O, loss by oxidation of
SO, in clouds. Using sulfur budgets calculated by Chin and Jacob
[1996] for the U.S. boundary layer, we find that the m-cloud rate
of S0, oxidation by H,0, is approxnmately 60% as large as the
rate we calculate for (wet plus dry) deposition of H,0,. Thus our
neglect of SO, oxidation may contribute significantly to the exces-
sive H,0,. As mentioned below, results from a sensitivity study
indicate that without the aerosol smk for HO, included in our

model, simulated H,O, concentrations would be considerably
higher.

" Simulated concentrations of acctaldehyde methylvinyl ketone,
and methacrolein are shown in Figure 6. The available data for
these species are rather limited (see Table 3). Model values are
genéral’ly within 50% of observations, In Kinterbish, Alabama, the
model overestimates methacrolein by a factor of 3 and methylvi-
nyl ketone by about 60%. This overestimate may be attributed to
high isoprene emissions in the model, resulting from anomalously
high temperatures and insolation in the region. In addition, the
observations were made above a pine plantation where isoprene
emission was presumably less than the regional average. The
mean MVK/MACR ratio of afternoon concentrations in our model
at Kinterbish is 1.2, significantly lower than the value of about 2—
2.5 found by Montzka et al. [1995]. The high isoprene emissions
(which suppress OH concentrations) and high ozone concentra-
tions in our model increase the importance of reactions of iso-
prene, methylvinyl ketone, and methacrolein with O3 relative to
those with OH. The O, reactions'dccr_eas;; the MVK/MACR ratio
compared to the OH reactions.

4.5. Ozone Production Efficiency

Summertime observations at nonurban sites in the eastern
United States indicate strong correlations of ozone with CO and
with the products of NO, oxidation (NO,~NO,). The slopes AO;/
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Table 2c. Isoprene Oxidation Mechanism: Photolysis Reactions

Species Products Rz_u];," Reference
ALD2 MO2+HO2+CO 4.77E-06 3
ALD2 CH4+CO 3.34E-06 3
ETP OH+HO2+ALD2 5.29E-06 1 (CH;00H)
GLP OH+HO2+CO 5.29E-06 1 (CH300H)
GLYC CH20+2xHO02+CO 8.11E-06 3 (ALD2)
GLYX H2+2xCO 5.98E-05 3
GLYX 2xCO+2xHO2 9.60E-06 3
GLYX CH20+CO 1.92E-05 3
GP OH+HO2+CH20 5.29E-06 1 (CH;00H)
HAC MCO3+CH20+HO2 6.20E-07 ' 3 (ACET)
1AP S D S OL YA HACH 5.29E-06 I (CH;00H), 2
INPN OH+HO2+RCHO+NO2 5.29E-06 1 (CH;00H)
EURI S
ISNP OH+HO2+RCHO+NO2 5.29E-06 1 (CH;00H)
MACR MAO3+HO2 7.48E-06 5
MACR ggégg)(z)+.8xMGLY+.8xH02+.2xMC03+ 7 48E-06 5
MAOQOP OH+HO2+RCHO 5.29E-06 1 (CH;00H)
MAP OH+MO2 5.29E-06 1 (CH;00H)
MGLY MCO03+CO+HO2 7.42E-04 5
MGLY ALD2+CO 8.15E-06 S
MNO3 CH20+H20+NO2 1.51E-06 3
MRP 2;!:3{022(«;.l7xMGLY+.83xHAC+.83xC0+ 5.29E-06 1 (CH;00H), 2
MVK PRPE+CO 1.49E-05 5
MVK MCO3+CH20+CO+HO2 4.98E-06 5
MVK MO2+MAQ3 4.98E-06 5
03 o('p) 3.86E-05 1,4
PAN MCO3+NO2 8.08E-07 6
PP OH+HO2+RCHO 5.29E-06 1 (CH;00H)
RCHO ETO2+HO2+CO 1.96E-05 3
PRPN OH+HO2+RCHO+NO2 5.29E-06 1 (CH;00H)
e Qisdoneano k. oo,
VRP OH+.28xHO02+.28xCH20+.72xMCO3+ 5.29E-06 1 (CH;00H), 2

- I2xGLYC+.28xMGLY

Read 4.77E-06 as 4.77x10'6. Reference code: 1, DeMore et al. [1994]; 2, this work; 3, Atkinson et al. [1992], Atkinson {1994); 4, Michelson et al.
[1994]; 5, Raber and Moortgat [1995); 6, Talukdar et al. [1995].

