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Ozone and organic nitrates over the eastern United States:
Sensitivity to isoprene chemistry
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[1] We implement a new isoprene oxidation mechanism in a global 3-D chemical transport
model (GEOS-Chem). Model results are evaluated with observations for ozone, isoprene
oxidation products, and related species from the International Consortium for Atmospheric
Research on Transport and Transformation aircraft campaign over the eastern United States
in summer 2004. The model achieves an unbiased simulation of ozone in the boundary layer
and the free troposphere, reflecting canceling effects from recent model updates for isoprene
chemistry, bromine chemistry, and HO, loss to aerosols. Simulation of the ozone-CO
correlation is improved relative to previous versions of the model, and this is attributed to a
lower and reversible yield of isoprene nitrates, increasing the ozone production efficiency
per unit of nitrogen oxides (NO,=NO +NO,). The model successfully reproduces the
observed concentrations of organic nitrates (3 ANs) and their correlations with HCHO and
ozone. ) ANs in the model is principally composed of secondary isoprene nitrates, including
a major contribution from nighttime isoprene oxidation. The correlations of ) ANs with
HCHO and ozone then provide sensitive tests of isoprene chemistry and argue in particular
against a fast isomerization channel for isoprene peroxy radicals. ) ANs can provide an
important reservoir for exporting NO, from the U.S. boundary layer. We find that the
dependence of surface ozone on isoprene emission is positive throughout the U.S., even if
NO, emissions are reduced by a factor of 4. Previous models showed negative dependences

that we attribute to erroneous titration of OH by isoprene.
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1. Introduction

[2] Isoprene (2-methyl-1,3-butadiene), the most important
nonmethane volatile organic compound (NMVOC) emitted
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by vegetation, affects tropospheric ozone, OH (the main
tropospheric oxidant), and aerosols in complex ways. It has a
lifetime of about 1h against oxidation by OH [Atkinson and
Arey, 2003]. The resulting oxidation products lead to the forma-
tion of ozone, an effective greenhouse gas and air pollutant.
Isoprene also reacts with the nitrate radical (NO5) at night, with
important implications for global budget of nitrogen oxides
(NO,=NO+NO,) and therefore ozone [Brown et al., 2009].
The successive oxidation steps of isoprene produce a range of
multifunctional organic compounds that can go on to form
secondary organic aerosols (SOA) with implications for cli-
mate and public health. The International Consortium for
Atmospheric Research on Transport and Transformation
(ICARTT) aircraft campaign provided a detailed characteriza-
tion of boundary layer chemistry across the isoprene-rich
eastern U.S. in July—August 2004 [Fehsenfeld et al., 2006;
Singh et al., 2006]. We use here aircraft observations from this
campaign, interpreted with a global 3-D chemical transport
model (GEOS-Chem), to better understand the importance of
isoprene chemistry for tropospheric ozone and its precursors.

[3] Daytime oxidation of isoprene is initialized by its reac-
tion with OH, leading to the production of peroxy radicals
(ISOPO.,). In the presence of NO,, ISOPO, reacts with NO
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leading to the production of organic nitrates by a minor
branch. These nitrates may act as a sink for both HO,
(HO,=H+ OH + peroxy radicals) and NO, and therefore
affect global and regional ozone budgets [Fiore et al.,
2005; Horowitz et al., 2007; Ito et al., 2009; Paulot et al.,
2012; Perring et al., 2009b; von Kuhlmann et al., 2004;
Wu et al.,2007; Xie et al., 2013]. Laboratory data indicate a yield
of first-generation organic nitrates from isoprene oxidation rang-
ing from 7% to 12% [Giacopelli et al., 2005; Lockwood et al.,
2010; Patchen et al., 2007; Paulot et al., 2009a; Sprengnether
et al., 2002]. A model interpretation of the ICARTT data by
Horowitz et al. [2007] indicated a smaller yield (4%). Isoprene
nitrates are partly recycled back to NO, upon further oxidation,
leading to further complication in their role as a sink or reservoir
for NO, [Horowitz et al., 2007; Ito et al., 2009; Paulot et al.,
2012; Paulot et al., 2009a; Perring et al., 2009b]. They may
serve as nitrogen reservoir to export boundary layer NO, to rural
and remote atmospheres [Atlas, 1988; Horowitz et al., 1998;
Neffet al., 2002].

[4] Inthe absence of NO,, ISOPO, is assumed in standard
mechanisms to be converted to organic hydroxyperoxides
ISOPOOH [Jacob and Wofsy, 1988], leading to titration of
OH. However, observations from a number of field campaigns
show no such OH titration [Carslaw et al., 2001; Hofzumahaus
et al., 2009; Lelieveld et al., 2008; Pugh et al., 2010; Ren et al.,
2008; Stone et al., 2010; Tan et al., 2001; Thornton et al., 2002;
Whalley et al., 2011; Mao et al., 2012]. Several mechanisms
have been proposed to explain this discrepancy, including OH
regeneration via oxidation of epoxydiols formed from the
oxidation of ISOPOOH based on laboratory studies [Paulot
et al., 2009b] and fast isomerization of ISOPO, based on
theoretical studies [Peeters and Miiller, 2010; Peeters et al.,
2009]. We now define this rate constant determined by these
theoretical studies as “fast isomerization rate,” as it is later
found to be faster than the laboratory-determined isomeriza-
tion rate constant [Crounse et al., 2011] by a factor of ~50.
Measurements of OH concentrations by the standard laser
induced fluorescence technique may be biased high due to
internally generated OH from oxidation of biogenic volatile
organic compounds (VOCs) [Mao et al., 2012]. After
correcting for this effect, Mao et al. [2012] find good
agreement between model and observations when OH
regeneration from oxidation of epoxydiols [Paulot et al.,
2009b] and laboratory-based slow isomerization of
ISOPO, [Crounse et al., 2011] are included in the model.

[s] Besides daytime oxidation, nighttime oxidation of
isoprene by NOj contributes significantly to the budget of
organic nitrates [Horowitz et al., 2007; von Kuhlmann
et al., 2004; Xie et al., 2013]. This pathway is initialized by
addition of NOj; to one of the double bonds of isoprene,
followed by production of organic nitrates with high yield
(65-85%) [Paulson and Seinfeld, 1992; Perring et al.,
2009a; Rollins et al., 2009]. These organic nitrates can
degrade in a matter of hours to more stable forms of organic
nitrates, leading to the formation of SOA [Rollins et al., 2009].

[6] Isoprene chemistry is of particular importance in af-
fecting summertime ozone over the eastern U.S. [Jacob
et al., 1993], with important implications for air quality man-
agement. Both global and regional chemical transport models
tend to overestimate summertime surface ozone over the
eastern U.S. by 10-20ppb [Fiore et al., 2009; Lin et al.,
2008; Murazaki and Hess, 2006; Rasmussen et al., 2012;

Yuetal.,2007; Yu et al., 2010]. Fiore et al. [2005] suggested
that this problem might be due to incorrect representation of
isoprene sources and chemistry.

[7] The ICARTT aircraft campaign is a unique resource for
testing models of isoprene chemistry and the impact of iso-
prene on ozone. It provided a detailed characterization of
boundary layer chemistry across the eastern U.S. in July—
August 2004 [Fehsenfeld et al., 2006; Singh et al., 2006].
Two aircraft were deployed with comprehensive chemical
payloads, including measurements of isoprene and several
of its oxidation products [Fried et al., 2008; Perring et al.,
2009b; Warneke et al., 2010]. Previous analyses of isoprene
chemistry using ICARTT data have been presented by
Horowitz et al. [2007], Perring et al. [2009b], and Xie
et al. [2013] with a focus on isoprene nitrates, and by
Stavrakou et al. [2010] with a focus on HO,.

[8] A number of previous studies have applied GEOS-
Chem to simulation of the ICARTT data, including evaluation
with observations of NO, and ozone [Hudman et al., 2009;
Hudman et al., 2007; Liang et al., 2007], CO [Hudman
et al., 2008; Turquety et al., 2007], HCHO [Millet et al.,
2006], and aerosols [Drury et al., 2010; Fu et al., 2009;
Heald et al., 2006]. In particular, Hudman et al. [2007] found
that the lightning NO, source inferred from the ICARTT data
was much larger than expected, and Hudman et al. [2008]
found the need for a 60% reduction in CO emissions relative
to the National Emission Inventory (NEI 99) from the U.S.
Environmental Protection Agency (EPA). Hudman et al.
[2009] indicated no significant bias in their simulation of
ozone over the eastern U.S. after the lightning correction,
and neither did a subsequent GEOS-Chem study by Zhang
et al. [2011]. However, those model versions assumed an
unreasonably high yield of isoprene nitrates (18%) and that
isoprene nitrates behaved like a terminal sink for NO,.

[] Here we implement in GEOS-Chem a state-of-science
isoprene chemistry mechanism based on Paulot et al. [2009a]
and Paulot et al. [2009b], along with other updates, and evaluate
the simulation of 0zone, isoprene oxidation products, and related
chemical correlations during ICARTT. From there we gain in-
sights into the organic nitrates produced from isoprene oxidation
and their role in ozone chemistry, and we discuss the sensitivity
of summertime surface ozone to isoprene emissions.

2. GEOS-Chem Model

2.1. General Description

[10] GEOS-Chem is a global 3-D chemical transport model
driven by assimilated meteorological observations from the
Goddard Earth Observing System (GEOS-5) of the NASA
Global Modeling and Assimilation Office [Bey et al.,
2001]. We apply here GEOS-Chem version 9-01-03 (http://
www.geos-chem.org) to simulation of the ICARTT period
(1 July to 15 August 2004). The GEOS-5 meteorological data
have 6h temporal resolution (3h for surface variables and
mixing depths) with 0.5° x 0.667° horizontal resolution and 72
vertical layers from the surface to 0.01 hPa. We regrid here
the meteorological data to 2° x 2.5° for input to GEOS-Chem.
The model is initialized with a 1 year simulation from June
2003 to June 2004 with 4° x 5° resolution and from June 2004
with 2°x2.5° resolution. Boundary layer mixing in GEOS-
Chem uses the nonlocal scheme [Holtslag and Boville, 1993]
implemented by Lin and McElroy [2010]. Stratospheric ozone
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is simulated with a linearized ozone (Linoz) algorithm described
by McLinden et al. [2000].

