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Abstract 
 

Space-based observations of NO2: Trends in anthropogenic emissions 
 

by 
 

Ashley Ray Russell 
 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Ronald C. Cohen, Chair 
 
 

     Space-based instruments provide routine global observations, offering a unique perspective 
on the spatial and temporal variation of atmospheric constituents. In this dissertation, trends in 
regional-scale anthropogenic nitrogen oxide emissions (NO + NO2 ≡ NOx) are investigated using 
high resolution observations from the Ozone Monitoring Instrument (OMI). By comparing trends 
in OMI observations with those from ground-based measurements and an emissions inventory, I 
show that satellite observations are well-suited for capturing changes in emissions over time. The 
high spatial and temporal resolutions of the observations provide a uniquely complete view of 
regional-scale changes in the spatial patterns of NO2. I show that NOx concentrations have 
decreased significantly in urban regions of the United States between 2005 and 2011, with an 
average reduction of 32 ± 7%. By examining day-of-week and interannual trends, I show that 
these reductions can largely be attributed to improved emission control technology in the mobile 
source fleet; however, I also show that the economic downturn of the late 2000’s has impacted 
emissions. Additionally, I describe the development of a high-resolution retrieval of NO2 from 
OMI observations known as the Berkeley High Resolution (BEHR) retrieval. The BEHR product 
uses higher spatial and temporal resolution terrain and profile parameters than the operational 
retrievals and is shown to provide a more quantitative measure of tropospheric NO2 column 
density. These results have important implications for future retrievals of NO2 from space-based 
observations. 
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Chapter 1  

Overview  

  
1.1    Summary of recent results 
 

Nitrogen oxides (NO + NO2 ≡ NOx) play an important role in the chemistry of our 
atmosphere. In the troposphere, NOx is instrumental in promoting the formation of ozone, an 
oxidant that is an important greenhouse gas, controls the production of the primary atmospheric 
oxidant, OH, and is harmful to humans, animals, and plant life (Seinfeld and Pandis, 1998; 
Finlayson-Pitts and Pitts, 2000). Additionally, NOx degrades local air quality as a major 
contributor to the formation of particulate matter, indirectly reducing visibility and causing 
respiratory problems for humans. NOx is emitted into the troposphere by both anthropogenic 
(fossil fuel combustion) and natural (lightning, soil microbial processes, biomass burning) 
sources, with anthropogenic sources contributing an estimated 33.4 TgN yr-1 or approximately 
76% of the global NOx budget (Denman et al., 2007). 

In order to accurately model atmospheric chemistry and forecast local air quality, up-to-date 
regional-scale emission inventories are needed. Current inventories are commonly derived using 
the “bottom up” approach, relying on detailed activity reports and modeled or measured 
emissions factors to estimate anthropogenic emissions. These inventories are often subject to 
significant uncertainties because emissions factors are based on a limited number of case studies 
that are unable to capture the variability in the efficiency, operating modes, etc. of the sources. 
Additionally, while emissions are reported according to source type (e.g. mobile, fuel, industrial, 
etc), the time-of-day and day-of-week patterns in emissions are not defined in the inventories and 
the spatial distribution of emissions is limited to the county level. Significant motivation exists to 
constrain the fine spatial and temporal structures of NOx emissions for regional-scale studies of 
air quality. 

Since the mid-1990’s, satellite-based remote-sensing instruments have provided global, 
routine observation of NO2 from a single instrument, allowing a direct comparison of air quality 
at different locations and capturing weekly, seasonal, and interannual trends in NO2 column 
density. Satellite-based remote sensing of NO2 is achieved using a UV-Vis spectrometer onboard 
a sun-synchronous, polar-orbiting satellite, measuring both solar irradiance and light reflected 
from Earth. In this dissertation, I focus on observations from the Ozone Monitoring Instrument, 
which achieves coverage almost daily at the equator, with increased coverage at high latitudes. A 
schematic of the OMI measurement design is shown in Figure 1.1. In the standard observation 
mode, measurements are collected over a 2600 km swath and are integrated onboard to pixel 
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sizes ranging from 13 × 24 km2 at nadir to 24 × 128 km2 at the edges of the swath. A modified 
Differential Optical Absorption Spectroscopy (DOAS) method is used to determine slant column 
densities of NO2 using a non-linear least squares fit on the ratio of the measured earthshine 
radiance and solar irradiance over the measured wavelength range (Platt, 1994; Vandaele et al., 
2005). In addition to NO2, atmospheric scattering and absorption features from O3, water vapor, 
and the ring effect are included in the fit. The stratospheric portion of the column is subtracted 
and the resulting tropospheric slant column is converted into a tropospheric vertical column by 
accounting for viewing geometry (satellite position relative to the Sun and Earth), the reflectivity 
and pressure of the terrain and clouds, and the NO2 profile shape. Figure 1.2 shows a global map 
of OMI-observed tropospheric NO2 column densities for 2006. As shown in the figure, OMI NO2 
columns provide a spatially complete view of pollution hotspots and thereby can be used as a 
powerful test of the accuracy of emissions inventories and models of emissions and chemistry.  

In this dissertation, the use of satellite-based observations of NO2 to investigate regional air 
quality is explored. To this end, I describe the development of new methods for using satellite-
based observations to constrain anthropogenic emissions on regional scales and improvements to 
the quantitative measure of NO2 observed from space. In Chapter 2, I begin with a review of 
space-based observation of NO2, including the basic principles behind the retrieval of NO2 
column densities from raw reflectance measurements and the evolution of NO2 remote sensing 
instruments. Previous work exploring the systematic biases in the operational NO2 products is 
described along with advances towards the goal of retrieving an accurate, quantitative unbiased 
measure of tropospheric NO2 column density from space. I conclude by describing remaining 
uncertainties in the latest NO2 products and by providing suggestions for future research 
regarding the retrieval of NO2 column densities from space.   

In Chapter 3, I use space-based observations of NO2 to describe spatial and temporal patterns 
of regional-scale NOx trends. Previous studies utilizing satellite-based observations to study 
trends in NOx commonly used NO2 column densities averaged to coarse spatial resolution, 
making it impossible to capture changes in the fine-scale structure at the edges of the NO2 plume 
(e.g. Stavrakou et al., 2008; van der A et al., 2008). I describe an area-weighted averaging 
approach that takes advantage of the day-to-day shifting pattern of the OMI satellite pixels to 
produce a high resolution, monthly averaged product (Figure 1.3). Using this product, I compare 
day-of-week and interannual trends in OMI NO2 column densities with trends derived both from 
ground-based measurements and from a regional emissions inventory in four urban regions in 
California. Good agreement between the ground-based and satellite observations suggests that 
the satellite observations provide a uniquely complete view of regional-scale changes in NO2 
over time. For example, we observe that the spatial extent of high NO2 concentrations has not 
receded in the San Joaquin Valley in California as much as it has in other urban regions 
throughout the state.  

In Chapter 4, I describe the development of a high-resolution retrieval of OMI tropospheric 
NO2 column densities, known as the Berkeley High-Resolution (BEHR) retrieval. Operational 
retrievals of NO2 from OMI rely on terrain and profile information that are at coarser spatial and 
temporal resolutions than the satellite observations, introducing significant biases to the derived 
NO2 column densities (Boersma et al., 2004; Martin et al., 2006; Schaub et al., 2007; Zhou et al., 
2009; Hains et al., 2010; Zhou et al., 2010). To improve upon the products, I have integrated 
terrain pressure from a high-resolution terrain database, albedo from the Moderate Resolution 
Imaging Spectroradiometer (MODIS), and NO2 profile information from WRF-Chem model 
simulations into the BEHR retrieval algorithm. The new inputs are at higher temporal resolution 
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than those used in the operational retrievals and at spatial resolutions comparable to the satellite 
observations. Comparisons between the BEHR product and the operational retrievals show that 
the operational retrievals are biased high (30%) over remote areas and biased low (8%) over 
urban regions (Figure 1.4a,b). I describe an evaluation of the BEHR product using a new method 
for comparing satellite and in situ aircraft measurements by integrating boundary layer 
observations. Previous validation studies using aircraft observations required measurements 
spanning the troposphere for each comparison (Martin et al., 2006; Bucsela et al., 2008; Boersma 
et al., 2009; Hains et al., 2010). By not requiring full vertical aircraft spirals, I increased the 
number of observations that can be used for validation by more than an order of magnitude, 
allowing evaluation of the retrieval under varying terrain pressure, albedo, and over a range of 
column densities (Figure 1.4c). Improved agreement between the aircraft observations and the 
OMI BEHR product is observed, suggesting that much of the variance in the operational 
products can be attributed to the coarse resolution terrain and profile parameters used to derive 
the NO2 columns.   

The OMI BEHR NO2 product is employed in Chapter 5 to constrain trends and to assess 
regional sources of NOx in the United States. Previous studies have utilized satellite observations 
to show that regulations of mobile and power generating sources in the US have caused dramatic 
reductions in anthropogenic NOx emissions (Kim et al., 2006; Stavrakou et al., 2008; van der A 
et al., 2008; Kim et al., 2009; Russell et al., 2010); however quantifying the impact of emission 
control technologies on different source categories remains challenging. I show that satellite 
observations of NO2 offer a unique perspective on how emissions from mobile and non-mobile 
sources are changing over time. Additionally, I show that both emission control technologies and 
the economic downturn of the late 2000’s have had significant impacts on NO2 concentrations 
(Figure 1.5) and that satellite observations are able to capture these changes and thus can be used 
to identify the source categories controlling reductions over time.  

1.2     Recommendations for future work 

The analyses described in this dissertation demonstrate significant advances in our ability to 
use satellite observations of NO2 to understand regional-scale changes in air quality. I show that 
with the development of the OMI BEHR NO2 product we have made important contributions 
towards an accurate retrieval of NO2 column density with improvements to terrain pressure, 
albedo, and NO2 profile inputs. Systematic biases related to the stratospheric subtraction, 
however, are not addressed by the BEHR retrieval procedure. In the BEHR product, the 
stratospheric subtraction follows the method performed for the operational retrieval (standard 
product v.1) from NASA. Bucsela et al. (in preparation) have developed a new method for 
separating the tropospheric and stratospheric portions of the column that gathers observations 
from within 7 days of the target observation, masks regions of high NO2 according to monthly 
NASA GSFC GMI (National Aeronautics and Space Administration Goddard Space Flight 
Center Global Model Initiative) model climatology, and then applies a three-step interpolation, 
filtering, and smoothing algorithm to derive the stratospheric vertical column (OMNO2 
README File v.5.1, available at http://disc.sci.gsfc.nasa.gov/Aura/data-
holdings/OMI/omno2_v003.shtml). This new method minimizes the influence of the model on 
the retrieval by relying on observations and shows improved agreement with the stratospheric 
subtraction method used for the European DOMINO (Dutch OMI NO2) product. It has recently 
been implemented into the latest version of the standard product algorithm (standard product v.2) 
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and should be applied in future versions of the BEHR product to reduce biases in the retrieved 
tropospheric NO2 column. This is particularly important for analyses in remote areas where 
stratospheric NO2 contributes a significant fraction of the total column. For example, increasing 
trends in NO2 column densities observed for rural regions of the United States, described in 
Chapter 5 of this dissertation, should be reevaluated using the new version of the BEHR NO2 
product. 

In Chapter 4, I show that the OMI cloud product is biased in highly reflective regions due to 
the coarse albedo used to derive cloud fraction and cloud height. While I show that the high 
resolution MODIS cloud product seems to do a better job of representing clouds in California, 
biases in the MODIS product due to high aerosol loadings prevent the product from being useful 
in other regions, for example, in the eastern United States. Recently released versions of the 
standard (v.2) and DOMINO (v.2) products use a new version of the OMI cloud product 
(OMCLDO2 available at http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omcldo2_-
v003.shtml), based on the algorithm from Acarreta et al. (2004) but using the higher resolution 
OMI albedo at 0.5° × 0.5° from Kleipool et al. (2008). While Boersma et al. (2011) indicate that 
the new cloud product reduces the mean effective cloud fraction and likely improves upon the 
former product, the surface reflectivity used is still at a coarser spatial resolution than the OMI 
footprint (13 × 24 km2). I recommend that a new retrieval of clouds from OMI be developed 
following the method described in Accareta et al. (2004) but using an even higher resolution 
terrain reflectivity, one that is comparable to the size of the OMI footprint, to minimize biases in 
NO2 column densities due to clouds. Alternatively, the use of MODIS observations to describe 
cloud parameters in the OMI NO2 retrieval should be explored further.  

Finally, continued observation of NO2 from space is essential for future studies of air quality 
and chemistry. Currently, NO2 observations are provided by both OMI and the Global Ozone 
Monitoring Experiment 2 (GOME–2) instruments; however, OMI has already exceeded the 
expected instrument lifetime of 5 years. The OMI detector has suffered significant row 
anomalies and as of January 2009, nearly half of all observations collected are unusable. Due to 
data transmission constraints, OMI observations collected by 8 detector elements at 13 × 3 km2 
are nominally binned to 13 × 24 km2 to achieve daily global coverage. Valin et al. (2011) 
showed that observations from OMI collected using the super-zoom mode (13 × 3 km2; 
performed once every 85 orbits at reduced spatial coverage) capture finer spatial variability in 
NO2 plumes. I propose that future collection from OMI be limited to the unaffected half of the 
detector and that observations should be transmitted at a higher resolution (13 × 12 km2 or 
higher) to take full advantage of the capabilities of the OMI instrument. These high-resolution 
observations would provide a detailed look at regional NOx emissions and chemistry, and would 
couple well with the lower spatial resolution near-daily global coverage currently achieved by 
GOME–2.     

Additionally, due to the short lifetime and imminent degradation of the current space-based 
spectrometers, new instruments are needed for continued global observation of NO2. The 
proposed TROPOMI (Tropospheric Ozone Monitoring Instrument) would provide global 
tropospheric NO2 observations at the enhanced spatial resolution (7 × 7 km2) required to capture 
the fine spatial gradients in NO2 column (Valin et al., 2011). Furthermore, while space-based 
observations of NO2 from polar-orbiting satellites have proven to be a powerful tool for 
evaluating emission control technologies and providing constraints on models and emission 
inventories, the proposed future space-based observations via the geostationary GEOCAPE 
(Geostationary Coastal and Air Pollution Events) and TEMPO (Tropospheric Emissions: 
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Monitoring of Pollution) instruments would provide the first diurnal information on NOx 
concentrations from space and at a higher spatial resolution would increase the number of cloud-
free observations and improve our ability to monitor and forecast air quality. 
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Figure 1.1. OMI measurement design (From Levelt et al., 2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 7 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 1.2. Average tropospheric NO2 column densities (molecules cm-2) during 2006 
(http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omno2e_v003.shtml) 
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(a) 

(b) 
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Figure 1.3. (a) Google earth image of South Coast region of California. (b) Tropospheric column 
NO2 concentrations (molecules cm-2) from the Ozone Monitoring Instrument (OMI) over the 
South Coast region of California from one day, August 1, 2008. Overlap of coverage in the flight 
direction (North–South) produces thin stripes in (b) which arise from averaging of subsequent 
scans. OMI tropospheric NO2 columns (molecules cm-2) averaged over summer months (Jun–
Aug) for the years 2005–2008 at 0.025° × 0.025° resolution for (c) weekdays and weekends, (d) 
weekdays only, (e) weekends only, and (f) ratio of weekday to weekend.   
 
 
 
 
 
 



 9 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1.4. Average tropospheric NO2 column for June 2008 from (a) the standard product and 
(b) the BEHR product. (c) Tropospheric NO2 columns from the BEHR product versus coincident 
aircraft-derived column NO2. Observations are over land only. All observations correspond to an 
OMI cloud fraction of less than 20%. Dark blue points show where MODIS cloud fraction is 0%. 
The black line shows the fit to all data. Orange triangles in (c) show the comparison of the 
BEHR retrieval and in-situ derived columns determined using the full vertical spiral method 
described in Hains et al. (2010). 
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Chapter 2 

Retrieval of tropospheric NO2 column 
densities from the Ozone Monitoring 
Instrument: A review 

 
2.1     Introduction 

Tropospheric nitrogen oxides (NO + NO2 ≡ NOx) contribute to ozone and aerosol formation, 
degrading local air quality by reducing visibility and promoting respiratory problems in humans 
(Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 2000). NOx is emitted by a variety of 
sources including anthropogenic combustion, fires, soil microbial processes, and lightning, 
leading to significant variability in NOx concentrations on daily, weekly, seasonal, and 
interannual time scales.  

For the past few decades, space-based observations of NO2 have provided unique insights 
into NOx emissions and chemistry. With the introduction of the Global Ozone Monitoring 
Experiment (GOME; Burrows et al., 1999), researchers showed that the routine, global coverage 
that satellite instruments provide allows for the identification of pollution hotspots (Leue et al., 
2001; Martin et al., 2002; van der A et al., 2008), source attribution (Richter and Burrows, 2002), 
and trend analyses (Irie et al., 2005; Richter et al., 2005; van der A et al., 2006; van der A et al., 
2008). Validation studies comparing GOME observations with in situ measurements, emissions 
inventories, and model output, however, provided insight into the limitations of using an 
instrument with a 320 × 40 km2 footprint to observe regional-scale NOx (Velders et al., 2001; 
Heland et al., 2002; Lauer et al., 2002; Petritoli et al., 2004). The Scanning Imaging Absorption 
Spectrometer for Atmospheric Chartography (SCIAMACHY; Bovensmann et al., 1999), at an 
enhanced nominal resolution of 30 × 60 km2, showcased the capabilities of a high-resolution 
space-based spectrometer, allowing more detailed studies of regional anthropogenic NOx 
emissions (Kim et al., 2006; Ordonez et al., 2006; Blond et al., 2007; Schaub et al., 2007; Wang 
et al., 2007). Richter et al. (2004) showed that the high spatial resolution of the SCIAMACHY 
observations allowed for the identification of NOx enhancements from shipping emissions while 
Bertram et al. (2005) showed that the combined high spatial and temporal resolutions allowed 
SCIAMACHY to capture daily variation in soil NOx emissions. In 2004, the Ozone Monitoring 
Instrument (OMI; Levelt et al., 2006), began providing the first near-daily global coverage of 
NO2 at resolutions as high as 13 × 24 km2 and with capabilities of operation at 13 × 7 km2 (Valin 
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et al., 2011). At these high spatial and temporal resolutions, OMI has provided a more detailed, 
regional-scale view of changes in emissions over time and space, and acted as a key tool for the 
monitoring and forecasting of changes in regional-scale air quality (Kaynak et al., 2009; Kim et 
al., 2009; Hudman et al., 2010; Konovalov et al., 2010; Russell et al., 2010; Castellanos et al., 
2012; Zhou et al., 2012).  

