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[1] There are many isolated sources of NOx emissions across the western United States,
including electrical power generation plants and urban areas. In this manuscript, two
satellite instruments measuring NO2 vertical columns over these sources and an
atmospheric chemical-transport model are used to evaluate bottom-up NOx emission
inventories, model assumptions, and satellite retrieval algorithms. We carried out
simulations with theWeather Research and Forecasting-Chemistry (WRF-Chem) model for
the western U.S. domain during the summer of 2005 using measured power plant NOx

emissions. Model NO2 vertical columns are compared with a retrieval of the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) satellite
instrument data by the University of Bremen and retrievals of the Ozone Monitoring
Instrument (OMI) data by the U.S. National Aeronautics and Space Administration
(NASA) and a modified version of the NASA OMI retrieval produced by the University of
Bremen. For areas dominated by power plant NOx emissions, the model NO2 columns
serve as a comparison standard for satellite retrievals because emissions are continuously
monitored at all large U.S. power plants. An extensive series of sensitivity tests of the
assumptions in both the satellite retrievals and the model are carried out over the Four
Corners and San Juan power plants, two adjacent facilities in the northwest corner of
New Mexico that together represent the largest NOx point source in the United States.
Overall, the SCIAMACHY and OMI NO2 columns over western U.S. power plants
agree well with model NO2 columns, with differences between the two being within the
variability of the model and satellite. In contrast to regions dominated by power plant
emissions, model NO2 columns over large urban areas along the U.S. west coast are
approximately twice as large as satellite NO2 columns from SCIAMACHY and OMI
retrievals. The discrepancies in urban areas are beyond the sensitivity ranges in the model
simulations and satellite observations, implying overestimates of these cities’ bottom-up
NOx emissions, which are dominated by motor vehicles. Taking the uncertainties in the
satellite retrievals into account, our study demonstrates that the tropospheric columns of
NO2 retrieved from space-based observations of backscattered solar electromagnetic
radiation can be used to evaluate and improve bottom-up emission inventories.
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1. Introduction

[2] Nitrogen oxides (NOx = NO + NO2) in the tropo-
sphere are formed by fossil fuel combustion, biomass
burning, soil emissions, and lightning processes [Yevich
and Logan, 2003; Galloway et al., 2004; Bertram et al.,
2005; Jaeglé et al., 2005]. NOx and volatile organic com-
pounds (VOCs) are the main precursors of ozone, a major
pollutant in the troposphere and a greenhouse gas playing
an important role in the Earth’s radiation budget. Nitric acid,
formed in the oxidation of NOx, can lead to particulates that
cause respiratory problems and impair visibility, especially
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in the western United States where sulfate concentrations
are relatively small. Nitric acid is removed by wet scaveng-
ing and dry deposition, affecting the productivity and
diversity of terrestrial ecosystems and disrupting aquatic
ecosystem function [Dentener et al., 2006]. Gaseous NO2 is
an absorber of solar radiation that directly impacts the
radiation budget [Solomon et al., 1999].
[3] Quantification of NOx emissions is necessary in order

to infer their impacts on atmospheric chemistry and thereby
on the Earth system in the long term. Emission inventories
of NOx are a key part of atmospheric chemical-transport
models that simulate ozone and relevant tracers. There are
numerous studies reporting worldwide increases in NOx

emissions resulting from continually expanding human
activities such as power generation, motor vehicle use,
and the application of soil fertilizer [Galloway et al.,
2004, and references therein]. More recently, reductions in
NOx emissions on a regional scale resulting from the U.S.
Environmental Protection Agency’s (EPA’s) emission con-
trols at eastern U.S. power plants have been demonstrated
[Frost et al., 2006; Kim et al., 2006]. However, accurate
quantification of absolute NOx emissions from anthropo-
genic or natural sources is difficult. ‘‘Bottom-up’’ invento-
ries based on detailed source information, measured and/or
estimated emission factors, and complicated activity calcu-
lations are inevitably subject to large uncertainties.
[4] During the past decade, observations of atmospheric

