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[1] Global ozone analyses, based on assimilation of stratospheric profile and ozone
column measurements, and NOy predictions from the Real-time Air Quality Modeling
System (RAQMS) are used to estimate the ozone and NOy budget over the continental
United States during the July–August 2004 Intercontinental Chemical Transport
Experiment–North America (INTEX-A). Comparison with aircraft, satellite, surface, and
ozonesonde measurements collected during INTEX-A show that RAQMS captures the
main features of the global and continental U.S. distribution of tropospheric ozone, carbon
monoxide, and NOy with reasonable fidelity. Assimilation of stratospheric profile and
column ozone measurements is shown to have a positive impact on the RAQMS upper
tropospheric/lower stratosphere ozone analyses, particularly during the period when
SAGE III limb scattering measurements were available. Eulerian ozone and NOy budgets
during INTEX-A show that the majority of the continental U.S. export occurs in the upper
troposphere/lower stratosphere poleward of the tropopause break, a consequence of
convergence of tropospheric and stratospheric air in this region. Continental U.S.
photochemically produced ozone was found to be a minor component of the total ozone
export, which was dominated by stratospheric ozone during INTEX-A. The unusually
low photochemical ozone export is attributed to anomalously cold surface temperatures
during the latter half of the INTEX-A mission, which resulted in net ozone loss during the
first 2 weeks of August. Eulerian NOy budgets are shown to be very consistent with
previously published estimates. The NOy export efficiency was estimated to be 24%, with
NOx + PAN accounting for 54% of the total NOy export during INTEX-A.
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1. Introduction

[2] During July and August, 2004 NASA conducted the
Intercontinental Chemical Transport Experiment–North
America (INTEX-NA) as part of the International Consor-
tium for Atmospheric Research on Transport and Transfor-
mation (ICARTT) study. One of the key scientific goals of

the 2004 phase of INTEX-NA is to quantify and character-
ize the inflow and outflow of pollution over North America
[Singh et al., 2006]. The effects of regional air quality, over
the United States and elsewhere, on the global atmosphere
become particularly important as world population increases
require increases in agricultural production and continued
economic growth leads to increased fossil fuel combustion
[Stevenson et al., 2006]. Combustion leads to anthropogenic
emissions of CO2, CO, NOx (NO + NO2), SO2, and
nonmethane hydrocarbons (NMHC) as well as particles that
can significantly perturb the global atmosphere. In addition
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to these primary pollutants, secondary pollutants can have
significant impacts on global tropospheric chemistry. In
particular, the abundance and distribution of O3 governs
the oxidative capacity of the troposphere. The global
distribution of NOx, which is the critical limiting precursor
for O3 production, is highly variable and is dependent on
local photochemical loss and cycling processes involving
NOx reservoir species (e.g., PAN, HNO3) as well as the
magnitude of various sources which include transport from
the stratosphere, natural emissions (lightning, soils, biomass
burning) and anthropogenic emissions (industrial, aircraft,
ships).
[3] This study focuses on estimating ozone and NOy

(NOy = NO + NO2 + NO3 + HNO3 + HNO4 + 2*N2O5 +
ClNO3 + PAN + organic nitrates) budgets over the conti-
nental U.S. and export to the global atmosphere. The
approach we use is an Eulerian budget analysis as described
by Pierce et al. [2003] and focuses on characterization of
the relative contributions of (1) ozone and NOy sources and
sinks within the continental U.S. domain and (2) regional to
global exchange of ozone and NOy. There is compelling
observational and modeling evidence of the link between
continental U.S. emissions and the global atmosphere.Knapp
et al. [1998] observed enhanced ozone (90–130 ppbv)
just above the boundary layer over Cape Sable Island, Nova
Scotia during the 1993 North Atlantic Regional Experiment
(NARE). Back trajectory analysis indicated that these air
masses had origins over the heavily industrialized N. E.
United States. Model studies show episodic but significant
remote influences from North America [Jacob et al., 1993;
Wild et al., 1996; Atherton et al., 1996; Liang et al., 1998;
Li et al., 2004], particularly in the upper troposphere. This
remote influence is driven by export of NOx or PAN, which
thermally decomposes to NOx and leads to further in situ
ozone formation [Chameides et al., 1992]. Model-based
estimates of NOy export efficiency suggest that 20–30% of
the NOx emitted from the continental United States is
exported to the global atmosphere as NOy [Kasibhatla et
al., 1993; Horowitz et al., 1998, Liang et al., 1998, Li et al.,
2004]. Observational estimates of continental U.S. NOy
export suggest efficiencies ranging from 10–15% [Parrish
et al., 2004].
[4] The preceding discussion illustrates the uncertainties