While space-based observations of NO2 have proven useful in their current form, there still 
remain differences of opinion and a lack of knowledge about the optimal strategy for converting 
the observed spectrum to a tropospheric column. Retrieval is highly sensitive to the accuracy of 
the spectral fits of atmospheric absorbers to the reflectivity observations, the stratospheric 
contribution to the column, and the representation of clouds, terrain, and NO2 profiles. The high 
resolution observations provided by OMI have increased the importance of minimizing the 
uncertainties for regional-scale analyses, prompting several recent studies to focus on 
quantifying the biases and uncertainties in space-based tropospheric NO2 columns and to suggest 
ways in which the products can be improved in future versions.    

Here, we summarize previous efforts to explore the biases and uncertainties in OMI NO2 and 
improve the retrieval of tropospheric NO2 column densities from space-based observations. We 
provide an overview of the steps used to derive NO2 vertical column densities from raw 
reflectance data. For each of the retrieval steps, we describe the estimated biases and 
uncertainties as reported in the literature as well the improvements that have been implemented 
in the recent releases of the operational retrievals. Finally, we provide recommendations for 
future studies aimed at improving the retrieval of tropospheric NO2 column densities from both 
OMI and future space-based observations of NO2. 

2.2     Remote sensing of NO2 

2.2.1     Retrieval of tropospheric NO2 vertical column densities from 
reflectance measurements 

The Ozone Monitoring Instrument (OMI), a joint project between the European Space 
Agency (ESA) and the National Aeronautics and Space Administration (NASA), was launched 
onboard the sun-synchronous, polar-orbiting Earth Observing System (EOS) Aura satellite in 
July 2004 (Levelt et al., 2006). OMI is a UV-Vis spectrometer, measuring both solar irradiance 
and light reflected from the surface of the Earth in the 270−500 nm window at approximately 0.5 
nm resolution. Global coverage is achieved almost daily at the equator in 15 orbits, with 
increased coverage at high latitudes. In the typical viewing mode, the 114° field of view of the 
telescope yields a 2600 km swath on the ground. Five individual 0.4 s exposures are integrated 
onboard to 60 pixels, ranging in size from 13 × 24 km2 at nadir to 24 × 128 km2 at the edges of 
the swath. Observations are collected in the ascending portion of the orbit at approximately  
1:30 pm local time at the equator. 

Retrieval of tropospheric NO2 vertical column densities from raw reflectance data from OMI 
can be summarized into three steps. First, a modified Differential Optical Absorption 
Spectroscopy (DOAS) method is used to determine slant column densities of NO2 using a non-
linear least squares fit on the ratio of the measured earthshine radiance and solar irradiance over 
the 405−465 nm wavelength range (Fig. 2.1a; Platt, 1994; Vandaele et al., 2005; Platt and Stutz, 
2008). In addition to NO2, other important absorption features from O3, water vapor, and the ring 
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effect are included in the fit. Next, the stratospheric component of the slant column is estimated 
and subtracted from the total slant column to yield the tropospheric slant column (Fig. 2.1b). 
Finally, the third step of the tropospheric NO2 vertical column density retrieval process is to 
convert the tropospheric slant column into a vertical column. This is achieved by applying an air 
mass factor (AMF), defined as the ratio of the slant column density to the vertical column 
density. The AMF depends on the viewing geometry (satellite position relative to the Earth and 
Sun), the reflectivity and pressure of the terrain and clouds, and the NO2 profile shape for each 
observation. A lookup table of vertically resolved AMFs is created using output from a radiative 
transfer model. Using the viewing geometry and the terrain and profile information determined 
by a model or database (different among different retrieval methods), the AMF is determined by 
interpolating between values in the lookup table. The effect of clouds is accounted for by 
calculating AMFs under completely clear and completely cloudy conditions and using a 
radiance-weighted sum of the cloudy and clear AMFs to convert the tropospheric slant column 
into a vertical column (Fig. 2.1c).  

2.2.2     Retrievals from GOME and SCIAMACHY  

Retrieval of tropospheric NO2 vertical column densities from OMI observations has largely 
built on retrievals developed for the GOME and SCIAMACHY instruments, which evolved 
significantly over time. Early retrievals relied heavily on model output to calculate the 
stratospheric portion of the column and to derive parameters involved in the AMF calculation, 
while later retrievals utilized observations from GOME and other satellite instruments. For 
example, Richter et al. (2002) relied exclusively on a chemical transport model (CTM) to 
determine the stratospheric column, however, retrievals that followed such as those described in 
Eskes et al. (2003) and Eskes and Boersma (2003) used a data assimilation method to adjust the 
computed CTM stratosphere to agree with GOME observations. Similarly, while Richter and 
Burrows (2002) determined surface reflectivity using the GOMETRAN radiative transfer model, 
later retrievals such as that by Boersma et al. (2004) used a Lambert equivalent surface 
reflectivity that was constructed by scaling reflectivity observations from the Total Ozone 
Mapping Spectrometer (TOMS) satellite instrument to GOME observations (Koelemeijer et al., 
2003). This progression of relying less on model output and more on data assimilation largely 
minimized uncertainties in the GOME and SCIAMACHY NO2 products.  

2.3     Improving the retrieval of NO2 from OMI 
observations   

Global operational retrieval of OMI NO2 is carried out using modified versions of the GOME 
and SCIAMACHY NO2 retrievals from KNMI (Eskes and Boersma, 2003). The original OMI 
NO2 product was a joint project between KNMI and NASA (Bucsela et al., 2006). In 2007, a 
second product from KNMI was introduced that provided observations in near-real-time, known 
as the near-real-time (NRT) product (Boersma et al., 2007). Today, revised versions of both the 
NASA standard product (SP v.2; Bucsela et al., in preparation) and the renamed KNMI 
DOMINO product (Dutch OMI NO2 v.2, Boersma et al., 2011) are publicly available online 
within hours of the OMI observation. In general, the DOMINO product utilizes model 
simulations to a greater extent while the SP approach has been to minimize assumptions based 
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on model simulations, relying more heavily on OMI observations instead (OMNO2 README 
File v.5.1, available at http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omno2_v003 
.shtml). The resulting differences between the products are primarily related to different methods 
for stratospheric subtraction and different terrain and profile inputs used in the retrieval of 
tropospheric NO2 column densities. The SP and DOMINO retrieval methods are collectively 
referred to as the “operational retrievals” in the remainder of this chapter.  

In recent years, the accuracy of the operational retrievals has been the focus of several 
studies, leading to significant improvements to the products as well as the development of 
additional, non-operational retrievals. In the following sections, we describe each of the three 
steps in the OMI NO2 retrieval in more detail and how recent studies have influenced the 
development of the latest versions of OMI NO2 retrievals.   

2.3.1     Differential Optical Absorption Spectral fit 

The derivation of slant column densities from raw reflectance observations is identical in the 
SP and DOMINO products. The DOAS fit of atmospheric absorbers to OMI reflectance 
observations is performed in the 405–465 nm spectral window, a wider window than that used 
for GOME and SCIAMACHY in order to compensate for a reduced signal-to-noise ratio. A 
fixed solar reference spectrum from 2005 is used to eliminate significant errors (on the order of 3 
× 1015 molecules cm-2)  caused by the spectral diffuser plate (Boersma et al., 2004). The use of a 
constant solar spectrum introduces a bias to the stratospheric slant columns but has essentially no 
impact on the retrieved tropospheric NO2 columns. Absorption by NO2 (Vandaele et al., 1998), 
O3 (Burrows et al., 1999), H2O (Harder and Brault, 1997), and the ring effect (Chance and Spurr, 
1997), and atmospheric scattering are included in the fit (Fig. 2.2). Absorption by the O2–O2 
dimer, accounted for in the GOME and SCIMACHY retrievals, is neglected in the OMI retrieval 
as it has little impact on the fit in the 405–465 nm wavelength window (Bucsela et al., 2006). A 
temperature correction is applied to account for differences between the effective atmospheric 
temperature and use of the NO2 cross section at 220 K; minimizing biases reported by Boersma 
et al. (2004) ranging from –20% in unpolluted regions to 2% in polluted regions. Variation in the 
NO2 cross section with temperature is shown in Fig. 2.2. Boersma et al. (2004) estimate the 
uncertainty due to the NO2 cross section is on the order of 2%. A destriping correction is applied 
to correct for an instrumental artifact that varies in the 60 across track pixels. Figure 2.3 shows 
an example of destriping corrections for each year, 2005–2009 (Boersma et al., 2011). 
Corrections as large as 1.5 × 1015 molecules cm-2 are applied, with little year-to-year variability. 
Taken together, the combined uncertainty due to the spectral fitting is estimated to be on the 
order of 0.2–1 × 1015 molecules cm-2 (Buscela et al., 2006; Boersma et al., 2011; OMNO2 
README File v.5.1, available at http://disc.sci.gsfc.nasa.gov/Aura/data-
holdings/OMI/omno2_v003.shtml). 

Changes to the DOAS procedure have been minor between retrieval versions and have 
resulted in modest improvements to the total slant column. In the early versions of the 
operational retrievals (NRT and SP v.1), scattering was accounted for by fitting observations to a 
third order polynomial, however, the current versions use a fifth order polynomial to improve the 
fit (Boersma et al., 2011). The destriping procedures, used to correct for noise in the irradiance 
observations for the 60 across track pixels, have also been modified in the recently revised 
versions of the operational retrievals, however, essentially no change in the derived tropospheric 
columns is observed using the new correction factors (Boersma et al., 2011).  
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2.3.2     Stratospheric separation 

Slant column densities of NO2 determined from the DOAS fit include NO2 in both the 
troposphere and the stratosphere. Stratospheric NO2 is relatively homogeneous, varying slowly 
on a global scale with changes in latitude and season (Fig. 2.1b). As mentioned previously, early 
estimations of the stratospheric component of the total NO2 slant column from space-based 
observations evolved from relying exclusively on model output (e.g. Richter et al., 2002) to 
assimilating observations into the model simulations (e.g. Eskes et al., 2003; Eskes and Boersma, 
2003). The NRT and DOMINO OMI NO2 products from KNMI followed in the footsteps of the 
GOME and SCIMACHY retrievals based on the consistency of the two measurements sets, 
determining the stratospheric portion of the column by assimilating OMI-observed NO2 slant 
columns into the TM4 CTM. Assimilated slant columns are weighted according to modeled 
tropospheric NO2 columns, with larger weights given to regions of low tropospheric NO2 column 
density. In contrast, the SP (v.1) relied on OMI observations directly, masking regions of high 
NO2, smoothing in the meridional direction with a boxcar function, and performing a wave-2 fit 
of the data to obtain a complete stratospheric field.  

Lamsal et al. (2010) found that differences between the stratospheric slant column densities 
in the early versions of the SP and DOMINO products were on the order of ± 1 × 1015 molecules 
cm-2 and that there were significant seasonal differences in NO2 columns between the two 
retrievals due to the stratospheric subtraction. In the updated version of the SP, a global NO2 
field is assembled from the 14 orbits surrounding the target orbit, an a priori tropospheric 
estimate based on monthly NASA GSFC GMI (National Aeronautics and Space Administration 
Goddard Space Flight Center Global Model Initiative) model climatology is subtracted (and 
regions where the difference exceeds 0.3 × 1015 molecules cm-2 are masked to minimize model 
influence), and a three step interpolation, filtering, and smoothing algorithm is applied to create 
the stratospheric field (OMNO2 README File v.5.1, available at 
http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omno2_v003.shtml). The resulting 
stratospheric columns are in better agreement with columns estimated for DOMINO. The current 
version of the DOMINO product uses the same data assimilation method described above from 
Boersma et al. (2007). In recent study by Dirksen et al. (2011), differences between DOMINO 
stratospheric NO2 columns and ground-based observations were on the order of 0.3 × 1015 
molecules cm-2. 

2.3.3     Air mass factor determination 

The air mass factor (AMF) describes the relationship between the abundance of NO2 along 
the average photon path between the sun and the satellite (slant column) and the tropospheric 
NO2 vertical column density (vertical column) for a given satellite observation: 
 

A = S 
                 V                                                                     (1) 

 
where A is the AMF, S is the slant column of NO2 observed by OMI, and V is the vertical 
column of NO2. The AMF depends on the position of the satellite relative to the Earth and Sun, 
the reflectivity and pressure of the terrain and clouds, the NO2 profile shape, and scattering and 
absorption due to aerosols and particles. Altitude-dependent AMFs are determined by 
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interpolating values in a lookup table (derived from radiative transfer model simulations) 
according to viewing geometry, terrain, and profile parameters. AMFs are determined under 
completely cloudy and completely clear conditions and a radiance weighted sum of AMFs is 
used to account for clouds: 
 

A = Acloud × cf  + Aclear × (1-cf)                                           (2) 
 
where cf is the cloud fraction, Acloud is the AMF under completely cloudy conditions, Aclear is the 
AMF under completely clear conditions, and A is the cloud-weighted AMF. Both stratospheric 
and tropospheric AMFs are calculated and the vertical tropospheric NO2 column is determined 
by: 
 

Vt = St+s – As × Vs 
      At                                                                      (3) 

 
where St+s is the total slant column density (tropospheric and stratospheric), As and At are the 
AMFs for the stratospheric and tropospheric components, respectively, and Vs and Vt are the 
vertical column densities in the stratosphere and troposphere, respectively.    

Boersma et al. (2004) showed that spatially and temporally unresolved terrain and profile 
parameters used to derive the AMF in the early versions of the operational retrievals (NRT and 
SP v.1) introduced significant biases in the retrieved NO2 column densities ranging from 35–
60% for heavily polluted regions and exceeding 100% for cleaner regions. This, coupled with the 
high resolution of the OMI observation, prompted numerous studies exploring the importance of 
using terrain and profile information at spatial and temporal resolutions that are similar to the 
dimensions of the satellite footprint (Schaub et al., 2007; Hains et al., 2010; Zhou et al., 2009; 
Zhou et al., 2010; Boersma et al., 2011; Heckel et al., 2011; Russell et al., 2011). Results from 
these studies are summarized in the following sections.   

2.3.3.1     NO2 vertical profile shape 

The sensitivity of space-based instruments to NO2 absorption differs vertically throughout 
the atmosphere due to variable scattering and absorption by molecules and aerosols. Thus, 
accurate retrieval of NO2 column densities from space is highly dependent on the vertical 
distribution of NO2. Boersma et al. (2004) used the observed day-to-day variability of NO2 
profile shapes in TM3 model simulations to show that uncertainties in the AMF calculation due 
to the profile shape were <15% on average, but could be larger than 50% at high latitudes and 
low NO2 concentrations. Lamsal et al. (2010) showed that the use of annually averaged profiles 
introduced a significant seasonal bias in the SP (v.1) tropospheric NO2 column. In situ aircraft 
measurements of NO2 collected throughout the troposphere have permitted detailed analyses of 
the vertical structure and horizontal variability of NO2 (Heland et al., 2002; Martin et al., 2004; 
Martin et al., 2006; Bucsela et al., 2008; Hains et al., 2010). Figure 2.4 shows a comparison of in 
situ aircraft-derived and TM4 modeled NO2 profiles over the southeastern United States and the 
Gulf of Mexico, and comparisons of the AMF and NO2 column densities determined from each 
of the profiles from Hains et al. (2010). The figure shows that small differences in the NO2 
profile shape result in largely different AMFs and NO2 column densities. In situ aircraft 
validation studies estimate that the uncertainty of the AMF due to profile shape is on the order of 
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2–15% (Heland et al., 2002; Martin et al., 2004; Martin et al., 2006; Bucsela et al., 2008; Hains 
et al., 2010). Similar results were reported by Schaub et al. (2006), who used ground-based 
measurements collected at different altitudes in the Swiss Alps to construct the NO2 profile 
shape. 

Current versions of the operational retrievals use NO2 profile shapes derived from chemical 
transport model (CTM) simulations (SP v.2: monthly, 2° × 2.5° from the Goddard Space Flight 
Center Global Modeling Initiative Chemical Transport Model (GSFC GMI CTM); DOMINO 
v.2: daily, 3° × 2° from TM4). The seasonal bias in the SP has been corrected by replacing the 
annual GEOS-Chem profiles with monthly-averaged profiles from the GSFC GMI CTM 
(Bucsela et al., in preparation), while in the DOMINO product, deposition and vertical transport 
have been updated in TM4 so that NO2 in the lower troposphere is no longer overestimated, 
reducing the high bias in summertime observations (Boersma et al., 2011). Despite these 
improvements, the coarse spatial resolutions of the models do not resolve the high spatial 
variability of urban plumes. Russell et al. (2011) performed a case study over California using 
high-resolution regional model simulations (WRF-Chem; 4 × 4 km2) to show that the coarse 
resolution of the profiles in the operational products results in a high bias over regions of low 
NO2 and a low bias over highly-polluted regions.  

2.3.3.2     Terrain pressure 

In order to accurately represent the distribution of NO2 in the troposphere, the terrain height 
must be known. The SP retrieval of NO2 vertical column density originally used the pressure at 
the center of the satellite footprint from a topographical database while the DOMINO product 
interpolated the coarse resolution (2° × 3°) terrain pressure from TM4 model simulations. Using 
observations from the SCIAMACHY instrument, Schaub et al. (2007) showed that the variable 
topography of the Alpine region led to significant disagreement between the observed terrain 
heights and the coarse resolution model simulated terrain heights used in the SCIAMACHY NO2 
retrieval. They estimated a 10–40% uncertainty in the column due to the uncertainty in the 
terrain pressure. Applying minor changes to the method described in Schaub et al. (2007), Zhou 
et al. (2009) tested the terrain pressure used in the OMI DOMINO retrieval by replacing the 
coarse-gridded terrain pressure pixel-averaged values determined from a high-resolution 
topography dataset. Figure 2.5 shows the difference between the high resolution and TM4 
modeled terrain heights over the mountainous region of the Swiss Plateau and Po Valley in 
northern Italy. Differences exceeding 1 km are observed. Zhou et al. (2009) report a systematic 
bias of 80 hPa in the TM4 modeled terrain pressures that resulted in a 5–20% high bias in the 
OMI DOMINO (v.1) tropospheric NO2 columns. The smaller bias compared with that observed 
by Schaub et al. (2007) was attributed to an improved scaling of the NO2 profile to the new 
terrain pressure, where the entire profile is scaled to the new terrain height as opposed to simply 
extending the boundary layer portion of the profile. Results from Hains et al. (2010) confirmed 
the 5–20% bias in DOMINO NO2 columns due to TM4 terrain heights, and similar differences 
were reported by Russell et al. (2011) for the SP (±10%) using a high-resolution topography 
database. In the new release of the DOMINO product, the interpolated TM4 terrain heights have 
been replaced with Global 3 km Digital Elevation Model data (DEM_3km), averaged to the OMI 
footprint (Boersma et al., 2011), however no change to the terrain pressure database has been 
made in the SP retrieval. 
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2.3.3.3     Albedo 

Space-based observation of NO2 is highly sensitive to the reflectivity of the surface of the 
Earth. Early versions of the operational retrievals used a Lambertian equivalent surface 
reflectivity database at 1° × 1° resolution, derived by scaling observations from TOMS and 
GOME (e.g. Fig. 2.6b; Koelemeijer et al., 2003). This coarse resolution product is unable to 
capture the high spatial variability of the reflectivity of the Earth (e.g. Fic 6a). Boersma et al. 
(2004) estimated that uncertainties due to the albedo in the early versions of the operational 
products were generally less than 50% but that the uncertainty was highly dependent on NO2 
concentrations.  