nitrogen dioxide (NO2) from polar-orbiting satellites have
provided a powerful new tool to investigate NOx emissions
[Bovensmann et al., 1999; Burrows et al., 1999; Levelt et
al., 2006]. Because of the relatively short lifetime of NOx in
the troposphere, particularly in summer, spatial distributions
of NO2 vertical columns map out NOx source regions.
Space-based observations have been utilized to improve
NOx emission inventories at global and regional scales
[Martin et al., 2003b; Jaeglé et al., 2005; Konovalov et
al., 2006; Martin et al., 2007] and to detect weekly cycles
and year-to-year changes in NOx emissions [Beirle et al.,
2003; Richter et al., 2005; van der A et al., 2006; Kim et al.,
2006; van der A et al., 2008].
[5] While tropospheric NO2 columns retrieved from

measurements by instrumentation on orbiting satellites are
widely used, an assessment of their accuracy is complex.
This complexity arises from the need to convert the mea-
surement of the slant column absorption to a tropospheric
vertical column by taking into account the NO2 in the
stratosphere and the penetration and transfer of electromag-
netic radiation in the atmosphere. There have been several
studies addressing the potential sources of systematic errors
in satellite retrievals. Boersma et al. [2004] analyzed the
assumptions used in the tropospheric NO2 retrieval from the
Global Ozone Monitoring Experiment (GOME) satellite
instrument and found 35–60% uncertainties in tropospheric
NO2 columns over regions with a large contribution of the
troposphere to the total column. van Noije et al. [2006]
reported significant differences among three independent
satellite NO2 retrievals from GOME observations and
indicated that the retrieval differences resulted from
assumptions about clouds, surface albedo, profile shape
and aerosols as well as stratosphere-troposphere separation.
Recently, the resolution of terrain height on the satellite

NO2 retrieval over complex terrain was addressed [Schaub
et al., 2007].
[6] Interpretation of satellite observations of tropospheric

NO2 generally requires the use of an atmospheric chemical-
transport model. This model calculates the shape of the NO2

vertical profile in each grid cell of its domain. The NO2

profile is one of several quantities needed to construct an air
mass factor (AMF) [Palmer et al., 2001] that converts the
retrieved tropospheric slant column (SC) to a tropospheric
vertical column (VC),

VC ¼ SC=AMF:

Chemical-transport models also simulate tropospheric NO2

vertical columns, which can then be compared to the
satellite-retrieved vertical columns. Typically satellite data
are retrieved using the output of global models with
relatively coarse horizontal resolutions (grid cells of a few
degrees latitude and longitude) in order to efficiently
produce a global data set with consistent input assumptions.
[7] Since 2002, finer-scale observations of NO2 than

those from GOME have become available, including meas-
urements by the Scanning Imaging Absorption Spectrome-
ter for Atmospheric Chartography (SCIAMACHY) and the
Ozone Monitoring Instrument (OMI). As the spatial reso-
lution of satellite instruments has evolved, the need has
arisen for higher-resolution regional atmospheric chemical-
transport models to interpret these observations. The com-
bination of these newer instruments and regional models
allows us to explore regional to local-scale air quality. In
particular, the smaller spatial footprint of the newer satellite
instruments offers the possibility of differentiating the
pollution plumes from individual sources, such as power
plants and urban areas.
[8] These sector-specific emission evaluations can benefit

from the fact that most U.S. power plants employ contin-
uous emissions monitoring systems (CEMS). CEMS direct-
ly measure the concentrations of NOx, SO2, and CO2 and
the mass flow rates in the power plant’s exhaust stacks,
from which mass emission rates are calculated and reported
quarterly to the EPA [U.S. Environmental Protection Agency,
2004]. CEMS measurements of these pollutant emissions
represent the most accurate part of the U.S. emissions
database [Frost et al., 2006]. CEMS NOx, SO2, and CO2

emissions data from numerous power plants have been
extensively compared to aircraft observations of concentra-
tion ratios and absolute flux determinations in the plumes
downwind of the plants [Ryerson et al., 1998; Frost et al.,
2006], and these two approaches are in good agreement.
CEMS data, aircraft observations and satellite retrievals
have also demonstrated substantial reductions in eastern
U.S. power plant NOx emissions since pollution regulations
went into effect at these facilities [Frost et al., 2006; Kim
et al., 2006].
[9] In contrast, most western U.S. power plants have not