2Photolysis rate constant computed for a point at the surface at a latitude of 42°N at local noon on July 1, assuming clear-sky conditions, a surface
albedo of 0.10, an ozone column of 8.061x10'8 molecules cm? (300 DU, Dobson unit), and a local temperature of 298 K.
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Table 3. Summer (June-August) Observations at Nonurban Sites

13,465

Symbol Site Location, Years® Concentration Statistic Reference
deg (ppbv)
NO,
Harvard Forest, Mas- 1200-1500 LT .
A sachusells 43N, 72W 1990-1995 0.64 median Munger et al. [1996]
B Scotia, Pennsylvania 41N, 78W 1988 1.30 1400 LT median Parrish et al. [1993a]
Niwot Ridge, Colo- 1981, 1983, median of all .
C rado™® 40N, 105W 1984 0.29 data Parrish et al. [1990]
D Bondville, Illinois 40N, 88W 1988 1.11 1400 LT median  Parrish et al. [1993a]
Schefferville, Quebec 55N, 67TW 1990 0.04 1400 LT median ~ Bakwin et al. [1994]
F Metter, Georgia BN, 82W  1991-1992 0.50 1400 LT mean K ”;’Z)’;"S';' etal. 1994,
G Egbert, Ontario 44N, 80W 1988 0.95 1400 LT median  Parrish et al. [1993a]
mean of free tro- Br retal
H Mauna Loa, Hawaii® 19N, 156W 1992 0.05 pospheric "[‘l‘;g 6:] ak
observations
Central Piedmont, .
I North Carolina 35N, 80W 1991 0.80 1400 LT mcan Poulida et al. [1994]
PAN
B Scotia, Pennsylvania 41N, 78W 1988 1.1 1400 LT mean Roberts et al. [1995]
D Bondville, lllinois 40N, 88W 1988 1.3 1400 LT mean Roberts et al. [1995]
F Metter, Georgia 33N, 82w 1991 0.22 daytime mean Kleinman et al. [1994)
G Egbert, Ontario 44N, 80W 1988 0.70 1400 LT mean Roberts et al. [1995]
Central Piedmont,
I North Carolina 35N, 80W 1992 0.55 1400 LT mean Hartsell et al. [1994]
J Pride, Louisiana 3IN, 91W 1989 0.40 1400 LT median  Jacob et al. [1993b]
K Elberton, Georgia 34N, 83W 1991 0.70 1400 LT median  Jacob et al. [1993b]
HNO;
B Scotia, Pennsylvania 41N, 78W 1988 1.3 1400 LT median  Parrish et al. [1993a]
F Metter, Georgia BN, 82W 1991 1.0 1400 LT mean K""l"'g';;’;' etal. [1994,
G Egbert, Ontario 44N, 80W 1988 0.68 1400 LT median  Parrish et al. [1993a]
co
Harvard Forest, Mas- 1200-1500 LT J.W. Munger, unpub-
A sachusetts 43N, 12W 1990-1995 159 median lished data [1997
B Scotia Pennsylvania  4IN,78W 1988 215 OBOO-TOOLT  parrish er . (19911
Niwot Ridge, Colo- median of all ) .
C rado®® 40N, 105W 1988 117 data Pams(l et al. [1991]
F Metter, Georgia 33N, 82w 1991 213 daytime mean Kleinman et al. [1994]
median of free .
H Mauna Loa, Hawaii® 19N, 156W 1992 65 tropospheric Amﬁ ggg]thIey
observations
I Central Picdmont, 35y gqw 199 182 1400 LT mean  Poulida et al. [1994]

North Carolina
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Table 3. (continued)

Location,

Concentration

Symbol Site deg Years® (opbv) Statistic Reference

J Pride, Louisiana 3IN,9IW 1989 177 0800-1700LT 7 p ot al. [1993b]
median

Shenandoah di £ all
L National Park, 39N, 79W 1989 211 me dft‘;" Poulida et al. [1991]
Virginiab'd »
CH,0

B Scotia, Pennsylvania 41N, 78W 1988 4.4 1400 LT mean Martin et al. [1991]

F Metter, Georgia 33N, 82W 1991-1992 3.35 midaficmoon Lee et al. [1995)
median

G Egbert, Ontario 44N, 80W 1988 2.0 1400 LT mean Shepson et al. [1991]

median of free ,

H Mauna Loa, Hawaii® 19N, 156W 1992 0.15 tropospheric Athﬁ ggg] Ridley
observations