that arise because of complex interactions between highly
heterogeneous surface emissions, local radical chemistry,
boundary layer exchange processes, enhancements in back-
ground levels of O3 and its precursors, and long-range
transport that ultimately determine the links between
regional emissions and the global atmosphere. These links
occur across multiple scales in both time and space and
therefore require a unified approach, utilizing contempora-
neous satellite and in situ observations, as well as model
estimates of the chemical state of the atmosphere. Field
missions such as INTEX-A, which use chemical model
forecast guidance to optimize synergy between in situ
sampling by airborne platforms and contemporaneous sat-
ellite composition measurements for both satellite validation
and science studies, are an example of this unified approach.
However, an ‘‘optimized combination’’ of satellite, in situ
observations, and model estimates is best accomplished
through chemical data assimilation. Data assimilation pro-
vides a physically consistent representation of the observed

atmospheric state and involves blending information from
different sources and different times to yield a best estimate,
or ‘‘analysis’’ at a particular time. Models play an important
role in data assimilation by providing an estimate, or ‘‘first
guess’’ of the current fields based on previous analyses. The
analysis is constructed by applying an ‘‘analysis increment’’
to the model first guess. The analysis increment is deter-
mined through variational approaches that minimize the
differences between the observation and first guess under
constraints that are determined by the relative errors in the
respective fields [Errico, 1999].
[5] For the current study we utilize ozone analyses (con-

strained with assimilated satellite measurements) and NOy
predictions from the Real-time Air Quality Modeling
System (RAQMS) [Pierce et al., 2003] to estimate the
ozone and NOy budget over the continental United States.
The manuscript is organized as follows: Section 2 provides
an updated description of the RAQMS, which has under-
gone significant revisions since Pierce et al. [2003]. Section
3 focuses on evaluation of the model O3 analysis as well as
CO, NOy, and net O3 production, defined as production-
loss (P-L) predictions based on comparisons with satellite,
ozonesonde, airborne, and ground based measurements.
Section 4 discusses the contributions to ozone and NOy in
the troposphere and lower stratosphere due to stratosphere-
troposphere exchange processes during INTEX-A. The
continental U.S. ozone and NOy budgets during INTEX-
A are presented in section 5. Section 6 includes a discussion
focusing on the interpretation of the INTEX-A results in
light of previous studies. Section 7 provides a summary and
conclusions.

2. Model Description

[6] The chemical modeling/assimilation tool used in this
study is the NASA Langley Research Center/University of
Wisconsin (LaRC/UW) Real-time Air Quality Modeling
System (RAQMS). RAQMS is a portable, global- to
regional-scale meteorological and chemical modeling sys-
tem which has been developed for assimilating remote
observations of atmospheric chemical composition and
predicting regional air quality within any region of the
planet Earth [Pierce et al., 2003]. This study focuses on
the global modeling/assimilation component of RAQMS.
The UW hybrid isentropic coordinate model [Schaack et al.,
2004] is the dynamical core for the global component of
RAQMS. Zapotocny et al. [1996, 1997a, 1997b] established
that hybrid isentropic coordinate models simulate processes
involving the long-range transport of trace constituents to
a higher degree of accuracy than other existing global
models.
[7] During INTEX-A RAQMS provided daily 4 day