[11] Biogenic emission of isoprene follows the process-
based Model of Emissions of Gases and Aerosols from
Nature (MEGAN) inventory [Barkley et al., 2011; Guenther
et al., 2006; Millet et al., 2008] with monthly mean leaf
area index from the Moderate Resolution Imaging Spec-
troradiometer satellite instrument [Myneni et al., 2007]. The
resulting North American isoprene emission is 10.2 TgC for
June—August 2004 (65°W to 130°W, 20°N to 50°N), in line
with an independent estimate of 7.1-11.6 TgC inferred from
satellite data for formaldehyde [Millet et al., 2008].

[12] Anthropogenic emission inventories in GEOS-Chem
include EPA NEI-05 for the U.S., Criteria Air
Contaminants (CAC) for Canada (http://www.ec.gc.ca/
pdb/cac/cac_home_e.cfm), Big Bend Regional Aerosol and
Visibility Observational (BRAVO) for Mexico [Kuhns
et al., 2005], Monitoring and Evaluation of the Long-range
Transmission of Air Pollutants in Europe (EMEP) for
Europe [Vestreng and Klein, 2002], and Streets et al. [2006]
for East Asia. We reduce CO emissions in the NEI-05 inventory
by 53% following Hudman et al. [2008]. This reduction is
consistent with other estimates of U.S. CO emissions based on
atmospheric observations [LaFranchi et al., 2013; Miller
et al., 2012; Miller et al., 2008; Parrish, 2006]. For the rest of
the world we use the Emissions Database for Global
Atmospheric Research (EDGAR) emission inventory for CO,
NO,, and SO, [Olivier and Berdowski, 2001] and the
Reanalysis of the Troposhperic chemical composition
(RETRO) emission inventory for volatile organic compounds
(VOCs) [Schultz et al., 2007]. All anthropogenic emissions
are scaled to 2004 based on the changes in total CO, emissions,
which are obtained from the Carbon Dioxide Information
Analysis Center [van Donkelaar et al., 2008].

[13] Lightning NO, emissions are calculated as a function
of GEOS-5 cloud top height and rescaled to match the
Optical Transient Detector (OTD) and Lightning Imaging
Sensor (LIS) climatological observations [Murray et al.,
2012]. The global lightning source is imposed to be
6 TgNyr~! [Martin et al., 2007], with higher NO, yields
per flash at midlatitudes than in the tropics [Hudman et al.,
2007]. We use monthly biomass burning emissions from
the Global Fire Emission Database version 3 [van der Werf
et al., 2010]. Forest fire plumes transported from Alaska
and western Canada were important in the free troposphere
during ICARTT [Pfister et al., 2008; Turquety et al., 2007].
Soil NO, emissions are computed using a modified version
of the Yienger and Levy [1995] algorithm with canopy reduc-
tion factors as described in Wang et al. [1998].

[14] Dry deposition in GEOS-Chem is calculated using a
standard resistance-in-series model [Wesely, 1989], in which
the surface resistances for gases are determined by their
Henry’s law constants and surface reactivities. We revised the
reactivity of all oxygenated VOCs including ketones,
aldehydes, organic peroxides and organic nitrates to be the same
as ozone following Karl et al. [2010]. We also include wet and
dry deposition of isoprene hydroperoxide and epoxydiols with
Henry’s law constants of 1.7 x 10® and 1.3 x 105Matm™"' fol-
lowing Marais et al. [2012]. Wet deposition is described by
Liu et al. [2001] for water-soluble aerosols and by Amos et al.
[2012] for gases. It includes wet scavenging in convective up-
drafts as well as grid-resolved first-order rainout and washout.

[15] The standard GEOS-Chem simulation of ozone-NO,-
HO,-VOC chemistry is described by Mao et al. [2010], with
more recent implementation of bromine chemistry [Parrella
et al.,2012]. The chemical mechanism includes updated rec-
ommendations from the Jet Propulsion Laboratory [Sander
et al., 2011] and the International Union of Pure and
Applied Chemistry (http://www.iupac-kinetic.ch.cam.ac.uk).
In addition, we included an improved HO, aerosol reactive up-
take with y(HO,)=1 producing H,0O, suggested by Mao et al.
[2013]. We also increased the NOj aerosol reactive uptake
coefficient y from 1x10~* [Jacob, 2000] to 0.1 with HNO;
as product. This reflects recent measurements of high y(NO,)
on soot [Karagulian and Rossi, 2007], dust [Karagulian and
Rossi, 2005], dry salts [Seisel et al., 1999], organic aerosols
[Brown and Stutz, 2012; Fry et al., 2011; Lee et al., 2013],
and ambient urban aerosols [7ang et al., 2010]. Modeled ozone
and organic nitrates appear to be insensitive to the choice of
y(NO;) in the range of 1x107* to 0.1. The treatment of
isoprene oxidation is described in the following subsection.

2.2. Chemical Mechanism for Isoprene Oxidation

[16] A focus of this work is to use the ICARTT observations
to test our model mechanism for isoprene chemistry. This new
mechanism differs significantly from the original isoprene oxi-
dation mechanism in GEOS-Chem described in Horowitz
et al. [1998]. The full mechanism is described at http://wiki.
seas.harvard.edu/geos-chem/index.php/New _isoprene scheme.
Figure 1 illustrates the treatment of first-generation isoprene ox-
idation by OH. Oxidation under the high-NO, regime mainly
follows Paulot et al. [2009a]. It is initialized by OH addition
at 1 and 4 positions, resulting in a pool of B and 3-hydroxyl
peroxy radicals (ISOPO,) with yields of 71% and 29%,
respectively. In the presence of NO,, the degradation of
B-hydroxyl ISOPO, leads to the production of HCHO (66%),
methylvinylketone (MVK) (40%), and methacrolein
(MACR) (26%) with a small yield of B-hydroxyl isoprene
nitrates (ISOPNB) (6.7%). Reaction of &-hydroxyl
ISOPO, with NO leads to the formation of d-hydroxyl iso-
prene nitrates (ISOPND) (24%). The total first-generation
isoprene nitrate yield (11.7%) from ISOPND (7.0%) and
ISOPNB (4.7%), respectively, is in line with other labora-
tory studies as described above. The fates of ISOPNB and
ISOPND are discussed below.

[17] Under low-NO, conditions, ISOPO, can follow either
of two pathways. One is to react with HO, to form isoprene
hydroxyperoxides (ISOPOOH) with a small production of
HCHO, MVK, and MACR (4.7%, 7.3%, and 12%, respec-
tively) [Paulot et al., 2009b], largely consistent with a recent
study by Liu et al. [2013]. Most of ISOPOOH reacts with OH
to produce epoxydiols and quantitatively regenerate OH
[Paulot et al., 2009b]. Another pathway is the unimolecular
isomerization of ISOPO, (1,6-H shift) [Peeters and Miiller,
2010; Peeters et al., 2009], leading to the production
of hydroperoxyaldehydes (HPALDs). The subsequent fate
of HPALDs is dominated by photolysis, with a 100% yield
of OH [Wolfe et al., 2012]. We do not consider the 1,5-H shift
as it is expected to be unimportant [Crounse et al., 2011; Da
Silva et al., 2010]. The rate constant of 1,6-H shift isomeriza-
tion is still under debate [Archibald et al., 2010; Crounse
et al., 2011; Karl et al., 2009; Peeters and Miiller, 2010;
Peeters et al., 2009]. We adopt the rate constant from
Crounse et al. [2011], which is lower than the original one
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from Peeters et al. [Peeters and Miiller, 2010; Peeters et al.,
2009] by a factor of ~50. As we will see in section 4, the
lower rate constant affords a better simulation of organic ni-
trate measurements in ICARTT.

[18] The subsequent fate of ISOPND and ISOPNB is
mainly via reactions with OH and ozone because of the
remaining C=C bond. The degradation of ISOPND and
ISOPNB is assumed to return NO, with a weighted average
yield of 55% [Paulot et al., 2009a)]. Paulot et al. [2009a]
suggested that ISOPND and ISOPNB have photochemical
lifetimes against oxidation by OH of 1 and 7 h, respectively
(OH=3x 10°moleculescm ™ at 298K). Lockwood et al.
[2010] suggested photochemical lifetimes against oxidation
by ozone of 2 and 4 h, respectively (ozone = 60 ppbv), which
is 5-10 times shorter than the previous value suggested by
Giacopelli et al. [2005]. As a result, these nitrates are
degraded in a matter of hours, leading to the formation of
a series of secondary organic nitrates, including
methylvinylketone nitrates (MVKN), methacrolein nitrates
(MACRN), ethanal nitrate (ETHLN), and propanone nitrate
(PROPNN), as shown in Figure 2. Reactions of ISOPND
and ISOPNB with ozone can also produce these secondary
organic nitrates, and this is mainly from the decomposition
of primary ozonides that are initially formed by the addition
of ozone across the C=C bond [Baker et al., 2002]. These
secondary organic nitrates are more stable than the primary
ones due to the lack of a C=C bond. MVKN, MACRN,
and ETHLN have lifetimes of 17, 2, and 9 h against oxida-
tion by OH (OH=3 x 10° moleculescm > at 298 K), and
PROPNN is mainly lost through photolysis with a global
mean lifetime of 13 days in GEOS-Chem.

| 11.7% First generation
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1soprene nitrates 0 HOO

§_> HPALDs
hv

9,
66% 100%—, oy
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o
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Schematic of the first stage of the isoprene oxidation mechanism initiated by OH.