yet undergone extensive NOx pollution controls. According
to CEMS data, the Four Corners and San Juan power plants
in New Mexico were two of the highest NOx-emitting
power plants in the U.S in 2005. NO2 plumes from these
and other western U.S. power plants are clearly observed
from space [Beirle et al., 2004], because they are relatively
isolated from other large NOx sources. Because their NOx
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emissions are measured by CEMS, NO2 columns simulated
by an atmospheric chemical-transport model above these
isolated western power plants have less uncertainty than
those from other NOx sources, providing an excellent
opportunity to evaluate satellite-retrieved NO2 columns.
[10] The two goals of the present study are (1) to evaluate

fine-resolution satellite NO2 observations from SCIA-
MACHY and OMI with a regional-scale model over west-
ern U.S. power plants and (2) to explore the possibility of
using these satellite NO2 columns to quantify uncertainties
in inventory NOx emissions from urban and mobile sources.
We employ the Weather Research and Forecasting–Chem-
istry (WRF-Chem) model to simulate NO2 columns over the
western United States. SCIAMACHY data retrieved by the
University of Bremen (UB) and two versions of the OMI
data, one retrieved by the National Aeronautics and Space
Administration (NASA) and the other a modification of the
NASA OMI retrieval produced by UB, are compared to the
model results.
[11] The manuscript is organized as follows. The overall

method is described in section 2 in three parts. First the
satellite instruments, measurements, and retrievals are sum-
marized. Next the WRF-Chem model is introduced and the
specific simulations are described. The results and discus-
sion are given in section 3, which is organized into four
subsections. Section 3.1 examines the distribution of NO2

columns from three satellite retrievals in the domain of
interest for the summer of 2005. In sections 3.2 and 3.3,
summer 2005 satellite NO2 columns from power plants and
urban areas are compared with the model NO2 columns,
and the implications of these comparisons for NOx emis-
sions are discussed. In section 3.4, we examine year-to-year
trends in the satellite NO2 columns and discuss how these
trends help in interpreting the summer 2005 satellite-model
differences. In section 4 we present our conclusions.

2. Methods

2.1. Satellite Retrievals of NO2 Columns

2.1.1. SCIAMACHY
[12] The trace gas sensor SCIAMACHY onboard Euro-

pean Space Agency’s ENVISAT-1 satellite in Sun-synchro-
nous orbit provides a smooth continuation of measurements
performed by its predecessor instrument, GOME, onboard
the ERS-2 satellite. The enhanced capabilities of SCIA-
MACHY in measuring NO2 include increased horizontal
resolution (60 km across-track direction � 30 km along-
track direction) and a limb-nadir matching scan for obtain-
ing the vertical structure of NO2 as well as the NO2 column
amount. The satellite overpass time is about 1000 local
standard time (LST) and global coverage is achieved in 6 days
at the equator.
[13] The retrieval of SCIAMACHY NO2 consists of three

steps: (1) spectral fitting, (2) separation of stratospheric and
tropospheric NO2, and (3) conversion of slant columns to
vertical columns [Richter and Burrows, 2002; Boersma et
al., 2004; Richter et al., 2005]. The first two steps determine
the tropospheric slant column of NO2. The last step converts
slant column to vertical column using an AMF [Richter and
Burrows, 2002] that is calculated by a radiative transfer
model [Rozanov et al., 1997]. The UB retrieval uses the
Differential Optical Absorption Spectroscopy (DOAS)

method in the 425–450 nm wavelength region for spectral
fitting and the reference sector method for stratosphere-
troposphere separation. In the reference sector method, the
slant column over the clean Pacific Ocean is subtracted
from the total column to get the tropospheric slant column.
The SCIATRAN radiative transfer code is used to generate a
look-up table for the AMF as function of observation
geometry, altitude, surface height, albedo, and aerosol.
Aerosol corrections were applied using the Low Resolution
Transmission Model (LOWTRAN) aerosol types [Shettle
and Fenn, 1979]: ‘‘maritime’’ over oceans, ‘‘rural’’ over
land, and ‘‘urban’’ over regions with high CO2 emissions
based on the EDGAR database (http://www.mnp.nl/edgar/).
A priori NO2 profiles in the standard evaluation are adopted
from monthly mean MOZART-2 model simulations for
1997 with a horizontal resolution of 2.8� � 2.8� [Horowitz
et al., 2003]. The temperature dependence of the NO2