2 � 2.5� global chemical forecasts, initialized with ozone
analysis based on real-time assimilation of TOMS V8 ozone
column data, to assist in flight planning. The daily assim-
ilation/forecast cycle consisted of a series of 6 hour online
chemical/dynamical forecasts, initialized with NOAA GFS
meteorological analyses at 1200 UT, 1800 UT, 0000 UT,
and 0600 UT. At the end of each 6 hour forecast, the ozone
distribution was reinitialized on the basis of the RAQMS
TOMS V8 assimilation. After 24 hours of assimilation, a
4-day online chemical/dynamical forecast was begun. For
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the current study, we conducted a post mission 1.4 � 1.4
‘‘reanalysis’’ from 1 July to 15 August 2004, with meteoro-
logical field initialized from the GFS analyses every 6 hours
and including stratospheric ozone profile assimilation in
addition to the TOMS column assimilation. The assimilation
of stratospheric ozone profiles provides observational con-
straints on the lower stratospheric ozone in the reanalysis and
significantly reduces biases relative to ozonesonde and in
situ ozone measurements in the upper troposphere/lower
stratosphere.

2.1. RAQMS Unified Stratosphere/Troposphere
Chemistry

[8] The RAQMS unified stratosphere/troposphere chem-
istry module has been developed to represent photochemical
processes governing ozone formation and destruction within
Earth’s atmosphere from the surface to about 60 km. The
chemical formulation follows a family approach with par-
titioning based on photochemical equilibrium approxima-
tions. Continuity equations are solved for 55 families and
individual constituents and by determining equilibrium
concentrations of 86 separate species. The standard Ox-
HOx-NOx-ClOx-BrOx cycles governing the formation and
destruction of odd oxygen, tropospheric NOx-HOx reac-
tions, oxidation of CH4 and CO are considered [Pierce et
al., 2003]. Recent updates include an extended carbon bond
scheme for oxidation of nonmethane hydrocarbons
(NMHC) and explicit treatment of isoprene oxidation.
Photochemical tendencies are calculated with a quasi-steady
state approximation based on exact solution of the continu-
ity equation. Kinetic rates and photolytic quantum yields
and absorption cross sections are from Sander et al. [2003]
with the N2 + O(1D) quenching rate from Ravishankara et
al. [2002]. Photolytic rates are calculated using the Fastj2
method [Bian and Prather, 2002]. Stratospheric heteroge-
neous reactions on liquid aerosol [Carslaw et al., 1995] and
polar stratospheric cloud [Chipperfield, 1999] surfaces are
considered.
[9] The NMHC chemical scheme is based on the lumped

structure approach of the Carbon Bond–IV mechanism
(CB-IV) [Gery et al., 1989] with adjustments necessary
for large-scale (regional or global) application as presented
by Zaveri and Peters [1999] (henceforth called CB-Z).
Additional extensions implemented in the LaRC unified
chemistry include an improved isoprene oxidation scheme
and the semiexplicit treatment of propane. The resulting
NMHC formulation can be summarized as follows: C2H6
(ethane), C2H4 (ethene) and CH3OH oxidation are treated
explicitly; C4 and larger alkanes and C3 and larger alkenes
are lumped via a carbon bond approach as updated in Zaveri
and Peters [1999], with lumped groups for species such as
aldehydes, ketones, peroxides and organic nitrates; C3H8
(propane) is handled semiexplicitly, i.e., C3H8 and its
corresponding peroxy radicals are tracked explicitly (as by
Sander et al. [2003] and Kirchner and Stockwell [1996])
while other oxidation products such as peroxides and
aldehydes are lumped into the appropriate species following
the carbon bond approach for higher alkanes; and isoprene
is modeled after the Carter four-product mechanism as
modified for RADM2 [Carter, 1996]. Aromatic chemistry

is not included. Concentrations of 2 species, acetone and
methanol, are currently specified according to climatologies.
[10] The replacement of the CB-Z isoprene oxidation