[19] Nighttime isoprene oxidation is updated from Xie et al.
[2013], which is largely based on the chamber study by
Rollins et al. [2009]. This new treatment assumes 70% yield
of first-generation carbonyl nitrates from the isoprene +NOj3
reaction. These nitrates can be further oxidized by NOs, lead-
ing to the formation of secondary organic nitrates (Figure 3).
For simplification, we lump here all secondary organic nitrates
from nighttime isoprene oxidation into one lumped alkyl
nitrate (R4N,), which has a global mean lifetime of 5 days
against OH oxidation and photolysis in GEOS-Chem. The
relatively long lifetime of R4N, is largely based upon the
nighttime oxidation product that is derived from Xie et al.
[2013] and shows a similar structure to PROPNN.

[20] Several additional updates are included in this new
mechanism. First, we implemented the isomerization of
methacrolein peroxy radicals (MACRO,) based on experiments
by Crounse et al. [2012]. Second, we updated the reaction rate
of HO, with > C, peroxy radicals to the expression in Saunders
et al. [2003], leading to an increase of factor 2 for
HO, +ISOPO, at 298 K. Third, we updated OH regeneration
for the reactions of HO, with acetyl peroxy (CH3C(O)O,) and
acetonyl peroxy (CH;C(O)CH,0) radicals based on laboratory
measurements [Dillon and Crowley, 2008; Hasson et al., 2004;
Jenkin et al., 2007]. Fourth, the reaction of isoprene with ozone
was modified following the Master Chemical Mechanism v3.2
[Jenkin et al., 1997; Saunders et al., 2003].

3. Simulation of Ozone and Related Species

[21] Here weuse the ICARTT observations to evaluate our new
isoprene oxidation mechanism implemented in GEOS-Chem.
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Figure 2. Schematic of the oxidation of isoprene nitrates by OH following Paulot et al. [2009a].

There were two aircraft in the field, the NASA DC-8 and the
NOAA WP-3D [Fehsenfeld et al., 2006; Singh et al., 2006].
We mostly focus on data from the DC-8, which provided
regional coverage over the eastern U.S., whereas the WP-3D
often targeted urban plumes in the Northeast [ Warneke et al.,
2007]. However, we use the MVK + MACR observations from
the WP-3D as these measurements were not made on the
DC-8. We exclude biomass burning and urban plumes
(CH53CN > 225 ppt or HCN > 425 ppt or NO, >4 ppb or
NO,/NO,, > 0.4 molmol~"), which would not be repre-
sented properly on the scale of the model [Hudman et al.,
2007]. We also exclude stratospheric air as diagnosed by
ozone/CO > 1.25molmol . All comparisons between
model and observations use model output sampled along
the flight tracks and at the flight time with 15 min time res-
olution. Ninety-six percent of all data points (DC8) were
collected between 08:00 and 18:00 local time.

[22] Figure 4 (top) compares observed and simulated mean
ozone concentrations in the boundary layer (0—1.5km). A
regression for the ensemble of the data shows no significant
bias (bottom left). The model largely captures the spatial
pattern of boundary layer ozone but with a relatively low cor-
relation, likely due to the uncertainties in MEGAN biogenic
emissions [Millet et al., 2008]. The model overestimates
boundary layer ozone in the Southeast U.S. by 3-5 ppbv
but has no bias over the Northeast. The small ozone bias over
the Southeast could be due to several factors including

excessive convection in the model over the Gulf of Mexico
[Fiore et al., 2002] and omission of terpene compounds that
may act as additional NO, sinks through formation of organic
nitrates [Browne and Cohen, 2012; Pratt et al., 2012].

[23] In the analysis that follows we mainly focus on the data
collected over land. Figure 5 shows the mean 0—4 km vertical pro-
files of ozone, isoprene, CO, HCHO, peroxyacetyl nitrate (PAN),
HNOs, NO,, and MVK + MACR concentrations measured by the
aircraft and simulated by the model. The spatial distributions of
summertime HCHO, CO, and NO,, over the eastern U.S. during
ICARTT have been examined in previous GEOS-Chem studies
[Hudman et al., 2008; Hudman et al., 2007; Millet et al., 2006].
As shown in Figure 5, the vertical gradient of ozone between
the boundary layer and the free troposphere is well reproduced
by the model. CO is also well simulated, reflecting the adjustment
of anthropogenic emissions as recommended by Hudman et al.
[2008]. We discuss the other species below.

[24] Isoprene measured by the DC-8 decreases from
500 pptv near the surface to 20 pptv at 3 km, reflecting its
short photochemical lifetime. Values measured by the WP-
3D are lower, reflecting the northeast sampling bias. As
MVK, MACR, and HCHO are major first-generation prod-
ucts from isoprene oxidation under high-NO, conditions
(Figure 1), they all show a rapid decrease from boundary
layer to 3 km, consistent with isoprene. Millet et al. [2006]
previously showed that isoprene was the dominant source
of HCHO variability during ICARTT. The model provides
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following Rollins et al. [2009] and Xie et al. [2013]. For simpli-
fication, we lump here all secondary organic nitrates from night-
time isoprene oxidation into one lumped alkyl nitrate (R4N,).

overall a good simulation of the observed mean profiles.
The yield of HCHO from isoprene oxidation appears to be
relatively insensitive to the choice of mechanism [Marais
et al., 2012], but the yield of MVK+MACR is sensitive
to the rate constant of ISOPO, isomerization, as MVK
and MACR are not produced by that pathway (Figure 1).
In a sensitivity simulation using the fast isomerization of

Observations (0 - 1.5 km)
55°N

0,

50°N
45°N
40°N
35°N
30°N

o,

25'N

120°W 100°W 60°W

ISOPO, [Peeters and Miiller, 2010; Peeters et al., 2009]
we find mean MVK+MACR concentrations of 100 pptv
in the boundary layer, leading to an even lower underesti-
mate of MVK +MACR.

[25] Mean observed NO, decreases from 700 pptv near the
surface to S50pptv at 3km. The model agrees with
observations within 30%. Oxidation of NO, produces HNO;,
PAN, and other organic nitrates (to be discussed in section 4).
Simulated HNO; in the free troposphere is too high, which
could reflect insufficient scavenging. PAN is simulated without
bias. We find that isoprene is the main VOC precursor for PAN,
consistent with previous model studies for the eastern U.S.
[Horowitz et al., 1998] as well as observed correlations with
other peroxyacylnitrates [ Williams et al., 1997].

[26] The most recent previous evaluation of the GEOS-
Chem ozone simulation over the U.S. was by Zhang et al.
[2011], who also found no significant bias. That simulation
used v8-02-03 of GEOS-Chem. Since then, several objective
improvements have been made to GEOS-Chem that have had
significant consequences for the ozone simulation (http://
www.geos-chem.org): (1) decrease in isoprene nitrate yield
(from 18% to 11.7%) and partial recycling of NO, (section
2.2), (2) inclusion of tropospheric bromine chemistry
[Parrella et al., 2012], (3) heterogeneous loss of HO, radi-
cals [Mao et al.,2013], and (4) correction of the diurnal cycle
of NO, emissions by shifting emissions peaks by 6 h to reflect
the proper timing of local transportation. For the eastern U.S.
boundary layer and free troposphere in summer, (1) causes a
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Figure 4. Ozone concentrations and ozone-CO correlations in the boundary layer (0—1.5km) during
ICARTT (1 July to 15 August 2004). (top) Observed and simulated values averaged over the 2° x2.5°
GEOS-Chem grid. (bottom left) A model versus observed scatterplot of these values. (bottom right) The
ozone-CO correlations in the observations (black) and in the model (red). Regression slopes are from a
reduced-major-axis regression with errors determined by nonparametric bootstrap resampling.
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Figure 5. Mean vertical profiles of species concentrations during ICARTT (1 July to 15 August 2004)
over land (Figure 4). Measurements are from the DC-8 aircraft except for MVK+MACR which was only
measured aboard the WP-3D aircraft (we also show isoprene from the WP-3D aircraft).

3-5ppbv increase in ozone in the model. However, the
resulting positive bias is effectively corrected by (2)—(4),
each of which decreases ozone in the above conditions by
1-3 ppbv, as shown in Figure S1 (supporting information).
This highlights the importance of canceling errors in model
simulations of ozone. Further constraints can be obtained
by correlations of ozone with related species, as
discussed below.

4. Organic Nitrates and Relationship With HCHO
and Ozone

[27] Perring et al. [2009b] made measurements of total
organic nitrates other than peroxyacylnitrates (RONO,, herein-
after Y ANs) aboard the DC-8 during ICARTT. As Y ANs is
mainly expected to include isoprene nitrates under the
ICARTT conditions [Beaver et al., 2012], this provides an op-
portunity to evaluate the simulation of isoprene nitrates in
GEOS-Chem. Analysis of the ICARTT > ANs data has been
presented previously in several studies. Perring et al. [2009b]
found good correlation between observed HCHO and > ANs
in the boundary layer. Horowitz et al. [2007] found that the ver-
tical profile of )’ ANs and the ozone-) AN correlation could be
best reproduced by a 4% yield of isoprene nitrates with 40%
recycling efficiency. Xie ef al. [2013] applied the treatment of
isoprene nitrates from Paulot et al. [2009a] to the Community
Multiscale Air Quality (CMAQ) regional air quality model,
but they find an overestimate of ) ANs by 30% in their model.
We here examine organic nitrates and their relationship with
HCHO and ozone in GEOS-Chem.