M Dorset, Ontario 45N, T9W 1988 2.5 1400 LT mean Shepson et al. [1991]

H,0,
Niwot Ridge, Colo- )
c "’:: do‘:b BSTO0T 40N, 105w 1987,1989 08 1400 LT median ~ Watkins et al. [1995a]
F Metter, Georgia 33N, 82W 1991 1.3 1400 LT mean Kleinman et al. [1994]
median of free .
H Mauna Loa, Hawaii® 19N, 156W 1992 154 tropospheric  Atlas and Ridley
, " [1996]

observations

N Kinterbish, Alabama 32N, 88W 1990, 1992 1.6 1400 LT median ~ Watkins et al. [1995b]

CH;CHO
. idaft

F Metter, Georgia 33N, 82W 1991 . 066 m ; egg‘n""“ Lee et al. [1995]

G Egbert, Ontario 44N, 80W 1988 0.70 1400 LT mean Shepson et al. [1991]

M Dorset, Ontario 45N, T9W 1988 0.90 1400 LT mean Shepson et al. [1991]

Methylvinyl Ketone
B Scotia, Pennsylvania 41N, 78W 1988 1.6 1400 LT mean Martin et al. [1991]
N Kinterbish, Alabama 32N, 88W 1990, 1992 13 1400 LT mean M"’l‘g‘g]e‘ al. [1993,
Methacrolein
B Scotia, Pennsylvania 41N, 78W 1988 0.90 1400 LT mean Martin et al. [1991]
N Kinterbish, Alabama 32N, 88W 1990, 1992 0.60 1400 LT mean  Monizkaet al. [1993

1995]

#Mountain ridge site at 3050 m altitude.

For mountain sites, the model can be evaluated with observations at all times of day.

“Mountain site at 3400 m altitude. We evaluate the model by comparison with “free tropospheric” observations [Atlas and Ridley,

1996].

9Mountain ridge site at 1100 m altitude.
®Including at least 1 month of observations.
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Figure 3. Median summertime (June-August) ozone concentrations (in ppbv) at 1300-1600 local time (a) simulated
by the model in rural surface air (including representative sampling of aged pollution plumes), and (b) measured at
the EPA/AIRS network of surface sites [Fiore et al., 1997]. (c) Difference between model and observations (in
ppbv); the area of the south central United States where ozone is overestimated by more than 20 ppbv is shaded. (d)
Comparison of simulated and observed median concentrations (in ppbv) in individual 4°x5° grid squares. In Figure
3d, horizontal bars represent interannual variability of the observations in the 1980-1995 record (+1 standard devia-
tion); the solid line is the 1:1 line, and the dashed line is a linear regression calculated excluding points in the south
central U.S. (marked with crosses, corresponding to the shaded region in Figure 3c).

AX of these correlations (where X is CO or NO,-NO,) provide a
measure of the ozone production efficiency that is relatively insen-
sitive to variations in transport [Parrish et al., 1993b; Trainer et
al., 1993; Chin et al., 1994]. Table 5 compares simulated and
observed slopes at representative sites.

Summertime values of AO3/ACO in the model for eastern
North America are typically in the range .0.25-0.33, consistent
with observations [Chin et al., 1994]. One exception is Kinterbish,
Alabama, where the model slope of 0.60 considerably exceeds the
observed value of 0.32 [Chin et al., 1994]. This is likely a symp-
tom of the problems discussed earlier regarding the model overes-
timate of ozone in the south central United States.

Simulated slopes for AO3/A(NO,-NO,) at sites in eastern North
America are typically in the range 610, with high values occur-
ring in the southeast United States and lower values in the north-
east United States, as found in the observations [Trainer et al.,
1993; Olszyna et al., 1994]. However, the slopes in the model are
consistently lower than observed values by about 20%. Back-
ground ozone concentrations, as indicated by the intercept of the
regression line (b), are close to observed values. An explanation
for the low AO3/A(NO,-NO,) slope in the model is the tendency of
the model to overestimate HNO5 concentrations in surface air, as
discussed above.

