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Abstract

Satellite and aircraft observations made during the 2006 Texas Air Quality Study (Tex-
AQS) detected strong urban, industrial and power plant plumes in Texas. We simulated
these plumes using the Weather Research and Forecasting — Chemistry (WRF-Chem)
model with input from the US EPA’s 2005 National Emission Inventory (NEI-2005), in
order to evaluate emissions of nitrogen oxides (NO, = NO + NO,) and volatile organic
compounds (VOCs) in the cities of Houston and Dallas-Fort Worth. We compared the
model results with satellite retrievals of tropospheric nitrogen dioxide (NO,) columns
and airborne in-situ observations of several trace gases including NO, and a number
of VOCs. The model and satellite NO, columns agree well for regions with large power
plants and for urban areas that are dominated by mobile sources, such as Dallas. How-
ever, in Houston, where significant mobile, industrial, and in-port marine vessel sources
contribute to NO, emissions, the model NO, columns are approximately 50 %—70 %
higher than the satellite columns. Similar conclusions are drawn from comparisons
of the model results with the TexAQS 2006 aircraft observations in Dallas and Hous-
ton. For Dallas plumes, the model-simulated NO, showed good agreement with the
aircraft observations. In contrast, the model-simulated NO, is ~60 % higher than the
aircraft observations in the Houston plumes. Further analysis indicates that the NEI-
2005 NO, emissions over the Houston Ship Channel area are overestimated while
the urban Houston NO, emissions are reasonably represented. The comparisons of
model and aircraft observations confirm that highly reactive VOC emissions originating
from industrial sources in Houston are underestimated in NEI-2005. The update of
VOC emissions based on Solar Occultation Flux measurements during the field cam-
paign leads to improved model simulations of ethylene, propylene, and formaldehyde.
Reducing NO, emissions in the Houston Ship Channel and increasing highly reactive
VOC emissions from the point sources in Houston improve the model’s capability of
simulating ozone (O3) plumes observed by the NOAA WP-3D aircraft, although the de-
ficiencies in the model O3 simulations indicate that many challenges remain for a full
understanding of the O5 formation mechanisms in Houston.
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1 Introduction

Texas is the second most populous state in the US, according to 2000 and 2010
Census data (http:/factfinder.census.gov). In addition to large cities, such as Hous-
ton, Dallas-Fort Worth, San Antonio, Austin, and El Paso, and numerous fossil-fueled
electricity-generating power plants, one of the world’s largest petrochemical complexes
is located in the Houston metropolitan area, leading to complicated air quality prob-
lems in Texas and in Houston, in particular. One of the major pollutants responsible
for long-standing air quality issues in Texas is ozone (O3). Ozone, which is strongly
enhanced during photochemical smog events, is a regulated pollutant, and US Envi-
ronment Protection Agency (EPA) ozone standards have consistently been violated in
the Houston-Galveston area for decades (http://www.tceq.texas.gov/airquality/sip/).
Ozone in the troposphere is produced by the oxidation of volatile organic compounds
(VOCs) with nitrogen oxides (NO,, the sum of nitrogen oxide, NO, and nitrogen dioxide,
NO,) acting as a catalyst (Haagen-Smit, 1952). Therefore, to understand the forma-
tion of ozone in the troposphere, it is essential to have accurate knowledge about its
precursors, NO, and VOCs. Mobile sources in urban areas and coal-burning power
plants have been recognized as large sources of NO, (Ryerson et al., 1998; Kim et al.,
2006; Bishop and Stedman, 2008; Dallmann and Harley, 2010; Peischl et al., 2010).
In Texas, in addition to these two major NO, sources, petrochemical refineries and re-
lated industrial activities in the Houston-Galveston metropolitan area have been shown
to emit large amounts of NO, (Ryerson et al., 2003; Rivera et al., 2010; Washenfelder
et al., 2010). The petrochemical facilities in this area emit high levels of very reactive
VOCs, and the magnitude of reactive VOC emissions is significantly higher than pre-
dicted by inventories (Kleinman et al., 2002; Ryerson et al., 2003; Wert et al., 2003;
Jiang and Fast, 2004; Jobson et al., 2004; Zhang et al., 2004; Kim et al., 2005; Murphy
and Allen, 2005; Nam et al., 2006; Byun et al. 2007; Webster et al., 2007; Vizuete et
al., 2008; de Gouw et al., 2009; Gilman et al., 2009; McKeen et al., 2009; McCoy et
al., 2010; Washenfelder et al., 2010). A primary objective of the measurements made
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during the Texas Air Quality Studies in 2000 and 2006 (TexAQS 2000 and 2006) was to
identify NO, and VOC emission sources and understand their roles in ozone pollution
in Texas (Parrish et al., 2009).

Our study is motivated by the need to understand NO, and VOC emissions in Texas,
with a focus on the Houston-Galveston area for the period of TexAQS 2006. Specifi-
cally, we evaluate NO, and VOC emissions in the EPA NEI-2005 using regional model
simulation results together with satellite and aircraft observations during TexAQS 2006.
The manuscript is organized as follows. In Sects. 2 and 3, the model set-up and the
observational data used in this study are described. The results in Sect. 4 start with
the evaluation of the NO, emission inventory through a comparison of the model tro-
pospheric NO, vertical columns with satellite-retrieved columns. The NO, emission
inventory is then evaluated by comparing the model simulation of NO, with aircraft ob-
servations. Because the satellite-retrieved NO, columns have uncertainties caused by
the application of an air mass factor (Boersma et al., 2004; Kim et al., 2009; Lamsal
et al., 2010; Heckel et al., 2011), more definitive conclusions regarding the emission
inventory are obtained using other independent observational data sets (e.g. aircraft
measurements). Next, the emissions of very reactive VOCs in NEI-2005 are compared
with the estimates by Solar Occultation Flux (SOF) measurements (Mellgvist et al.,
2010). Ethylene and propylene emissions in the NEI-2005 are updated following the
SOF observations in Mellgvist et al. (2010). Finally, the model simulations of ozone
plumes with the default NEI-2005 and with updated emissions based on the findings
in this study are compared with the aircraft observations, and the importance of the
updated emissions in the ozone plume simulations is discussed.
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2 Model simulations
2.1 Model set-up

The Weather Research and Forecasting — Chemistry (WRF-Chem) model is based on
a three-dimensional, compressible, and non-hydrostatic mesoscale numerical weather
prediction model, the WRF community model, developed at the National Center for
Atmospheric Research in collaboration with several research institutes (Skamarock et
al., 2008). The WRF-Chem model system is “online” in the sense that all processes
affecting the gas phase and aerosol species are calculated in lock step with the mete-
orological dynamics (Grell et al., 2005). The WRF-Chem version 3.1 released on April
2009 is used in this study.