absorption cross section is also accounted for in the calcu-
lation of the AMF, as described by Boersma et al. [2004].
Surface albedo is based onGOMEobservations [Koelemeijer
et al., 2003]. The sensitivity of the retrieval to the a priori
NO2 profile and aerosol loading is examined in section 3.
NO2 columns retrieved using the WRF-Chem NO2 pro-
files are calculated assuming both LOWTRAN aerosols
and no aerosols. Cloud fraction is defined as the normal-
ized intensity of radiance, that is, the deviation in intensity
in a given scene from that in a reference clear scene
normalized by the deviation in intensity in a fully cloud
covered scene from the same reference value. The data are
selected for low cloud fraction, but the impact of remain-
ing clouds on the retrieval for a partially cloudy scene is not
considered.
[14] Five versions of the UB SCIAMACHY data are

considered here (Table 1). Three versions of the swath
(ungridded orbital) data with different NO2 profile and
aerosol assumptions are used for the model and satellite
comparisons and retrieval sensitivity analysis for the year
2005 (data version 3 in Table 1). Satellite scenes with cloud
fraction >0.15 in the swath data are discarded for these
purposes. The swath data using one set of these assump-
tions are aggregated on a 15 km� 15 km grid and averaged
over the entire summer of 2005 to produce the western U.S.
map (data version 2). For the trend analyses, the monthly
mean gridded data (0.25� � 0.25�) are used, and grid cells
with cloud fraction >0.2 are removed (data version 1). The
monthly mean data sets are standard products available for
the years 2003�2007. Although a slightly different cloud
fraction is used for filtering the data in each product, the
same criterion is applied to all years of a particular data set
when deriving the NO2 column trends.
2.1.2. OMI
[15] OMI is an instrument onboard NASA’s Earth Ob-

serving System Aura satellite launched in July 2004 [Levelt
et al., 2006]. The wide field of view of the nadir-pointing
telescope (114�) gives OMI a swath width of 2600 km and
provides daily global coverage with a high horizontal
resolution. For the channel in which NO2 is observed in
global observation mode, the pixel size in the swath
direction increases from 13 km � 24 km (along � across
track) at the exact nadir position to about 13 km � 150 km
at the outermost swath angle (57�). For this study, the
outermost pixels are not considered, and the pixels used
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vary in size from 13 km � 24 km to 13 km � 30 km. The
time of an OMI overpass is about 1330 LST.
2.1.2.1. NASA OMI
[16] The OMI measured reflectance spectrum, in the

wavelength range 405 to 465 nm, is fit using the DOAS
technique to get the slant column density [Chance, 2002;
Bucsela et al., 2006]. To separate the stratospheric and
tropospheric NO2 contributions, the NASA OMI algorithm
uses the different spatial scales of stratospheric and tropo-
spheric NO2. Tropospheric NO2 occurs on local- and
regional-scale features, while stratospheric NO2 has very
large, planetary wave�scale features. The algorithm uses
these differences to spatially filter the data to identify
regions of enhanced tropospheric NO2. This separation is
carried out in three steps. First, an initial vertical column is
calculated using an AMF appropriate to unpolluted con-
ditions. Second, for each day, the global NO2 initial data are
fit to a wave-2 Fourier series. This smoothed field is
subtracted from the initial data. The areas of enhanced
tropospheric NO2 are clearly identified in the difference
field. The third step is to calculate a new tropospheric
column using an AMF computed using an enhanced tropo-
spheric NO2 profile. In the last step, 5% of smoothed fields
(background NO2 columns) are added to polluted (or
unpolluted) columns to get the final tropospheric NO2

columns, in order to account for an assumed upper tropo-
spheric background level. All the AMFs are calculated
using the TOMRAD radiative transfer code [Dave, 1965].
For the initial case, average NCEP temperatures and stan-
dard NO2 profiles are used for the AMF calculations.
Annual average NO2 profiles from the GEOS-Chem model
[Bey et al., 2001; Martin et al., 2003a; Park et al., 2004] are
used in the calculation of the AMF for polluted cases. The
AMF for a partly cloudy scene is obtained by accounting for
the cloud fraction, cloud top height and radiances for cloudy
and clear scenes [Chance, 2002; Bucsela et al., 2006]. As
mentioned by Boersma et al. [2004], errors in cloud
fractions of ±0.05 can give up to 30% errors in NO2