Recently, Kleipool et al. (2008) developed a 0.5° × 0.5° resolution albedo product using 3 
years of OMI observations (e.g. Fig. 2.6c). The monthly averaged albedo product captures 
seasonal changes in land cover due to changes in vegetation and snow cover. The improved 
resolution and derivation from OMI observations are advantages of the product, however, long-
term changes in land cover, from biomass burning for example, are not captured. Hains et al. 
(2010) tested the albedo product against the GOME-derived 1° × 1° product using surface and 
aircraft in situ measurements from the DANDELIONS and INTEX-B validation campaigns. 
They found changes in OMI tropospheric NO2 of up to 13%, with the largest differences 
observed over regions of both high NO2 concentrations and dark terrain. The albedo product 
from Kleipool et al. (2008) is currently implemented the most recent versions of the operational 
retrievals.     

Figure 2.6 compares a MODIS true color image of a salt flat in northwestern Nevada (Fig. 
2.6a) with albedo maps for the same region from Koelemeijer et al. (2003) at 1° × 1° (Fig. 2.6b), 
Kleipool et al. (2008) 0.5° × 0.5° (Fig. 2.6c), and the Moderate Resolution Imaging 
Specroradiometer (MODIS) at ~0.05° × 0.05° (Fig. 2.6d). The figure shows that the MODIS 
product is able to capture the high spatial variability of the terrain reflectivity much better than 
the OMI albedo products. Several recent studies have tested the use of the MODIS albedo 
product in the OMI retrieval (Zhou et al., 2010; Heckel et al., 2011; Russell et al., 2011) as 
MODIS resides onboard the Aqua satellite, following the same orbit as the Aura satellite and 
observing Earth within 15 minutes of the OMI observation. While the studies acknowledge 
biases from using a different instrument and a different wavelength window (OMI at 405–465nm 
and MODIS at 459–479nm), they propose that the product is an improvement upon the OMI 
albedo product because MODIS is able to capture variability in reflectivity on the spatial scale of 
the OMI observation, which is expected to be larger than average difference between the 
products (0.02; Kleipool et al., 2008). Zhou et al. (2010) reported differences in the derived 
tropospheric NO2 column of 0–3% in summer and 0–20% in winter using the DOMINO product 
(v.1), with the largest differences in albedo (40%) observed at large viewing angles. Similar 
results were reported by Heckel et al. (2011), who, in a case study in the California Bay Area, 
found the variability in albedo to be ±30%. Russell et al. (2010) found that using the MODIS 
reflectivity reduces false NO2 enhancements over highly reflective regions. They observed 
differences in albedo exceeding 100% and differences on the order of ±40% between 
summertime NO2 columns retrieved using the GOME-derived (Koelemeijer et al., 2003) and 
MODIS albedo products. They also found that using the MODIS albedo improved the agreement 
between OMI and in situ-derived NO2 columns from aircraft observations.  
 



 19 

2.3.3.4     Clouds 

Retrieval of OMI tropospheric NO2 column densities is sensitive to both the fraction of the 
OMI pixel affected by clouds and the cloud height. Clouds significantly influence the satellite-
observed radiances by obstructing the NO2 located below cloud and enhancing sensitivity to NO2 
above the cloud. In the operational OMI NO2 products, cloud height and fraction are determined 
from OMI observations using the method described in Acarreta et al. (2004). Briefly, the 
OMCLDO2 algorithm performs a DOAS fit to the O2–O2 absorption band at 477 nm. Radiance 
observations, viewing geometry, terrain height, and the surface albedo are processed in a 
radiative transfer model to determine cloud height and fraction according to shielding of the  
O2–O2 column by clouds. The retrieval uses the same 0.5° × 0.5° OMI albedo product described 
in Kleipool et al. (2008). As described in Section 3.3, the albedo product is an improvement over 
the previously used product from Koelemeijer et al. (2003); however, the resolution is still too 
low to capture the variability of the terrain reflectivity captured by the high resolution OMI 
footprint.  

Figure 2.7 shows maps of the OMI O2–O2 cloud fraction, the MODIS albedo, and the 
MODIS cloud fraction over California on June 18, 2008. Boxed regions show where there is 
disagreement between the OMI and MODIS cloud products due to albedo effects. Russell et al. 
(2010) compared in situ aircraft and satellite observations and showed that agreement was 
improved when observations were filtered according to cloud observations from MODIS instead 
of OMI cloud observations derived using the low spatial resolution albedo from Koelemeijer et 
al. (2003).  

Figure 2.8 shows the relationship between OMI O2–O2 cloud fractions and MODIS aerosol 
optical depth (AOD) under MODIS cloud-free conditions (Boersma et al., 2011). The significant 
positive correlation (r = 0.66) indicates that the OMI cloud retrieval is sensitive to the presence 
of scattering aerosols. Boersma et al. (2011) suggests that treatment of high aerosol loadings as 
clouds in the AMF formulation in the OMI retrieval implicitly corrects for the effects of aerosol 
scattering on the retrieved tropospheric NO2 column.  

2.4    Conclusions and recommendations for future space-
based NO2 retrievals 

The majority of recent studies summarized in this work provide a common recommendation 
for future OMI NO2 retrieval algorithms: terrain, profile, and cloud parameters are needed at 
spatial and temporal resolutions similar to the OMI observation to reduce uncertainties and 
biases in the retrieval of tropospheric NO2 column densities (Martin et al., 2006; Hains et al., 
2010; Boersma et al., 2011; Heckel et al., 2011; Russell et al., 2011). While current versions of 
the operational retrievals have made significant advances towards this goal, biases remain in the 
products. Higher spatial resolution modeled NO2 profiles are needed to capture the high spatial 
variability of NO2 in the troposphere (Heckel et al., 2011; Russell et al., 2011). Additionally, a 
higher resolution albedo product will help minimize remaining uncertainties in the AMF 
calculation from the terrain reflectivity and from uncertainties in the cloud parameters (Zhou et 
al., 2010; Heckel et al., 2011; Russell et al., 2011). Alternatively, the use of the MODIS 
observations to describe cloud parameters in the OMI retrieval should be explored further 
(Russell et al., 2011). Additionally, validation studies comparing the revised operational products 
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with each other and with in situ observations and model simulations are needed as they may 
reveal further room for improvement. Continued development of the retrieval of NO2 from OMI 
is important both for future air quality studies utilizing OMI observations and to aid in the 
development of retrievals for future satellite-based instruments, including the Tropospheric 
Ozone Monitoring Instrument (TROPOMI), the Geostationary Coastal and Air Pollution Events 
(GEOCAPE), and the Tropospheric Emissions: Monitoring and Pollution (TEMPO) instruments. 

OMI has provided useful observations of NO2 for over seven years despite the expected 
mission lifetime of five years (Levelt et al., 2006). Along the way, the detectors have degraded to 
a small extent (Fig. 2.3). However, more importantly, since early 2009 several row anomalies 
have developed that now affect nearly half of all observations collected due to an opaque object 
blocking the field of view. No correction for these anomalies is currently available, resulting in a 
significant loss of data. Current plans are to continue collecting data in the nominal operating 
mode with the hope that a way of correcting the affected pixels is determined at some later date. 
An alternative solution would be to only collect data for the unaffected portion of the swath, 
recording all data at a higher resolution (13 × 3 km2 – 13 × 12 km2) as described in Valin et al. 
(2011). Observations are currently integrated to 13 × 24 km2 due to data transmission constraints. 
However, limiting observations to the unaffected portion of the detector would allow 
observations to be recorded at a higher spatial resolution. While daily global coverage would no 
longer be achieved by OMI, the high resolution observations would complement the global 
observations from GOME–2.         
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Figure 2.1. Average OMI (a) slant, (b) stratospheric, and (c) tropospheric NO2 column densities 
for Jul–Aug 2005. Note the different color scale in (a) compared to the other panels.   
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Figure 2.2. Reference spectra at OMI spectral resolution for (a) water vapor, (b) the ring effect, 
(c) ozone and (d) NO2. (Modified from ATBD-OMI-04) 
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Figure 2.3. OMI NO2 slant column destriping corrections computed for 1 January 2005–2009. 
The corrections represent the daily averages of 14 consecutive orbital corrections. (From 
Boersma et al., 2011) 
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Figure 2.4. Partial tropospheric NO2 columns for TM4 (red) and LIF/DC8 (blue) for 4 March 
2006 for flight segments over (a, b) Mississippi and Alabama and (c, d) the Gulf of Mexico. In 
Figures 2.4a and 2.4c the vertical error bars show the pressure range over which the column 
content extends. Typically, more than one OMI ground pixel overlapped an LIF/DC8 profile, and 
there is more than one TM4 profile corresponding with the LIF/DC8 profile. Horizontal error 
bars show the standard deviation of the TM4 values. The horizontal gray dashed line shows 
where the lowest LIF/DC8 measurement was made. All LIF/DC8 measurements below this were 
estimated using extrapolation. Figures 2.4b and 2.4d show the original (red) and improved (blue) 
AMF, the original and improved OMI NO2 columns, and the LIF/DC8 integrated NO2 (light 
blue). (From Hains et al., 2010) 
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Figure 2.5. Difference between effective and TM4 model terrain height (heff−hTM4) in meters 
(averaged over January, 2006). The heights heff and hTM4 are first determined for each OMI 
pixel separately and then mapped onto a fine regular grid by averaging over all pixels covering a 
given grid cell. Two areas of interest over the Swiss Plateau and the Po Valley in northern Italy 
referred to in the text are highlighted with labels A (latitude between 47.3 °N and 47.6 °N, 
longitude between 8.2 °E and 8.6 °E) and B (latitude between 45 °N and 45.3 °N, longitude 
between 8 °E and 8.3 °E), respectively. (From Zhou et al., 2009) 
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Figure 2.7.  Maps over California showing OMI O2–O2 derived cloud fractions (left), MODIS 
MCD43C3 albedo (middle), and MODIS MYD06 cloud fraction (right) for June 18, 2008. White 
boxes show regions where OMI and MODIS cloud fractions do not agree due to albedo effects. 
(From Russell et al., 2011) 
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Figure 2.8. Scatter plot for MODIS Aqua AOT at 470 nm (x–axis) and coinciding OMI O2–O2 
effective cloud fractions (y–axis) observed in July 2005 (13:30 pm local time). The colors 
indicate the number of times a particular grid cell has been filled, where dark blue corresponds to 
1 time and red to more than 6 times. OMI effective cloud fractions can be expressed as 0.21 × 
AOT (reduced major axis regression). Cloud fractions have been selected only for those days and 
locations that had a successful, cloud-free, MODIS AOT retrieval 15 min prior to OMI. (From 
Boersma et al., 2011) 
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Chapter 3 

Space-based constraints on spatial and 
temporal patterns of NOx emissions in 
California, 2005–2008 
This chapter has been adapted from the following peer-reviewed publication: Russell, A. R., 

Valin, L. C., Buscela, E. J., Wenig, M. O., and Cohen, R. C.: Space-based constraints on 
spatial and temporal patterns in NOx emissions in California, 2005–2008, Environ. Sci. 
Technol., 44, 3607–3615, 2010. 

3.1     Introduction 

Nitrogen oxide (NOx = NO + NO2) emissions contribute to production of O3 and to the 
violation of health-based ozone standards in many communities. In some locations NO2 itself 
exceeds health-based standards. In California, efforts to reduce O3 and aerosol by reducing their 
chemical precursors (NOx, volatile organics and directly emitted particles) have resulted in 
significant improvements in air quality (California EPA, 2009). However, concentrations of O3 
and aerosol still remain higher than the regulatory limits over the most populous parts of the 
state. Current predictions suggest that new regulations will yield further decreases in these 
emissions and in O3 and aerosol.  

Confirming that control strategies are reducing emissions as predicted remains difficult, 
however, because measurement networks are sparse. Concentrations at any particular location 
are affected by multiple changes in human activity, including emission reductions, population 
changes, changes in miles driven, etc. Gaps in the density of surface networks make conclusions 
about the spatial extent of emission reductions subject to debate because changes in the spatial 
distribution of emissions over time are not uniformly recorded. Observations of nitrogen oxides 
from space offer a new perspective, one with complete spatial coverage that is not subject to the 
limitations of the sparse surface network.  

Here we use observations from the Ozone Monitoring Instrument (OMI) which achieves 
daily global coverage and has high spatial resolution (13 × 24 km2 at nadir; 24 × 128 km2 at the 
edge of the sampling swath) to study spatial and temporal variability in NO2 concentrations in 
four metropolitan regions of California during the years 2005-2008. We average the highest 
spatial resolution data to build seasonal maps with approximately 5–10 km spatial resolution. 
The resulting maps of the spatial extent of NO2 constrain patterns of differences on weekdays 
and weekends within individual urban regions and between distinct urban centers. We also 
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characterize trends in four urban regions over the years 2005–2008. We evaluate the consistency 
of the observed day-of-week and interannual variability of space-based observations with surface 
observations and with regionally specific emission inventories. 

3.2     Methods 

3.2.1     OMI tropospheric NO2 columns 

We present observations using the OMI instrument, a UV/Vis spectrometer orbiting sun-
synchronously aboard the AURA satellite. We describe analyses based on the algorithm for 
retrieving tropospheric NO2 column known as the standard product (Level 2, Version 1.0.5, 
Collection 3) which is available from the NASA Goddard Earth Sciences (GES) Data and 
Information Services Center (DISC) (http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/ 
omno2_v003.shtml). Details concerning the standard product retrieval of NO2 vertical column 
densities from raw spectral measurements are provided in Boersma et al. (2002), Bucsela et al. 
(2006), and Celarier et al. (2008). We compared our conclusions with a different publicly 
available retrieval known as the Near-Real-Time product provided by the Netherlands Royal 
Meteorological Institute (KNMI) described in Boersma et al. (2004). The Near-Real-Time 
product makes different assumptions about how to produce an optimal retrieval. These variations 
lead to differences that have been significant for other analyses (Bucsela et al., 2008; Lamsal et 
al., 2010; Hains et al., 2010). No significant differences were identified in this work, however, 
thus we report results from the only standard product here.   

The Ozone Monitoring Instrument is described in detail in Chapter 2 Section 2.2.1. The 
standard product retrieval of OMI NO2 uses a modified Differential Optical Absorption 
Spectroscopy (DOAS) procedure to determine slant column densities of NO2 using a non-linear 
least squares fit on the ratio of measured earthshine radiance to solar irradiance spectrums in the 
405–465 nm window. The slant column densities are converted into vertical column densities by 
applying an air mass factor (AMF); defined as the ratio of the slant column density to the vertical 
column density of NO2.  AMFs are determined as a function of viewing geometry, the 
reflectivity and pressure of terrain and clouds, and the NO2 profile shape. Surface reflectivity is 
derived from GOME (Global Ozone Monitoring Instrument) observations and averaged monthly 
to 1° × 1° resolution (Koelemeijer et al., 2003). AMFs are calculated using both unpolluted 
(stratospheric and upper tropospheric) and “polluted” (lower tropospheric) NO2 profiles. 
“Polluted” NO2 profiles are determined from a geographically gridded set of annual mean 
profiles from a GEOS-Chem simulation at 2° × 2.5° resolution (Martin et al., 2003).  Use of a 
single set of profiles in the standard product is an advantage for our purposes because it ensures 
that trends in observations are not aliasing external information. An initial vertical column 
density is obtained using the unpolluted AMF. Unpolluted NO2 column concentrations are then 
determined by masking areas of high tropospheric NO2 and applying a zonal planetary wave 
smoothing. The stratospheric column is then subtracted and the remaining slant column is 
converted to a vertical column using the “polluted” AMF. The resulting “polluted” column 
represents NO2 near the surface in regions where NO2 is elevated above background levels. The 
effect of clouds is accounted for by calculating AMFs for both clear and cloudy conditions and 
using a radiance-weighted sum of the cloudy and clear AMFs. Cloud information is acquired 
from the OMI O2–O2 cloud algorithm (Acarreta et al., 2004). In order to minimize the influence 
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of clouds on NO2 columns, data chosen for analysis has been filtered to exclude pixels with a 
cloud fraction exceeding 0.2. The analysis was repeated using a 0.1 cloud fraction threshold with 
no significant change in the results. 

Significant errors and biases in the OMI polluted column are dominated by uncertainties in 
the AMF determination and to a lesser extent by errors in the slant column fitting and 
stratospheric subtraction (Martin et al., 2002; Martin et al., 2003; Boersma et al., 2004). Wenig et 
al. (2008) estimates that the uncertainty in the standard product retrieval of tropospheric NO2 is 
on the order of 40-80%. This is similar to 40% error due to AMF and absolute error of 1 × 1015 

molecules cm-2 due to the stratospheric subtraction estimated by Martin et al. (2006) for 
SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric Chartography) 
observations and the 35-60% error estimated by Boersma et al. (2004) for observations from 
GOME. 

OMI achieves complete global coverage each day with a repeat cycle of 16 days, such that 
for a given location, the NO2 column is gathered by a different pixel within the 60 across track 
positions each day. Consequently, data are collected both at a different spatial resolution and 
with pixel centers at different locations each day. We take advantage of the shifting pattern of the 
pixels on the ground to produce a high resolution monthly average product. We use an area-
weighted averaging, binning to 0.025° × 0.025°. We include the center 20 pixels from each 
swath to limit the measurements to those with a pixel size less than 15 × 27 km2, eliminating 
pixels at the outer edges of the swath that have dimensions as large as 24 × 128 km2.  Although 
we omit two-thirds of the data, the maps we produce have much higher spatial resolution than 
maps that include the larger pixel size measurements. Including the larger OMI pixels in the 
analyses that follow yield essentially the same trends with slightly smaller magnitudes. In Figure 
3.1b we show OMI NO2 columns for one summer day, August 1, 2008, and in Figure 3.1c, the 
area-weighted average summer (June–August) concentration over four years (2005–2008). A 
thin, averaged region between two adjacent pixels is visible at fine resolution as shown in Figure 
3.1b.  These regions appear because the width of the OMI pixels in the flight direction vary from 
13 km at the center of the scan line to about 24 km at the edges of the swath, producing an 
overlap along the flight direction for pixels at the outer part of the swath.  Capturing these 
overlapping regions further increases the statistics in the analysis. Analysis shows that the higher 
resolution image (Fig. 3.1c) has approximately 10 km spatial resolution and spatial precision of 
about 3 km (Valin et al., in preparation).  As a rough guide to interpreting this figure, for a well-
mixed 1 km boundary layer, a column of 1 × 1016 molecules cm-2 NO2 corresponds to 3.7 ppb 
NO2 at the surface. 