A mother and a nested domain were constructed for the simulations. The mother do-
main had 246 x 164 grid cells with a horizontal resolution of 20 km covering the United
States (see Fig. 1 in Lee et al., 2011a). The nested domain (Fig. 1) had 226 x 231
grids with 4 km horizontal grid spacing covering the Houston-Galveston and Dallas-
Fort Worth area in Texas. The horizontal grid resolution of the mother domain is appro-
priate for the comparisons with the satellite data and the nested domain is designed
for the comparison with the aircraft observations. The vertical grid was composed of
35 full sigma levels stretching from near surface at about 20 m (the first half sigma
level) to the model top (50hPa). The National Centers for Environmental Prediction
(NCEP) Gilobal Forecast System (GFS) model analysis data with a horizontal resolu-
tion of 1° x 1° were used as meteorological initial and boundary conditions. The physi-
cal parameterizations used in this study were the same as in Lee et al. (2011a), which
utilized an urban canopy model within the WRF model and showed excellent model
performance in the Houston-Galveston area. The options relevant to chemistry, includ-
ing chemical initial and boundary conditions and chemical mechanism, were the same
as in Kim et al. (2009). The physical and chemical options and the anthropogenic
and biogenic emission inventories used in this study are summarized in Table 1. The
fine-resolution application of the WRF-Chem model to a case during the 2004 ICARTT
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(International Consortium for Atmospheric Research on Transport and Transformation)
field campaign proved the model’'s capability to simulate the emissions, transport, and
transformation of urban plumes originating from New York City (Lee et al., 2011b).

The WRF-Chem model used in this study does not include the NO, emissions from
lightning processes. The lightning NO, sources missing in the model may add un-
certainties in the simulated NO, columns (e.g. Huijnen et al., 2010). In this study,
however, the NO, emissions from large anthropogenic sources in Texas are approx-
imately ~factor of 10 larger than lightning NO, emissions (personal communication
with O. R. Cooper based on Cooper et al., 2009) and more than 50 % error in those
anthropogenic emissions are focused.

The simulations were conducted from 26 July 2006 to 6 October 2006 covering the
TexAQS-2006 period with a one-way nesting technique (Skamarock et al., 2008). Var-
ious modified emission inventories were tested with the default NEI-2005 as a refer-
ence. The details are summarized in the next sub-section.

2.2 Emission inventory

The reference emission inventory (NEIO5-REF) used for the model simulations was
based on the US EPA NEI-2005 (US EPA, 2010). The gridded (4-km resolution)
and point source hourly emission files used in this study are available electronically
at ftp://aftp.fsl.noaa.gov/divisions/tag/emissions_data 2005/, with only weekday emis-
sions considered here. Specific details of the inventory are available in the readme.txt
file that comes with the emissions data, but some background information about the
inventory applies to inventory modifications discussed in the following text.

The four major source components (point, mobile on-road, mobile non-road, and
area) were processed according to EPA recommendations with emissions data avail-
able from the US EPA as of October 2008. Thus, portions of the point and area source
emissions, updated within more recent NEI-2005 releases, were based on the ear-
lier NEI-2002 (version 3) data (US EPA, 2008) within NEIO5-REF. The point emissions
included US emissions from the Continuous Emissions Monitoring System (CEMS)
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network for August 2006, but all other point source activity data were from the NEI-
2002v3 inventory. The mobile on-road and mobile non-road US emissions were derived
from EPA’s National Mobile Inventory Model (NMIM) (US EPA, 2005) for July 2005.
The onroad emissions were determined using the EPA’s MOBILE6.2 model, and the
nonroad emissions were from the NONROAD2005 model. The area emissions were
based entirely on source activity data within the NEI-2002v3 inventory. NEIO5-REF did
not include some area sources within the more recent NEI-2005 versions, including
open-ocean commercial marine vessels, off-shore oil and gas exploration and drilling
sources, prescribed burning and wildfire sources. The horizontal distribution of NO,
emissions in NEI05-REF is shown in Fig. 1.

The NEIO5-REF with ethylene and propylene emissions updated following Mellgvist
etal. (2010), the development of which is described in Sect. 4.2.1, is denoted as NEI0O5-
VOC. We also generated another emission inventory (NEI05-VOCNOX) from NEIO5-
VOC that modifies the NO, emissions in the Houston Ship Channel area only. The
NEI05-VOCNOX reduces the industrial NO, emissions in the Houston Ship Channel
by a factor of 2 and eliminates the port NO, emissions in this region. The rationale for
these modifications is given in Sect. 4.

3 Observations
3.1 Satellite retrieved NO, columns

The retrievals of tropospheric NO, columns by instruments on polar-orbiting satellites
have been widely used to detect NO, sources, derive emission trends, and evaluate
existing emission inventories (e.g. Martin et al., 2003; Beirle et al., 2004; Richter et
al., 2005; Kim et al., 2006, 2009; Konovalov et al., 2006; van der A, 2008; Zhang
et al., 2009; Russell et al., 2010). For the period of TexAQS 2006, the NO, column
data are available from the SCIAMACHY (Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography on the EVISAT-1 satellite) and OMI (Ozone Monitoring

21208

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 21201-21265, 2011

Evaluations of NO,
and highly reactive
VOC emission
inventories in Texas

S.-W. Kim et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Instrument on the Aura satellite) instruments (Bovensmann et al., 1999; Levelt et al.,
2006). The satellite retrievals of tropospheric NO, columns have inherent uncertainties,
the largest of which arise from separating the stratospheric and tropospheric contribu-
tions and from applying an air mass factor (Richter and Burrows, 2002) to convert slant
columns to vertical columns (van Noije et al., 2006; Lamsal et al., 2010; Heckel et al.,
2011). In order to understand uncertainties in the satellite retrievals, it is helpful to
compare the data sets from various instruments and retrieval groups. In this study, we
used SCIAMACHY and OMI retrievals from the University of Bremen (Kim et al., 2009)
and other OMI retrievals from the Royal Netherlands Meteorological Institute (KNMI)
(Boersma et al., 2004; Boersma et al., 2007; Boersma et al., 2011) and the US Na-
tional Aeronautics and Space Administration (NASA) (Buscela et al., 2006; Kim et al.,
2009). The KNMI provided 2 OMI retrievals. The apparent differences are taken here
as an indication of the inherent uncertainty in the retrieval algorithms.