columns for highly polluted regions. Errors in cloud top

height may affect retrievals in cases where pollution exists
within the cloud layer. Thus, for polluted regions, uncer-
tainties in cloud fractions determined from the radiance
closure method and cloud heights retrieved from the OMI
O2-O2 absorption can affect the retrieved NO2 column
(ghost column) significantly. Our study did not include a
ghost column in the analysis. GOME data [Koelemeijer et
al., 2003] are used to derive surface albedo. Aerosol effects
are not considered in the NASA OMI AMF calculations.
[17] For the model and satellite comparisons in 2005,

fine-resolution swath data (collection 3, level 2) scenes with
pixel numbers between 20 and 40 and cloud fraction <0.15
are used. Seasonal averages of the swath data aggregated on
a 15 km � 15 km grid are used in the western U.S. map in
Figure 3. The 0.25� � 0.25� monthly mean gridded data
(collection 3, level 3) with cloud fractions <0.3 available for
each year 2005–2007 on the Internet are used in the trend
analyses. Different cloud fractions are used to filter the
cloudy scenes in different data sets. However, a consistent
cloud fraction is applied to all years of a specific analysis.
Details about the versions of NASA OMI data used in this
study are given in Table 1. NASA OMI data have been
validated with several ground-based and aircraft-observed
NO2 columns, which show reasonable agreement between
the NASA OMI retrievals and several remote-sensing and in
situ validation measurement [Bucsela et al., 2008; Celarier
et al., 2008; Wenig et al., 2008].
2.1.2.2. University of Bremen OMI
[18] The UB OMI data use the slant columns provided by

the operational NASA OMI product (collection 3). However,
the stratospheric correction and tropospheric AMF calcu-
lations in the UB OMI retrievals are different from those of
NASA OMI. UB OMI processing follows the process used
for the UB SCIAMACHY retrievals. The reference sector
method is used to separate stratospheric and tropospheric
columns. GOME data are used to get surface albedo. As is
done for SCIAMACHY, the sensitivity of the OMI retrieval
to the NO2 profile and aerosol is assessed in section 3. The
AMF in the standard retrieval is calculated using the

Table 1. Summary of Satellite Data Sets Used in This Studya

Data Name
Monthly
Mean Gridded/Swath

Cloud
Filtering
Criterion

A Priori
Model NO2

Profile

A Priori
Aerosol

Assumption

Trend Analysis
UB-SCIA 1 Yes Grid (0.25� � 0.25�) 0.2 MOZART LOWTRAN
UB-OMI 1 Yes Grid 0.2 MOZART LOWTRAN
NASA-OMI 1 Yes (0.125� � 0.125�) 0.3 GEOS-Chem No aerosol

Map of NO2

UB-SCIA 2 No Grid (0.25� � 0.25�) 0.15 MOZART LOWTRAN
UB-OMI 2 No Grid (15 km � 15 km) 0.15 MOZART LOWTRAN
NASA-OMI 2 No Grid (15 km � 15 km) 0.15 GEOS-Chem No aerosol

Comparison With Model and Sensitivity Test
UB-SCIA 3a No Swath (ungridded) 0.15 MOZART LOWTRAN
UB-SCIA 3b No Swath (ungridded) 0.15 WRF-Chem LOWTRAN
UB-SCIA 3c No Swath (ungridded) 0.15 WRF-Chem No aerosol
UB-OMI 3a No Swath (ungridded) 0.15 MOZART LOWTRAN
UB-OMI 3b No Swath (ungridded) 0.15 WRF-Chem LOWTRAN
UB-OMI 3c No Swath (ungridded) 0.15 WRF-Chem No aerosol
NASA-OMI 3 No Swath (ungridded) 0.15 GEOS-Chem No aerosol

aStandard product in each retrieval is in boldface.
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MOZART NO2 profile and LOWTRAN aerosol assump-
tions. In the sensitivity studies, the AMF is calculated on
the basis of WRF-Chem NO2 vertical profiles assuming
either LOWTRAN aerosols or no aerosol. The swath data
with cloud fraction <0.15 are used for model and satellite
comparisons for the year 2005. The UB OMI product uses
the same cloud fraction as the NASA OMI NO2 product.
Only fine-resolution scenes with pixel number between 20
and 40 are used as with NASA OMI data. Trend analyses
use 0.125� � 0.125� monthly mean grid data with cloud
fraction <0.2, the same value as in the trend analyses with
the UB SCIAMACHY product. See Table 1 for more
details.