4.6. Sensitivity To Chemical Assumptions

We conducted a number of sensitivity studies to examine the
effects of various chemical assumptions made in the model (sec-

tion 3). When the model does not include deposition of hydroxy
organic nitrates from isoprene (ISN2), the surface concentration of
ozone increases by about 3 ppbv throughout the eastern United
States, largely as a result of increased recycling of ISN2 to NO,.
The concentrations of NO,, PAN, and HNO; over the eastern
United States increase by about 5-10%. Concentrations of CO
increase slightly as a result of increased production from ISN2
oxidation. Similarly, CH,O concentrations increase by about 5%.

When the model does not include the aerosol sink for HO,,
concentrations of H,O, increase by 25-100% over the eastern
United States, and ozone concentrations increase by up to 3 ppbv.
The concentrations of OH increase, causing more rapid oxidation
of NO, to HNOj and thus a decrease of NO,, concentrations (by up
to 10-15% in the northeast United States). Concentrations of PAN
increase by up to 15% in the northeastern United States as a result
of the more rapid oxidation of NMHCs. The concentrations of
CH,0 decline by up to 10%, most likely as a result of increased
production and deposition of organic hydroxyperoxides. Addition-
ally, there is a small decline in CO concentrations.

If an aerosol loss reaction for organic RO, radicals is added to
the model (with y=0.1), ozone in surface air decreases by up to
4 ppbv throughout the eastern United States. The concentration of
NO, decreases by up to 10% in the southeastern United States as a
result of the loss to aerosols of nitrogen-containing peroxy radi-
cals. Concentrations of PAN.-decrease by 10-15% throughout the
eastern United States. In the northeastern United States, NO,
increases by about 10% as a result of decreased conversion to
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Figure 4. (left) Mean summertime concentrations (in ppbv) of reactive nitrogen species simulated by the model in
rural surface air at 1300-1600 local time. (right) Comparison of simulated and observed concentrations (in ppbv) for
the sites and statistics listed in Table 3.

Table 4. Partitioning of Summertime NOy Concentrations at Nonurban Sites

NO/NO, PAN/NO). (HNO;3(g)+NOy’ )/NO), a -
Model Obs. Model Obs. Model Obs.

Scotia, 28 27 17 21 32 31

Pennsylvania
Egbert, Ontario  * 23 39 16 20 35 35
Bondville, 28 27 14 13 39 -

Hlinois®
Harvard Forest, 27 25 20 - 34 -

Massachusetts

Simulated and observed (obs.) median afternoon ratios (1300~1600 LT) for the summer months
(June-August). Observations at Scotia, Egbert, and Bondville [Parrish et al., 1993a] are for 1988
those at Harvard Forest [Munger et al., 1996] are for 1990-1995. Partitioning is in percent.

2The model does not distinguish between HNOj3 (g) and NO;™ aerosol.
®The HNO;/NO, ratio at Bondville, Illinois is excluded from our comparisons since the nitric
acid measurements there were averages over 12-hour periods and lacked diurnal resolution.
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Figure 5. (left) Mean summertime concentrations (in ppbv) of CO, CH,0, and H,O, simulated by the model in rural
surface air at 1300—-1600 local time. (right) Comparison of simulated and observed concentrations (in ppbv) for the

sites and statistics listed in Table 3.

PAN and slower oxidation by OH, the concentration of which
decreases by a few percent.

5. Export of NO, Pollution From the United States
5.1.. Budgets of NO,, Species in the U.S. Boundary Layer

A model budget for NO,, species in the U.S. boundary layer is
presented in Table 6. We define the U.S. boundary layer as the
atmospheric domain extending horizontally over the delineated
area in Figure 1 and vertically from the surface to 2.6 km altitude
(top of model layer 3). The emission rate of NO, within the
domain is 1.34 Gmol d’!. Import of NO, emitted outside the .
region, or advected from the boundaries of the model domain, is
negligibly small. The short lifetime of NO, allows most of it to be
oxidized to other species within the continental boundary layer.
Net transport of NO, out of the region is only 9% of the total emit-
ted and takes place primarily by wet convection over the eastern

United States [Jacob et al., 1993a; Liang et al., this issue]. About
53% of the NO, emitted is converted to nitric acid within the U.S.
boundary layer. Smaller amounts are converted to PANs, ISN2,
and organic nitroxyperoxides (net production rates of 8, 16, and
6% of NO, emissions, respectively). Dry deposition of NO,
amounts to 5.5% of NO, emissions.