To systematically compare the satellite data with the model results, the WRF-Chem
data are projected onto the daily orbital SCIAMACHY and OMI pixels. Because clouds
inhibit the satellite from sensing the boundary layer NO,, cloudy grid cells are filtered
out. Pixels with cloud fraction <0.15 are used in the comparisons of the satellite re-
trievals with the model, ensuring the same number of samples in each comparison.
For the model and OMI satellite comparisons, only fine-resolution scenes with pixel
numbers between 20 and 40 are used, so that the model (20 x 20 km2) and satellite
resolution (maximum size: 395 km? ~ 30 km (across track) x 13km (along track)) are
similar.

3.2 Aircraft measurements

During the TexAQS 2006 field campaign, a NOAA WP-3D aircraft was instrumented
to measure various gas- and aerosol-phase chemical species, including NO, NO,, O,
ethylene, propylene, and formaldehyde (HCHO) (Parrish et al., 2009). The aircraft
flights were mainly targeted to sample pollution plumes within the boundary layer of
eastern Texas from 31 August to 13 October 2006. The instrumentation details are
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described in Parrish et al. (2009). The measurements used here to study the emis-
sions and ozone formation were from WP-3D flights on 13, 19, 25, and 26 Septem-
ber and 5 and 6 October 2006; all were days in which northerly flow dominated in
the Houston-Galveston and Dallas-Fort Worth areas and the model performed well in
terms of meteorology. The flight paths on those selected days are given in Fig. 2.
Overall statistics exhibiting the model performance with respect to meteorological vari-
ables measured at surface stations and radar wind profilers for the selected days are
summarized in Tables 2 and 3. The mean model biases (root mean square errors)
in near-surface temperature, wind speed and wind direction relative to measurements
from 10 surface stations are less than 2°C, 2m s , and 20°, respectively. The compar-
ison of the model wind speed and direction with radar wind profiler observations at the
middle of the boundary layer height also shows that the mean model biases are less
than ~2ms~' and 26°, respectively. Model boundary layer heights in comparison with
those determined by radar wind profilers at Arcola and La Porte are shown in Fig. 3. At
both sites, the correlation coefficient between model boundary layer height and wind
profiler data is 0.87. The slopes of the linear regression between the model and profiler
data indicate that the boundary layer heights agree within 10—-20 % on average.

4 Results
4.1 Evaluation of Texas NO, emissions

4.1.1 NO, emission sources in Texas

In Fig. 1, boxes representing 9 regions with large NO, emission sources in Texas and
one large power plant in Mexico are overlaid on maps of the NEIO5-REF emissions and
of the NASA tropospheric satellite NO, columns averaged over the TexAQS 2006 time
period. Four of these regions are cities: Dallas-Fort Worth, Houston-Galveston, Austin
and San Antonio. The other source regions contain one or more electricity-generating
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power plants: Big Brown and Limestone, Tolk, Harrington, Monticello and Welsh, and
Martin Lake. Table 4 provides detailed geographic information for the source boxes.

Urban areas are known to have large NO, emissions because of mobile sources in
both the on-road and non-road sectors. According to NEIO5-REF, however, the mix
of NO, emission sources in Houston urban area is different from those in other urban
areas in Texas. Figure 4 illustrates the contributions of different sectors to the total
NO, emissions in Houston-Galveston in contrast with the Dallas-Fort Worth region. In
Dallas-Fort Worth, ~70 % of total NO, emissions is attributed to the mobile sources. In
Houston-Galveston, the mobile sources contribute 39 % of total NO, emissions. Point
sources representing a variety of industrial activities and area sources contribute 27 %
and 34 % to total NO, emissions, respectively. In NEIO5-REF, 72 % of the NO, area
emissions in Houston-Galveston are from in-port emissions from commercial marine
vessels. Within the Houston-Galveston area, the Houston Ship Channel (94.96° W—
95.30°W, 29.67° N-29.85° N, as defined in Washenfelder et al., 2010) has an even
more unique source partitioning. Here the mobile source emissions are only 12%
of total NO, emissions. The point and area sources explain 37 % and 51 % of total
emissions, respectively, and 96 % of the area source is from in-port emissions from
marine vessels. In other words, marine vessel in-port emissions are about 50 % of the
total NO, emissions in the Houston Ship Channel box.

4.1.2 Model-simulated and satellite-observed NO, columns

In Figs. 5 and 6, the average satellite-retrieved NO, columns for the 26 July 2006—
6 October 2006 period are compared with model columns for the 10 source boxes
defined in Table 4 and shown in Fig. 1. The top panel of Fig. 5 shows SCIAMACHY and
model NO, columns for each source region, while the bottom panel of Fig. 5 compares
the average of 4 OMI NO, column retrievals with the model. Figure 6 focuses on
Dallas and Houston only and compares the individual OMI retrievals to the model NO,
columns.

The model comparisons with SCIAMACHY and the various OMI retrievals are quite
similar (Figs. 5 and 6). For most of the regions investigated, with the exceptions of
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Houston and the Mexican power plant, there is remarkably good agreement between
the model NO, columns and the satellite retrievals. The consistent agreement of the
model NO, columns with satellite retrievals from two different instruments and 3 differ-
ent groups for most Texas cities (except Houston) and for Texas power plants suggests
that NO, emissions for these sources in NEI0O5-REF are reasonably accurate. Kim et
al. (2006, 2009) showed that WRF-Chem model NO, simulations that used CEMS data
as input reproduced the satellite observations over US power plant sources well. Dall-
mann and Harley (2010) reported that total mobile source NO, emissions in NEI-2005
and those estimated by an independent fuel-use-based method were similar, although
source contributions to the totals in NEI-2005 and in the fuel-use-based estimation
are quite different. That study lends confidence to the NEI-2005 mobile source emis-
sions, and in turn may explain the good agreement between the satellite and the model
columns over regions in which mobile sources dominate the total NO, emissions, which
is the case for most cities in Texas (e.g. Dallas, as shown in Fig. 4).