2.2. WRF-Chem Model Simulations of NO2 Columns

2.2.1. Model Setup
[19] The WRF-Chem model is based on the nonhydro-

static mesoscale numerical weather prediction model, the
WRF community model, developed at the National Center
for Atmospheric Research in collaboration with several
research institutes. WRF is an operational forecasting model
that is flexible and computationally efficient, while offering
the advances in physics, numerics, and data assimilation
contributed by the research community [Skamarock et al.,
2007]. The WRF-Chem model system is ‘‘online’’ in the
sense that all processes affecting the gas phase and aerosol
species are calculated in lock step with the meteorological
dynamics [Grell et al., 2005]. Meteorological initial and
boundary conditions are taken from the National Centers for
Environmental Prediction (NCEP) Global Forecast System
model analysis fields. Gas phase chemistry is discussed in
section 2.2.3. Lateral boundary conditions for ozone and its
precursors are the same as in work by McKeen et al. [2002]
and are based on averages of midlatitude aircraft profiles
from several field studies over the eastern Pacific Ocean.
Biogenic emissions are calculated at each time step using the
Biogenic Emissions Inventory System (BEIS3.11) algorithm
(http://www.epa.gov/asmdnerl/biogen.html). Anthropogenic
emissions used in this study are described in section 2.2.2.
The horizontal domain of 200 � 140 grid cells has a grid
spacing of 15 km and is centered at 111.0�W and 38.0�N.
The spacing of the model’s 35 vertical levels is about 40 m
near the surface and increases to approximately 1.5 km at the

top of the domain (at �18 km). A summary of physical
parameterization options is shown in Table 2.
2.2.2. Emission Inventories
[20] The WRF-Chem emissions for all sources except

power plants are represented by the EPA 1999 National
Emission Inventory version 3 (NEI99). A detailed discus-
sion of the NEI99 processing is given by Frost et al. [2006].
Briefly, hourly emissions of NOx, SO2, CO, total and
speciated VOCs, NH3, total and speciated PM2.5, and total
PM10 were prepared for an average day in the 1999 summer
ozone season (1 May to 30 September) on a 4 km � 4 km
grid. These emissions were then projected onto the 15 km
grid used in the WRF-Chem simulations.
[21] We developed a general algorithm to update the

emissions of NOx and SO2 from all NEI99 point sources
that also appear in EPA’s national CEMS emission database
during the years 1995�2007. About 98% of the facilities in
the CEMS detailed hourly files (ftp://ftp.epa.gov/dmdnload/
emissions/hourly/monthly) and aggregated data reports
(http://camddataandmaps.epa.gov/gdm/index.cfm?fuseaction=
emissions.wizard) are involved in electric power generation.
TheWRF-Chem reference simulations discussed in section 3
used CEMS monthly total NOx and SO2 emissions for
June�August 2005 to create month-specific average daily
updates to the 1999 ozone season day emissions of approx-
imately 1000 NEI99 facilities. The facilities with updated
emissions represented 64% and 95% of the NOx emissions
from point sources in the NEI99 and 2005 CEMS data sets,
respectively. NOx and SO2 emissions from facilities appear-
ing in the NEI99 but not in the CEMS data set were left at
their 1999 levels. CEMS data from facilities not in the NEI99
were not included in the updated inventory. NEI99 area and
mobile source emissions and point source emissions of
compounds besides NOx and SO2 were not modified and
remained at their 1999 ozone season day levels.
[22] In the WRF-Chem reference simulations, month-

specific average daily NOx emissions from every U.S.
power plant are partitioned for each hour of the day using
the same default NEI99 diurnal allocation factor, ignoring
the actual daily and hourly fluctuations of NOx emissions at
specific facilities. This emission inventory is referred to as
the ‘‘monthly default’’ emissions. WRF-Chem sensitivity
simulations were also performed using the actual daily and
hourly CEMS observations at all power plants appearing in
the CEMS data set discussed above, hereafter referred to as
‘‘real-time’’ CEMS emissions.
2.2.3. Chemical Mechanisms
[23] The WRF-Chem model has various chemical mech-