3.2.2     CARB air monitoring network 

The California Air Resources Board (CARB) manages an extensive ground based network of 
monitors, ninety-four of which were recording hourly NO2 concentration during 2005–2008. 
Measurements of surface NO2 at these sites are provided by chemiluminescence analyzers 
equipped with molybdenum converters (Fontjin et al., 1970). Laboratory and field studies have 
shown that conversion by a molybdenum converter is not specific to NO2 (Winer et al., 1974; 
Dunlea et al., 2007; Steinbacher et al., 2007). Substantial interferences arise from conversion of 
higher NOx oxidation products including HNO3, alkyl and multifunctional nitrates, and 
peroxyacetylnitrates. The conversion of these species to NO yields an overestimation in 
measured NO2 concentration.  
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In order to evaluate how interferences affect the NO2 concentration observed at surface 
monitoring sites in California, we compare measured surface level NO2 concentrations with NO2 
determined using a photochemical steady-state calculation based on NO and O3 measurements 
made at the same sites. As expected, we find that NO2 concentrations determined using the 
photochemical steady-state calculation are lower than the NO2 measurements. For this data set 
we find a typical bias of about 20%. We find that the disagreement between observations of NO2 
and the steady-state calculation is similar on weekdays and weekends and that there is no 
significant trend in the bias over the 2005 to 2008 period. 

Limiting ourselves to sites with detectable NO for photochemical steady-state calculation of 
NO2 substantially reduces sampling statistics. Since our comparison of satellite observations and 
surface measurements is qualitative, and the error induced by the molybdenum converter 
measurement should be roughly constant for individual monitoring stations, we report NO2 
concentrations measured directly by the commercial analyzers (with no correction applied) in the 
remainder of this paper.  

3.2.3     Emissions inventory 

Estimated emissions are obtained from the CARB website (http://arb.ca.gov) and are divided 
into stationary, off-road mobile, on-road mobile, natural, and area-wide categories. We consider 
basin-wide emissions from the San Francisco Bay Area, the San Joaquin Valley, and the South 
Coast air basins and county-wide emissions from Sacramento County. On-road vehicle activity 
and emission information is obtained using the CARB EMissions FACtors model (EMFAC2007 
v.2.3 Nov 1, 2006) (available at: http://arb.ca.gov/msei/onroad/latest_version.htm). The EMFAC 
model accounts for activity-related information by utilizing vehicle registration data from the 
California Department of Motor Vehicles as well as other vehicle information from regional 
transportation agencies. Emissions are broken down into ten different vehicle classes, and within 
each of those classes, into non-catalyst equipped, catalyst equipped, and diesel subcategories. 
Exhaust and evaporative emissions are estimated and incorporated into the emission factors, 
along with county-specific activity data, including vehicle population, vehicle miles traveled, 
number of vehicle starts, ambient temperature and soak and activity distribution information. 

3.3     Results 

3.3.1     Day-of-week patterns in NO2 

We present analysis of four regions in California with the highest NOx concentrations: 
Sacramento County, the San Francisco Bay Area air basin, the San Joaquin Valley air basin, and 
the South Coast air basin, shown as boxed regions in Fig. 3.2. We focus primarily on summer 
months because the NOx photochemical lifetime is shorter (~4 hr at noon). Consequently, we can 
expect both minimal carryover from the previous day and minimal transport from sources to 
regions downwind, yielding a column that is especially representative of local surface emissions. 
Further, the number of available satellite measurements is maximized during summer months 
when cloud cover is lowest.  We define the area of analysis as that region where the NO2 column 
in summer 2005 exceeded 6 × 1015 molecules cm-2 in the Sacramento, San Joaquin Valley, and 
South Coast regions. We use this threshold in order to specifically select urban regions where 
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human activity makes a substantial impact on NO2 concentrations while preventing the signal 
from being dampened by surrounding rural regions. In 2005, the San Francisco Bay Area urban 
plume extended east to blend with the plumes from other cities. To define the region of interest 
for San Francisco, we use summer 2008 measurements where a separation between the basins is 
evident (see Fig. 3.2c). Based on interannual trends reported below, we adjust the threshold to 
4.6 × 1015 molecules cm-2 for the 2008 measurements as we believe this is comparable to using 
the 6 × 1015 molecules cm-2 threshold for 2005 data. In the San Joaquin Valley, the threshold we 
use focuses attention on Fresno and Bakersfield. Separate analysis of these two cities leads to 
essentially identical conclusions. 

Variation in the magnitude of NOx emissions and NO2 concentrations with day of week are 
well known and have been described using ground and spaced-based measurements (Cleveland 
et al., 1974; Gordon et al., 1994; Marr et al., 2002a; Marr et al., 2002b; Harley et al., 2005; 
Murphy et al., 2006; Murphy et al., 2007; Beirle et al., 2003; Kaynak et al., 2009; Kim et al., 
2009). In the US the effect is largely due to the decrease in heavy-duty diesel trucks on 
weekends, although changes in the timing of passenger vehicle traffic may contribute (Harley et 
al., 2005; Murphy et al., 2006a; Janssen et al., 1999). In Fig. 3.2a and Fig. 3.2b we show the 
difference in spatial patterns of the NO2 column for weekdays and weekends across the state of 
California for the summer of 2005. We define weekdays as Tuesday–Friday, weekends as 
Saturday–Sunday, and summer as June–August. Observations indicate there is significant 
memory of the previous day’s emissions, thus Saturday and Monday behave as intermediate 
between weekends and weekdays (see Murphy et al. (2007) for additional discussion of this 
effect). We omit Monday to reduce unnecessary bias in the weekday values but keep Saturday to 
enhance the statistics of our analysis of weekends. Retaining Saturdays has the effect of 
increasing the “weekend” values. On the other hand, cumulative emissions on Sunday prior to 
the satellite overpass time (roughly 1 pm) are only 40% of the daily total NOx emissions while 
emissions are 55% prior to 1 pm for other days of the week (R. Harley, personal communication, 
October 23, 2009). These two factors are important to keep it in mind in the interpretation of the 
measurements. 

Observations show elevated concentrations of NO2 in and around highly populated areas, 
including the major California cities of Sacramento, San Francisco, Fresno, Bakersfield, Los 
Angeles, and San Diego, Reno and Las Vegas in Nevada, and Tijuana in Mexico (Fig. 3.2). In all 
of these regions, the NO2 columns are higher on weekdays (Fig. 3.2a) than on weekends (Fig. 
3.2b). Outside of these population hotspots, rural regions show no significant day-of-week 
variability in NO2 column. Furthermore, we find relatively smaller weekend effects directly 
above regions with the highest columns and larger effects downwind.  This feature is clearest in 
the South Coast basin as shown in more detail in Fig. 3.1d–f. OMI observes almost exactly the 
same columns over the ports of Los Angeles and Long Beach and over downtown Los Angeles 
on weekdays and weekends (weekday to weekend ratios of ~1.2) but sees a large weekend effect 
(weekday-weekend ratio of 2.5) east of Los Angeles. The ratio of weekday to weekend NO2 

columns exhibits much smaller variation in cities in the San Joaquin Valley (~1.3) than observed 
in the other urban regions of California or Nevada where ratios are typically greater than 1.5 
(Figure 3.3).  

Figure 3.4 shows the summertime (Jun–Aug, 2005–2008) OMI NO2 tropospheric columns 
and surface level NO2 from the CARB air monitoring network (2005–2007) for each day of 
week, normalized to the weekday (Tuesday–Friday) average.  We exclude major holidays (New 
Year’s Eve & Day, Easter, July 4th, Veteran’s Day, Thanksgiving and the day preceding, 
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Christmas Eve & Christmas Day) from analysis as activity patterns tend to deviate from the 
average on these days. The CARB surface monitoring data for 2008 was not yet available at the 
time of analysis.  Excluding 2008 OMI data does not affect our conclusions. Saturday values are 
lower than weekday values and a Sunday minimum is observed in all four regions and in both 
datasets. Differences in Saturday versus Sunday emissions and/or the effects of carry-over from 
the previous day are likely responsible (Murphy et al., 2006). The analysis was repeated for rural 
regions across the state where no day-of-week difference was observed. Table 3.1 shows daily 
concentrations relative to average weekday concentrations for the four urban regions. OMI 
observes a larger weekend effect than the CARB monitoring stations in all four regions. A larger 
weekend effect as observed via satellite was also reported by Kaynak et al. (2009) in their 
comparison of SCIAMACHY observations and emissions. This bias observed from two different 
satellite instruments suggests that the surface monitoring sites may be in too close proximity to 
sources and are therefore not representative of the spatial pattern of NOx in the domain. The 46% 
decrease observed by OMI in the South Coast Air Basin is an identical weekend effect as 
determined for Los Angeles by Beirle et al. (2003), Kaynak et al. (2009), and Kim et al. (2009) 
using observations from the GOME, SCIAMACHY, and OMI instruments.  

3.3.2     Year-to-year trends in NO2 

Figure 3.2c shows average weekday concentrations for summer 2008, which, in populated 
regions across the state, are visibly lower than weekday concentrations from 2005 (Fig. 3.2a).  
Fire counts from the Moderate Resolution Imaging Spectroradiometer (MODIS) indicate that the 
two hotspots in 2008 that do not appear in the 2005 figure (labeled with asterisks in Fig. 3.2c) are 
the result of large wildfires that burned in these regions in the summer of 2008.  Together, Fig. 
3.2a and Fig. 3.2c, show how observations from OMI characterize changes in the spatial extent 
of each urban plume over time, a feature we cannot observe using surface observations alone.  
Using a metric of 50% of the peak of concentration of each plume to define the area, we find that 
the spatial extent of the Sacramento, San Francisco, and South Coast urban plumes contracted by 
more than 40%, while the San Joaquin Valley  plume contracted by only 2% between 2005 and 
2008. 

Figure 3.5 shows seasonally averaged tropospheric NO2 columns from OMI and 
concentrations from CARB ground stations for weekdays and weekends for the Sacramento, San 
Francisco, San Joaquin Valley, and South Coast regions of California. We exclude major 
holidays and define winter as December–February, spring as March–May, summer as June–
August, and fall as September–November.  The number of satellite measurements available for 
determining the average concentration for each season is dependent on the size of the region 
chosen for analysis and the proportion of cloud-free pixels available. At the low end there were 
85 (64% of the inner-swath pixels) OMI observations averaged for a summer-weekend in the San 
Joaquin Valley and at the high end 1275 (74% of the inner-swath pixels) for a summer-weekday 
in the South Coast Air Basin.  NO2 surface concentrations and columns are at a maximum in 
winter with a minimum in the summer in the South Coast, San Francisco, and San Joaquin 
Valley air basins. This pattern is consistent with near constant emissions and seasonally varying 
OH. For the Sacramento region, a fall maximum and spring minimum in NO2 columns are 
observed while the surface network still shows a winter maximum and summer minimum.  We 
suspect that the differences in seasonal cycle in Sacramento as compared to the other three basins 
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is related to coupling of chemical loss rates to planetary boundary layer dynamics but further 
research is needed to explain this result. 

NOx is decreasing in all regions and in all seasons as shown in Fig. 3.5. Table 3.2 shows the 
seasonal trends in NO2 for weekdays and weekends for each of the four regions studied and for 
both observational datasets and for the emissions estimates. The satellite observations indicate 
that there is a more consistent trend independent of season than does the surface network. Fits 
representing the trends for OMI summer observations are shown as black lines in Fig. 3.5. The 
trends range from –14.3% yr-1 on weekends in Sacramento to –3.5% yr-1 on weekdays in the San 
Joaquin Valley. Averaging weekdays and weekends, absolute decreases of 30.0%, 22.6%, 9.3%, 
and 25.9% are observed from 2005 to 2008 in the Sacramento, San Francisco, San Joaquin 
Valley, and South Coast, respectively. These trends have the same sign but are greater in 
magnitude than those observed by Kim et al. (2009) in all regions except the San Francisco 
region where excellent agreement is found between these two studies.  Although four years is a 
relatively short period for examining long-term trends, clear changes in spatial pattern of NO2 
coupled with these rates of decrease observed by OMI give confidence that substantial 
reductions in NOx emissions are occurring.    

3.3.3     Estimates of uncertainty in OMI observations 

Agreement between satellite and ground-based observations is one line of evidence 
supporting the qualitative measures of NO2 reduction derived from OMI. Observations from the 
surface and from space are not exactly the same, however, the extent to which the differences are 
due to incomplete sampling of the surface network is unknown and difficult to quantify. We 
propose that the complete spatial representation of urban plumes provided by satellite 
observation eliminates a significant source of bias in the interpretation of trends observed by the 
surface network. 

The robustness of each of the trends reported is also difficult to quantify directly, however, 
here we present several methods for indirect estimations. The smallest trends are for the San 
Joaquin Valley where we observe a weekday-weekend difference of 2 × 1015 molecules cm-2 and 
a decrease over four years of 5 × 1014 molecules cm-2. The experimental precision of an 
individual OMI measurement is about 1 × 1015 molecules cm-2 (Martin et al., 2006; Boersma et 
al., 2009).  The effect of this source of uncertainty is reduced by averaging over 100–1000 pixels 
for each value reported such that the random uncertainty is negligible compared to the variation 
we report. 

Based on this analysis of instrument performance, we identify the dominant source of 
precision uncertainty in our reported values as due to meteorological variability. We know of no 
method for characterizing this source of uncertainty a priori. To estimate the uncertainty due to 
meteorological variability we note that even in the San Joaquin Valley, the seasonal cycle is 
recognizable and has an approximate amplitude of 2 × 1015 molecules cm-2. In order to observe 
the seasonal cycle with the eye, we estimate that the random noise must be less than one-third the 
amplitude of the cycle. An alternative estimate would be to assume that trends for each season as 
shown in Table 3.2 are independent measures of the same quantity. Excluding the winter outlier, 
this gives a variance of approximately +/-20% yr-1. A third method is to use the uncertainty in the 
slopes of the linear regressions for the trends reported in Table 3.2 and Fig. 3.5, which indicate 
that the decreasing interannual trends we observed in all regions is robust. Finally, we can look at 
year to year variation in ratios. For example, we show in Fig. 3.4 the variance in the column NO2 
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for each day of the week in a given summer, normalized to the average weekday signal of that 
summer. The variance is approximately 15%. Taken together, these metrics indicate an overall 
uncertainty in basin-wide temporal trends in NO2 columns of less than 15–20%. 

3.3.4     Emission inventories 

CARB’s emissions inventory includes seasonal and yearly changes but includes no day-of-
week dependence. To compare to observations, we make the following assumptions concerning 
weekly emission patterns: 1) stationary, natural and area-wide sources have no day of week 
dependence, 2) off-road source activity are estimated using information from the NONROAD 
model (Janssen et al., 1999), and 3) on-road mobile source emissions for all four basins can be 
divided throughout the week using weekday/weekend traffic distribution information for the 
South Coast air basin (Chinkin et al., 2003). The first two assumptions are the same as those used 
in current emission inventories. According to Chinkin et al. (2003), the proportion of on-road 
total weekly activity for passenger vehicles is 15% on weekdays and 12.5% on weekends. For 
heavy duty trucks, the proportions are 18% on weekdays and 5.5% on weekends. Dreher and 
Harley (1998) found roughly the same weekday/weekend activity ratios in the San Francisco Bay 
Area.  

The inventory (details in Fig. 3.6) indicates that a majority of emissions in all four regions 
are from mobile sources. Non-mobile sources (stationary, area-wide and natural) make the 
largest contribution in the San Joaquin Valley where they approach 30% of the NOx emissions 
on the weekends. This dominance of mobile source emissions is consistent with satellite 
observations which show large differences between weekdays and weekends, indicating a 
significant presence of anthropogenic activity that operates on a weekly cycle. Weekend 
emissions in this estimate are, on average, 64% of weekday emissions in 2005 in all four regions.  

Between 2005 and 2008, CARB estimates that there has been no significant change in 
emissions from stationary, area-wide, or natural sources in California, but that mobile source 
emissions have been decreasing. In the inventory, fractional decreases in gasoline and diesel NOx 
emissions are similar in the Sacramento, San Joaquin Valley, and South Coast regions, roughly 
7% yr-1.  In San Francisco, gasoline has decreased at the same 7% yr-1 while diesel has dropped 
at 4% yr-1. Ban-Weiss et al. (2008) report changes in emissions factors of NOx in the South Coast 
and San Francisco Bay areas showing that emissions factors for light duty vehicles have 
decreased by roughly 8% yr-1 and those for heavy duty diesel vehicles have decreased by  
3% yr-1. EMFAC model estimates of fuel sales from 2005 to 2008 show that sales of gasoline 
and diesel have not changed significantly over the time period. 

3.4     Analysis 

We report spatially comprehensive satellite observations of NO2 columns that establish 
trends (2005–2008) and day-of-week patterns that are strong constraints on emission patterns and 
photochemistry. As a further test of the connection between emissions and satellite column,  
Fig. 3.7 shows the relationship between the percent change in estimated basin-wide emissions 
and the percent change in basin-wide tropospheric NO2 burden observed by OMI relative to 
weekdays in 2005. A linear relationship between the changes in CARB estimates of emissions of 
NOx and satellite column NO2 is observed in all four regions, and weekends and weekdays fall 
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on the same line in each basin. This implies that long-term and weekday/weekend behavior is 
consistent between the emissions inventory and satellite observations. The linearity when 
integrated over the whole domain is a useful simplification of the overall processes at work, 
since decreases at specific locations within the domains are not linear (as shown in Fig. 3.1 and 
Fig. 3.2). The four domains show different relationships between emissions and column. This is 
due to a combination of factors including different NO2 lifetimes associated with different OH 
concentrations, different planetary boundary layer heights and dynamics, and/or different wind 
patterns as well as the spatial patterns of emissions in each region. These factors make 
quantifying spatial patterns in emissions challenging, but nonetheless provide evidence that the 
NOx emission inventories used in this manuscript are capturing the basin-wide trends on both 
daily and interannual timescales. 

Space-based observation of the spatial distribution of NO2 near cities reveals a larger 
weekend effect downwind of cities than within the city center. This effect is particularly evident 
near Los Angeles where we observe a large weekend effect east of Los Angeles but no weekend 
effect around the ports of Los Angeles and Long Beach. In the Los Angeles case, we expect that 
the effect can be attributed to the overwhelming influence of port emissions (which apparently 
vary little with day of week). This serves as an example of how the presence or absence of a day-
of-week signature in a satellite observation at fine spatial resolution can be used to assess the 
influence of mobile versus non-mobile sources in a particular region. 

