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[1] We use observations from two aircraft during the ICARTT campaign over the eastern
United States and North Atlantic during summer 2004, interpreted with a global
3-D model of tropospheric chemistry (GEOS-Chem) to test current understanding of
regional sources, chemical evolution, and export of NOx. The boundary layer NOx data
provide top-down verification of a 50% decrease in power plant and industry NOx

emissions over the eastern United States between 1999 and 2004. Observed NOx

concentrations at 8–12 km altitude were 0.55 ± 0.36 ppbv, much larger than in previous
U.S. aircraft campaigns (ELCHEM, SUCCESS, SONEX) though consistent with data
from the NOXAR program aboard commercial aircraft. We show that regional lightning is
the dominant source of this upper tropospheric NOx and increases upper tropospheric
ozone by 10 ppbv. Simulating ICARTT upper tropospheric NOx observations with
GEOS-Chem requires a factor of 4 increase in modeled NOx yield per flash (to 500 mol/
flash). Observed OH concentrations were a factor of 2 lower than can be explained from
current photochemical models, for reasons that are unclear. A NOy-CO correlation
analysis of the fraction f of North American NOx emissions vented to the free troposphere
as NOy (sum of NOx and its oxidation products) shows observed f = 16 ± 10% and
modeled f = 14 ± 9%, consistent with previous studies. Export to the lower free
troposphere is mostly HNO3 but at higher altitudes is mostly PAN. The model successfully
simulates NOy export efficiency and speciation, supporting previous model estimates of a
large U.S. anthropogenic contribution to global tropospheric ozone through PAN export.
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1. Introduction

[2] Quantifying the sources and fate of nitrogen oxides
(NOx � NO + NO2) over northern midlatitudes continents is
critical for assessing anthropogenic influence on global
tropospheric ozone [Pickering et al., 1992; Jacob et al.,
1993; Thompson et al., 1994; Li et al., 2004]. The Interna-
tional Consortium on Atmospheric Transport and Transfor-
mation (ICARTT) aircraft study [Singh et al., 2006;
Fehsenfeld et al., 2006], which took place in July–August

2004 over the eastern United States and the North Atlantic,
provides an opportunity for this purpose. We present here a
global 3-D model analysis of ICARTT observations for
NOx, its chemical reservoirs, and related species including
hydrogen oxide (HOx) radicals to quantify continental NOx

sources from combustion and lightning, determine the
chemical fate of NOx in the United States boundary layer
and in North American outflow, and examine the implica-
tions for ozone.
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[3] Ozone production in the troposphere is principally
limited by the supply of NOx [Chameides et al., 1992].
Fossil fuel combustion accounts for over half of the global
NOx source [Intergovernmental Panel on Climate Change,
2001]. The United States has been actively reducing its
summertime NOx emissions since 1998 to decrease ozone
smog. The Environmental Protection Agency (EPA) NOx

State Implementation Plan (SIP) Call mandated that 22
eastern states meet state-specific total NOx emissions reduc-
tions by 2003 (Phase 1) and further reduction by 2007
(Phase 2). By 2003, all 22 states had reduced NOx station-
ary source emissions to their Phase 1 levels. Frost et al.
[2006] determined from stack sampling that power plant
emissions of NOx decreased 50% between 1999 and 2003.
NOx emissions from the power sector over the United States
will likely continue to drop. In March 2005, the EPA issued
the Clean Air Interstate Rule, which will, when fully
implemented, permanently reduce NOx emissions to 60%
of 2003 levels in 25 eastern states (http://www.epa.gov/
interstateairquality/). The ICARTT observations offer an
opportunity to check on these emission reductions.
[4] Oxidation of NOx to HNO3, peroxyacetylnitrate

(PAN), and other minor products takes place on the order
of hours in the continental boundary layer (CBL), seemingly
limiting its affect on global ozone. However, the depen-
dence of ozone production on NOx is highly nonlinear; the
ozone production efficiency per unit NOx consumed (OPE)
increases rapidly as the NOx concentration decreases [Liu et
al., 1987]. This means that a small fraction of emitted NOx

exported to the free troposphere by frontal lifting, deep
convection, or boundary layer venting could lead to signif-
icant ozone production in the free troposphere over the
continent or downwind [Jacob et al., 1993; Thompson et
al., 1994]. Similarly, PAN (which is thermally unstable and
not water-soluble) can be vented from the boundary layer
and transported on a global scale at cold temperatures,
eventually decomposing to release NOx as air masses
subside. Quantifying the sources, chemical evolution, and
export of anthropogenic NOx (and PAN) is thus critical to
understanding the North American contribution to the
global ozone budget. This contribution is important from
the perspective of ozone as a greenhouse gas [Mickley et al.,
2004] and for intercontinental transport of ozone pollution
[Jacob et al., 1999; Holloway et al., 2003].
[5] Early studies estimated that the fraction f of NOx