anisms available. While RADM2 [Stockwell et al., 1990] has
been used most intensively in previous WRF-Chem studies,
updates including RACM [Stockwell et al., 1997] and
RACM-MIM [Geiger et al., 2003] are also available. We
updated the rate coefficients in the RACM-MIM mechanism
following the JPL 2006 report [Sander et al., 2006] and other
references [Tyndall et al., 2001; Calvert et al., 2002;
Orlando et al., 2002]; hereafter we will refer to this updated
scheme as RACM-ESRL. All of the above mechanisms were
compiled using the KPP method coupled with the WRF-
Chem model (M. Salzmann and M. G. Lawrence, Automatic
coding of chemistry solvers in WRF-Chem using KPP, paper
presented at 7thWRF/16thMM5Users’Workshop, National

Table 2. WRF-Chem Model Configuration Used in This Study

Parameter Options

Advection scheme RK3 [Wicker and Skamarock, 2002;
Skamarock, 2006]

Microphysics Single moment 5 class [Hong et al., 2004]
Longwave radiation RRTM [Mlawer et al., 1997]
Shortwave radiation Simple shortwave scheme [Dudhia, 1989]
Surface layer Similarity theory [Paulson, 1970;

Dyer and Hicks, 1970]
Land-surface model Noah LSM [Chen and Dudhia, 2001]
Boundary layer scheme YSU [Hong et al., 2006]
Cumulus parameterization Grell-Devenyi ensemble

[Grell and Devenyi, 2002]
Photolysis scheme TUV [Madronich, 1987]
Gas phase chemistry RADM2 [Stockwell et al., 1990],

RACM-ESRL
Aerosols MADE [Ackermann et al., 1998],

SORGAM [Schell et al., 2001]
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Center for Atmospheric Research, Boulder, Colorado,
2006, available at http://www.mmm.ucar.edu/wrf/users/
workshops/WS2006/abstracts/Session06/6_4_Salzmann.
pdf). Here we present results using RADM2 and RACM-
ESRL, the oldest and the most updated chemical mechanisms
in WRF-Chem, since these mechanisms produce the two
extremes in the model NO2 vertical column calculations.
2.2.4. Advection Schemes
[24] The advection terms in the WRF model have the

form of a flux divergence and are calculated using a Runge-
Kutta third-order accuracy time-splitting integration scheme
(RK3) [Wicker and Skamarock, 2002]. The spatial discreti-
zations of flux divergence are accurate to fifth order in the
horizontal direction and to third order in the vertical
direction. However, this scalar transport scheme does not
give positive definite and monotonic advection. A new
feature of WRF-Chem version 2.2 is the application of a
positive-definite flux renormalization called the positive-
definite (PD) limiter [Skamarock, 2006]. In this study, we
tested the RK3 advection scheme with and without the PD
limiter. The model simulations with various combinations of
emission treatment, chemical mechanism, and advection
scheme are summarized in Table 3.

3. Results and Discussion

3.1. Distributions of NO2 Columns

[25] SCIAMACHYaverage NO2 columns for the summer
of 2005 over the continental United States illustrate that NOx

emission sources in the eastern half of the country are more
densely located than those in the western half (Figure 1).
While some cities in the central and southeast United States
can be easily identified within the color scale employed in
Figure 1, individual cities in the northeastern urban corridor
are not readily discernible and instead appear as a single
contiguous megacity. In contrast, individual NOx sources in
the western United States are more isolated, and satellite
NO2 column signals can be associated with specific types of
sources. As we demonstrate below, NO2 plumes from most
western U.S. cities and a number of coal-burning power
plants can be clearly identified in the SCIAMACHY col-
umns in Figure 1.
[26] Figure 2 shows the UB SCIAMACHY average

summer 2005 NO2 columns for the western portion of the
United States, and major NOx sources are readily identified.
We have drawn boxes in Figure 2 to highlight plumes
dominated by the NOx emissions of 20 electric power
generating plants (labeled ‘‘P’’) and 14 major cities (labeled
‘‘C’’) in this domain. The box locations and sizes were
chosenwith the intent of capturing themajority of the summer
average satellite NO2 column signals over each source of
interest while excluding signals from nearby sources. The
smallest sampling box size (P3, 0.375� latitude � 0.75�
longitude) is similar to a SCIAMACHY pixel, encom-
passes at least 6 OMI pixels in the exact nadir view, and
covers at least 8 model grid cells. In sections 3.2 and 3.3,
the tropospheric NO2 data products retrieved from the
observations of the different instruments will be systemat-
ically compared with the model-simulated NO2 columns
for these power plant and urban area sampling boxes to
evaluate the NOx emission inventories of these two types
of sources.
[27] Figure 3, with the same spatial domain as Figure 2,

compares summer 2005 averages of the NASA and UB
OMI NO2 column data sets and the WRF-Chem model
results at the time of the OMI overpass. As in the SCIA-