scheme with a more detailed four-product mechanism
allows more accurate representation of PAN, which is an
important nitrogen reservoir species. The four-product
mechanism explicitly represents the major identified sec-
ondary isoprene oxidation products methacrolein (MACR),
methyl vinyl ketone (MVK) and peroxymethacryloyl nitrate
(MPAN). Rate constants, products and yields have been
updated as reported in the literature [e.g., Orlando et al.,
2002].
[11] Climatological emissions of NOx and CO include

anthropogenic and natural sources and are based largely on
1 � 1� public databases available from GEIA/EDGAR with
updates for Asian emissions from Streets et al. [2003] and
additional biogenic CO sources as described by Duncan and
Bey [2004]. Aircraft NOx emissions are obtained from the
HSRP database [Stolarski et al., 1995]. Lightning NOx
emissions are calculated on the basis of Price et al.
[1997] using instantaneous convective cloud heights, and
are distributed in the vertical according to Pickering et al.
[1998]. Biomass burning emissions of NOx are scaled to
those of CO with emission factors (NOx/CO) that vary from
[0.0256 to 0.0174] depending on ecosystem type. As will be
shown, total NOx emissions (transportation, industrial,
aircraft, biomass, soil, and lightning) over the continental
United States during INTEX-A study period (1 July to
15 August 2004) is equal to 0.94 Tg N, with lightning
emissions accounting for 0.16 Tg N of this total. The EPA
2002 National Emission Inventory (NEI) NOx emission
inventory (excluding lightning) is 5.855 Tg N/year resulting
in 0.74 Tg N during the study period, which is within 5% of
our nonlightning NOx emissions. Hudman et al. [2007]
conducted GEOS-CHEM NOx emission sensitivity studies
during INTEX-A using two different NOx emission inven-
tories. The baseline inventory used EPA 1999 National
Emission Inventory (NEI99) version 1 and resulted in total
NOx emissions during the INTEX-A study period of
1.17 Tg N, with lighting emissions accounting for
0.068 Tg N. A second emission inventory, which included
50% reductions in industrial and a factor of 4 increase in
lightning NOx emissions, resulted in 1.2 Tg N emissions
during the study period. The NEI99 and top-down NOx
emission inventories used by GEOS-CHEM are 24% and
27% higher than the GEIA/EDGER emission inventory
used for the RAQMS simulations, respectively. Emissions
of NMHC species are generally based on the GEIA
database. Surface sources of N2O, CH4, and halocarbons
are implicitly assumed by imposing a constant mixing ratio
at the surface appropriate for 1990 [World Meteorological
Organization, 1993]. Surface deposition is computed
according to the surface type and drag coefficients, with
the calculation of the deposition rate modeled after Galbally
and Roy [1980] and Levy et al. [1985]. Dry deposition is
computed for O3, peroxides, aldehydes, NO2, CO and
nitric acid using deposition velocities from Muller and
Brasseur [1995]. Online wet removal of soluble species is
based on convective fluxes and precipitation amounts [Liu
et al., 2001; Park et al., 2004]. Tropospheric heterogeneous
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loss of N2O5 is based on zonal averaged rates from
Dentener and Crutzen [1993].