[28] Figure 6 shows the mean vertical profile of )’ ANs dur-
ing ICARTT. Concentrations decrease from 200 pptv near
the surface layer to 50—100 pptv in the free troposphere, both
in observations and in the model. In contrast to Xie et al.
[2013], we show very little overestimation of ) ANs in the
model. This is likely due to different treatment of organic
nitrates produced from NMVOCs other than isoprene, as
they find that only 60% of ) AN is from isoprene oxidation
in their model, in contrast to more than 90% in our model.
We also find that the vertical profile of ) ANs is insensitive
to the deposition rates of ISOPND and ISOPNB because of
their short photochemical lifetimes. A sensitivity simulation
using slower reaction rates with ozone [Giacopelli et al.,
2005] shows little difference in the vertical profile of
> ANs, as ISOPND is mainly oxidized by OH. A sensitivity
simulation using the fast isomerization of ISOPO, [Peeters
and Miiller, 2010; Peeters et al., 2009] produces less than
100 pptv Y ANs in the boundary layer.

[29] We see from Figure 6 that Y ANs in the model is
mainly contributed by the second generation of isoprene
nitrates, i.e., PROPNN, MVKN-+MACRN, and RyN,
(Figure 2). In particular, R4N, and PROPNN contribute to
44% and 21% of Y ANs in the boundary layer. This reflects
the short lifetime of the first-generation isoprene nitrates
against oxidation by OH and ozone. For the same reason,
MVKN+MACRN decline rapidly in the free troposphere
where most of > ANs is contributed by the longer-lived
R4N, and PROPNN species. Oxidation of isoprene by NOj3
accounts for 80% of R4N, in the model, emphasizing the
need for better understanding of this chemistry [Beaver
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Figure 6. (left) Mean vertical profiles of total organic nitrates excluding peroxyacylnitrates (3 ANs)

during ICARTT (1 July to 15 August 2004) over land (Figure 4). Observations (black) are compared
to GEOS-Chem (red). (right) contributions of individual species to mean ) ANs in GEOS-Chem includ-
ing PB-hydroxyl isoprene nitrates (ISOPNB), 6-hydroxyl isoprene nitrates (ISOPND), methacrolein
nitrates (MACRN), methylvinylketone nitrates (MVKN), propanone nitrate (PROPNN), and a lumped
organic nitrate (R4N,). R4N; is produced from nighttime isoprene oxidation as well as oxidation of >

C; ketones, and > C, alkanes.

etal., 2012; Brown et al., 2009; Grossenbacher et al., 2001;
Kwan et al., 2012].

[30] Perring et al. [2009b] pointed out that the observed
HCHO-} ANs correlation provides an additional constraint
on the bulk yield of isoprene nitrates, due to the coproduction
of HCHO and Y ANs from isoprene oxidation under the
high-NO, regime (Figure 1). As shown in Figure 7, the
model reproduces successfully the observed continental
boundary layer correlation in ICARTT. Fast isomerization
of ISOPO, [Peeters et al., 2009] underestimates the > ANs
yield. Despite the large fraction of R4N, in > ANs, we find
that the variability of ) ANs in the boundary layer is largely
determined by the daytime products of isoprene oxidation,
partly attributed to the short lifetimes in both ) ANs
and HCHO.

[31] >ANs and ozone are coproduced from RO,-+NO
reactions, so that one would expect a strong correlation
between the two [Flocke et al., 1991; Horowitz et al., 2007,
Ito et al., 2009]. This correlation has been used to constrain

—— Observation

ozone production efficiency and photochemical aging in
urban conditions [Farmer et al., 2011; Perring et al., 2010;
Rosen et al., 2004]. We find that the observed correlation in
ICARTT (Figure 7) is reproduced by GEOS-Chem. Similar
to > ANs versus HCHO, this correlation (slope=282.0+9.0)
cannot be reproduced by the model using the fast isomeriza-
tion of ISOPO; (slope=154.0+6.0).

[32] The yield of first-generation nitrates (11.7%) in our
mechanism is considerably higher than the yield derived by
Horowitz et al. [2007]. Using the same observational data
set, they found that > ANs versus ozone correlation can best
match their model with 4% yield of isoprene nitrates. With
8% yield, they overestimated boundary layer > ANs by
40%. This can be attributed to their assumption that second-
ary organic nitrates are inert and the slow RO, +HO, rate
used. In fact, a large fraction of secondary nitrates in our
model, such as ETHLN and MACRN (Figure 3), can degrade
in a matter of hours returning NO,, with little contribution
to > ANs.

Model

- = = - Model with the Peeters rate constant of ISOPO, isomerization

F Obs: Slope = 0.169 + 0.013, R = 0.44 ]
F Mod: Slope =0.150 = 0.003, R = 0.90]

—

(=

(=]

(=]
T

2ANSs (pptv)

~1000 5000

HCHO (pptv)

Figure 7. (left) Y ANs versus HCHO and (right)

Obs: Slope =82.0 £ 9.0, R =0.31
F Mod: Slope =65.0+2.0,R=0.70

Ozone (ppbv)

>ANs (ppbv)

ozone versus Y ANs correlations in the continental

boundary layer (<1.5km) during ICARTT. Model results (red) are compared to observations from the
DC-8 aircraft (black). Solid lines are the reduced major axis regression lines. Also shown is the model with
a higher rate constant for ISOPO, isomerization following Peeters et al. [2009] (green dashed lines).
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Table 1. NO, Budget in Eastern U.S. Boundary Layer for July 2004*

Species Emission Chemical (P-L) Dry Deposition Wet Deposition Net Export
NO, 386 -337 44 - 5
PANs® 24 13 - 11
> ANs
ANs ¢ 18 7.4 3.6 7
R4N, ¢ 10 0.5 - 10
HNO; 277 180 110 -3

“We define the eastern U. S. boundary layer as 62.5°-97.5°W, 24°-52°N and from the surface to approximately 1.8 km altitude (below 800 hPa). Budget
terms are in Gg N.

"PAN include peroxyacetyl nitrate (PAN), peroxymethacryloyl nitrate (PMN), and peroxypropionylnitrate (PPN).

°ANs include 3-hydroxyl isoprene nitrates (ISOPND), B-hydroxyl isoprene nitrates (ISOPNB), methacrolein nitrates (MACRN), methylvinylketone ni-
trates (MVKN), propanone nitrate (PROPNN), and ethanal nitrate (ETHLN).

9Nighttime isoprene oxidation contributes to 80% of R4N, production.

[33] Secondary organic nitrates from daytime and night-
time isoprene oxidation provide an important mechanism
for exporting NO,. from the U.S. boundary layer. We show
in Table 1 that nitrogen is more efficiently exported as
> ANs than as PAN, partly due to their longer photochemical
lifetimes. The chemical lifetime of some speciated alkyl
nitrates (such as ETHLN, PROPNN, MVKN, MACRN) are
largely dependent on one chamber study from Paulot et al.
[2009a], while others (such as R4N,) are highly simplified
into one lumped species as very few experimental data are

+25% isoprene emissions

available on the degradation of nighttime isoprene oxidation
products. Further experimental work is warranted on both
daytime and nighttime organic nitrates.

5. Ozone-CO Correlation

[34] Observations in polluted regions show positive ozone-
CO correlations in summer, and these correlations can be re-
lated to the ozone production efficiency per unit NO, emitted
(OPE) through the NO,/CO emission ratio [Horowitz et al.,

+25% isoprene emissions
(-50% NO,_ emissions)

50°N |-

40°N

30°N

20N o W 80w 60w T3OW 100W 50 60
40 20 00 20 40 ppb

50°N

40°N

30°N

20°N 3w 00T 80w 60w W 100W 80 60W
20 1.0 00 10 20 ppb

Figure 8. Computed change of mean afternoon (1300—1700 LT) surface ozone concentrations during
July 2004 as a result of increasing isoprene emissions by 25% at different levels of anthropogenic NO,
emissions. The top row uses the isoprene oxidation mechanism in this work, and the bottom row uses
the isoprene chemistry applied in Zhang et al. [2011] that assumed a high yield of isoprene nitrates
(18%) without recycling of NO,. The base simulations for the left column are for the model simulation
at current level of anthropogenic NO, emissions, and the base simulations for the right column are for
the model simulation with 50% reduction of current anthropogenic NO, emissions.
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1998; Hudman et al., 2009]. Chin et al. [1994] reported a
regression slope (d05/dCO) of 0.28-0.32 molmol ! at three
eastern U.S. sites in 1988-1992. Parrish et al. [1998]
reported dO5/dCO of 0.28-0.40 for 1991-1994 at four sites
in Atlantic Canada. Hudman et al. [2009] found higher
observed dO3/dCO of 0.41-0.46 in the continental boundary
layer during ICARTT, reflecting decadal changes in U.S. CO
and NO, emissions as well as an apparent increase in the
OPE. Their GEOS-Chem simulation indicated a smaller dO5/
dCO (0.34-0.36), likely due to an excessive yield of isoprene
nitrates as discussed above.

[35] Figure 4 (bottom right) shows our simulated ozone-CO
correlations for the boundary layer DC-8 aircraft flight tracks
(0—1.5km altitude) in the afternoon (1100-1700 LT) com-
pared to observations. The dO;/dCO value is determined by
the slope of the reduced-major-axis regression line, with errors
determined by nonparametric bootstrap resampling. The ob-
servations indicate dO;/dCO=0.43+0.03, as previously
reported by Hudman et al. [2009], but here the relationship
is better reproduced by the model (0.39+0.02), reflecting the
new isoprene mechanism as well as HO, aerosol uptake (low-
ering OH and thus increasing the lifetime of NO,). The slope
degrades to 0.33 in a sensitivity simulation using the Peeters
et al. [2009] rate constant of ISOPO, isomerization, mainly
due to a faster oxidation of NO, through higher OH.