Weekend reductions in NO2 emissions inferred from the inventory are smaller than the 
decrease we observe from the surface and satellite measurements for all regions except the San 
Joaquin Valley. Furthermore, satellite observations suggest a larger decrease over four years than 
estimated by the CARB inventory in Sacramento and the South Coast basin. These differences 
may partially be accounted for by OH feedbacks on NO2. In a high NOx regime, we expect OH 
concentrations to increase as we lower NOx emissions, decreasing the lifetime of NO2 and 
thereby further decreasing the column (Murphy et al., 2006). More work needs to be done to 
quantify the OH effect, however a rough estimate can be made assuming that there is a linear 
negative correlation between OH and NO2 (Murphy et al., 2006). This suggests that emission 
decreases cause approximately 50% of the column decreases.  
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Figure 3.1. (a) Google earth image of South Coast Region of California. (b) Tropospheric 
column NO2 concentrations (molecules cm-2) from the Ozone Monitoring Instrument (OMI) over 
the South Coast region of California from one day, August 1, 2008. Overlap of coverage in the 
flight direction (North–South) produces thin stripes in (b) which arise from averaging of 
subsequent swaths. OMI tropospheric NO2 columns (molecules cm-2) averaged over summer 
months (Jun–Aug) for the years 2005–2008 at 0.025 degree resolution for (c) weekdays and 
weekends, (d) weekdays only, (e) weekends only, and (f) ratio of weekday to weekend.   
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Figure 3.2. Average summertime OMI tropospheric NO2 column concentrations (molecules  
cm-2) for (a) a weekday (Tuesday–Friday) in 2005, (b) a weekend day (Saturday–Sunday) in 
2005 and (c) a weekday in 2008. 
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Figure 3.3. Average summertime weekday/weekend ratio for 2005-2008. Ratios for regions with 
weekday columns less than 6 × 1015 molecules cm-2 in summer 2005 are omitted. Locations of 
CARB surface NO2 monitoring sites used in this study are marked with white diamonds. 
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Figure 3.4. Average weekly profiles of NO2 for summer months (June–August) from OMI 
(solid) and CARB monitoring sites (dashed) normalized to the average weekday (Tue–Fri) value.  
CARB data is for 2005–2007 while OMI data is for 2005–2008. Points show averages for 
individual years normalized to average weekday value for that year.  
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Figure 3.5. Average tropospheric NO2 column concentrations (molecules cm-2) from OMI 
(solid) and CARB (dashed) for weekdays (dark) and weekends (light) for Sacramento County, 
the San Francisco Bay Area, the San Joaquin Valley, and the South Coast regions of California. 
The trend in summers is shown by the solid black lines which have a slope of –7.0 × 1014 ± 1.8 × 
1014 yr-1 and –5.6 × 1014 ± 7.5 × 1013 yr-1 for Sacramento, –5.6 × 1014 ± 7.6 × 1013 yr-1 and –3.3 × 
1014 ± 1.6 × 1014 yr-1 for San Francisco, –1.5 × 1014 ± 2.1 × 1014 yr-1 and –2.5 × 1014 ± 2.0 × 1014 
yr-1 for San Joaquin, and –1.1 × 1015 ± 2.0 × 1014 yr-1 and –1.1 × 1015 ± 6.3 × 1014 yr-1 for South 
Coast for weekdays and weekends, respectively. Note that figures are on different scales to make 
seasonal cycles visible. 
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Figure 3.6. Distribution of emissions for weekdays in 2005 for the Sacramento, San Francisco, 
San Joaquin Valley, and South Coast regions according to CARB emissions estimates. Weekend 
charts are scaled to show how total emissions on weekends compare to weekdays. 
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Figure 3.7. Percent change in emissions from CARB inventory versus percent change in OMI 
tropospheric NO2 relative to weekdays in 2005 for the Sacramento, San Francisco, San Joaquin 
Valley, and South Coast regions. Dots show weekdays and stars weekends for 2005–2008.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 45 

 
 
 
 
 
 
 
 

  Sun Mon Tue Wed Thu Fri Sat Ratio 
Weekday/Weekend 

          
Sacramento OMI 0.51 0.94 1.04 0.98 1.01 0.97 0.64 1.74 

 CARB Surface 0.57 0.94 1.05 1.00 0.98 0.97 0.70 1.58 

 CARB Inventory - - - - - - - 1.54 

          
San OMI 0.51 0.82 1.02 1.02 1.05 0.91 0.64 1.74 

Francisco CARB Surface 0.53 0.91 1.00 0.99 1.04 0.97 0.67 1.68 

 CARB Inventory - - - - - - - 1.46 

          
San Joaquin OMI 0.63 0.95 0.97 0.96 1.03 1.04 0.83 1.37 

Valley CARB Surface 0.65 0.98 1.03 0.97 1.00 1.00 0.76 1.42 

 CARB Inventory - - - - - - - 1.70 

          
South Coast OMI 0.43 0.92 0.98 1.00 1.04 0.98 0.65 1.85 

 CARB Surface 0.52 1.00 1.03 0.98 0.99 1.00 0.65 1.71 

 CARB Inventory - - - - - - - 1.53 

 
 

Table 3.1. Daily concentrations relative to average weekday concentrations of NO2 for summers 
2005–2008 for OMI and the CARB inventory, and for summers 2005–2007 for the CARB 
surface observations.  
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Table 3.2. Average percent change NO2 per year for each season from 2005–2008. 

 
 
 
 
 
 
 

  Winter  Spring  Summer  Fall 

  WD WE  WD WE  WD WE  WD WE 

             
Sacramento OMI -10.7 -26.6  -9.7 -8.9  -11.8 -14.3  -8.9 -5.5 

 CARB Surface -1.3 -11.6  -3.3 6.2  -5.4 -4.0  -8.1 3.8 

 CARB Inventory -4.6 -4.3  -4.6 -4.0  -4.5 -3.7  -4.5 -4.1 

             
San OMI -2.4 -16.8  -6.8 -6.3  -7.3 -7.3  -10.6 -4.6 

Francisco CARB Surface -4.0 -18.2  -7.5 -3.5  -11.7 -16.5  -10.0 2.7 

 CARB Inventory -4.5 -4.4  -4.3 -4.1  -4.3 -3.8  -4.3 -4.1 

             
San Joaquin OMI 1.9 16.8  0.1 -9.6  -3.5 -5.3  -1.5 -7.9 

Valley CARB Surface 6.5 -5.3  -5.0 -7.7  -6.3 -7.8  -7.9 -3.7 

 CARB Inventory -5.6 -5.3  -5.8 -5.8  -6.1 -6.1  -5.8 -5.8 

             
South Coast OMI -2.2 7.8  -5.8 -20.0  -8.1 -9.7  -6.4 -10.6 

 CARB Surface 2.1 -13.2  -0.6 -1.3  -5.6 -5.8  -4.4 -8.8 

 CARB Inventory -8.1 -7.0  -7.9 -6.9  -7.6 -6.7  -7.8 -6.7 
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Addendum to Chapter 3 

Millstein and Harley (2009) developed a revised inventory for off-road diesel emissions of NOx 
and found that emissions in California’s OFFROAD model (used in Chapter 3 of this 
manuscript) are 4.5 times too high compared to fuel-based estimates. This result significantly 
changes the distribution of emissions shown in Fig. 3.6. An updated version of Fig. 3.6 is shown 
in Fig. 3.8. Inventory reductions reported in Table 3.2 were recalculated using the revised off-
road estimates; however, due to the day of week dependence assumed for the off-road mobile 
fleet (as in the NONROAD model), use of the revised inventory from Millstein and Harley 
(2009) has virtually no impact on the weekday and weekend trends in the inventory reported in 
Chapter 3. 
 
Millstein, D. E. and Harley, R. A.: Revised estimates of construction activity and emissions: 
Effects on ozone and elemental carbon concentrations in southern California, Atmos. Environ., 
43 (40), 6328–6335, 2009. 
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Figure 3.8. Same as Fig. 3.6 but with updated off-road emissions from Millstein and Harley 
(2009). 
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Chapter 4 

A high spatial resolution retrieval of NO2 
column densities from OMI: Method and 
evaluation 
This chapter has been adapted from the following peer-reviewed publication: Russell, A. R., 

Perring, A. E., Valin, L. C., Bucsela, E. J., Browne, E. C., Wooldridge, P. J., and Cohen, R. C.: 
A high spatial resolution retrieval of NO2 column densities from OMI: method and evaluation, 
Atmos. Chem. Phys., 11, 8543–8554, doi:10.5194/acp-11-8543-2011, 2011. 

4.1     Introduction 

Nitrogen oxides (NOx ≡ NO + NO2) play a major role in determining atmospheric 
composition. NOx affects the rate of tropospheric ozone production and influences the oxidative 
capacity of the atmosphere through regulation of OH, thereby acting as a feedback on its own 
chemical lifetime. Further, oxidation products of NOx are contributors to atmospheric aerosol. 
Until recently, routine observation of NOx was restricted to sparse surface networks concentrated 
in urban regions. The introduction of satellite remote-sensing instruments over the past decade, 
however, has provided global, routine observation of NO2 leading to new insights into the spatial 
patterns of NOx emissions and chemistry, and into the factors influencing NOx sources. Satellite 
observations have provided exquisite evidence for spatial and temporal patterns in anthropogenic 
NOx emissions (e.g. Kim et al., 2006; Martin et al., 2006; Mijling et al., 2009; Franke et al., 
2009; Kim et al., 2009; Russell et al., 2010; Lin and McElroy, 2011; Valin et al., 2011), 
agricultural NOx emissions (Bertram et al., 2005; Jaeglé et al., 2005; Hudman et al., 2010), 
lightning NOx emissions (Beirle et al., 2004; Boersma et al., 2005; Beirle et al., 2006; Martin et 
al.; 2007; Beirle et al., 2009; Bucsela et al., 2010), and fire NOx emissions (Mebust et al., 2011). 

The Ozone Monitoring Instrument (OMI) has the highest spatial resolution of all the current 
space-based, NO2-observing instruments. Operational retrieval of NO2 vertical column density 
performed by the National Aeronautics and Space Administration Goddard Space Flight Center 
(NASA-GSFC) and the Netherlands Royal Meteorological Institute (KNMI) relies on coarsely 
resolved databases for terrain height, albedo, and NO2 vertical profile shape. These inputs all 
have coarser spatial and temporal resolutions than the OMI observation. There is evidence that 
higher resolution albedo and surface pressure would improve the retrieval products (Schaub et 
al., 2007; Zhou et al., 2009; Hains et al., 2010; Heckel et al., 2011). There is also evidence that 
higher temporal resolution in the assumed profile will change the retrieval by as much as 74% 
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seasonally (Lamsal et al., 2010). However, a retrieval utilizing parameters that are all as spatially 
resolved as the OMI observation, as well as highly temporally resolved, has not been 
implemented and tested against in situ observations.  

Here we develop a new retrieval of tropospheric NO2 column, compare it to operational 
products, and finally, validate it with a robust in situ dataset from the California portion of the 
Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS-
CA) field campaign. Our new retrieval–hereafter referred to as the Berkeley High Resolution 
(BEHR) retrieval–uses much higher spatial and temporal resolution terrain and profile inputs 
than the operational retrievals. We examine aspects of the BEHR retrieval to show that it is an 
improvement over the low resolution products available, particularly in regions where terrain or 
albedo are varying on spatial scales comparable to the dimensions of the satellite pixel. We then 
evaluate the BEHR and operational retrievals using aircraft observations collected within the 
planetary boundary layer. We show that a large ensemble of observations collected in the 
boundary layer provide a statistically more robust evaluation of the retrieval than if we relied on 
aircraft profiles spanning the troposphere. Finally, we evaluate the use of the OMI and MODIS 
cloud products for excluding cloud-contaminated observations from the comparisons. 

4.2     Tropospheric NO2 columns from OMI 

The Ozone Monitoring Instrument (OMI) is described in detail in Chapter 2 Section 2.2. 
Algorithm development and validation have been carried out by both NASA-GSFC and KNMI. 
The two institutions have developed different operational retrieval algorithms for determining 
vertical column densities of NO2, namely NASA’s standard product and KNMI’s DOMINO 
product. These two products use the same modified Differential Optical Absorption 
Spectroscopy (DOAS) spectral analysis technique to determine NO2 slant column densities but 
differ in their determination of stratospheric portion of the column and the air mass factor 
(AMF)–a multiplicative factor that is used to covert the slant column into a vertical column. 
Brief descriptions of each algorithm and their differences are included below. 

4.2.1     The NASA standard product 

Details concerning the standard product retrieval (Level 2, Version 1.0.5, Collection 3) 
algorithm are provided in Bucsela et al. (2006) and Celarier et al. (2008). Briefly, the 
stratospheric contribution to the column is estimated by masking polluted regions and applying a 
zonal planetary wave smoothing. AMFs are computed as a function of viewing parameters, 
terrain pressure, albedo, and NO2 profile shape and stored in a look-up table generated using the 
TOMRAD radiative transfer code. AMFs are calculated under both clear and cloudy conditions 
and a radiance-weighted sum is computed to derive the final AMF using cloud height and 
effective cloud fraction from the OMI O2–O2 cloud algorithm (Acarreta et al., 2004). Albedo is 
derived from observations from the Global Ozone Monitoring Experiment (GOME) satellite 
instrument averaged monthly to 1° × 1° resolution until February 2009 when reflectivity was 
modified to OMI surface albedo climatology at 0.5° × 0.5° (Koelemeijer et al., 2003; Kleipool et 
al., 2008). NO2 profiles are from a geographically gridded set of annual mean tropospheric NO2 
profiles from the GEOS-Chem model at 2° × 2.5° resolution. 
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4.2.2     The DOMINO product 

The DOMINO retrieval algorithm (Level 2, Version 1.0.2, Collection 3) is described in detail 
in Boersma et al. (2007). In the DOMINO product, stratospheric columns are determined by 
assimilating slant columns in the TM4 global chemistry and transport model. As in the standard 
product, AMF’s are determined by using output from a radiative transfer model, albedo at  
1° × 1° is from Koelemeijer et al. (2003) until February 2009 when the OMI surface albedo 
climatology at 0.5° × 0.5° began to be used (Kleipool et al., 2008), and cloud properties are from 
Acarreta et al. (2004). Daily surface pressure and NO2 profile shape are determined by 
interpolating the four adjacent cells from a TM4 model output (at 3° × 2° resolution) to the 
center of the OMI pixel.  

4.2.3     The BEHR product 

The Berkeley High Resolution (BEHR) retrieval uses the same method of stratospheric 
subtraction as that outlined for the standard product and AMFs are determined using the same 
TOMRAD-derived lookup table that depends on viewing parameters and terrain and profile 
information. Table 4.1 compares terrain and profile parameters implemented in the standard 
product, the DOMINO product, and our BEHR retrieval. We recalculate AMFs using the 
GLOBE (Global Land One-kilometer Base Elevation) 1 × 1 km2 topographical database, MODIS 
(Moderate Resolution Imaging Spectroradiometer) 0.05° × 0.05° 16-day average albedo 
(produced every 8 days), and WRF-Chem monthly-averaged, 4 × 4 km2 simulated NO2 profiles. 
The following sections describe the estimated uncertainties associated with each parameter in the 
two publicly available retrievals and the differences we observe between our improved NO2 
product and the operational retrievals. 

4.3     Evaluation of the BEHR retrieval 

In this section we describe each of the new datasets implemented into the BEHR retrieval 
and then compare the product with each individual parameter implemented with the operational 
products.  

4.3.1     Terrain pressure effects 

Recent studies have shown that inaccurate terrain pressure can have a significant effect on 
the retrieved NO2 vertical column density. A systematic topography bias in the DOMINO 
product of ~80 hPa was reported by Zhou et al. (2009). They attributed the bias to the coarse 
resolution of the TM4 modeled terrain pressures. Hains et al. (2010) also found that terrain 
pressures estimated by TM4 were 72–99 hPa larger than those they estimated, inducing a 5–20% 
systematic error in the retrieved NO2 vertical column densities. The accuracy of the pressure 
database used in the standard product has not been rigorously evaluated.   

Here, we use the GLOBE topographical database to estimate terrain height for OMI NO2 
retrieval (Hastings et al., 1999). We average the high resolution dataset over the area of the 
satellite pixel instead of using the terrain pressure at the center of the OMI pixel as in the NASA 
and KNMI products. Figure 4.1a shows a map of the difference between terrain pressures 
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utilized in the standard product and those used in the BEHR retrieval for a single day, June 18, 
2008. Little change is observed where the terrain is flat (e.g. California’s central valley), while 
larger differences are observed in the mountains. Differences on the order of ±10% are observed, 
with pressures from the standard product generally larger than those in the BEHR retrieval. A 
comparison with the DOMINO product (not shown) revealed similar results. This bias is in 
agreement with that observed for the DOMINO product by both Zhou et al. (2009) and Hains et 
al. (2010). Figure 4.1d shows the percent change in tropospheric NO2 column as a function of the 
percent change in terrain pressure and Fig. 4.1f shows a histogram of the percent change in 
tropospheric NO2 column. Differences in column are of the order ±20%. 

4.3.2     Albedo effects 

We use a 16-day average albedo product, retrieved every 8 days, from the MODIS 
instrument aboard the Aqua satellite (MCD43C3; http://modis.gsfc.nasa.gov/) which provides a 
much-improved spatial (0.05° × 0.05°; ~ 5 × 5 km2) and temporal resolution when compared 
with the monthly averaged 1° × 1° GOME product and 0.5° × 0.5° OMI product currently 
employed in the operational retrievals. Since both OMI and MODIS instruments are part of the 
A-train constellation and observe the earth within 15 minutes of one another, terrain reflectivity 
is captured at similar viewing and solar geometries as OMI observations of NO2. Changes in 
reflectivity are better captured by the enhanced temporal and spatial resolution of MODIS, 
providing better representation of reflectivity over the OMI footprint. The two instruments have 
different spectral bandwidths (OMI at 405–465nm and MODIS at 459–479nm), however, the 
error associated with this is expected to be much smaller than that induced by the coarse spatial 
resolution of the current albedo products. We note that the MODIS albedo product does not 
provide information over the ocean so all comparisons here are for observations over land. 

Figure 4.1b shows a map of the difference between the albedo products used in the standard 
and BEHR retrievals for June 18, 2008. Differences exceeding ±100% are observed. The percent 
change in tropospheric column NO2 between the standard product and the BEHR NO2 product 
versus the percent change in the albedo used in the two products is shown in Fig. 4.1e. 
Differences in tropospheric column NO2 due to the effects of albedo are on the order of ±40% 
(Fig. 4.1g).  