In contrast, the modeled NO, columns are more than 50 % larger than the satellite
NO, columns over Houston and the Mexican power plant region, regardless of which
retrieval or instrument is considered (Figs. 5 and 6). The large discrepancy for the
Mexican power plant suggests that updates to Mexican point source NO, emissions
in NEIO5-REF are required. The Houston region has a unique mix of emissions that
includes the mobile sources present in other Texas cities, but also strong industrial and
shipping contributions and a major power plant (Fig. 4). As mentioned above, the good
model-satellite agreement for other Texas cities, where emissions are dominated by
mobile sources, suggests that the mobile source portion of the NEIO5-REF is reason-
ably accurate. We infer that the NEIO5-REF should also accurately represent mobile
source emissions in Houston. Thus, the discrepancy between the satellite and the
model columns in Houston suggests there are uncertainties in Houston’s emissions
for non-mobile sources. This finding will be explored in more detail in the next section
through comparisons of the model with aircraft observations.
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4.1.3 Model-simulated and NOAA WP-3D aircraft NO,

Figure 7 shows a map of the flight path of NOAA WP-3D aircraft together with mea-
sured and simulated NO, mixing ratios on 13 September 2006, one of two flights from
TexAQS 2006 that captured the Dallas-Fort Worth urban plume. Winds were gener-
ally northerly on this day, and successive WP-3D transects south of the Dallas area
detected the urban plume as it was transported out of the city. The vertical profiles of
potential temperature, water vapor mixing ratio, and NO, taken to the east of Dallas
during the flight show that the model captures the height of the mixed layer well.

The time series of observed and simulated NO, for transects downwind of Dallas ex-
hibit excellent agreement (Fig. 7). Table 5 compares the mean WP-3D NO, measured
during transects within the Dallas-Fort Worth source box defined in Table 4 with the
mean model NO, using NEIO5-REF for both TexAQS 2006 flights in the Dallas area.
The 2-flight averages of WP-3D NO, and model NO, using NEIO5-REF in this Dallas
box are almost identical (1.68 ppbv and 1.72 ppbv, respectively).

Figure 8 shows an analogous example of the WP-3D flight path together with sim-
ulated and measured NO, over the Houston-Galveston area during the flight on 26
September 2006, when northerly flows predominated across the region. The observed
vertical profiles of potential temperature, water vapor mixing ratio, and NO, taken just
west of Houston during this flight are reproduced well by the simulation, again demon-
strating good model performance in terms of meteorology and boundary layer height.

In contrast to the flights over Dallas, NO, observations from the 6 daytime flights
over Houston deviate substantially from the model predictions. Table 5 summarizes
the means of WP-3D NO, and the model NO, using NEIO5-REF for boundary-layer
data from these 6 flights within the Houston source box defined in Table 4. Each of the
6 flights shows consistent model overestimates of observed NO, over Houston. The
model average NO, for the 6 flights is 3.32 ppbv, about 60 % above the average WP-3D
observed value (2.09 ppbv).
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Using the WP-3D observations from each downwind transect, the source region con-
tributing to these model-observed discrepancies over Houston can be isolated. The
time series in Fig. 8 demonstrates this approach for the 26 September flight. Up-
wind of Houston and the Ship Channel, where urban mobile sources should dominate
NO, emissions (transect T1), the simulated NO, agrees well with the aircraft observa-
tions. However, in transects T2 and T3 downwind of the Houston urban core and Ship
Channel, the simulated NO, shows substantial deviations from the observations. In
particular, in the eastern portions of transects T2 and T3, influenced by sources in the
Ship Channel, there are large model over-predictions of NO,. On the western side of
these transects, where mobile source emissions from the urban core should dominate,
the model is in agreement with the observations.

This behavior, with good model-observation agreement downwind of the Houston
urban core and significant disagreements downwind of the Ship Channel, occurred for
each of the 6 daytime WP-3D flights focused on the Houston region. In order to quantify
these differences, we separated the transect segments downwind of the Houston urban
core from the segments downwind of the Ship Channel for each flight. Figure 9 shows
how this separation was carried out for the 26 September 2006 flight. The “urban-only”
segments of each transect are denoted by black lines on the maps on the left side of
Fig. 9. These segments are obtained by examining linear correlations of CO and NO,
(the sum of odd nitrogen species) with CO, on each transect. For example, portions of
each of the 26 September transects that are over and downwind of the Houston urban
core have highly correlated, linear relationships between CO and CO, (the black points
in the scatter plots on the right side of Fig. 9). These urban-only data correlations have
a distinctly larger slope when compared to the transect portions downwind of both Ship
Channel itself and the large industrial sources in Mont Belvieu to the north of the Ship
Channel (gray points in Fig. 9). A similar separation between the urban-only and mixed
urban/industrial portions of each transect is also seen in the NO,:CO, correlations (not
shown). Examination of transects from all 6 daytime flights over Houston reveals a
consistent pattern of distinct urban-core-influenced segments on the west side of each

21214

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 21201-21265, 2011

Evaluations of NO,
and highly reactive
VOC emission
inventories in Texas

S.-W. Kim et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Houston transect and Ship-Channel-influenced segments on the eastern portions of
the transects.

Figure 10 summarizes the multi-flight averages of the simulated and the WP-3D
observed NO, for Dallas, Houston, the Houston urban area, and the Houston Ship
Channel area. The definitions of the averaging regions used for the Dallas and Houston
areas are the same as those for the satellite-model comparisons (Table 4). The “Urban”
and “Ship Channel” averaging areas were defined for each Houston flight using the
procedure described in the preceding paragraph. The picture that emerges from the
multi-flight averages (Fig. 10) is consistent with that seen in the individual 13 and 26
September examples (Figs. 7 and 8). The averages of simulated and observed NO,
are in good agreement over Dallas. For the entire Houston area, model NO, is about
60 % higher than the aircraft observations. For the Houston urban-only segments, the
model slightly under-predicts the aircraft NO, on average. In contrast, the average
simulated NO, is nearly a factor of 2 higher than the observations for the Ship Channel
portions of the Houston flights.