Most of the nitric acid produced in the U.S. boundary layer is
lost within the region by either dry or wet deposition (24 and 22%
of NO, emissions, respectively). There is a horizontal flux of '
HNO; out of the region (equal to 7% of NO, emissions), while
there is a vertical flux into the region (1% of NO, emissions). This
downward flux of HNOj is attributable to production in the mid-
dle troposphere of nitric acid from NO, transported up from the
surface, followed by descent into the boundary layer. The net
chemical production of PANSs in the region is balanced primarily
by export from the region, representing 5% of the NO, emissions.
Loss of PANs by dry deposition is smaller, equal to 3% of NO,
emissions. The export flux of the organic hydroxynitrate species
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Figure 6. Mean summertime rural concentrations (in ppbv) of
acetaldehyde, methyl vinyl ketone, and methacrolein simulated by
the model in rural surface air at 1300-1600 local time.

ISN2 is only 1% of NO, emissions as a result of its rapid removal
by dry and wet deposition. In our model, the organic peroxides are
not transported, -so the net production of nitrogen-containing per-
oxides (6% of NO, emissions) is balanced only by deposition.

The net export flux of NO,, from the summertime U.S. bound-
ary layer in our model is 22% of NO, emissions (0.30 Gmol d° bY
This is roughly consistent with the estimate by Kasibhatla et al.
[1993] that 25-30% of NO, emissions in the United States are
exported out of the continental boundary layer as NO,, on an
annual basis. In order to estimate the potential source of NO, in
the remote troposphere resulting from this export, we exclude the
contribution from HNOj3, which we expect to be removed eventu-
ally by deposition (rather than recycled back to NO,). The remain-
ing export flux, that of NO, plus organic nitrates, is 16% of NO,
emissions (0.22 Gmol d” 1)

EXPORT OF NO, FROM NORTH AMERICA

This potential source of NO, to the remote troposphere can be
compared to estimates for other sources of NO, in the northern
hemisphere during summertime [Wang et al., 1997a] including
lightning (0.63 Gmol d'l) the stratosphere (0.01 Gmol d l) and
aircraft emissions (0:09 Gmol d° 1). The United States contributes
approximately 35% of the total fossil fuel combustion NO,, in the
Northern Hemisphere [Dignon, 1992]. We expect therefore that
export of pollution NO, from the industrial continents makes a
large contribution to NO, levels in the NH troposphere in summer,
comparable to the source from lightning. Lamarque et al. [1996]
came to a similar conclusion, finding that at 900 mbar during sum-
mertime, fossil fuel emissions accounted for approximately 50%
of the NO, on a zonal mean basis at 30°-90°N, with lightning con-
tributing about 30%.

Of the total export flux of NO, plus organic nitrates from the
U.S. boundary layer, almost half (0.10 Gmol d'l) is in the form of
organic nitrates. PAN accounts for about half of the exported
organic nitrates, with the balance composed of other peroxyacyl
nitrates, isoprene nitrates, and alkyl nitrates (Table 6). The impor-
tant role of PAN in the export of NO,, from source regions in our
model has also been found in previous model studies [Kasibhatla
et al., 1993; Moxim et al., 1996]. In our model, however, we also
find an important contribution from other organic nitrates which
were not included in previous models.

5.2. Influence on the Upper Troposphere

Deep convection over the United States injects NO, from fossil
fuel combustion into the upper troposphere, adding to the NO,
sources in that region from lightning, aircraft, and downward
transport from the stratosphere. We can define the convective
injection in our model by the upward flux at 400 mbar (top of
model layer 5) over the United States domain defined in Figure 1.
The upward flux of NOy consists mainly of NO, and PAN (0.04
and 0.02 Gmol d!, respectively). Upward transport of HNOj; is
suppressed by the efficient scavenging of HNOj; in wet convective
updrafts. There is a small downward flux of HNO3 (0.01 Gmol
d'l) and small upward fluxes of PMN, PPN, and R4N2 (adding up
to 0.01 Gmol d‘l) The net upward transport of NO,, into the uppcr
troposphere above the United States is equal to 0. 07 Gmol d”! (5%
of NO, emissions). This flux has a maximum above the eastern
United States, where NO, emissions are highest, and a secondary
maximum above the central United States, where there is strong
deep vertical convection. Recent aircraft observations over the
central United States in spring show a dominant source of NO, at
8-12 km altitude from convective injection of pollution [Jaeglé et
al., 1997].