6. Sensitivity of Surface Ozone to
Isoprene Emissions

[36] Isoprene emissions may change rapidly on decadal
time scales due to ecosystem evolution and changes in for-
estry practices [Guenther et al., 2006; Heald et al., 2009;
Purves et al., 2004; Wu et al., 2012]. Understanding the
effect of these changes in isoprene emission is critical for
air quality management. Models disagree even in the sign
of the response of summertime surface ozone in the eastern
U.S. to isoprene emissions, varying from a decrease [Fiore
et al., 2005; Wu et al., 2012; Wu et al., 2008] to an increase
[Horowitz et al., 1998; Sanderson et al., 2003]. This has been
attributed to the discrepancies between models in the yield of
isoprene nitrates [Wu et al., 2007], NO, recycling efficiency
from isoprene nitrates [[to et al., 2009], and the relative mag-
nitude of isoprene and NO, emissions [Fiore et al., 2005].

[37] Figure 8 shows our computed change of mean after-
noon (1300-1700 LT) surface ozone concentrations during
July 2004 as a result of increasing current isoprene emissions
by 25% in the model. At current level of anthropogenic NO,
emissions (for the year of 2004), we find an ozone increase of
2-4ppbv with the new implemented isoprene mechanism
(top left). When anthropogenic NO, emissions are reduced
to 50% of current level, we find that the sensitivity of ozone
to increasing isoprene emissions is reduced by about a factor
of 2 (top right). Reduction of NO, emission to 25% of current
level shows further decrease of the ozone sensitivity to iso-
prene emission (not shown), although the sensitivity does
not become negative. With the isoprene chemistry applied
in Zhang et al. [2011] that assumed a high yield of isoprene
nitrates (18%) without recycling of NO,, we find similar
negative sensitivity of ozone to isoprene emissions
(Figure 8, bottom), consistent with previous model studies
as described above. This reflects in part the importance of
isoprene ozonolysis as a sink for ozone under low-NO,

conditions because of OH titration [Fiore et al., 2005;
Mickley et al., 2001]. As pointed out above, such OH titration
by isoprene in models appears inconsistent with observations.
Nevertheless, our work indicates that reducing anthropogenic
NO, emissions to improve ozone air quality significantly
reduces the sensitivity of ozone to isoprene emissions.

7. Conclusions

[38] We implemented a state-of-science isoprene chemis-
try mechanism in GEOS-Chem, based on Paulot et al.
[2009a, 2009b], along with other updates. This mechanism
was evaluated with observations from the NASA DCS8 and
NOAA WP3D aircraft during the ICARTT campaign over
the eastern U.S. in the summer of 2004.

[39] Models have a general tendency to overestimate sur-
face ozone in the eastern U.S. [Fiore et al., 2009]. The previ-
ous GEOS-Chem simulation of Zhang et al. [2011] was
unbiased relative to observations, but it assumed an exces-
sive yield of isoprene nitrates serving as terminal sinks for
NO,. Our improved representation of isoprene chemistry
increases ozone over the eastern U.S. by 3—5 ppbv, and this
is compensated by other model improvements including
bromine chemistry and HO, loss to aerosols. Thus, the
GEOS-Chem ozone simulation remains unbiased relative to
observations, in the boundary layer as well as in the free tropo-
sphere. Simulation of the observed ozone-CO correlation is
improved relative to previous versions of GEOS-Chem, and
this is attributed to the reduced yield of isoprene nitrates.

[40] ICARTT observations of total organic nitrates other
than PANs (3 ANs) are well reproduced in the model, includ-
ing vertical profiles and correlations with HCHO and ozone.
This provides a sensitive test of the isoprene oxidation mech-
anism and argues in particular against a fast isomerization
pathway for the ISOPO, radical. Y’ ANs in the model is mainly
composed of secondary organic nitrates, including a large
fraction from nighttime oxidation of isoprene. These second-
ary nitrates provide an important pathway for exporting NO,
from the U.S. boundary layer, exceeding the export of
PANs. Better understanding of nighttime oxidation of iso-
prene and of the fate of the resulting organic nitrates is needed.

[41] Our improved representation of isoprene chemistry
yields a positive dependence of ozone on isoprene emissions
throughout the U.S., in contrast to previous model studies that
found a negative dependence particularly in the southeastern
U.S. We attribute this difference to OH titration by isoprene
in previous models, promoting ozone loss by isoprene
ozonolysis. Our new mechanism avoids this OH titration, for
which observations show no evidence. Nevertheless, we find
that the sensitivity of ozone to isoprene emissions decreases
as NO, emissions decrease. This may have important implica-
tions for air quality management as well as for understanding
ozone concentrations in the preindustrial atmosphere.

[42] Acknowledgments. We thank the ICARTT science team for using
their measurements. We thank Songmiao Fan and Vaishali Naik at GFDL for
careful review. We also thank Ellie Browne (MIT), Havala Pye (EPA),
Wendy Goliff (UC Riverside), Eloise Marais (Harvard), Katherine Travis
(Harvard), Emily Fischer (Harvard), Mathew Evans (U of York), and Arlene
Fiore (Columbia University) for helpful discussions. We also thank
Christopher Holmes (UC Irvine) and Jenny Fisher (U of Wollongong) for help
with IDL. J.M. and L.W.H. acknowledge the NOAA Climate Program Office’s
grant NA130OAR4310071. F.P was supported by Harvard University Center
for the Environment Fellowship. Work at Harvard was supported by the
NASA Atmospheric Chemistry Modeling and Analysis Program.

11,265



MAO ET AL.: OZONE AND ORGANIC NITRATES OVER EAST U.S.

References

Amos, H. M, et al. (2012), Gas-particle partitioning of atmospheric Hg(II) and
its effect on global mercury deposition, Atmos. Chem. Phys., 12(1), 591-603.

Archibald, A. T., M. C. Cooke, S. R. Utembe, D. E. Shallcross,
R. G. Derwent, and M. E. Jenkin (2010), Impacts of mechanistic changes
on HO, formation and recycling in the oxidation of isoprene, Atmos.
Chem. Phys., 10(17), 8097-8118.

Atkinson, R., and J. Arey (2003), Atmospheric degradation of volatile
organic compounds, Chem. Rev., 103(12), 4605-4638.

Atlas, E. (1988), Evidence for>C3 alkyl nitrates in rural and remote atmo-
spheres, Nature, 331(6155), 426-428.

Baker, J., S. M. Aschmann, J. Arey, and R. Atkinson (2002), Reactions of
stabilized criegee intermediates from the gas-phase reactions of O3 with
selected alkenes, Int. J. Chem. Kinet., 34(2), 73-85.

Barkley, M. P., et al. (2011), Can a “state of the art” chemistry transport
model simulate Amazonian tropospheric chemistry?, J. Geophys. Res.,
116, D16302, doi:10.1029/2011JD015893.

Beaver, M. R, et al. (2012), Importance of biogenic precursors to the budget
of organic nitrates: Observations of multifunctional organic nitrates by
CIMS and TD-LIF during BEARPEX 2009, Atmos. Chem. Phys.,
12(13), 5,773-5,785.

Bey, I, D. J. Jacob, R. M. Yantosca, J. A. Logan, B. D. Field, A. M. Fiore,
Q. B. Li, H. G. Y. Liu, L. J. Mickley, and M. G. Schultz (2001), Global
modeling of tropospheric chemistry with assimilated meteorology:
Model description and evaluation, J. Geophys. Res., 106(D19),
23,073-23,095.

Brown, S. S., and J. Stutz (2012), Nighttime radical observations and chem-
istry, Chem. Soc. Rev., 41(19), 6405-6447.

Brown, S. S., et al. (2009), Nocturnal isoprene oxidation over the Northeast
United States in summer and its impact on reactive nitrogen partitioning
and secondary organic aerosol, Atmos. Chem. Phys., 9(9), 3027-3042.

Browne, E. C., and R. C. Cohen (2012), Effects of biogenic nitrate chemistry
on the NO, lifetime in remote continental regions, Atmos. Chem. Phys.,
12(24), 11,917-11,932.

Carslaw, N., etal. (2001), OH and HO, radical chemistry in a forested region
of north-western Greece, Atmos. Environ., 35(27), 4725-4737.

Chin, M., D. J. Jacob, J. W. Munger, D. D. Parrish, and B. G. Doddridge
(1994), Relationship of ozone and carbon monoxide over North
America, J. Geophys. Res., 99(D7), 14,565-14,573.

Crounse, J. D., F. Paulot, H. G. Kjaergaard, and P. O. Wennberg (2011),
Peroxy radical isomerization in the oxidation of isoprene, Phys. Chem.
Chem. Phys., 13(30), 13,607-13,613.

Crounse, J. D., H. C. Knap, K. B. @Ormse, S. Jorgensen, F. Paulot,
H. G. Kjaergaard, and P. O. Wennberg (2012), Atmospheric fate of
methacrolein. 1. Peroxy radical isomerization following addition of OH
and Oy, J. Phys. Chem. A, 116(24), 5756-5762.

Da Silva, G., C. Graham, and Z. F. Wang (2010), Unimolecular beta-
hydroxyperoxy radical decomposition with OH recycling in the
photochemical oxidation of isoprene, Environ. Sci. Technol., 44(1),
250-256.

Dillon, T. J., and J. N. Crowley (2008), Direct detection of OH formation in
the reactions of HO, with CH3C(0O)O-2 and other substituted peroxy rad-
icals, Atmos. Chem. Phys., 8(16), 4877-4889.

Drury, E., D. J. Jacob, R. J. D. Spurr, J. Wang, Y. Shinozuka, B. E. Anderson,
A. D. Clarke, J. Dibb, C. McNaughton, and R. Weber (2010), Synthesis of
satellite (MODIS), aircraft ICARTT), and surface IMPROVE, EPA-AQS,
AERONET) aerosol observations over eastern North America to improve
MODIS aerosol retrievals and constrain surface aerosol concentrations and
sources, J. Geophys. Res., 115, D14204, doi:10.1029/2009JD012629.