Table 3. Summary of WRF-Chem Model Simulations

Simulations Emissions Advection Scheme
Chemical
Mechanism

M1 Monthly default Positive definite RACM-ESRL
M2 Real time Positive definite RACM-ESRL
M3 Monthly default Nonpositive definite RACM-ESRL
M4 Monthly default Positive definite RADM2

Figure 1. Distributions of average NO2 columns over the continental United States during the summer
of 2005 from the University of Bremen (UB) retrievals of the SCIAMACHY satellite instrument. The
satellite data set UB-SCIA 1 (see Table 1) was used to construct this image.

D11301 KIM ET AL.: EVALUATION OF WESTERN U.S. NOx EMISSIONS

6 of 29

D11301



MACHY data (Figure 2), power plant and urban NOx

sources are clearly seen in the OMI and model columns
in Figure 3. NASA OMI NO2 columns (Figure 3a) in
remote regions are higher than those from UB OMI
(Figure 3b) and the model NO2 columns (Figure 3c). In
contrast, UB OMI data show somewhat lower NO2 columns
in remote regions compared to the model results. NASA
OMI NO2 columns for the major NOx sources are greater
than those from UB OMI. Model NO2 columns in many
urban areas are clearly greater than either of the satellite
data sets.
[28] Differences between the two OMI retrievals shown

in Figure 3 stem from the different approaches used by UB
and NASA to separate stratospheric and tropospheric NO2

columns and to calculate the AMF and the treatment of
clouds. As mentioned above, the UB OMI retrieval uses the
reference sector method to remove the stratospheric NO2

contribution, while the NASA OMI retrieval applies a
planetary wave analysis and smoothing process to filter
out stratospheric columns. The reference sector method is
expected to give lower columns, because of the assumption
that the entire NO2 column over a presumably clean sector
(such as the middle of the Pacific Ocean) is due only to NO2

in the stratosphere. There are small amounts of NO2

throughout the remote troposphere, however, and this small
remote tropospheric NO2 column is then globally subtracted
from the total slant column. In contrast, 5% of the smoothed

background field is added to get tropospheric columns in
the NASA OMI data. The differences between the AMF
calculations in two OMI retrievals include NO2 vertical
profiles derived from different global chemical transport
models and different assumptions about aerosol optical
thickness and aerosol vertical profiles. As the UB data set
does not correct for the residual clouds, it is expected to
underestimate NO2 over emission areas.
[29] The comparison of UB SCIAMACHY and UB OMI

(or NASA OMI) can give insights into the diurnal variation
of NOx emissions because of the different satellite overpass
times: SCIAMACHY measures at 1000 LT and OMI at
1330 LT. In addition to differences between the UB OMI
and NASA OMI retrievals, however, the different numbers
of samples in the UB SCIAMACHY and UB OMI products
complicate the derivation of diurnal variations in emissions.
To confidently deduce these emission variations, the same
day’s observations of SCIAMACHY and OMI accumulated
over several years would need to be examined. This is a
topic of interest for further study.
[30] The differences in the three satellite data sets for

specific types of NOx sources will be investigated in
sections 3.2–3.4. While it is important to understand the
causes of discrepancies between different satellite retrievals,
a detailed examination of each step in these algorithms is
beyond the scope of this study. Instead, we use the differ-
ences between the three tropospheric NO2 retrievals as a

Figure 2. Boxes highlighting plumes from western U.S. power plants and cities overlaid on the UB
SCIAMACHY average NO2 columns during the summer of 2005. Labels starting with ‘‘P’’ and ‘‘C’’
indicate power plant and city boxes, respectively. Data set UB-SCIA 2 (Table 1) was used to construct
this image. See Tables 4 and 5 for the geographic details of each box. Box labeled P1 here is box P1b in
Table 4.
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