To demonstrate the effects of albedo on the tropospheric NO2 product in further detail, we 
evaluate a small region in northwestern Nevada where reflectivity is highly variable. Figure 4.2a 
shows an image of a salt flat as observed by MODIS. This region is isolated with no significant 
sources of NOx. A summertime average (June–August, 2008) of the OMI standard product 
tropospheric NO2 column, however, shows enhanced NO2 in a spatial pattern resembling the 
reflectivity over the region (Fig. 4.2e). This feature arises because the coarse albedo used in the 
operational products (1° × 1°) is unable to capture contrasts at this spatial scale (Fig. 4.2b). 
Coarse averaging of the reflectivity with less reflective, surrounding terrain yields a lower 
albedo. As surface albedo decreases, the AMF decreases, and the retrieved NO2 is enhanced (Fig. 
4.2e). By employing a more resolved albedo in the BEHR product (Fig. 4.2d), however, this 
false signal is almost fully diminished (Fig. 4.2f), a reduction of approximately 33% relative to 
the operational products. We find that 67% of the decrease is due to the improved albedo while 
the remainder is from using our improved terrain pressures and WRF-Chem profiles. The 
remaining enhancement may be due to the presence of clouds or aerosols, or to errors in the 
MODIS albedo. 
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4.3.3     NO2 profile shape effects 

The sensitivity of OMI to NO2 is inversely proportional to altitude. As a result, the observed 
tropospheric NO2 column depends on the NO2 profile shape. When NO2 is highly concentrated 
close to the surface, the AMF is smaller and the NO2 column is enhanced. The operational 
DOMINO and standard products currently use daily TM4 modeled profiles and annually 
averaged profiles from GEOS-Chem, respectively (Table 4.1). The profiles provided by both 
models are at a much coarser spatial resolution that the OMI observation (WRF-Chem: 2° × 2.5°; 
TM4: 3° × 2°). Consequently, an average semi-polluted profile is applied over the large grid cell 
that contains both urban and rural locations, poorly representing the actual NO2 profile over both 
areas and resulting in an underestimation of the NO2 column in the urban region and an 
overestimate in the rural region. In addition to these biases due to resolution, Lamsal et al. (2010) 
found that the OMI standard product is biased high in summer, which they attribute to the lack of 
seasonality in the standard product NO2 profiles. 

We use monthly averaged NO2 profiles from a WRF-Chem simulation at 4 × 4 km2 
resolution. Briefly, WRF-Chem is a state-of-the-art, multi-scale regional 3-D air quality 
chemical transport model (Grell et al., 2005). The domain covers 2304 x 2304 km2 centered on 
the state of California (30 °N – 50 °N, 100 °W – 124°W). Emissions are the National Emission 
Inventory (NEI) 2005 on-road and off-road transportation emissions for a typical June weekday 
at native 4 × 4 km2 resolution. Emissions from lightning and fires are not included but are 
expected to have a minimal influence in the urban regions studied here. More information 
concerning emissions is available at: ftp://aftp.fsl.noaa.gov/divisions/taq/emissions_data_2005 
/Weekday_emissions/readme.txt. The model meteorology was driven by initial and boundary 
conditions derived from the North American Regional Reanalysis for July, 2005 (NARR, 
http://nomads.ncdc.noaa.gov/dods/NCEP_NARR_DAILY). We use the Regional Acid 
Deposition Model, version 2 chemical mechanism (Stockwell et al., 1990). 

Using monthly averaged WRF-Chem profiles allows us to eliminate the seasonal bias 
observed in the standard product that results from the use of annually averaged profiles (Lamsal 
et al., 2010). As before, profiles are averaged over the satellite pixel area. Figure 4.1e shows 
normalized NO2 profiles for a single point over an urban region in the Los Angeles area and over 
a rural region in coastal northern California from the GEOS-Chem and WRF-Chem models. A 
histogram showing the percent difference in tropospheric NO2 column between the standard and 
BEHR products is shown in Fig. 4.1h. Implementation of WRF-Chem profiles results in a 
decrease in column NO2 of 29% on average, compared to the standard product. As expected, 
decreases are observed over remote areas while enhancements are observed over highly polluted, 
urban regions.  

4.3.4     Spatial resolution and cloud effects 

Retrieval of boundary layer NO2 from space-based observations is highly sensitive to cloud 
cover. As a result, previous studies have used cloud filters in order to exclude data that has a 
higher uncertainty due to cloud contamination. These filters have generally been set to exclude 
data with a cloud fraction greater than 0.2–0.3 or data with a cloud radiance fraction greater than 
0.5–0.7 according to cloud information from the OMI O2–O2 cloud product.    

The OMI O2–O2 cloud algorithm relies on the 477 nm absorption band of the O2–O2 collision 
complex to estimate cloud height and fraction. Shielding of the O2–O2 column by the presence of 
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clouds allows determination of cloud parameters when radiance observations are coupled with 
viewing geometry and terrain information and processed in a radiative transfer model. As in the 
OMI NO2 products, the OMI cloud algorithm also relies on the coarse 1° × 1° albedo from 
GOME. Consequently, over bright surfaces, the algorithm has trouble discerning whether the 
high reflectivity is from the ground or from a cloud. The algorithm thereby has a tendency to 
mistakenly identify clear-sky, highly reflective regions as cloudy. This error results primarily 
from a dependence on the coarsely-resolved reflectivity and terrain pressure currently used in the 
cloud algorithm. While use of the OMI cloud product has the advantage of providing cloud 
information that is perfectly co-located with NO2 observations, eliminating concerns of 
instrumental biases, cloud retrieval from OMI is subject to large uncertainty due to the 
unresolved terrain parameters currently used in the product.   

To illustrate this, Fig. 4.3a and Fig. 4.3b show maps of OMI O2–O2 derived cloud fraction 
and MODIS MCD43C3 albedo over California for June 18, 2008. The OMI product shows high 
cloud fractions over regions of high reflectivity in north western Utah, north western Nevada, 
and the California-Mexico border, east of San Diego. In contrast, no clouds are observed in these 
regions using the MODIS MYD06 cloud product (Fig. 4.3c). In light of this issue with the OMI 
O2–O2 cloud product, we perform our validation analyses by filtering according to both OMI and 
MODIS cloud fractions (averaged to the OMI pixel size) as a test of the impact of the two cloud 
products on the comparisons.  

4.3.5     BEHR OMI NO2 

Figure 4.4 compares average tropospheric NO2 columns for June 2008 from the standard 
(Fig. 4.4a) and the BEHR (Fig. 4.4b) products with all new terrain and profile parameters 
implemented. The percent difference in retrieved tropospheric NO2 column is shown in Fig. 4.4c.  
NO2 columns determined using the BEHR retrieval are, on average, 31% lower than those 
observed using the standard product. Exceptions to this decrease occur in urban regions where 
we observe an average increase of 8% that is primarily due to improved NO2 profiles, and to a 
lesser extent, improved albedo.  

4.4     Validation of the BEHR retrieval 

In order to validate the accuracy of the BEHR product, we use in situ boundary layer 
measurements of NO2 collected during the California portion of the Arctic Research of the 
Composition of the Troposphere from Aircraft and Satellites (ARCTAS-CA) field campaign. 
The ARCTAS-CA campaign was carried out in order to improve our understanding of emissions, 
chemical dynamics and air quality over the state of California (Jacob et al., 2010). Aircraft 
observations were collected on June 18, 20, 22, and 24, 2008 and a substantial fraction of the 
measurements were collected within the planetary boundary layer. Previous validation efforts 
have extrapolated columns from surface networks, which are numerous but influenced by local 
sources, or full aircraft spirals which are sparse (Martin et al., 2006; Bucsela et al., 2008; Lamsal 
et al., 2008; Boersma et al., 2009; Hains et al., 2010). Boundary layer observations, however, 
have the advantage of being removed from the direct influence of sources making them more 
representative of the tropospheric column. Further, given that individual boundary layer aircraft 
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observations largely outnumber full vertical profile observations, their use as a validation tool 
greatly enhances the robustness of validation analyses. 

4.4.1     Inferred columns from boundary layer observations 

The in situ observations of NO2 studied here were collected throughout the troposphere using 
the UC-Berkeley Laser-Induced Fluorescence (LIF) instrument aboard NASA’s DC-8 aircraft. 
Details concerning the instrument are provided in Thornton et al. (2000) and Cleary et al. (2002). 
Briefly, the LIF system employs a Q-switched, frequency-doubled Nd3+:YAG laser to pump a 
tunable dye laser. Following cooling of the sample via supersonic expansion to increase the 
population of NO2 molecules at a target rotational level, the dye laser is held at the peak of the 
strong resonant for 9 s and then at an offline position in the continuum absorption for 3 s. 
Fluorescence is detected at 4 Hz by a photomultiplier tube. NO2 mixing ratio is proportional to 
the ratio of the peak to the background. A map showing flight tracks where in situ aircraft 
measurements took place during ARCTAS-CA is shown in Fig. 4.4d.  

We estimate NO2 vertical column densities from boundary layer aircraft observations for 
comparison with satellite-observed NO2 columns by first co-locating aircraft segments that 
coincide with individual satellite observations (Figure 4.5a). We require that each aircraft 
segment consist of at least 20 s of measurements that were collected within the boundary layer 
and within the spatial extent of an OMI pixel after discarding outliers. Outliers are defined as 
values that are more than two standard deviations away from the mean value for the set of 
measurements. An aircraft segment consists of measurements gathered between 12:00 pm and 
3:00 pm local time, coinciding with the 1:45 pm OMI overpass time.  

The boundary layer height for each aircraft observation is defined by identifying sharp 
gradients in aircraft measured NO2 concentration, water vapor, and potential temperature with 
altitude to determine boundary layer entrance and exit points (Fig. 4.5b). We assume that the 
boundary layer height varies linearly between each entrance into and exit from the boundary 
layer. Observations gathered during ARCTAS-CA show small variability in NO2 throughout the 
free troposphere and a mean free tropospheric concentration of roughly 40 ppt. We assume a 
constant 40 ppt NO2 mixing ratio above the boundary layer for the free-tropospheric portion of 
the column. We further assume that the boundary layer is well-mixed in order to infer the 
boundary layer portion of the column from aircraft observations. This assumption generally 
agrees well with GEOS-Chem and WRF-Chem simulations as well as the in situ aircraft 
observations examined here (e.g. Fig. 4.1c). Further, in the analyses that follow, similar variance 
between aircraft and satellite observations is observed if an exponential profile is assumed.  The 
segment of aircraft measurements associated with a single satellite pixel are averaged and 
integrated from the terrain height to the height of the boundary layer in order to determine the 
vertical column density. A preliminary comparison between in situ-derived and satellite-
observed vertical column densities is shown in Fig. 4.5c. 

In the analyses that follow, we exclude comparisons for which OMI pixels were flagged 
during the retrieval process as well as pixels with an OMI-derived cloud fraction greater than 
20%. A total of sixty-eight comparisons remain following the filtering processes. 
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4.4.2     Satellite observations versus inferred columns 

Figures 4.6a and 4.6b compare the in situ-derived tropospheric column NO2 from aircraft 
observations with satellite-observed column NO2 derived using the standard product and 
DOMINO product algorithms. There is good agreement between in situ and remote-sensed 
observations, with correlation coefficients of R2 = 0.72 and R2 = 0.65 for the standard product 
and DOMINO product, respectively. Slopes associated with the fits suggest there is no bias in 
the standard product for this time of year but that the DOMINO product is biased high relative to 
the in situ observations. A similar bias in the DOMINO product was found by Bucsela et al. 
(2008) using observations from the PAVE, INTEX-A, and INTEX-B aircraft validation 
campaigns. 

Figure 4.6c compares tropospheric NO2 columns derived from in situ aircraft observations 
with the columns from the BEHR product. A slope of 0.96 suggests that there is no significant 
bias between inferred NO2 columns and the BEHR product. We further observe a dramatically 
improved correlation between BEHR columns and the in situ derived observations (R2 = 0.83) 
compared to the standard and DOMINO products. This suggests that a large contribution to the 
uncertainty in OMI observations arises from biases resulting from unresolved terrain and profile 
databases that are currently implemented in the operational retrievals. 

4.4.3     OMI versus MODIS cloud products 

Table 4.2 summarizes our results for the BEHR product when employing various cloud-
filters. For the MODIS cloud filtering case, the cloud fraction derived by MODIS and averaged 
over the OMI satellite pixel is implemented in the AMF calculation to determine NO2 columns 
(while the standard OMI cloud product is used for the standard product and DOMINO cloud-
filtering cases). As expected, we observe an improved correlation between aircraft and remote-
sensing observations when stricter OMI O2–O2 cloud restrictions are imposed ranging from 20% 
to 5% cloud fraction due to the reduced influence of clouds on the accuracy of the retrieval. A 
decrease in the correlation is observed, however, when we impose a 0% cloud threshold due to a 
substantial reduction in data points at this threshold for evaluation. When we retrieve OMI NO2 
using MODIS cloud fractions and setting a 0% MODIS cloud threshold, however, we retain a 
substantial number of data points and observe a much higher correlation than all other thresholds 
tested here. As discussed in Section 4.4, the poor correlation between aircraft observations and 
the BEHR product derived using the standard OMI cloud information is expected to result from 
artifacts in the OMI cloud algorithm related to the coarse terrain reflectivity used in the product.  

In Table 4.3 we compare how the relationship between inferred columns and satellite NO2 
changes for each NO2 product when we impose a MODIS cloud fraction threshold of 0% (Fig. 
4.6; dark crosses) as opposed to the OMI O2–O2 20% cloud fraction threshold (Fig. 4.6; all 
crosses). For all three NO2 products, the fits to observations with a MODIS cloud fraction of 0% 
have similar slopes as the fits to observations with an OMI cloud fraction less than 20%. We 
observe improved correlations when using the MODIS cloud threshold for all three products 
(standard product: R2 = 0.86; DOMINO: R2 = 0.83; BEHR: R2 = 0.91).    
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4.4.4     Boundary layer versus complete spiral analyses 

In Fig. 4.6 we compare the relationship between inferred columns from ARCTAS-CA in situ 
observations and the BEHR tropospheric column NO2 using our boundary layer validation 
method (crosses) and the traditional validation method requiring measurements from full aircraft 
spirals spanning the troposphere as described in Hains et al. (2010; triangles). Briefly, the Hains 
et al. method requires that part of the aircraft segment was collected between 500 m and 2 km 
above the land surface, that the aircraft observations were collected within 3 hours of the OMI 
overpass, and that the cloud radiance fraction (as observed by OMI) was less than 0.5.  Aircraft 
observations are extrapolated to an assumed tropopause height of 12 km and the highest (lowest) 
10 altitude observations are used to extrapolate to the top (bottom) of the column. 

The boundary layer and full aircraft spiral validation methods show similar variance between 
in situ observations and the BEHR retrieval of OMI NO2 suggesting that, using our boundary 
layer method, we are able to capture the variation of the tropospheric column to within the same 
certainty as in previous work without requiring observations that span the troposphere at every 
point. Requiring only points within the boundary layer is an advantage because it both increases 
the number of data points available for evaluation of the OMI NO2 retrieval and increases the 
spatial coverage of the sampling. We find that by requiring complete spirals, only five 
comparisons are possible (R2 = 0.26), but by using the boundary layer method described here, we 
expand the number of comparisons to sixty-eight (R2 = 0.83).  

4.5     Conclusions 

We have produced an improved OMI NO2 product (BEHR) that uses much finer spatial and 
temporal resolution terrain and profile inputs than the operational products. With the exception 
of the WRF-Chem profiles, these high resolution inputs are publicly available. We use the 
GLOBE 1 × 1 km2 topographical database in order to correct for terrain pressure biases. We find 
differences of ±10% in terrain pressure, resulting in differences of roughly ±20% in the retrieved 
tropospheric NO2 column. We use MODIS albedo at higher spatial and temporal resolution than 
the current reflectivity products. The large spatial variability in albedo observed by MODIS, not 
captured by the coarse operational inputs, results in tropospheric column differences of ±40%. 
The spatial and temporal resolution of the NO2 profiles were also improved in the BEHR product 
(WRF-Chem; 4 × 4km2; monthly) in order to account for both spatial and seasonal variation. 
Compared with the standard product, the BEHR tropospheric NO2 product is roughly 30% lower 
for relatively clean regions and 8% higher for urban regions where anthropogenic emissions 
account for a majority of the observed NO2.        
     We validate tropospheric NO2 columns from the standard, DOMINO, and the BEHR products 
by comparing the OMI NO2 columns with NO2 measurements collected during the ARCTAS-CA 
field campaign. While previous comparisons of this kind have required observations spanning 
the troposphere, we’ve developed a new method that converts boundary layer NO2 
concentrations to vertical column densities. Our method vastly increases the size of the 
validation dataset by eliminating the need for full vertical profiles for each comparison. We find 
excellent agreement between in situ-derived and satellite observed NO2 vertical column 
densities. We also observe largely improved agreement with the BEHR NO2 product over the 
operational products. We interpret this to mean that much of the variance in current retrievals is 
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due not to meteorological or chemical variation, but to the low spatial and temporal resolution of 
the geophysical assumptions used, as evidenced by the increase in the correlation coefficient, 
ranging from 0.65–0.72 in the operational products, to 0.83 in the BEHR retrieval. Finally, we 
show that MODIS cloud observations are a useful tool for filtering cloud contaminated scenes 
and that their use dramatically improves agreement between satellite and aircraft observations 
(e.g. BEHR: R2 = 0.91).       
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Figure 4.1. Retrieval inputs from the BEHR retrieval are compared with those from the standard 
product. Maps of the percent change in (a) terrain pressure and (b) and terrain reflectivity for 
June 18, 2008. (c) Profile shapes from GEOS-Chem and WRF-Chem for single points over urban 
and rural regions in California. The percent change in NO2 column versus the percent change in 
(d) terrain pressure and (e) albedo. Histograms of the percent change in NO2 column due to 
changes in (f) terrain pressure, (g) albedo, and (h) NO2 profile shape.  
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Figure 4.2. (a) MODIS true color image of a salt flat in north western Nevada on June 18, 2008. 
Albedo used in (b) the operational retrievals for Oct 2004 – Feb 2009 (GOME climatology, 
monthly at 1° × 1°), (c) the operational retrievals for Feb 2009 – today (OMI climatology, 
monthly at 0.5° × 0.5°), and (d) the BEHR retrieval (MODIS MCD43C3, 16 day average every 8 
days, at 0.05° × 0.05°) for June 18, 2008. Average OMI tropospheric NO2 column from (e) the 
standard product and (f) the BEHR retrieval for June–August 2008. 
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Figure 4.3.  Maps over California showing (a) OMI O2–O2 derived cloud fractions, (b) MODIS 
MCD43C3 albedo, and (c) MODIS MYD06 cloud fraction for June 18, 2008. White boxes show 
regions where OMI and MODIS cloud fractions do not agree due to albedo effects. 
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Figure 4.4. Average tropospheric NO2 column for June 2008 from (a) the standard product and 
(b) the BEHR product, and (c) the percent difference between the two products. (d) Flight tracks 
during the ARCTAS-CA campaign, June 18–24, 2008.  
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Figure 4.5.  (a) The black line shows the flight path over California of the DC-8 aircraft on June 
24, 2008.  Colored squares show the column concentration and location of the center of 
coincident OMI pixels. (b) Aircraft altitude, H2O vapor concentration, NO2 concentration, and 
inferred boundary layer height versus time for the flight on June 24. (c) In situ derived and OMI 
Standard Product columns collected on June 24.    
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Figure 4.6. OMI tropospheric column from (a) the standard product, (b) the DOMINO product, 
and (c) BEHR product versus coincident aircraft-derived column NO2. Observations are over 
land only. All observations correspond to an OMI cloud fraction of less than 20%. Dark blue 
points show where MODIS cloud fraction is 0%. The black line shows the fit to all data. Fits and 
correlations are included in Table 4.3. Orange triangles in (c) show the comparison of the BEHR 
retrieval and in-situ derived columns determined using the full vertical spiral method in Hains et 
al. (2010). 
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Table 4.1. Albedo, terrain pressure, and NO2 vertical profiles in each of the three satellite 
column NO2 retrievals studied here. *Note: As of early 2009, the standard product has begun to 
use OMI reflectivity at 0.5° × 0.5° resolution, however, the switch has not yet been retroactive 
and early data still uses the GOME 1° × 1° resolution reflectivity product. 