Farmer, D. K., A. E. Perring, P. J. Wooldridge, D. R. Blake, A. Baker,
S. Meinardi, L. G. Huey, D. Tanner, O. Vargas, and R. C. Cohen
(2011), Impact of organic nitrates on urban ozone production, Atmos.
Chem. Phys., 11(9), 4085-4094.

Fehsenfeld, F. C., et al. (2006), International Consortium for Atmospheric
Research on Transport and Transformation (ICARTT): North America to
Europe—Overview of the 2004 summer field study, J. Geophys. Res.,
111,D23S01, doi:10.1029/2006JD007829.

Fiore, A. M., D. J. Jacob, 1. Bey, R. M. Yantosca, B. D. Field, A. C. Fusco,
and J. G. Wilkinson (2002), Background ozone over the United States in
summer: Origin, trend, and contribution to pollution episodes,
J. Geophys. Res., 107(D15), 4275, doi:10.1029/2001JD000982.

Fiore, A. M., L. W. Horowitz, D. W. Purves, H. Levy, II, M. J. Evans,
Y. Wang, Q. Li, and R. M. Yantosca (2005), Evaluating the contribu-
tion of changes in isoprene emissions to surface ozone trends over the
eastern United States, J. Geophys. Res., 110, D12303, doi:10.1029/
2004JD005485.

Fiore, A. M., et al. (2009), Multimodel estimates of intercontinental source-
receptor relationships for ozone pollution, J. Geophys. Res., 114, D04301,
doi:10.1029/2008JD010816.

Flocke, F., A. Volzthomas, and D. Kley (1991), Measurements of alkyl ni-
trates in rural and polluted air masses, Atmos. Environ. Gen. Top., 25(9),
1951-1960.

Fried, A., et al. (2008), Formaldehyde over North America and the North
Atlantic during the summer 2004 INTEX campaign: Methods, observed
distributions, and measurement-model comparisons, J. Geophys. Res.,
113,D10302, doi:10.1029/2007JD009185.

Fry, J. L., et al. (2011), SOA from limonene: Role of NOjs in its generation
and degradation, Atmos. Chem. Phys., 11(8), 3879-3894.

Fu, T.-M., D. J. Jacob, and C. L. Heald (2009), Aqueous-phase reactive up-
take of dicarbonyls as a source of organic aerosol over eastern North
America, Atmos. Environ., 43(10), 1814-1822.

Giacopelli, P., K. Ford, C. Espada, and P. B. Shepson (2005), Comparison of
the measured and simulated isoprene nitrate distributions above a forest
canopy, J. Geophys. Res., 110, D01304, doi:10.1029/2004JD005123.

Grossenbacher, J. W., et al. (2001), Measurements of isoprene nitrates above
a forest canopy, J. Geophys. Res., 106(D20), 24,429-24,438.

Guenther, A., T. Karl, P. Harley, C. Wiedinmyer, P. I. Palmer, and C. Geron
(2006), Estimates of global terrestrial isoprene emissions using MEGAN
(Model of Emissions of Gases and Aerosols from Nature), Atmos. Chem.
Phys., 6,3181-3210.

Hasson, A. S., G. S. Tyndall, and J. J. Orlando (2004), A product yield study
of the reaction of HO, radicals with ethyl peroxy (C,Hs0O,), acetyl peroxy
(CH;3C(0)0-2), and acetonyl peroxy (CH3C(O)CH,0,) radicals, J. Phys.
Chem. A, 108(28), 5979-5989.

Heald, C. L., D. J. Jacob, R. J. Park, B. Alexander, T. D. Fairlie,
R. M. Yantosca, and D. A. Chu (2006), Transpacific transport of Asian an-
thropogenic aerosols and its impact on surface air quality in the United
States, J. Geophys. Res., 111, D14310, doi:10.1029/2005JD006847.

Heald, C. L., M. J. Wilkinson, R. K. Monson, C. A. Alo, G. Wang, and
A. Guenther (2009), Response of isoprene emission to ambient CO,
changes and implications for global budgets, Glob. Chang. Biol., 15(5),
1127-1140.

Hofzumahaus, A., et al. (2009), Amplified trace gas removal in the tropo-
sphere, Science, 324(5935), 1702-1704.

Holtslag, A. A. M., and B. A. Boville (1993), Local versus nonlocal bound-
ary-layer diffusion in a global climate model, J. Clim., 6(10), 1825-1842.

Horowitz, L. W., J. Y. Liang, G. M. Gardner, and D. J. Jacob (1998), Export
of reactive nitrogen from North America during summertime: Sensitivity
to hydrocarbon chemistry, J. Geophys. Res., 103(D11), 13,451-13,476.

Horowitz, L. W., A. M. Fiore, G. P. Milly, R. C. Cohen, A. Perring,
P. J. Wooldridge, P. G. Hess, L. K. Emmons, and J. F. Lamarque
(2007), Observational constraints on the chemistry of isoprene nitrates
over the eastern United States, J. Geophys. Res., 112, D12S08,
doi:10.1029/2006JD007747.

Hudman, R. C,, et al. (2007), Surface and lightning sources of nitrogen ox-
ides over the United States: Magnitudes, chemical evolution, and outflow,
J. Geophys. Res., 112, D12S05, doi:10.1029/2006JD007912.

Hudman, R. C., L. T. Murray, D. J. Jacob, D. B. Millet, S. Turquety, S. Wu,
D. R. Blake, A. H. Goldstein, J. Holloway, and G. W. Sachse (2008),
Biogenic versus anthropogenic sources of CO in the United States,
Geophys. Res. Lett., 35, L04801, doi:10.1029/2007GL032393.

Hudman, R. C., L. T. Murray, D. J. Jacob, S. Turquety, S. Wu, D. B. Millet,
M. Avery, A. H. Goldstein, and J. Holloway (2009), North American in-
fluence on tropospheric ozone and the effects of recent emission reduc-
tions: Constraints from ICARTT observations, J. Geophys. Res., 114,
D07302, doi:10.1029/2008JD010126.

Tto, A., S. Sillman, and J. E. Penner (2009), Global chemical transport model
study of ozone response to changes in chemical kinetics and biogenic
volatile organic compounds emissions due to increasing temperatures:
Sensitivities to isoprene nitrate chemistry and grid resolution, J. Geophys.
Res., 114, D09301, doi:10.1029/2008JD011254.

Jacob, D. J. (2000), Heterogeneous chemistry and tropospheric ozone,
Atmos. Environ., 34(12-14), 2131-2159.

Jacob, D. J., and S. C. Wofsy (1988), Photochemistry of biogenic emissions
over the Amazon Forest, J. Geophys. Res., 93(D2), 1477-1486.

Jacob, D. J., et al. (1993), Simulation of summertime ozone over North
America, J. Geophys. Res., 98(D8), 14,797-14,816.

Jenkin, M. E., S. M. Saunders, and M. J. Pilling (1997), The tropospheric
degradation of volatile organic compounds: A protocol for mechanism de-
velopment, Atmos. Environ., 31(1), 81-104.

Jenkin, M. E., M. D. Hurley, and T. J. Wallington (2007), Investigation of
the radical product channel of the CH;C(O)O-2+HO, reaction in the
gas phase, Phys. Chem. Chem. Phys., 9(24), 3149-3162.

Karagulian, F., and M. J. Rossi (2005), The heterogeneous chemical kinetics
of NOj; on atmospheric mineral dust surrogates, Phys. Chem. Chem. Phys.,
7(17), 3150-3162.

Karagulian, F., and M. J. Rossi (2007), Heterogeneous chemistry of the NO3
free radical and N,Os on decane flame soot at ambient temperature:
Reaction products and kinetics, J. Phys. Chem. A, 111(10), 1914-1926.

11,266



MAO ET AL.: OZONE AND ORGANIC NITRATES OVER EAST U.S.

Karl, T., A. Guenther, A. Turnipseed, G. Tyndall, P. Artaxo, and S. Martin
(2009), Rapid formation of isoprene photo-oxidation products observed
in Amazonia, Atmos. Chem. Phys., 9(20), 7753-7767.

Karl, T., P. Harley, L. Emmons, B. Thornton, A. Guenther, C. Basu,
A. Turnipseed, and K. Jardine (2010), Efficient atmospheric cleansing of
oxidized organic trace gases by vegetation, Science, 330(6005), 816-819.

Kuhns, H., E. M. Knipping, and J. M. Vukovich (2005), Development of a
United States—Mexico emissions inventory for the Big Bend Regional
Aerosol and Visibility Observational (BRAVO) Study, J. Air Waste
Manage. Assoc., 55(5), 677-692.

Kwan, A.J., A. W. H. Chan, N. L. Ng, H. G. Kjaergaard, J. H. Seinfeld, and
P. O. Wennberg (2012), Peroxy radical chemistry and OH radical produc-
tion during the NOs-initiated oxidation of isoprene, Atmos. Chem. Phys.,
12(16), 7499-7515.

LaFranchi, B. W, et al. (2013), Constraints on emissions of carbon monox-
ide, methane, and a suite of hydrocarbons in the Colorado Front Range
using observations of '4C02, Atmos. Chem. Phys. Discuss., 13(1),
1609-1672.

Lee, L., P. Wooldridge, T. Nah, K. Wilson, and R. Cohen (2013), Observation
of rates and products in the reaction of NO3 with submicron squalane and
squalene aerosol, Phys. Chem. Chem. Phys., 15(3), 882—892.

Lelieveld, J., et al. (2008), Atmospheric oxidation capacity sustained by a
tropical forest, Nature, 452(7188), 737-740.

Liang, Q., et al. (2007), Summertime influence of Asian pollution in the free
troposphere over North America, J. Geophys. Res., 112, D12S11,
doi:10.1029/2006JD007919.

Lin, J.-T., and M. B. McElroy (2010), Impacts of boundary layer mixing on
pollutant vertical profiles in the lower troposphere: Implications to satellite
remote sensing, Atmos. Environ., 44(14), 1726-1739.