The findings from the model-aircraft NO, comparison are consistent with those from
the model-satellite NO, column comparison. In contrast to good agreement over
Dallas-Fort Worth, the model simulations of NO, over Houston are about 60 % (50 %—
70 %) higher than that of the aircraft (satellite) observations. The aircraft data show
that most of the model NO, overestimate in the Houston source box appears to be
driven by the Ship Channel, whereas NO, in the urban core appears to be reason-
ably well represented by the model. In spite of potential uncertainties in the satellite
retrievals, this comparison demonstrates that the large-scale view of NO, emissions
obtained from the satellite data is consistent with the high-resolution picture offered by
the aircraft observations, which pinpoint the areas with emission uncertainties. In the
next section, we identify the source sectors in the Ship Channel that appear to be the
main cause of the NO, emission discrepancies in the model.
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4.1.4 Comparison of NEI-2005 industrial and port NO, emissions in the Houston
Ship Channel area with other inventories and measurements

Biases in tropospheric NO, columns and boundary layer NO, mixing ratios predicted by
the model compared to the satellite and aircraft measurements over the Houston Ship
Channel shown in the previous sections suggest that Ship Channel NO, emissions are
too high in the NEIO5-REF inventory. As shown in Fig. 4, the two dominant emission
sectors in the Houston Ship Channel according to NEI0O5-REF are the point and area
source sectors. In this section, we compare the NEIO5-REF inventory values for the
Ship Channel with other emission estimates for these activity sectors.

Washenfelder et al. (2010) reported the industrial NO, emissions in the Houston Ship
Channel region based on the Texas Commission on Environmental Quality (TCEQ)
point source emission inventory compiled specifically for the TexAQS 2006 time pe-
riod. The Ship Channel point sources in NEIO5-REF emit a total of 101 tonnes day_1,
which is ~64 % higher than the TCEQ 2006 point source inventory for roughly the same
region (Table 6). The Ship Channel’s point sources are a complex mix of facilities that
are involved in some way with the petrochemical industry, along with a smaller num-
ber of electrical power plants and electricity co-generation facilities. The emissions for
the power/co-generation plants were updated to August 2006 levels using the CEMS
database. However, a major fraction (~69 %) of the NEIO5-REF point emissions within
the Houston Ship Channel source box are from facilities not reporting in the CEMS
database. The emissions of these facilities are instead applicable to 2002, since they
were not updated from their NEI-2002 levels in the NEI-2005 version used here. Thus,
part of the model-observed NO, discrepancy in the Ship Channel may be due to man-
dated NO, emission reductions between 2002 and 2006 for point sources that are not
reflected in NEI0O5-REF.

The NO, area source sector for the Houston Ship Channel within NEI-2005 is domi-
nated (134.0tonnes day'1 = 96 %) by port emissions from commercial marine vessels
(CMVs) (Table 6). The US EPA (2007) report on Commercial Marine Port Inventory
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Development 2002 and 2005 gives a highly detailed accounting of CMV emissions
for the Port of Houston applicable to 2002, which differs markedly from the NEI-2005
emissions, in particular for NO,. Table 7 compares annual averages of 5 species for
the Port of Houston from the EPA report and the emissions of these species from CMV
activity in Harris County from NEI-2005; the Port of Houston lies completely within Har-
ris County and is the primary area of CMV activity there. While the Harris County SO,
emissions from NEI-2005 are only 80 % higher than the US EPA (2007) Port of Houston
emissions, the NEI-2005 NO, emissions are a factor of 11 higher than US EPA (2007),
with CO and VOC showing similar order-of-magnitude differences between NEI-2005
and US EPA (2007). Also shown in Table 7 are the sums for the 4 Source Clas-
sification Codes (SCC) classes contributing to Harris County CMV emissions within
NEI-2005. Emissions from diesel fuel sources predominate over residual fuel sources
for all species except SO,. Details on the emission factors, activity rates, and other
important parameters are not available within the NEI-2002/2005 inventory description
(US EPA, 2008). In contrast, residual fuel sources account for nearly all port activity
emissions within the more comprehensive US EPA (2007) report.

Based on the data in Table 7, NO, to SO, emission ratios are a factor of six higher
for NEI-2005 than in the US EPA (2007) report. Furthermore, NO,/SO, emission factor
ratios from US EPA (2007) are more than a factor of 10 lower for CMVs using diesel
fuel than the diesel fuel emission ratios from NEI-2005 in Table 7. NO,/SO, emission
factor ratios for CMVs using residual fuel within US EPA (2007) are also a factor of 2 (or
more) lower for most ship classes than those in NEI-2005. NO,/SO, emission ratios
determined from ship plume sampling during TexAQS-2006 (Williams et al., 2009) are
more consistent with the US EPA (2007) report than with the NEI-2005 port emissions.
Though only a few plumes close to port were actually sampled by Williams et al. (2009),
emission ratios were similar to the many plumes sampled from similar ships anchored
in the Gulf of Mexico. Mean NO,/SO, mass emission ratios from these ships range
from 0.58 for crude oil tankers to 2.19 for bulk freight carriers.
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It is important to note that port emissions within NEIO5-REF are identical to those in
the most recent NEI-2005 version 4.1 inventory, released 23 March 2011 (SMOKE-
ready emission file arinv_Im_no_c3_cap2002v3_20feb2009_v0_orl.txt). For other US
ports within NEI-2005, the NO,/SO, emission factor ratios for CMVs using diesel fuel
are similar to those for Harris County (within a factor of 2). Thus, all users of NEI-2005
should be aware of the significant overestimate of NO, port emissions throughout the
UsS.

Rivera et al. (2010) estimated the total NO, emissions from the Houston Ship
Channel area (29.65° N-29.80° N, 94.98° W-95.28° W, a slightly different definition of
the Ship Channel than ours) using a mini-differential optical absorption spectroscopy
(DOAS) instrument during TexAQS 2006. Their estimation of the total Houston Ship
Channel NO, emissions is 82.4 tonnes day'1 (75.5-89.4 tonnes day’1 using mean ab-
solute deviation from the median). Rivera et al. (2010), using a different version of the
TCEQ 2006 point source emission inventory than that used in this work, calculated
Ship Channel point source emissions of 48.4 tonnes day‘1 (Table 6). Thus, according
to Rivera et al. (2010)’s estimation, the NO, emissions from non-point sources in the
Houston Ship Channel are 34.1tonnes day_1 (27.0-41.0tonnes day_1). The NEI-2005
NO, emissions from non-point sources are 174.2tonnes day'1, ~5 times as large as
that in Rivera et al. (2010). The total NO, emissions (82.4 tonnes day‘1) reported by
Rivera et al. (2010) are about 30 % of those (275.2 tonnes day'1) in the NEI-2005. This
finding is consistent with the fact that our model NO, simulations in Houston are much
higher than those in satellite and aircraft observations.