 

 

  
NASA OMI 

Standard Product 
 

 
Dutch OMI 

DOMINO Product 

 
This Work 

 

 
Albedo 

 

 
*10/04–02/09: GOME 
derived, 1° × 1°, 
Monthly; 
02/09-current: OMI 
derived, 0.5° × 0.5°, 
Monthly 

 
*10/04–02/09: GOME 
derived, 1° × 1°, 
Monthly; 
02/09-current: OMI 
derived, 0.5° × 0.5°, 
Monthly 

 
MODIS MCD43C3, 
0.05° × 0.05°, 16 day 
average every 8 days 
(averaged to OMI 
pixel) 
 

 
Terrain Pressure 

 

 
SDP Toolkit 90 arcsec 
DEM map (pressure 
@ center of OMI 
footprint) 
 

 
TM4 model, 3° × 2° 
resolution, interpolate 
four adjacent cells to 
the center of the OMI 
pixel 

 
GLOBE 1 × 1 km2 
topographical 
database (averaged to 
OMI pixel) 
 

 
NO2 Profile 

 

 
GEOS-Chem 2° × 
2.5°, Annually 
 

 
TM4 model, 3° × 2° 
resolution, Daily, 
interpolate four 
adjacent cells to the 
center of the OMI 
pixel 

 
WRF-Chem 4 × 4km2, 
Monthly (averaged to 
OMI pixel) 
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Cloud 

Product 

Cloud 

Fraction 

# of Data 

Points 
Best Fit Line R2 

OMI 20% 68 y = 0.96x – 5.01 × 1014 0.83 

 10% 64 y = 0.95x – 4.38 × 1014 0.83 

 5% 42 y = 1.00x – 4.45 × 1014 0.82 

 0% 11 y = 1.56x – 5.13 × 1013 0.58 

MODIS 0% 45 y = 1.03x – 1.39 × 1014 0.91 

 

Table 4.2. The number of data points available, equation for best fit line, and correlation 
coefficient when OMI NO2 derived using the BEHR product is filtered according to different 
cloud information.   
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Table 4.3.  Equation for the best fit line and correlation coefficient for satellite columns versus in 

situ columns when the OMI cloud fraction and MODIS cloud fraction thresholds are used.  

 

 

 
 

 OMI cloud fraction < 20% MODIS cloud fraction = 0% 

Standard 
Product 

y = 0.99x + 4.51 × 1014 
R2 = 0.72 

y = 1.04x + 5.45 × 1014 
R2 = 0.86 

DOMINO 
y = 1.78x – 1.31 × 1015 

R2 = 0.65 
y = 1.70x – 4.67 × 1013 

R2 = 0.83 

BEHR 
y = 0.96x – 5.01 × 1014 

R2 = 0.83 
y = 1.03x – 1.39 × 1014  

R2 = 0.91 
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Chapter 5 

Trends in OMI NO2 observations over 
the United States: Effects of emission 
control technology and the economic 
recession 

 
5.1     Introduction      

     Nitrogen oxides (NO + NO2 ≡ NOx) play an important role in tropospheric chemistry. On a 
regional scale, NOx degrades local air quality due to its dual role in regulating the production of 
ozone and its contribution to particle formation. NOx is emitted into the troposphere by both 
anthropogenic (transportation, power generation) and natural (lightning, soil, fires) sources with 
anthropogenic sources dominating in highly-populated regions.   
     Efforts to reduce anthropogenic NOx emissions in North America and Europe have led to 
dramatic reductions in urban NOx concentrations (Richter et al., 2005; Kim et al., 2006; 
Stavrakou et al., 2008; van der A et al., 2008; Kim et al., 2009; Konovalov et al., 2010; Russell 
et al., 2010; Castellanos et al., 2012; Zhou et al., 2012). These reductions are largely attributed to 
emission control measures; however, despite the improvements, concentrations in the United 
States (US) continue to reach levels that promote high ozone and that are detrimental to human 
health (US Environmental Protection Agency (EPA), 2010). Regulatory efforts implemented 
over the past decade have aimed at reducing emissions further by establishing stricter emissions 
standards for both light- and heavy-duty vehicles and by imposing stricter controls on electric 
power generation, sources which taken together account for approximately 55% of the 
anthropogenic NOx budget in the US (National Emissions Inventory (NEI) 2008). Examples 
include the Clean Air Interstate Rule (CAIR), which requires reductions in the emissions of NOx 
produced from power generation in the eastern US, and the Tier II Tailpipe NOx Emissions 
Standard, which called for a step-wise reduction (77–86% total for cars) in emissions per year for 
all vehicles in the US produced between 2004 and 2009 (USEPA, 2004). 
     Satellite observations of NO2 have been widely used to identify NOx source regions and 
evaluate changes in emissions over time (Irie et al., 2005; Richter et al., 2005; Kim et al, 2006; 
van der A et al., 2006; He et al., 2007; Stavrakou et al., 2008; van der A. et al., 2008; Kaynak et 
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al., 2009; Kim et al., 2009; Mijling et al., 2009; Konovalov et al., 2010; Russell et al., 2010; 
Castellanos et al., 2012; Zhou et al., 2012). This is possible due to the short chemical lifetime of 
NOx which results in relatively small background NO2 column densities against which source 
regions have high contrast. More recent work has focused on using satellite observations to 
identify the causes of the observed reductions; for example, Kim et al. (2006) showed that in the 
eastern US, where a large proportion of NOx emissions can be attributed to power generation, 
controls on power plant NOx emissions have greatly reduced NOx concentrations. Kaynak et al. 
(2009) showed that the weekly cycle in NO2 column densities can be used to distinguish between 
urban, rural, and isolated point sources so that the contribution of mobile sources can be 
quantified. Russell et al. (2010) showed that trends in satellite-based NO2 column densities agree 
well with trends in ground-based observations and a regional emissions inventory in four urban 
regions in California, confirming the ability of the satellite to capture changes in emissions over 
time. Together, these studies demonstrate the potential for using trends in satellite observations 
to discriminate between source contributions and thereby to provide timely updates to emission 
inventories.  
     In this chapter, satellite observations from the Ozone Monitoring Instrument (OMI) are used 
to evaluate trends in NO2 across the US for 2005–2011. We employ the Berkeley High-
Resolution retrieval (BEHR) in our analysis, which has been shown to minimize biases in the 
underlying terrain pressure, albedo, and NO2 vertical profiles used to determine the integrated 
NO2 column densities (Russell et al., 2011). We describe changes in tropospheric NO2 column 
densities for major cities, power plants, and remote regions of the US on day-of-week and 
interannual timescales. These temporal patterns are used to infer how changes in source 
categories have influenced trends in NO2 concentrations.  

5.2     Data Description 

5.2.1     OMI Tropospheric NO2 column 

     A detailed description of the Ozone Monitoring Instrument (OMI) and the operational 
standard and DOMINO products is provided in Chapter 2 Section 2.2 and Chapter 4 Sections 
4.2.1 and 4.2.2, respectively. Here, we evaluate tropospheric NO2 vertical column densities from 
the Berkeley High Resolution product (BEHR), described in detail in Chapter 4 Section 4.2.3 
(Russell et al., 2011, available on request). To extend BEHR from the California domain 
described in Russell et al. (2011) to the rest of the contiguous US, we have made a minor change 
to the procedure, using profiles from WRF–Chem (Weather Research Forecasting Chemistry) 
monthly-averaged simulations at 12 × 12 km2.  
     Recently, several row anomalies have developed on the OMI detectors resulting in unreliable 
detection in a number of cross-track scenes (http://disc.sci.gsfc.nasa.gov/Aura/data-
holdings/OMI/index.-shtml#info). In order to prevent biases arising from the variable availability 
of reliable pixels over the 2005–2011 time period, we uniformly exclude all affected cross-track 
scenes for all years of evaluation. Additionally, we exclude pixels otherwise flagged as 
unreliable and those with an effective cloud fraction exceeding 20% according to the cloud 
retrieval described in Accareta et al. (2004).      
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5.2.2     Continuous Emission Monitoring System 

     The Continuous Emissions Monitoring System (CEMS) is a system of instruments for the 
measurement of trace gases and particulates from industrial combustion sources including power 
plants. Data is recorded hourly and made publicly available for download at 
ftp://ftp.epa.gov/dmdnload/. Here, we use CEMS data to evaluate the consistency of trends in 
emissions with trends inferred from OMI observations for isolated power plants as well as for 
cities in close proximity to major power generation sources.  

5.3     Methods 

     We evaluated trends in OMI BEHR tropospheric NO2 column densities for 2005–2011. 
Seasonal averages were determined by performing an area-weighted averaging, binning to 0.05° 
× 0.05°, as in Russell et al. (2010). Figure 5.1a shows the average OMI NO2 column retrieved 
using the BEHR algorithm during summer (April–September) 2005. Elevated NO2 column 
densities allow dozens of urban and industrial emission sources to be identified. A total of 47 
cities and 23 power plants across the US and Canada were selected for the analyses that follow. 
Circular regions surrounding each location were chosen with radii large enough to capture NO2 
plumes from each source during summer 2005, while minimizing a dampening of the signal from 
averaging in the background (black circles in Fig. 5.1a). Additionally, 12 rectangular 
“background” regions, defined as regions isolated from major cities and power plants, were 
analyzed (black rectangles in Fig. 5.1a). More information about the regions chosen is given in 
Table 5.1. Averages were computed for both winters (October–March) and summers (April–
September). Weekday (Tuesday–Friday) and weekend (Saturday–Sunday) seasonal averages 
were also computed. Percent changes for each time period, Y1–Y2, are determined by  
(Y2 –Y1)/Y1 × 100. Trends for cities and power plants are reported as A ± B%, where A is the 
average change among all locations and B is the standard deviation describing the variability. 
We focus most of our analysis on summertime observations when the NOx lifetime is short and 
both transport and carryover from the previous day are minimized such that variation in 
concentrations and columns is more closely related to variation in emissions.  

5.4     Results and discussion          

5.4.1     Observed trends in OMI BEHR NO2 columns 

     Figure 5.1 shows summertime OMI BEHR NO2 column densities from 2005 (Fig. 5.1a), 2011 
(Fig. 5.1b), and their difference, 2011 – 2005 (Fig. 5.1c). From 2005 to 2011, NO2 reductions of 
as much as 5 × 1015 molecules cm–2 (up to 47%) are observed. Absolute reductions are largest in 
the most populous regions of the country, including the eastern seaboard (from Boston to 
Washington DC), Chicago, and Los Angeles. In contrast, small increases in column NO2 are 
observed over rural regions of the central US. Comparison with the average 2005–2011 columns 
(not shown) indicates that NO2 in the central US was anomalously high in 2011 and that there 
has been no significant trend in concentrations. Interannual variations in soil NOx emissions as 
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described in Hudman et al. (2010; 2012) are likely a major factor contributing to the variability 
of the NO2 columns observed in the central US.   
     Figures 5.2a–c show the time series of seasonally averaged OMI NO2 column densities on 
weekdays and weekends for select US cities. Sample cities shown here were chosen from 
different regions of the US to highlight common features. A seasonal cycle in NO2 column 
densities, with larger columns in winter than in summer, is observed in each of the cities due to 
the longer lifetime of NOx in winter. Additionally, we observe the well-documented weekend 
effect, characterized by larger NOx concentrations on weekdays than weekends, due to the large 
proportion of emissions from mobile sources which vary according to the weekly cycle in human 
activity in the US. Figure 5.2d shows the time series of summertime averages for all 47 cities 
studied here, with concentrations for each city normalized to their 2005 values. Figures 5.2a–d 
show that, in general, reductions in urban regions across the US were relatively large and linear 
from 2005 to 2009 but decreases in columns slowed from 2009 to 2011. Percentage reductions 
from 2005 to 2011 are similar for US cities, with an average change of –32%. The variance 
among cities is approximately Gaussian with a standard deviation of ±7%. A map showing the 
reductions in all cities studied here for 2005–2011 is shown in Fig. 5.3 (tabulated reductions are 
available in Table 5.1). In general, smaller decreases are observed in urban areas of the central 
US compared with urban regions located closer to the coasts. This may, in part, be due to a 
masking of anthropogenic reductions by NO2 from agricultural emissions in the central US. The 
smallest decrease we observe is 15% in Omaha and the largest decrease is 47% in New York 
City. 
     Trends in NO2 column density observed over power plants are more variable than those 
observed over cities. Figures 5.2e–g show the time series of seasonally averaged OMI NO2 
column densities for three power plants located in different regions of the US. Combined 
weekday and weekend averages are shown since a weekly cycle is not observed at power plants 
(not shown). Figure 5.2h shows the time series for all power plants studied here, each normalized 
to their 2005 values. Trends at power plants are generally negative (Fig. 5.2e–h), with large 
decreases observed at some locations (e.g. Seminole, FL, Fig. 5.2g) while little change is 
observed at others (e.g. Intermountain, UT, Fig. 5.2e). An average change of –26 ± 12% is 
observed. OMI observations suggest that power plant emission reductions have been highly 
variable in the western US where there has been little effort to regulate emissions. In the eastern 
US, we observe more consistent decreases in NO2 near power plants; however, it is much more 
difficult to isolate eastern power plant plumes from the nearby urban areas and therefore 
observed changes are likely influenced by both regulatory efforts to reduce power plant 
emissions (CAIR) and reductions from other sources in nearby urban centers. At these power 
plants, we tend to observe decreases that are linear (not shown), likely demonstrating the 
influence of urban reductions that are occurring roughly linearly over time. In contrast, at the 
more isolated power plants, the change is more variable. In some cases, we observe reductions 
that are step-wise (e.g. Fig. 5.2g), as expected if plants have installed new technology at discrete 
intervals over time. Trends in CEMS emissions measurements show similar features and 
generally good agreement with OMI observations. As an example, comparison at the Seminole 
power plant in Florida (not shown) verifies that a step-wise reduction in emissions has occurred 
at the power plant (large reductions in 2007 and 2009), although the magnitude of the reduction 
is larger in the CEMS observations than in the satellite observations. 
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5.4.2     Economic impact on trends 

     Late 2008 marked the beginning of a significant global recession. Castellanos et al. (2012) 
showed that changes in the economy of Europe due to the recession significantly impacted 
regional NOx concentrations. They observed decreases in NO2 column densities of 10–25% yr–1 
for the recession years 2008–2009 compared to the long-term trend of 2–5% yr–1 prior to 2008.  
     Here we examine the effects of the global recession on NO2 concentrations in the US by 
evaluating trends in OMI BEHR NO2 during three time periods: before the recession (2005–
2007), during the recession (2007–2009), and after the recession (2009–2011). Tabulated 
reductions for each city and power plant are included in Table 5.1. Maps comparing the observed 
trends for each of the three time periods are shown in Fig. 5.4. In the majority of US cities, we 
observe moderate decreases (similar to those observed by Russell et al. (2010)) for 2005–2007  
(–6 ± 5% yr–1), larger decreases for 2007–2009 (–8 ± 5% yr–1), and smaller decreases for  
2009–2011 (–3 ± 4% yr–1). Reductions for cities in the western US tend to be larger than those 
previously observed by Kim et al. (2009) using OMI observations, likely due to both the use of 
high-resolution BEHR product and the manner in which regions were chosen to minimize the 
contribution from the low background NO2 in this work. In general, urban areas in the 
southwestern and southeastern US saw the largest reductions in NO2 during the peak of the 
recession. In the southeast, these same cities have seen the largest increase in NO2 concentrations 
during 2009–2011. Large reductions observed for 2007–2009 are consistent with heavy duty 
diesel activity reports showing a reduction of 10–14% in freight transport (California Air 
Resources Board, 2009), as well as an increasing trend in total vehicle miles traveled until late 
2007 followed by a steady decrease through 2009 as reported by the Department of 
Transportation (http://www.fhwa.dot.gov/policyinformation/travel/tvt/history/). Similar trends in 
the NO2 column densities during the recession are observed for power plants, and this feature is 
particularly striking for plants in the western US (Utah, Arizona, and New Mexico) where 
satellite observations and CEMS data show that NOx emissions were increasing prior to 2007 but 
then dropped dramatically during 2007–2009. These observations are consistent with the 13% 
reduction in coal-powered energy generation in the US between 2007 and 2009 reported by the 
US Energy Information Administration (http://www.eia.gov/electricity/annual/pdf/tablees1.pdf). 