Zonal mean estimates for other sources of NO, to the upper tro-
posphere in the latitude range of the United States (24°—48°N) are
0.09 Gmol d! from lightning, 0.01 Gmol d”! from the strato-
sphere, and 0.03 Gmol d! from aircraft [Baughcum et al., 1996;
Wang et al., 1997a). Thus, the major sources of NO, in the midlat-
itude upper troposphere, based on our model results, are lightning
and convective injection of pollution. The sources from aircraft
and the stratosphere are smaller. Our finding that convective injec-
tion of anthropogenic NO, makes a large contribution to the bud-
get of NO, in the upper troposphere at northern midlatitudes
agrees with the previous model studies of Ehhalt et al. [1992] and
Brasseur et al. [1996b], but it is at odds with the study of Kasib-
hatla [1993] who argued that aircraft and transport from the strato-
sphere should dominate, and that of Lamarque et al. [1996] who
found that lightning and aircraft should be the most important
sources. Ehhalt et al. [1992] found that 2% of surface NO, emis-
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Table 5. 03:CO and 03:(NO,-NO,) Correlations at Nonurban Sites

AO i
Site Location Period X — 2 b (ppbv) Obs/ Reference
AX pp Model
Chin et al.
July-Aug.. co 0.28 0.43 -- obs. (1994]
11988 .
Scotia, Pennsylva- 41°N. 78°W 0.29 0.79 - maodel
nia ' . Trainer et al.
a .
6.9 0.87 36 model
. Kleinman et al
L . 114 0.78 34 obs. '
Meter, Georgia  33°N,82°w  TUYAUE- NoNo, [1994]
9.2 0.84 4 model
o June-Aug., 028 078 - obs. Chin et al.
Harl:rdard Forest, 42°N, 72°W 1990- co [1994]
assachusetts
1992 0.26 0.75 - model

Observations and model results are for 1300-1600 local time in June-August. Periods for which NO/NO, 2 0.3 mol/mol are excluded from
the 05:CO correlations, as they are indicative of fresh pollution where ozone production has not yet been realized [Chin et al., 1994]. Wg, report
the slope (AQ3/AX) and intercept b (in ppbv O3, for X=NO,-NO,) of the least squares linear regressions and the correlation coefficients 2

*The data are binned, explaining the high r* value.

sions at northern mid-latitudes reach the upper troposphere, some-
what lower than the 4.5% value reported here (or 3% if we do not
include the contributions from NO,, species other than NO,,).

6. Sensitivity Studies

The organic nitrates PAN, PMN, and ISN2 make important
contributions to the export of NO,, from the U.S. boundary layer in
our model (Table 6). Oxidation of isoprene is résponsible for most
of PAN formation and for all of PMN and ISN2 formation. Omit-
ting isoprene emissions in the model has a major effect on the bud-
gets of NO,, species (Figure 7). Concentrations of ozone (Figure 8)
dectease considerably over the eastern United States, in some
places by more than 25 ppbv. The concentration of PAN. (Figure
9) is reduced by 40-60% throughout most of the domain. The
absence of isoprene causes OH concentrations to increase by a
factor of 2 or more throughout the United States, facilitating oxi-
dation of NO, to HNO3, which further decreases PAN formation.

More rapid oxidation of NO, to HNO; causes concentrations of
NO, to be reduced over the southeast United States (Figure 9) and
nitric acid to increase by 50-150%.

In the absence of isoprene; the net export of PANs out of the
U.S. boundary layer decreases from 0.07 Gmol d!to only 0.01
Gmol d’l. Export of alkyl nitrates remains approximately
unchanged, while expdrt of ISN2 is reduced to zero (Figure 7). As
a result of decreased conveision to organic nitrates, the amount of
NO,, that is exported increases from 0.12 to 0.14 Gmol d’l. The
increase in nitric acid results in increased deposition and net
export of this species (0.92 and 0.12 Gmol dl, respectively).
Overall, the net export of NO, and organic nitrates from the U.S.
continental boundary layer to the global atmosphere is decreased
by about 22% when isoprene emissions are omitted.