These comparisons of the NEI-2005 with other emission inventories and with esti-
mates based on measurements in the Houston Ship Channel indicate that the industrial
NO, emissions in the NEI-2005 may be too high by about 60 % and that the largest un-
certainties in the NEI-2005 NO, emissions in this area may come from in-port ship
emissions in the region.
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4.2 Modification of NEI-2005 VOC and NO, emissions

4.2.1 Increases of NEI-2005 propylene and ethylene emissions using Solar

Occultation Flux measurements

Direct and indirect evidence of inventory underestimates of ethylene (C,H,) and propy-
lene (C3Hg) emissions from the petrochemical facilities in the Houston area has previ-
ously been documented. For example, Wert et al. (2003) showed that C,H, and C3Hg
emissions from two major refineries near Freeport and Sweeny were underestimated
by a factor of 50 to 100 when compared to emissions derived from Electra aircraft ob-
servations from TexAQS 2000. These underestimates were additionally shown to be
responsible for serious HCHO and O5; under-predictions in a simple plume dispersion
model (Wert et al., 2003). Likewise, Jiang and Fast (2004) and Byun et al. (2007)
showed much better agreement between model and observed Og levels in the Hous-
ton region when C,H, and C3;Hg emissions in the Ship Channel area were increased
by factors of 6 to 8.

The Solar Occultation Flux (SOF) measurements of C,H, and C3Hg emissions re-
ported in Mellgvist et al. (2010) allowed direct comparisons with the NEIO5-REF in-
ventory for 14 different point source locations in southeast Texas during the TexAQS
2006 campaign. Ten of these locations are within the Houston Ship Channel or directly
east of Houston, while the other 4 sites are major petrochemical facilities to the south
and southeast of Houston. As shown in Fig. 11 (blue circles), the standard NEIO5-REF
inventory significantly under-predicts the observed SOF emissions for both C,H, and
CsHe.

A modified inventory, NEI0O5-VOC, was generated to assess the impact of the low
C,H, and C3Hg emissions in NEIO5-REF on the WRF-Chem simulations. In contrast
to across-the-board VOC emission increases over the Ship Channel used in previ-
ous studies (e.g. Jiang and Fast; 2004, Byun et al., 2007), the NEIO5-VOC included
adjustments of activity-specific emission factors related to the petrochemical facilities
sampled by the SOF measurements. These modifications used the information within
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the US EPA’s SCCs for the major C,H, and C3Hg point sources and for each of the
14 locations sampled by Mellqvist et al. (2010). Because of ambiguity in how facilities
report activity-specific VOC emissions, and to keep the analysis of the emissions from
dozens of SCCs tractable, eight broad categories were constructed from analysis of
the major SCCs contributing to C,H, and C5Hg emissions within NEIO5-REF. These
eight categories are listed in Table 8, along with the SCCs assigned to each category.
Many other SCCs with relatively minor emissions are lumped into an “Other” category.

For either C,H, or C3Hg, multiplication factors (M;, /i =1, 8) for the emission cate-
gories are then numerically determined to yield a best fit to the linear system:

[A,J]MINOBS/—Other/ (1)

where [A; ;] is the matrix of NEIO5-REF emissions for source category / and loca-
tion j, and OBS; are the average SOF observations at location j. Table 9 gives the
elements of [A; ;] and Other; from NEIO5-REF for ethylene. The M, vector for the
over-determined system is solved by linear least squares using QR/LQ matrix decom-
position from the LAPACK library (SIAM, 1999). In practice some of the M; solution
values are negative, yielding a multiplication factor with a non-physical meaning. If a
negative M; is calculated, the NEIO5-REF emissions from that category are added to
the “Other” vector, the number of source categories is reduced by one, and the M;
vector in Eq. (1) is solved again. Some remaining positive M; factors make a negligi-
ble contribution to the overall goodness of the fit to the observed emissions. In that
case, the r-coefficient and RMSE values are calculated with each remaining M, factor
to further eliminate unnecessary factors. The resulting 5 best-fit multiplication factors
for ethylene are given in Fig. 11a, along with the linear fit to observations. The NEI05-
VOC point source ethylene emissions are calculated by multiplying the SCC-specific
C,H, emissions (Table 9) in NEIO5-REF by the factors listed in Fig. 11a.

For propylene, only nine locations have reported C5Hg fluxes, and the same least-
squares approach results in poor comparisons with the average SOF observations
when the categories with negative M, factors are removed from Eq. (1). But as shown in
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Fig. 11b, when the sum of the C,H, and C3Hg emissions are used as elements of [4; /],
a good correlation with the average SOF observations is obtained with 4 multiplication
factors. The NEI0O5-VOC point source propylene emissions are therefore calculated by
multiplying the SCC-specific C,H, plus C3Hg emissions (Table 9) by the factors listed
in Fig. 11b.

The above fitting procedure updated ethylene and propylene emissions by compar-
ison of the NEI-2005 with the average SOF observations at each of the point source
locations studied by Mellgvist et al. (2010). The emission estimates derived from SOF
have an estimated uncertainty of 35 % due to the measured variability in the wind di-
rection between the source and the sampling point and also from assumptions of rapid
vertical mixing. Moreover, when sampling in the same locations multiple times during
the TexAQS 2006 study period, Mellgvist et al. (2010) noted variations in the SOF-
derived estimates of ethylene and propylene emissions; depending on the source re-
gion, their estimates varied between sampling periods by as much as 60 % for ethylene
and 90 % for propylene. The updated ethylene and propylene emissions in NEI0O5-VOC
do not account for either of these effects; instead, these updates should be thought of
as representing only typical emission conditions encountered during TexAQS 2006.
However, uncertainty and variability in ethylene and propylene emission fluxes must
be considered when applying this updated inventory to modeling specific flights, as is
discussed further in Sect. 4.3.