5.4.3     Trends on weekdays and weekends  

     A pronounced weekly pattern in NOx emissions—and consequently NO2 concentrations—has 
previously been observed in urban regions across the globe (Cleveland et al., 1974; Marr et al., 
2002a; Marr et al., 2002b; Beirle et al., 2003; Harley et al., 2005; Murphy et al., 2006; Murphy et 
al., 2007; Kaynak et al., 2009; Kim et al., 2009; Russell et al., 2010). Harley et al. (2005) showed 
that in the US, total daily emissions from light-duty vehicles are similar throughout the week 
whereas on-road heavy-duty diesel emissions are reduced by roughly 60–80% on weekends 
relative to weekdays. Mobile sources account for 77% of anthropogenic emissions in the US 
cities analyzed here (NEI 2008) and heavy-duty diesel emissions are predicted to be the 
dominant mobile source of NOx in the US in recent years (Dallmann and Harley, 2010).  
     Figure 5.5a–b shows the percent change in the OMI BEHR NO2 column for weekdays and 
weekends in cities across the US for 2005–2011. Significant decreases are observed on weekdays 
and weekends alike; however, the magnitudes of the reductions vary, with larger reductions 
observed in a majority of cities on weekdays (–34 ± 8%) than weekends (–27 ± 10%). This result 
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is different than observations reported by Russell et al. (2010), which showed larger reductions 
on weekends than on weekdays in four urban regions of California from 2005 to 2008. The 
largest percentage changes in NO2 column densities—generally ranging from 40–50%—are 
observed on weekdays in California and in the eastern US (Fig. 5.5a), coinciding with cities 
where differences in weekday and weekend NO2 columns are largest. Trends on weekends in 
these regions are significantly lower (~20–30%). In contrast, similar trends on weekdays and 
weekends are observed in the central US. Evaluating the changes in these trends over pre-, 
during, and post-recession periods, we find that for 2005–2007, we observe similar decreases on 
weekdays (–6 ± 4% yr–1) and weekends (–7 ± 5% yr–1) (consistent with Russell et al., 2010), 
while during and after the recession we generally observe larger decreases in NOx emissions on 
weekdays (2007–2009: –9 ± 4% yr–1, 2009–2011: –4 ± 4% yr–1) than weekends (2007–2009: –6 
± 7% yr–1, 2009–2011: –1 ± 7% yr–1).  
     We suggest that the difference in the observed trends on weekdays and weekends between the 
pre-recessionary period and the recession and post recession periods has contributions from two 
factors: improved vehicle emission control technology and the reduced activity related to the 
economic downturn. In the cities analyzed here, mobile sources account for 77% of total 
anthropogenic NOx emissions, on average, with 20% of NOx emissions from fuel combustion 
(primarily from electric power generation) and the remaining 3% from industrial and other 
miscellaneous sources (NEI 2008). Dallmann and Harley (2010) showed that a reduction in 
emission factors of about a factor of two occurred for on-road gasoline engines between 1996 
and 2006, while the reduction for on-road diesel engines was small. Russell et al. (2010) showed 
that, as a result of the improvements to light-duty gasoline engines, there were large decreases in 
NO2 column densities in four urban regions in California from 2005 to 2008 and that the 
reductions were linear. This linear trend in NOx reductions is expected to extend to cities across 
the US because, as Bishop and Stedman (2008) showed, reductions in fuel-specific emissions for 
1999–2006 have been consistently linear in cities across the US. Since diesel trucks contribute a 
larger fraction of emissions on weekdays than weekends, and their emissions have decreased 
relatively slowly over the past decade, we suggest that the reduction of NO2 on weekdays prior 
to the recession was dampened by the unchanging diesel fleet emissions, yielding reductions that 
are similar to or smaller than those on weekends. Here, we find that across the US, reductions on 
weekdays are generally smaller than decreases on weekends, as previously observed by Russell 
et al. (2010) for cities in California. During the recession, mobile source emissions decreased due 
to improved emission control technology on light-duty gasoline vehicles and due to a 10–14% 
reduction in heavy-duty diesel vehicle activity. This added reduction in diesel activity on 
weekdays explains the larger reductions we observe on weekdays compared to weekends in 
cities during the 2007–2011 time period. Additionally, we note that on-road diesel emissions in 
cities make up a relatively small fraction of the total on-road diesel emissions since a significant 
fraction of activity occurs outside of city centers. Unfortunately, we are unable to detect changes 
in on-road diesel emissions in rural regions and therefore results reported here are specific to 
changes in urban areas. 

5.4.4     Trends in non-mobile sources 

     We estimate the percent change in non-mobile sources in each city by assuming a consistent 
rate of decrease for mobile NOx emissions among cities in the US, as observed in Dallmann and 
Harley (2010). First, we approximate the reduction in NO2 due to mobile sources by considering 



 74 

the change in NO2 column densities for cities that are both located far from large power plant 
NOx emission sources and where mobile sources are expected to contribute a large fraction 
(>85%) of total NOx emissions according to the NEI 2008. In the 16 cities meeting these criteria, 
we observe a decrease of 34 ± 5% in NO2 for 2005–2011. We apply this value to all cities and 
calculate the trend in non-mobile sources using observed trends in OMI BEHR NO2 and the 
fractions of mobile and non-mobile sources from NEI 2008: 

CBEHR = Cm × Fm + Cn × Fn  
where Cm and Cn are the percent change in emissions from 2005 to 2011 for mobile and non-
mobile sources, respectively, Fm and Fn are the fractions of the total NOx emissions from mobile 
and non-mobile sources according to NEI 2008, and CBEHR is the 2005–2011 percent change in 
column NO2. Figure 5.6 shows the inferred changes in non-mobile emissions for 2005 to 2011 
for each city. Open circles show cities where the change is < ±5% while closed circles show 
where the change is ≥ ±5%. Changes in non-mobile sources are generally negative (–10%) with 
significant variability (± 13%) between locations. The largest reductions in non-mobile 
emissions are inferred for cities in the Ohio River Valley (Indianapolis, IN, Columbus, OH, 
Pittsburg, PA), in Jacksonville, FL, and in Las Vegas, NV. Observations from CEMS (not 
shown) confirm that power plants in close proximity to these cities experienced large emission 
reductions during 2005–2011 that likely influenced the observed NO2 in these cities.  

5.4.5     Trends in background NO2 

     Figure 5.7 shows the percent change in average NO2 column over 12 remote regions that do 
not contain any major cities or power plants. Increases of 10–20% are observed over remote 
areas of the northwestern US while decreases (10–20%) are observed over regions more heavily 
influenced by nearby, densely populated urban centers (Texas, Maine, and Indiana). Both 
increasing and decreasing trends are linear for 2005–2011 (not shown), with fits to summertime 
observations in regions where changes are greater than ±5% yr–1 yield R2 values ranging from 
0.33 to 0.86. The largest percentage enhancements are observed in the far northwestern corner of 
the US, with smaller percentage enhancements observed for regions further south and further 
east. Average weekday and weekend concentrations (not shown) are similar for remote regions 
in the northwest.  
     The spatial pattern of the NO2 trends observed over remote locations in this work is similar to 
modeled spatial patterns in O3 and PAN enhancements predicted for trans-Pacific transport of 
rising Asian anthropogenic emissions (Jacob et al., 1999; Jaffe et al., 2003; Hudman et al., 2004; 
Jaffe et al., 2007; Zhang et al., 2008; Cooper et al., 2010). GEOS-Chem simulations described in 
Zhang et al. (2008) for 2000 and 2006 showed that a doubling of anthropogenic NOx emissions 
in Asia produced only a 3 pptv increase in NOx concentrations, an increase that is too small to 
detect from space. Since trans-Pacific transport displays a spring maximum, we tested seasonal 
cycles of NO2 column densities for the remote regions; however, no clear or consistent seasonal 
cycle was observed among the background regions to support the idea that trans-Pacific transport 
could be contributing to the increasing trend. We suspect that the low concentrations observed 
over these regions may be largely influenced by uncertainties related to the subtraction of the 
seasonally varying stratospheric component of the observed column. We propose that the 
constant weekly cycle suggests that local mobile source emissions are not responsible and that 
the linearity of the trends implies that biomass burning is not the cause. Changes in agricultural 
NO2 emissions could be responsible and should be explored further. 
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5.4.6     Effects of OH feedback on NOx lifetime on observed trends 

A non-linear relationship between NOx concentrations and the predominant NOx sink, OH, is 
well known. A maximum in OH concentrations in the planetary boundary layer occurs at NOx 
concentrations on the order of a few ppb (e.g. Murphy et al., 2006; Valin et al., 2011). Most, if 
not all US cities have NOx concentrations that exceed the peak in the OH versus NOx curve (e.g. 
Pusede et al. 2012). In this regime, decreases in NOx result in nearly equal percentage increases 
in OH. The increased OH is a feedback that results in NOx concentrations decreasing faster than 
reductions in emissions. As a result of this lifetime feedback, the observed reductions in NO2 
column reported in this chapter are almost certainly larger than the emissions reductions that are 
primarily responsible for the trends. The feedback effect is likely no more than 50% of the 
observed trend. In contrast, the relative changes in emissions between different source categories 
are likely more accurate.  

5.5   Conclusions 

     Using satellite observations of NO2 vertical column density from the OMI instrument, we 
detect large decreases in NO2 concentrations over urban regions across the US between the years 
2005 and 2011. Percentage reductions in urban areas are similar across the entire US, with an 
average change of –32 ± 7%. These results indicate that improved emission control technology 
for on-road mobile sources has been successful in reducing NO2 concentrations in cities across 
the US. Spatially, we see that reductions have been the largest in the eastern and western parts of 
the country and smaller in the central US. Trends over power plants are more variable, with 
patterns that reflect regional regulations.  
     In order to explore the impact that the economic recession has had on NO2 concentrations, we 
examined trends in OMI BEHR NO2 prior to, during, and after the economic recession, or  
2005–2007, 2007–2009, and 2009–2011, respectively. We find that NO2 column densities in 
cities declined at a rate of –6 ± 5% yr–1 before the recession, –8 ± 5% yr–1 during the recession, 
and –3 ± 4% yr–1 after the recession. Similarly, we also find that NO2 concentrations over power 
plants decreased significantly during the recession. Together, these results indicate that the 
economic recession had a significant impact on NOx emissions, resulting in substantially larger 
reductions in NO2 concentrations in cities and power plants across the US for 2007–2009, and 
that as the economy has recovered, emissions have decreased more slowly or in some cases 
increased. By analyzing weekday and weekend trends before, during, and after the recession, we 
show that emission reductions from light-duty vehicles dominated overall decreases prior to the 
recession but that a reduction in diesel truck activity has had a larger impact on emission 
reductions in cities since the start of the recession.  
     Additionally, we estimate changes in non-mobile sources for 2005–2011 in cities across the 
US using OMI observations and the fraction of emissions from on-road mobile sources 
(NEI2008). In regions dominated by mobile source emissions, we infer a reduction in mobile 
source emissions of approximately 34%. This reduction was applied uniformly to mobile sources 
across the US and, using the observed trends from OMI, we estimated the trends in non-mobile 
sources at each location. We find that NOx emissions from non-mobile sources have decreased in 
a majority of cities across the US for 2005–2011, but to a much lesser extent than for mobile 
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sources. Reductions are, on average, –10 ± 13% for 2005–2011, with the largest reductions likely 
influenced by nearby power generation according to measurements from CEMS. 
     Finally, we find that satellite observations suggest that NO2 has increased by 10–20% over 
remote regions in the northwestern US despite substantially large decreases in anthropogenic 
emissions across the country. This is the first time this feature has been observed. No satisfactory 
explanation for this observation was identified. Although it is possible an Asian influence or 
change in agricultural management practices is responsible, further research is needed to assess 
the viability of either hypothesis.  
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Figure 5.1. Average summertime (Apr–Sep) OMI BEHR NO2 column densities for (a) 2005, (b) 
2011, and (c) the difference, 2011 – 2005. 
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Figure 5.2. Time series of average summertime (Apr–Sep) and wintertime (Oct–Mar) OMI NO2 
column densities for 2005–2011 in three US cities (a–c) and power plants (e–g). Average NO2 
column densities in winter are higher than those in summer due to the longer NOx lifetime in 
winter. For the cities, weekday (red) and weekend (blue) time series are shown, while for power 
plants the combined weekday and weekend average time series are shown. The time series of 
average summertime columns normalized to 2005 concentrations for each US city and power 
plant (gray) and the average for all cities and power plants (black) are shown in Fig. 5.2d and 
5.2h, respectively.   
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Figure 5.3. Percent change in average summertime (Apr–Sep) OMI BEHR NO2 column 
densities for 2005–2011 for major cities (dots) and power plants (squares). The medium blue 
color shows locations where reductions are within a standard deviation of the mean reduction for 
all cities, while the darker blue shows where reductions were larger, the light blue shows where 
reductions were smaller, and red shows regions where we observe increases in NO2 for  
2005–2011.  
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Figure 5.5. Percent change in average summertime (Apr–Sep) OMI-observed NO2 column for 
2005–2011 for major cities in the US for (a) weekdays and (b) weekends.   
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Figure 5.6. Percent change in NO2 from non-mobile sources for 2005–2011 (derived from OMI 
observations) in major cities of the US. Open circles show where the change is < ±5% while the 
solid dots show where the change is ≥ ±5%. 
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Figure 5.7. Percent change in OMI-observed background NO2 columns. Open triangles show 
where the change is < ±5% while the solid triangles show where the change is ≥ ±5%. 
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Table 5.1. Summary of regions evaluated in this study and the percent change in NO2 observed 
by OMI.  
 
 

Location Latitude Longitude Radius 2005-2007 
(% yr-1) 

2007-2009 
(% yr-1) 

2009-2011 
(% yr-1) 

2005-2011 
(%) 

Albuquerque, NM  35.20 -106.55 30 -3.22 -6.97 -6.80 -30.43 
Atlanta, GA  33.80 -84.35 35 -10.07 -13.53 4.05 -37.04 
Bakersfield, CA  35.30 -119.00 25 -1.16 -12.53 -3.84 -32.43 
Boston, MA  42.45 -71.00 30 -14.70 0.26 -5.46 -36.78 
Charlotte, NC  35.25 -80.85 20 -7.18 -12.41 -0.81 -36.67 
Chicago, IL  41.80 -87.70 60 -4.14 -5.91 -8.09 -32.21 
Cincinnati, OH  39.10 -84.55 25 -9.20 -12.08 -0.85 -39.18 
Cleveland, OH  41.45 -81.67 30 -11.85 -8.39 3.66 -31.85 
Columbus, OH  40.00 -83.10 30 -11.63 -5.38 -5.26 -38.72 
Dallas, TX  32.85 -96.95 40 -5.89 -6.94 -1.68 -26.57 
Denver, CO  39.75 -105.00 30 -2.89 -5.44 -4.91 -24.28 
Detroit, MI  42.35 -83.10 45 -11.17 -2.96 -9.29 -40.50 
Fresno, CA  36.70 -119.75 25 -4.34 -6.60 -7.20 -32.15 
Houston, TX  29.80 95.25 30 -7.65 -7.74 0.30 -27.99 
Indianapolis, IN  39.80 -86.15 20 -5.71 -9.57 -4.58 -34.92 
Jacksonville, FL  30.45 -81.60 25 -6.42 -14.62 0.99 -37.12 
Kansas City, MO  39.15 -94.55 30 -6.75 -4.18 -1.13 -22.52 
Knoxville, TN  35.95 -84.00 30 -6.58 -11.86 -0.50 -34.42 
Las Vegas, NV  36.20 -115.20 25 -7.62 -13.78 -5.64 -45.53 
Los Angeles, CA  34.00 -117.90 70 -5.47 -14.99 -2.15 -40.33 
Memphis, TN  35.10 -90.10 20 -1.19 -12.46 3.88 -21.02 
Miami, FL  26.05 -80.30 20 -3.67 -9.87 -5.21 -33.38 
Minneapolis, MN 44.95 -93.25 30 -4.14 -2.37 -10.10 -30.29 
Montreal, QC 45.60 -73.70 30 -9.40 -0.81 -5.18 -28.37 
Nashville, TN  36.20 -86.60 30 0.44 -11.67 -2.77 -26.96 
New Orleans, LA  30.05 -90.30 30 -1.83 -11.23 -1.18 -27.06 
New York, NY  40.85 -73.70 70 -9.28 -10.45 -9.20 -47.43 
Omaha, NE  41.30 -96.05 25 -9.81 4.71 -1.55 -14.79 
Orlando, FL  28.50 -81.30 20 -6.05 -9.51 0.67 -27.86 
Philadelphia, PA  40.00 -75.20 50 -5.56 -16.44 -1.24 -41.81 
Phoenix, AZ  33.60 -112.00 40 -5.56 -16.44 -1.24 -41.81 
Pittsburg, PA  40.40 -79.95 25 -10.58 -11.48 3.75 -34.72 
Portland, OR  45.45 -122.55 30 -7.04 -8.32 0.54 -27.61 
Reno, NV  39.55 -119.70 20 -6.16 -6.55 -3.19 -28.65 
Richmond, VA  37.40 -77.30 20 -4.30 -2.97 -5.11 -22.82 
Sacramento, CA  38.65 -121.40 25 -11.93 -4.18 -3.04 -34.46 
Salt Lake City, UT  40.70 -111.95 20 0.05 -11.81 0.36 -22.99 
San Antonio, TX  29.55 -98.45 30 -5.74 -5.54 -4.10 -27.75 
San Diego, CA  32.80 -117.00 25 -6.22 -5.90 -7.23 -33.94 
San Francisco, CA  37.60 -122.00 40 -7.79 -7.76 0.89 -27.42 
Seattle, WA  47.35 -122.25 50 -11.51 -3.88 -2.05 -31.90 
St Louis, MO  38.65 -90.35 30 -8.05 -7.05 -2.83 -32.01 
Tampa, FL  27.90 -82.40 30 -9.62 -12.38 -4.82 -45.10 
Toronto, ON 43.70 -79.50 40 -6.80 -4.46 -4.48 -28.37 
Tucson, AZ  32.25 -110.85 20 -2.42 -14.52 0.03 -32.44 
Vancouver, BC 49.25 -122.85 25 -3.98 -9.97 -0.99 -27.75 
Washington DC  39.15 -76.80 50 -9.02 -9.86 -5.06 -40.85 
Bruce Mansfield, PA 40.40 -79.05 20 -8.07 -5.75 0.31 -25.34 
Cholla, AZ 34.95 -110.20 20 1.44 -13.55 -3.65 -30.47 
Colstrip, MT  45.90 -106.45 20 -10.84 -8.20 0.75 -33.54 
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Conemaugh, PA  40.10 -76.55 20 -6.46 -5.57 -3.42 -27.91 
Coronado Generating Station, AZ 34.55 -109.20 20 5.58 -8.85 -3.96 -15.76 
Craig, CO  40.50 -107.35 20 -3.38 1.72 -7.92 -18.85 
Crystal River, FL 28.95 -82.65 20 -5.74 -13.18 -0.01 -34.83 
Four Corners/San Juan, NM 36.75 -108.30 35 6.42 -12.71 -3.23 -21.30 
Gen J M Gavin, OH 40.55 -80.45 20 -12.00 -10.95 -2.63 -43.77 
Gibson, IN  37.95 -87.00 20 -6.86 -6.77 0.17 -25.15 
Hatsfields Ferry Power Station, PA 39.85 -79.90 20 -6.98 -8.30 8.84 -15.56 
Huntington, UT  39.25 -111.10 20 5.76 -8.66 -8.41 -23.31 
Intermountain, UT 39.55 -112.55 20 2.97 -1.82 0.41 2.92 
Jim Bridger, WY 41.75 -108.65 20 -7.23 -4.58 -5.69 -31.14 
JM Stuart, OH 39.85 -80.70 20 -15.02 -9.13 -3.21 -46.48 
Johnsonville, TN  36.05 -87.90 20 -2.07 -13.14 4.95 -22.34 
Joppa Steam, IL  37.20 -88.75 20 -5.68 -14.25 6.31 -28.62 
Laramie River, WY  42.10 -104.85 20 -0.75 -4.04 -1.66 -12.47 
Leland Olds, ND 47.40 -101.35 35 -3.06 3.95 -3.72 -6.23 
Marshall, NC  35.60 -80.95 20 -6.06 -10.30 -3.58 -35.22 
Navajo Generating Station, AZ 36.90 -111.35 20 2.65 -11.61 -15.52 -44.24 
Seminole, FL 29.80 -81.55 20 -8.55 -16.70 4.47 -39.84 
Valmy, NV  40.90 -117.00 20 -5.16 -3.66 -2.75 -21.46 
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