When the model is run with anthropogenic emissions of
NMHCs omitted, the effect on the NO,, budget over the United
States is small. The largest effects occur near southern California
and in the northeast United States, where anthropogenic NMHC

Table 6. Summertime Budget for NO, Species in U.S. Boundary Layer

Chemical

Dry wet

Specics Emission (P-L)? Deposition Deposition Net Export

NO, 1.34 -1.14 0.07 0.12 -
PAN 0.08 0.03 0.05

HNO; 0.71 0.32 . 0.30 0.08

PMN 0.02 0.01 - 0.02

PPN 0.01 0.00 0.01

ISN2 - 0.21 0.11 0.08 0.02

R4N2 - 0.02 0.00 - 0.01

Organic nitroxy- o 0.08 0.08 . .

peroxides®

Mean model values for June-August. We define the U.S. boundary layer (see Figure 1) as the
region extending from 67.5°~127.5°W and 24°-48°N, and from the surfacc to approximately 2.6 km
altitude (top of model layer 3). Summertime budget terms are in Gmol d°!

#Chemical production minus loss, including kinetic reactions and phmolysis. but excluding emis-

sion and deposition.
Not a transported tracer in our model.
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Figure 7. Mean summertime export fluxes (Gmol d'l) of reactive
nitrogen species from the U.S. boundary layer defined in Figure 1.
See text (section 6) for descriptions of the emission scenarios.

emissions are highest. There are small (~2%) decreases, in surface
concentrations of O3 (Figure 8) and NO, (Figure 9) throughout the
United States, with larger (~5%) decreases over southern Califor-
nia. Concentrations of PAN (Figure 9) decrease by 5-20%
throughout the United States, while HNO; increases by about 5%.
In southern California, the changes in PAN and HNOj are larger,
approximately -50% and +15%, respectively. There is a consider-
able decrease in PPN (typically 25-60%) and R4N2 (~90%), both
of which were fairly minor components of NO,, in the standard
simulation. Concentrations of OH are increased by a small
amount, with a maximum effect of 10-25% occurring in the
Northeast and in southern California. As shown in Figure 7, the
export flux of NO, plus organic nitrates from the U.S. boundary
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layer is reduced by 11% when anthropogenic NMHCs are omitted,
as compared to 22% when isoprene is omitted. Export of PANS is
reduced by 19% when anthropogenic NMHCs are omitted, com-
pared to 81% when isoprene is omitted.

The nonlinear dependence of NO, budgets for the United States
on NO, emissions was investigated using sensitivity simulations
in which NO, emission fluxes were increased or decreased uni-
formly by 25%. Increasing NO, emissions by 25% causes OH
concentrations to increase by about 20% over most of the United
States due to higher concentrations of both NO, and ozone. As a
result, the conversion of NO, to HNOj; is facilitated. Net produc-
tion of nitric acid within the U.S. boundary layer is enhanced from
53% of NO, emissions in the standard simulation to 58% of NO,
emissions in the simulation with higher NO,. The total export of
organic nitrates from the U.S. boundary layer decreases from
7.2% of NO, emissions to 6.6%. The decreased importance of
organic nitrates when NO, emissions are increased is consistent
with the previous results of Arherton and Penner [1990], who
found that the contribution of organic nitrates to NO,, increased in
model simulations with higher hydrocarbon-to-NO, ratios. We
find that the total export of NO, plus organic nitrates out of the
U.S. boundary layer decreases from 16.2 to 15.2% of NO, emis-
sions when these emissions are increased by 25%. Reverse effects
of similar magnitude are found in the simulation with reduced
NO, emissions.

About half of total NO, emissions in the United States in the
model are released in subgrid urban and power plant plumes,
where they age for 8 hours before being diluted to the grid scale. A
shortcoming in the subgrid treatment of pollution plumes in the
model is that it does not allow for cross-gridbox transport of the
plumes. We conducted a sensitivity simulation without subgrid
plumes, that is, with NO, injected directly into the 4°x5° grid box.
The more rapid dispersal of NO, results in greater production of
ozone, leading to an increase in the surface concentration of ozone
by over 5 ppbv throughout most of the eastern United States, and
up to 15 ppbv in the southeast. The more rapid dispersal of NO,
into the rural boxes increases the chemical lifetime of NO,, since
the OH concentrations are lower in the rural boxes than in the pol-
lution plumes. The increased chemical lifetime, along with the
elimination of the transport restrictions imposed on the subgrid
plumes, allows more of the NO, to be exported from the U.S.
boundary layer. The total export of NO, plus organic nitrates
increases from 0.22 to 0.25 Gmol d°!, now representing 18.4% of
the NO, emissions.