emitted in the United States that is exported out of the CBL
as NOy (sum of NOx and its oxidation products) is about
40% [Logan, 1983; Galloway et al., 1984; Kasibhatla et al.,
1993]. Later work by Horowitz et al. [1998] and Liang et al.
[1998] using an Eulerian 3-D model with detailed chemistry
indicated values of f ranging from 25% in summer to 35%
in winter. Subsequent Lagrangian analyses using NOy-CO
correlations measured from aircraft in free tropospheric
outflow (2–6 km), over the North Atlantic in September
(North Atlantic Regional Experiment ’97) yielded much
lower estimates of f, ranging from only 3% [Stohl et al.,
2002] to 9 ± 14% [Parrish et al., 2004]. Li et al. [2004]
reconciled these results by pointing out that the early
Eulerian models had insufficient HNO3 scavenging, while
the Lagrangian models underestimated background CO.
They derived a consistent value f = 17–20% by both
Eulerian and Lagrangian approaches for the NARE’97

period. The ICARTT study offers far more geographical
coverage and chemical information in the boundary layer
and the free troposphere than previous studies, enabling
better constraints on the estimates of anthropogenic export
and associated NOy speciation.
[6] In addition to convectively lofted anthropogenic NOx,

a highly uncertain source of NOx to the upper troposphere
is from lightning. Global lightning source estimates range
from 1 to 25 Tg N yr�1 [Price et al., 1997; Nesbitt et
al., 2000], with the most recent estimates in the range 1–
6 Tg N yr�1 [Boersma et al., 2005; Beirle et al., 2006;
Martin et al., 2007]. Past studies disagree on the relative
importance of lightning versus convective injection of
surface emissions in supplying upper tropospheric NOx

[Jaeglé et al., 1998; Levy et al.,1999; Grewe et al., 1999;
Jeker et al., 2000; Li et al., 2005]. Here we use the ICARTT
data to examine the contribution of each.

2. ICARTT Study

[7] ICARTT took place over eastern North America and
the North Atlantic in July–August 2004. A major objective
was to quantify North American sources and outflow of
pollutants and climatically important species. Two principal
components directed at that objective were the NOAA New
England Air Quality Study/Intercontinental Transport and
Chemical Transformation (NEAQS-ITCT 2004) and the
NASA Intercontinental Transport Experiment –North
America, Phase A (INTEX-A).
[8] TheNOAANEAQS- ITCT2004campaign [Fehsenfeld

et al., 2006] took place 3 July to 15 August over the NW
Atlantic and the NE United States out of Portsmouth, New
Hampshire (Figure 1). It used a WP-3D aircraft (ceiling
�6 km). The NASA INTEX-A campaign [Singh et al.,
2006] took place 29 June to 14 August over the central and
eastern United States, and the North Atlantic, from bases at
Edwards (California), St. Louis (Missouri), and Portsmouth
(New Hampshire). It used a DC-8 aircraft (ceiling �12 km)
with extensive vertical profiling and boundary layer map-
ping at 0.15–0.5 km above the local surface (Figure 1). The
WP-3D remained close to New England throughout the
mission and flew mostly in the boundary layer, focusing on
emissions verification and chemical transformation of major
urban pollution plumes. Detailed descriptions of aircraft
payloads are in Fehsenfeld et al. [2006] and Singh et al.
[2006].
[9] We make use here of the following 1-min average

measurements (accuracies given in parentheses for DC-8,
WP-3D respectively): ozone (5%,3%); CO (5%,2.5%);
CH2O (10%, DC-8 NCAR measurement only); HNO4(15%,
DC-8 only); H2O2(20%, DC-8 only); NO (15%, 5%, DC-8
Pennsylvania State U. measurement only); NO2 (10%,8%);
HNO3 (15%, 15%); PAN(15%,15%), OH(15%, DC-8 only),
and HO2 (15%, DC-8 only). We estimate the concentration of
NOy as the sum of NOx, PAN, and HNO3. Nitrate aerosol,
organic nitrates other than PAN, and HNO4 were also mea-
sured aboard the DC-8 [Dibb et al., 2003; Huey et al., 2004;
Bertram et al., 2006], but generally accounted for less than
10% of NOy in the free troposphere and the data sets were
sparse.
[10] Ventilation of the eastern United States in summer is

primarily driven by the cold fronts from cyclones tracking

D12S05 HUDMAN ET AL.: NOy SOURCES, EVOLUTION, AND EXPORT

2 of 14

D12S05


