4.2.2 Reductions of NEI-2005 NO, emissions in the Houston Ship Channel

In Sect. 4.1, NEIO5-REF NO, emissions in the Houston Ship Channel were shown to
be too high. For example, NEIO5-REF NO, emissions in the Houston Ship Channel
are about 3 times higher than those measured by Rivera et al. (2010) in 2006. The
potential causes for this discrepancy appear to be overestimates of industrial and port
ship emissions. In order to understand the impact of these NOx overestimates on
WRF-Chem ozone and highly reactive VOC predictions, we generated another modi-
fied version of the NEI-2005, NEI0O5-VOCNOX. Starting from the NEI05-VOC discussed
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in Sect. 4.2.1, we made two changes: we decreased the industrial NO, emissions by
50 %, and we eliminated the port ship emissions. These modifications result in a re-
duction of the total NEI0O5-REF NO, emissions across the Houston Ship Channel of
70%. In the NEI05-VOCNOX, total NO, emissions in the Houston Ship Channel are
~85tonnes day'1, similar to the measurements by Rivera et al. (2010).

Brioude et al. (2011) used a top-down inversion method to derive an a posteriori
emission inventory for the Houston-Galveston area, using NEIO5-REF as a priori. This
independent approach draws a similar conclusion as the current study: NO, emissions
are overestimated in the Houston Ship Channel by about a factor of 2.

4.3 Comparisons of aircraft observations with model simulations using the NEI-
2005 reference and updated emission inventories

Figure 12 shows the time series of WRF-Chem model results with the three emission
inventories (NEIO5-REF, NEI05-VOC, NEIO5-VOCNOX) compared to WP-3D observa-
tions of NO,, ethylene, propylene, formaldehyde, and O4 for the Houston portion of the
26 September 2006 flight shown in Fig. 8. The detailed comparisons for NO,, for ethy-
lene and propylene, and for HCHO and Ogj are discussed separately in the following
sections.

4.3.1 NO,

The NO, simulations with NEI05-VOCNOX show remarkably good agreement with the
observations, whereas the simulated NO, with either NEI05-REF or NEI05-VOC shows
the discrepancy with the observations as discussed above. Table 5 summarizes, for
the Houston-Galveston source box defined in Table 4, the mean NO, observed by
the WP-3D in the boundary layer from all 6 TexAQS 2006 daytime flights along with the
mean model NO, for the same locations using the NEI05-REF and the NEI05-VOCNOX
inventories. Because the NO, simulations from the NEIO5-REF and the NEI05-VOC
are almost identical, the results from the NEI05-VOC are omitted in Table 5. The mean
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of the model NO, using NEI05-VOCNOX for the 6 daytime flights is 2.24 ppbv, which is
~50 % lower than that of NEI0O5-REF and ~10 % higher than that of the average WP-3D
observations.

4.3.2 Ethylene and propylene

As expected, the modeled ethylene and propylene mixing ratios with NEI05-VOC and
NEIO5-VOCNOX are much larger than those simulated with NEI05-REF (Figs. 12 and
13, Table 10). The reduction of Houston Ship Channel NO, using the NEI05-VOCNOX
inventory decreases the modeled ethylene and propylene mixing ratios compared to
using NEI05-VOC, because lower NO, levels lead to increased hydroxyl radical (OH)
mixing ratios that consequently result in a faster sink for these alkenes.

In TexAQS 2006, the WP-3D had two methods for measuring ethylene: canisters
analyzed post-flight by the whole air sampler (WAS) system (Schauffler et al., 1999,
2003) and the continuous measurements by the laser photo-acoustic spectroscopy
(LPAS) instrument (de Gouw et al., 2009). The LPAS ethylene measurements were
made with much higher frequency than the WAS canisters were sampled, and LPAS
data were available on more flights than WAS. On the other hand, the WAS analyzer
had higher precision and better sensitivity to ethylene than the LPAS instrument.

On the 26 September flight (Fig. 12), the simulated ethylene with NEI05-VOC or
NEIO5-VOCNOX sometimes agrees better with the ethylene measurements by WAS
and LPAS. There are also occasions in which the model results do not capture the
observed peaks of the ethylene plumes, as well as times when the model peaks
are much larger than the observed ones. The latter situation is discussed further
below. An example of the former situation can be seen in the observed ethylene
plumes at 18:15-18:30 UTC and 19:00-19:15 UTC, which can be traced back to the
Beaumont/Port Arthur area. While the updates to the ethylene emissions in NEIO5-
VOC/NEI05-VOCNOX were applied to all processes listed in Table 8 wherever they
occurred in the model domain, SOF observations were not made in Beaumont/Port
Arthur. It is possible that the ethylene emission adjustment factors derived from the
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SOF observations in and around Houston are not generally applicable to ethylene emis-
sions from petrochemical facilities in other areas. Another possibility is that there are
additional processes besides those in Table 8 that lead to high ethylene emissions in
Beaumont/Port Arthur, in which case the inventory adjustment procedure discussed in
Sect. 4.2.1 would not increase ethylene emissions sufficiently in that region.

Figure 13 compares flight averages of the model and the ethylene measurements
for the WP-3D flight legs within the boundary layer and the Houston-Galveston source
box (defined in Table 4). The model results in Fig. 13 were sampled only at the times
and locations in which the measurements were made before calculating averages.

For the WAS measurements of ethylene, the model results with the default emis-
sion inventory (NEIO5-REF) are consistently 50 %—70 % lower than the observations
(Fig. 13). The simulations with NEI05-VOC and the NEIO5-VOCNOX agree with the
WAS observations within —20 % to +30 %, except for 26 September when the model
ethylene with NEI05-VOCNOX (NEI05-VOC) is ~50 % (65 %) higher than the observa-
tions. The overall Houston-area boundary layer averages from the 5 flights where WAS
data were available (Table 10) similarly show much better agreement between the WAS
ethylene and the model simulations using either NEI05-VOC or NEIO5-VOCNOX, with
NEIO05-VOCNOX providing the smallest overall model-measurement discrepancy.