No anthropogenic NMHC
emissions

10°N

n

120'w 80°'wW 40'w
Longitude

160°'W

120°'w 80°'W 40°W
Lonqitude

160°W

Figure 8. Median summertime ozone concentrations (in ppbv) in rural surface air at 1300~1600 local time, for the
model with (left) no isoprene emissions or (right) no anthropogenic NMHC emissions.
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Figure 9. Mean summertime concentrations of NO, and PAN (in ppbv) in rural surface air at 1300-1600 local time,
for the model with (left) no isoprene emissions or (right) no anthropogenic NMHC emissions.

7. Conclusions

We have performed a simulation of summertime photochemis-
try over North America using a continental-scale three-dimen-
sional model, with a chemical mechanism that includes detailed
treatment for anthropogenic and biogenic hydrocarbons and their
oxidation products. The model produces a reasonable simulation
of observed concentrations of O3 and its precursors in surface air
over the United States. The most significant discrepancy is the
overestimate of ozone by more than 20 ppbv in the south central
United States. We attribute this overestimate primarily to the
northeastward displacement of the Bermuda High in the GISS
GCM. The model generally reproduces the observed median con-
centrations of the reactive nitrogen species NO,, PAN, and HNO;
to within 30%, as well as the partitioning among these species to
within 20%. Concentrations of CH,O are simulated to within 10%
at the few sites where seasonal observations are available. Pre-
dicted concentrations of H,O, are too high. The observed relation-
ships of ozone with CO and with NO,-NO; are reproduced closely
by the model.

We find our model results to be sensitive to certain key
assumptions about the chemistry. Our standard mechanism
includes rapid wet and dry deposition of the hydroxy organic
nitrates derived from isoprene (ISN2), and a rapid aerosol loss
reaction for HO, radicals in which reaction products are assumed
inert. Sensitivity tests indicate that if deposition of ISN2 is
excluded from our model, mean concentrations of O3, NO, and
PAN increase by 5-10% over the eastern United States. If the
model is run without the aerosol sink for HO,, predicted surface
concentrations of HyO, increase by 25-100%, while concentra-
tions of O3 increase by up to 3 ppby, and those of NO, increase by

up to 15%. If an aerosol loss reaction for organic RO, radicals is
added to the model, concentrations of ozone in surface air
decrease by up to 4 ppbv, and those of PAN decrease by 10-15%;
the concentration of NO, decreases by up to 10% in the southeast
United States and increases by about 10% in the northeast United
States.

We find that 9% of the NO, emitted in the United States is
exported as NO, from the continental boundary layer to the global
atmosphere; 3.5% is exported as PAN, and 3.7% is exported as
other organic nitrates. This indicates the important role played by
NMHCs in determining the amount of NO, from polluted conti-
nents that is made available to the global atmosphere. The total
export of NO, plus organic nitrates from the U.S. continental
boundary layer, equal to (.22 Gmol dl, provides a larger source
of NO, in the northern hemisphere troposphere than sousces from
aircraft or cross-tropopause transport; it is about a factor of 3
smaller than the hemispheric source from lightning. Deep convec-
tion from the U.S. boundary layer is estimated to contribute 0.06
Gmol d'! of NO, to the upper troposphere at northern midlatitudes
(400-150 mbar, 24°—48°N). This is considerably larger than the
zonal mean source of NO, from aircraft in that same latitude and
altitude band and is about half as large as the source from light-
ning.

Isoprene is the -most important hydrocarbon modifying the
export of NO, species from the U.S. boundary layer. When iso-
prene is omitted from the model, the concentrations and export
fluxes of organic nitrates decrease by 70-80%, while the export of
NO, increases by about 20%. The overall export of NO, plus
organic nitrates from the U.S. boundary layer is reduced by about
20%. Anthropogenic NMHC emissions have less of an effect. The
role of isoprene in promoting the export of PANs has important
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implications for NO, in the remote troposphere, where decompo-
sition of PAN provides a major source of NO, [Fan et al., 199%4;
Singh et al., 1994b]. Our conclusions about the importance of iso-
prene are based on present estimates for the emission rate of iso-
prene, and a large uncertainty remains attached to these estimates.
If the isoprene emission rate in our model were reduced by a factor
of 2, we find that the impacts of isoprene and anthropogenic
NMHCs on the export of NO, plus organic nitrates from the U.S.
boundary layer would be comparable, although production and
export of PANs would still be driven primarily by isoprene. We
conclude that, in the context of global-scale three-dimensional
models, proper representation of the export of NO, emissions out
of polluted continental boundary layers requires inclusion of the
chemistry of NMHC:s, particularly isoprene.
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