Lin, J.-T., D. Youn, X.-Z. Liang, and D. J. Wuebbles (2008), Global model
simulation of summertime U.S. ozone diurnal cycle and its sensitivity to
PBL mixing, spatial resolution, and emissions, Atmos. Environ., 42(36),
8470-8483.

Liu, H. Y., D. J. Jacob, I. Bey, and R. M. Yantosca (2001), Constraints from
Pb-210 and Be-7 on wet deposition and transport in a global three-dimen-
sional chemical tracer model driven by assimilated meteorological fields,
J. Geophys. Res., 106(D11), 12,109-12,128.

Liu, Y. J., I. Herdlinger-Blatt, K. A. McKinney, and S. T. Martin (2013),
Production of methyl vinyl ketone and methacrolein via the hydroperoxyl
pathway of isoprene oxidation, Atmos. Chem. Phys., 13(11), 5715-5730.

Lockwood, A. L., P. B. Shepson, M. N. Fiddler, and M. Alaghmand (2010),
Isoprene nitrates: Preparation, separation, identification, yields, and atmo-
spheric chemistry, Atmos. Chem. Phys., 10(13), 6169—-6178.

Mao, J., et al. (2010), Chemistry of hydrogen oxide radicals (HO,) in the
Arctic troposphere in spring, Atmos. Chem. Phys., 10(13), 5823-5838.
Mao, J., et al. (2012), Insights into hydroxyl measurements and atmo-
spheric oxidation in a California forest, Atmos. Chem. Phys., 12(17),

8009-8020.

Mao, J., S. Fan, D. J. Jacob, and K. R. Travis (2013), Radical loss in the at-
mosphere from Cu-Fe redox coupling in aerosols, Atmos. Chem. Phys.,
13(2), 509-519.

Marais, E. A., et al. (2012), Isoprene emissions in Africa inferred from OMI
observations of formaldehyde columns, Atmos. Chem. Phys., 12(14),
6219-6235.

Martin, R. V., B. Sauvage, 1. Folkins, C. E. Sioris, C. Boone, P. Bernath, and
J. Ziemke (2007), Space-based constraints on the production of nitric oxide
by lightning, J. Geophys. Res., 112, D09309, doi:10.1029/2006JD007831.

McLinden, C. A., S. C. Olsen, B. Hannegan, O. Wild, M. J. Prather, and
J. Sundet (2000), Stratospheric ozone in 3-D models: A simple chemistry
and the cross-tropopause flux, J. Geophys. Res., 105(D11), 14,653—14,665.

Mickley, L. J., D. J. Jacob, and D. Rind (2001), Uncertainty in preindustrial
abundance of tropospheric ozone: Implications for radiative forcing calcu-
lations, J. Geophys. Res., 106(D4), 3389-3399.

Miller, S. M., et al. (2008), Sources of carbon monoxide and formaldehyde in
North America determined from high-resolution atmospheric data, Afmos.
Chem. Phys., 8(24), 7673-7696.

Miller, J. B., et al. (2012), Linking emissions of fossil fuel CO, and other an-
thropogenic trace gases using atmospheric "co,, J Geophys. Res., 117,
D08302, doi:10.1029/2011JD017048.

Millet, D. B., et al. (2006), Formaldehyde distribution over North America:
Implications for satellite retrievals of formaldehyde columns and isoprene
emission, J. Geophys. Res., 111, D24S02, doi:10.1029/2005JD006853.

Millet, D. B., D. J. Jacob, K. F. Boersma, T.-M. Fu, T. P. Kurosu, K. Chance,
C. L. Heald, and A. Guenther (2008), Spatial distribution of isoprene emis-
sions from North America derived from formaldehyde column measure-
ments by the OMI satellite sensor, J. Geophys. Res., 113, D02307,
doi:10.1029/2007JD008950.

Murazaki, K., and P. Hess (2006), How does climate change contribute to
surface ozone change over the United States?, J. Geophys. Res., 111,
D05301, doi:10.1029/2005JD005873.

Murray, L. T., D. J. Jacob, J. A. Logan, R. C. Hudman, and W. J. Koshak
(2012), Optimized regional and interannual variability of lightning in a
global chemical transport model constrained by LIS/OTD satellite data,
J. Geophys. Res., 117, D20307, doi:10.1029/2012JD017934.

Myneni, R. B., et al. (2007), Large seasonal swings in leaf area of Amazon
rainforests, Proc. Nat. Acad. Sci., 104(12), 4820-4823.

Neff, J., E. Holland, F. Dentener, W. McDowell, and K. Russell (2002), The
origin, composition and rates of organic nitrogen deposition: A missing
piece of the nitrogen cycle?, Biogeochemistry, 57-58(1), 99-136.

Olivier, J., and J. Berdowski (2001), Global emission sources and sinks, in 7he
Climate System, edited by J. Berdowski, R. Guicherit, and B. J. Heij, pp.
33-78, A.A. Balkema Publishers/Swets & Zeitlinger Publishers, Lisse,
The Netherlands.

Parrella, J. P., et al. (2012), Tropospheric bromine chemistry: Implications
for present and pre-industrial ozone and mercury, Atmos. Chem. Phys.,
12(15), 6723—-6740.

Parrish, D. D. (2006), Critical evaluation of US on-road vehicle emission in-
ventories, Atmos. Environ., 40(13), 2288-2300.

Parrish, D. D., M. Trainer, J. S. Holloway, J. E. Yee, M. S. Warshawsky,
F. C. Fehsenfeld, G. L. Forbes, and J. L. Moody (1998), Relationships be-
tween ozone and carbon monoxide at surface sites in the North Atlantic re-
gion, J. Geophys. Res., 103(D11), 13,357-13,376.

Patchen, A. K., M. J. Pennino, A. C. Kiep, and M. J. Elrod (2007), Direct ki-
netics study of the product-forming channels of the reaction of isoprene-
derived hydroxyperoxy radicals with NO, Int. J. Chem. Kinet., 39(6),
353-361.

Paulot, F., J. D. Crounse, H. G. Kjaergaard, J. H. Kroll, J. H. Seinfeld, and
P. O. Wennberg (2009a), Isoprene photooxidation: New insights into the
production of acids and organic nitrates, Atmos. Chem. Phys., 9(4),
1479-1501.

Paulot, F., J. D. Crounse, H. G. Kjaergaard, A. Kurten, J. M. St Clair,
J. H. Seinfeld, and P. O. Wennberg (2009b), Unexpected epoxide forma-
tion in the gas-phase photooxidation of isoprene, Science, 325(5941),
730-733.

Paulot, F., D. K. Henze, and P. O. Wennberg (2012), Impact of the isoprene
photochemical cascade on tropical ozone, Atmos. Chem. Phys., 12(3),
1307-1325.

Paulson, S. E., and J. H. Seinfeld (1992), Development and evaluation of a
photooxidation mechanism for isoprene, J. Geophys. Res., 97(D18),
20,703-20,715.

Peeters, J., and J. F. Miiller (2010), HO, radical regeneration in isoprene ox-
idation via peroxy radical isomerisations. II: Experimental evidence and
global impact, Phys. Chem. Chem. Phys., 12(42), 14,227-14,235.

Peeters, J., T. L. Nguyen, and L. Vereecken (2009), HO, radical regeneration
in the oxidation of isoprene, Phys. Chem. Chem. Phys., 11(28), 5935-5939.

Perring, A. E., A. Wisthaler, M. Graus, P. J. Wooldridge, A. L. Lockwood,
L. H. Mielke, P. B. Shepson, A. Hansel, and R. C. Cohen (2009a), A prod-
uct study of the isoprene+NOj; reaction, Atmos. Chem. Phys., 9(14),
4945-4956.

Perring, A. E., et al. (2009b), Airborne observations of total RONO,: New
constraints on the yield and lifetime of isoprene nitrates, Atmos. Chem.
Phys., 9(4), 1451-1463.

Perring, A. E., et al. (2010), The production and persistence of Sigma RONO
(2) in the Mexico City plume, Atmos. Chem. Phys., 10(15), 7215-7229.
Pfister, G. G., L. K. Emmons, P. G. Hess, J. F. Lamarque, A. M. Thompson,
and J. E. Yorks (2008), Analysis of the summer 2004 ozone budget
over the United States using Intercontinental Transport Experiment
Ozonesonde Network Study (IONS) observations and Model of Ozone
and Related Tracers (MOZART-4) simulations, J. Geophys. Res., 113,

D23306, doi:10.1029/2008JD010190.

Pratt, K. A., et al. (2012), Contributions of individual reactive biogenic vol-
atile organic compounds to organic nitrates above a mixed forest, Atmos.
Chem. Phys., 12(21), 10,125-10,143.

Pugh, T. A. M., et al. (2010), Simulating atmospheric composition over a
South-East Asian tropical rainforest: Performance of a chemistry box
model, Atmos. Chem. Phys., 10(1), 279-298.

Purves, D. W., J. P. Caspersen, P. R. Moorcroft, G. C. Hurtt, and
S. W. Pacala (2004), Human-induced changes in US biogenic volatile or-
ganic compound emissions: Evidence from long-term forest inventory
data, Glob. Chang. Biol., 10(10), 1737-1755.

Rasmussen, D. J., A. M. Fiore, V. Naik, L. W. Horowitz, S. J. McGinnis, and
M. G. Schultz (2012), Surface ozone-temperature relationships in the east-
ern US: A monthly climatology for evaluating chemistry-climate models,
Atmos. Environ., 47, 142—-153.

Ren, X. R., et al. (2008), HO, chemistry during INTEX-A 2004:
Observation, model calculation, and comparison with previous studies,
J. Geophys. Res., 113, D05310, doi:10.1029/2007JD009166.