2.2. RAQMS Ecosystem-Based Wild Fire Emission
Inventory

[12] Alaskan and Canadian wild fires had a significant
impact on North American chemical composition during
INTEX-A. The RAQMS biomass burning emissions for
Alaska and Canada use an ecosystem-based approach
developed by Soja et al. [2004] to predict total direct carbon
emissions. Soja et al. [2004] used a spatially and temporally
explicit model that incorporated a satellite-based (AVHRR)
fire database and ecoregion-specific carbon consumption
estimates for three classes of severity to estimate a range of
total direct carbon and trace gas emissions from fires in
Siberia from 1998 through 2002. We have extended this
algorithm to North America using MODIS thermal anomaly
data to provide area burned estimates. Briefly, the approach
is as follows: (1) Static carbon consumption estimates for
low-severity surface fires, medium-severity fires, and high-
severity fires are based on the amount of carbon contained
in individual ecosystems [Olson, 1983; Zinke et al., 1986].
(2) Daily 1 � 1� North American area burned estimates are
obtained using MODIS thermal anomaly products. (3) On
the basis of carbon consumption and area burned, daily total
direct carbon emissions from fire events in Alaska and
Canada are estimated for June–August 2004 assuming all
wild fires were high-severity fires. (4) The 1 � 1� species-
specific emission estimates are determined using existing
emission ratios from grassland, temperate and boreal eco-

systems from across North America [Cofer et al., 1996a,
1996b; Vose et al., 1996].
[13] Assuming high severity for all Alaskan and Yukon

fires must be considered an upper bound on the actual
emissions and results in the release of 70 Tg CO during the
period from June–August 2004, which is a factor of 2 times
higher the emissions obtained by Pfister et al. [2005] during
the same period using MOPITT data to constrain inverse
modeling based estimates of the Alaskan/Yukon emissions.
In the future, improved emission estimates that account for
changes in fire severity will be obtained using the U.S.
Forest Service Haines Index. The Haines Index is the sum
of a stability term and a moisture term. The sum provides an
indication of the potential for the rate of spread (ROS) of a
fire on a given day.

2.3. RAQMS Chemical Data Assimilation

[14] Data assimilation provides a statistically robust
means of blending model predictions and observations to
provide an optimal estimate of the true state of the atmo-
sphere. Global assimilation of chemical measurements from
polar orbiting satellites has been shown to improve esti-
mates of the true atmospheric state [Lamarque et al., 1999;
Jeuken et al., 1999; Stajner et al., 2004] and is used by
RAQMS to provide an optimal estimate of the global ozone
distribution during INTEX-A. RAQMS uses the statistical
digital filter (SDF) analysis system [Stobie, 1985, 2000] to
perform a univariate assimilation of stratospheric profile
and total column ozone observations. The SDF formalism is
based on optimal interpolation (OI). However, rather than
viewing the analysis as a minimization problem, SDF treats
the analysis as a digital filtering problem [Oppenheim and
Schafer, 1975]. In SDF, solving the OI equations at each
grid point is equivalent to convolving a low-pass digital
filter with the observation innovations (observed value
minus first guess value). The spectral response of the filter
is determined by the number of observations used per grid
point, the observation spacing, the observation errors, the
first guess and the first guess error correlation model
[Stobie, 2000]. Estimates of the RAQMS forecast error
variances are calculated by inflating the analysis errors
(a by-product of the analysis) using the error growth model
of Savijarvi [1995]. The quality control employed during
the analysis includes a gross check, suspect identification
and a buddy check for suspect observations.
[15] Stratospheric (tropopause and above) HALOE,

SAGE II, and SAGE III solar occultation measurements
were assimilated at 6 hour (0000 UT, 0600 UT, 1200 UT,
1800 UT) intervals to provide constraints on the strato-
spheric ozone mixing ratios. Solar occultation measure-
ments occur during sunrise and sunset and are therefore
limited to 14 observations spanning 360� of longitude
within 2 narrow latitude bands per day. Assimilation of
global TOMS V8 cloud cleared total column ozone meas-
urements were used to provide constraints on the RAQMS
total column analysis. The RAQMS column assimilation
accounts for the vertical variation in the retrieval sensitivity
by convolving the model first guess ozone profile with the
zonal mean, time averaged sensitivity and the 3D monthly a
priori used in the TOMS V8 retrieval algorithm. Special
SAGE III limb scattering measurements [Rault, 2005; Rault

Figure 1. Latitude-time series of the location of observa-
tions used in the RAQMS assimilation. Symbols indicate
the latitude of solar occultation and limb scattering
observations. Contours indicate the density (% of total at
each latitude) of cloud-cleared total column measurements.
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