Rollins, A. W., et al. (2009), Isoprene oxidation by nitrate radical: Alkyl ni-
trate and secondary organic aerosol yields, Atmos. Chem. Phys., 9(18),
6685-6703.

11,267



MAO ET AL.: OZONE AND ORGANIC NITRATES OVER EAST U.S.

Rosen, R. S., E. C. Wood, P. J. Wooldridge, J. A. Thornton, D. A. Day,
W. Kuster, E. J. Williams, B. T. Jobson, and R. C. Cohen (2004),
Observations of total alkyl nitrates during Texas Air Quality Study
2000: Implications for O-3 and alkyl nitrate photochemistry, J. Geophys.
Res., 109, D07303, doi:10.1029/2003JD004227.

Sander, S. P., et al. (2011), Chemical Kinetics and Photochemical Data for
Use in Atmospheric Studies Evaluation Number 17, JPL Publication
106, Jet Propulsion Laboratory, Pasadena.

Sanderson, M. G., C. D. Jones, W. J. Collins, C. E. Johnson, and
R. G. Derwent (2003), Effect of climate change on isoprene emissions and
surface ozone levels, Geophys. Res. Lett., 30(18), 1936, doi:10.1029/
2003GLO017642.

Saunders, S. M., M. E. Jenkin, R. G. Derwent, and M. J. Pilling (2003),
Protocol for the development of the Master Chemical Mechanism, MCM
v3 (Part A): Tropospheric degradation of non-aromatic volatile organic
compounds, Atmos. Chem. Phys., 3, 161-180.

Schultz, M., L. Backman, Y. Balkanski, S. Bjoerndalsaeter, R. Brand,
J. Burrows, S. Dalsoeren, M. de Vasconcelos, B. Grodtmann, and
D. Hauglustaine (2007), REanalysis of the TROpospheric chemical
composition over the past 40 years (RETRO)-A long-term global model-
ing study of tropospheric chemistry, Final Report, Jiilich/Hamburg,
Germany, 2007.

Seisel, S., B. Fluckiger, F. Caloz, and M. J. Rossi (1999), Heterogeneous re-
activity of the nitrate radical: Reactions on halogen salt at ambient temper-
ature and on ice in the presence of HX (X=Cl, Br, I) at 190 K, Phys.
Chem. Chem. Phys., 1(9), 2257-2266.

Singh, H. B., W. H. Brune, J. H. Crawford, D. J. Jacob, and P. B. Russell
(2006), Overview of the summer 2004 intercontinental chemical transport
experiment-North America (INTEX-A), J. Geophys. Res., 111, D24S01,
doi:10.1029/2006JD007905.

Sprengnether, M., K. L. Demerjian, N. M. Donahue, and J. G. Anderson
(2002), Product analysis of the OH oxidation of isoprene and 1,3-butadi-
ene in the presence of NO, J. Geophys. Res., 107(D17), 4268,
doi:10.1029/2001JD000716.

Stavrakou, T., J. Peeters, and J. F. Muller (2010), Improved global modelling
of HO, recycling in isoprene oxidation: Evaluation against the GABRIEL
and INTEX-A aircraft campaign measurements, Atmos. Chem. Phys.,
10(20), 9863-9878.

Stone, D., et al. (2010), HO, observations over West Africa during AMMA:
Impact of isoprene and NO,, Atmos. Chem. Phys., 10(19), 9415-9429.
Streets, D. G., Q. Zhang, L. Wang, K. He, J. Hao, Y. Wu, Y. Tang, and
G. R. Carmichael (2006), Revisiting China’s CO emissions after the
Transport and Chemical Evolution over the Pacific (TRACE-P) mission:
Synthesis of inventories, atmospheric modeling, and observations,

J. Geophys. Res., 111, D14306, doi:10.1029/2006JD007118.

Tan, D., et al. (2001), HO, budgets in a deciduous forest: Results from the
PROPHET summer 1998 campaign, J. Geophys. Res., 106(D20),
24,407-24,427.

Tang, M. J., J. Thieser, G. Schuster, and J. N. Crowley (2010), Uptake of
NO; and N,Os5 to Saharan dust, ambient urban aerosol and soot: A relative
rate study, Atmos. Chem. Phys., 10(6), 2965-2974.

Thornton, J. A., et al. (2002), Ozone production rates as a function of NO,
abundances and HO, production rates in the Nashville urban plume,
J. Geophys. Res., 107(D12), 4146, doi:10.1029/2001JD000932.

Turquety, S., et al. (2007), Inventory of boreal fire emissions for North
America in 2004: Importance of peat burning and pyroconvective injec-
tion, J. Geophys. Res., 112, D12S03, doi:10.1029/2006JD007281.

van der Werf, G. R., J. T. Randerson, L. Giglio, G. J. Collatz, M. Mu,
P. S. Kasibhatla, D. C. Morton, R. S. DeFries, Y. Jin, and
T. T. van Leeuwen (2010), Global fire emissions and the contribution of
deforestation, savanna, forest, agricultural, and peat fires (1997-2009),
Atmos. Chem. Phys., 10(23), 11,707-11,735.

van Donkelaar, A., et al. (2008), Analysis of aircraft and satellite measure-
ments from the Intercontinental Chemical Transport Experiment

(INTEX-B) to quantify long-range transport of East Asian sulfur to
Canada, Atmos. Chem. Phys., 8(11),2999-3014.

Vestreng, V., and H. Klein (2002), Emission data reported to UNECE/
EMEP: Quality assurance and trend analysis & Presentation of WebDab,
MSC-W Status Report.

von Kuhlmann, R., M. G. Lawrence, U. Poschl, and P. J. Crutzen (2004),
Sensitivities in global scale modeling of isoprene, Atmos. Chem. Phys., 4,
1-17.

Wang, Y. H., D. J. Jacob, and J. A. Logan (1998), Global simulation of
tropospheric O-3-NO,-hydrocarbon chemistry 1. Model formulation,
J. Geophys. Res., 103(D9), 10,713-10,725.

Warneke, C., et al. (2007), Determination of urban volatile organic com-
pound emission ratios and comparison with an emissions database,
J. Geophys. Res., 112, D10S47, doi:10.1029/2006JD007930.

Warneke, C., et al. (2010), Biogenic emission measurement and inventories
determination of biogenic emissions in the eastern United States and Texas
and comparison with biogenic emission inventories, J. Geophys. Res., 115,
DOO0F18, doi:10.1029/2009JD012445.

Wesely, M. L. (1989), Parameterization of surface resistances to gaseous dry
deposition in regional-scale numerical-models, Atmos. Environ., 23(6),
1293-1304.

Whalley, L. K., et al. (2011), Quantifying the magnitude of a missing hy-
droxyl radical source in a tropical rainforest, Atmos. Chem. Phys.,
11(14), 7223-7233.

Williams, J., et al. (1997), Regional ozone from biogenic hydrocarbons de-
duced from airborne measurements of PAN, PPN, and MPAN, Geophys.
Res. Lett., 24(9), 1099-1102.

Wolfe, G. M., J. D. Crounse, J. D. Parrish, J. M. St. Clair, M. R. Beaver,
F. Paulot, T. P. Yoon, P. O. Wennberg, and F. N. Keutsch (2012),
Photolysis, OH reactivity and ozone reactivity of a proxy for isoprene-
derived hydroperoxyenals (HPALDs), Phys. Chem. Chem. Phys.,
14(20), 7276-7286.

Wu, S., L. J. Mickley, D. J. Jacob, J. A. Logan, R. M. Yantosca, and D. Rind
(2007), Why are there large differences between models in global budgets
of tropospheric ozone?, J. Geophys. Res., 112, D05302, doi:10.1029/
2006JD007801.

Wu, S., L. J. Mickley, E. M. Leibensperger, D. J. Jacob, D. Rind, and
D. G. Streets (2008), Effects of 2000-2050 global change on ozone air
quality in the United States, J. Geophys. Res., 113, D06302, doi:10.1029/
2007JD008917.

Wu, S., L. J. Mickley, J. O. Kaplan, and D. J. Jacob (2012), Impacts of
changes in land use and land cover on atmospheric chemistry and air qual-
ity over the 21st century, Atmos. Chem. Phys., 12(3), 1597-1609.

Xie, Y., F. Paulot, W. P. L. Carter, C. G. Nolte, D. J. Luecken, W. T. Hutzell,
P. O. Wennberg, R. C. Cohen, and R. W. Pinder (2013), Understanding the
impact of recent advances in isoprene photooxidation on simulations of
regional air quality, Atmos. Chem. Phys., 13(16), 8439-8455.

Yienger, J. J., and H. Levy (1995), Empirical-model of global soil-biogenic
NO, emissions, J. Geophys. Res., 100(D6), 11,447-11,464.

Yu, S., R. Mathur, K. Schere, D. Kang, J. Pleim, and T. L. Otte (2007), A
detailed evaluation of the Eta-CMAQ forecast model performance for
O;, its related precursors, and meteorological parameters during the
2004 ICARTT study, J. Geophys. Res., 112, D12S14, doi:10.1029/
2006JD007715.

Yu, S., R. Mathur, G. Sarwar, D. Kang, D. Tong, G. Pouliot, and J. Pleim
(2010), Eta-CMAQ air quality forecasts for O3 and related species using
three different photochemical mechanisms (CB4, CB05, SAPRC-99):
Comparisons with measurements during the 2004 ICARTT study,
Atmos. Chem. Phys., 10(6), 3001-3025.

Zhang, L., D.J. Jacob, N. V. Downey, D. A. Wood, D. Blewitt, C. C. Carouge,
A. van Donkelaar, D. B. A. Jones, L. T. Murray, and Y. Wang (2011),
Improved estimate of the policy-relevant background ozone in the United
States using the GEOS-Chem global model with 1/2° x 2/3° horizontal res-
olution over North America, Atmos. Environ., 45(37), 6769-6776.

11,268




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