For the LPAS measurements of ethylene, the model runs with NEIO5-REF are con-
sistently low by 35 %—64 %, similar to the model-WAS comparison (Fig. 13). The sim-
ulated ethylene mixing ratios using either NEI05-VOC or NEIO5-VOCNOX are persis-
tently higher than the LPAS measurements by 17 %—-51 % for most of the days (64 %—
78 % above the observation on 26 September). Averages from the 6 Houston flights
where boundary-layer LPAS measurements of ethylene were available (Table 10) show
that the model results with NEI05-VOCNOX (NEI05-VOC) are 38 % (43 %) larger than
the LPAS observations. Despite larger model-observed discrepancies with the LPAS
data than with the WAS observations, NEI05-VOCNOX is overall the best of the three
inventories used in the model simulations of ethylene, as was the case for the WAS
data.
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The model simulations with NEI05-VOC and NEI05-VOCNOX show enhanced propy-
lene at the times when the measurements detected the plumes on 26 September
(Fig. 12), while the model with NEIO5-REF cannot produce elevated mixing ratios of
propylene. For all boundary layer Houston flight legs investigated, the model propylene
with NEIO5-REF is consistently lower by 60 %—90 % than the whole air sampler mea-
surement, except for 19 September in which the model with NEIO5-REF and the ob-
servations agree better than the simulations with the other inventories (Fig. 13). On 26
September, the simulated propylene mixing ratios with NEI05-VOC are higher than the
measurements, but the simulations with NEIO5-VOCNOX agree better with the mea-
surements (Fig. 12). The model-simulated propylene with NEI05-VOC is 30 %—120 %
higher than the whole air sampler propylene observations except for 25 September
(Fig. 13). The simulations with NEI05-VOCNOX reduce the biases in the model propy-
lene on most days, such that the simulated propylene is 20 %—90 % higher than the
observations (except for 25 September). For the 5 flight days with boundary layer WAS
data in the Houston source box (Table 10), the overall average propylene mixing ratios
from the model with NEI05-VOCNOX (0.73 ppbv) and the whole air sampler (0.72 ppbv)
are nearly identical.

In summary, the ethylene and propylene mixing ratios modeled with the updated
inventories based on the 2006 SOF observations downwind of petrochemical facili-
ties emissions (i.e. NEIO5-VOC or NEI0O5-VOCNOX) compare better with the WP-3D
observations than simulated mixing ratios using the reference NEI-2005 inventory.
On any particular day, the use of the average SOF observations to adjust the ethy-
lene and propylene emissions does not give precise agreement between modeled and
aircraft-observed mixing ratios. This behavior highlights the variability in the ethylene
and propylene emissions from petrochemical facilities around Houston, a phenomenon
noted by other investigators (Murphy and Allen, 2005; Mellgvist et al., 2010). In par-
ticular, Mellqvist et al. (2010) documented variations in SOF-measured ethylene and
propylene emissions of as much as 60 % and 90 %, respectively, when sampling the
same Ship Channel source regions multiple times in the same day or on different days
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during TexAQS 2006. The use of average ethylene and propylene emission rates to ad-
just the petrochemical facility emissions in the model inventory is obviously a simplifica-
tion, but without detailed information on the variability of the many ethylene/propylene
point sources in the region on each flight day, one cannot expect a perfect simulation
on any given day. Nevertheless, the flight-to-flight discrepancies between the observa-
tions and the model with the updated emissions are well within the known variability of
the Ship Channel’s ethylene and propylene sources.

4.3.3 Formaldehyde and O,

The high time resolution tunable diode laser measurements of HCHO made on the
WP-3D (Wert et al., 2003; Weibring et al., 2007) allow the evaluation of the detailed
plume chemistry in the model simulations with the three emission inventories (Figs. 12
and 13). The model runs with the NEIO5-VOC and NEI0O5-VOCNOX inventories ex-
hibit excellent agreement with the formaldehyde measurements in terms of capturing
the major enhancement of formaldehyde resulting from highly reactive VOC oxidation
within plumes downwind of the Houston Ship Channel. In contrast, the simulation with
NEIO5-REF does not predict any of the large Ship Channel HCHO plumes.

The model peaks with the NEI0O5-VOC and NEI0O5-VOCNOX do not represent the
full extent of the formaldehyde plumes (Fig. 12), implying that the spatial and tempo-
ral representation of highly reactive VOC in the inventory need further improvement.
Some of the HCHO peaks that the model does not capture (18:15-18:30 UTC, 19:00—
19:15 UTC) are also missing in the modeled ethylene time series; as described above,
these plumes originated in the Beaumont/Port Arthur area. We expect rapid HCHO
production from plumes containing elevated ethylene, and given the under-prediction
of ethylene mixing ratios in these plumes, it is not surprising that the model misses the
elevated HCHO here as well.

The model-simulated boundary-layer formaldehyde mixing ratios with NEI0O5-VOC
and NEI05-VOCNOX averaged over Houston source area (see Table 4) agree with the
observations within 20 % for the 6 flight days examined here. The simulations with
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enhanced petrochemical ethylene and propylene emissions show improvement over
the simulation with NEIO5-REF for most of the days when the model simulations are
biased low. The overall six-flight averages of the model formaldehyde with NEIO5-
VOCNOX (3.78 ppbv) and the observations (4.12 ppbv) over the entire Houston source
area are similar (Table 10). The model bias in HCHO with NEIO5-REF over the Hous-
ton Ship Channel is larger than that calculated for the whole Houston area (Fig. 13);
the simulated formaldehyde with NEIO5-REF over the Houston Ship Channel is about
25 %—57 % lower than the observations for the 6 flights. With NEI05-VOCNOX, the sim-
ulated formaldehyde over Houston Ship Channel agrees with the observations within
~30 % for the same flights. On average, the model formaldehyde with NEIO5-REF
(3.54 ppbv) is 43% lower than the observations (6.20 ppbv) over the Houston Ship
Channel (Table 10), while the 6-flight average HCHO over the region using NEIO5-
VOCNOX (5.12 ppbv) is only 14 % lower than the observations. Overall, the model is
much better at capturing the plumes of ethylene, propylene, and formaldehyde in the
Ship Channel when the updated VOC and NO, emission inventory is used.

Figure 12 shows the time series of O simulations using the NEI05-REF, the NEI05-
VOC, and the NEIO5-VOCNOX in comparison with the WP-3D observations for 26
September. Downwind of the Houston Ship Channel, the NOAA WP-3D aircraft ob-
served several O; peaks with ~40ppbv increases above the background. Large
model-simulated O3 differences occur among the three emission inventories coinci-
dent with the Ship Channel O3 peaks in the airborne measurements, demonstrating the
important role of NO, and VOC emissions from industries and in-port marine vessels
in the formation of O3 in Houston. Overall, the model-simulated O3 using NEIO5-REF
does not capture these observed O3 peaks in the Ship Channel plumes, instead show-
ing O4 reductions of up to 20 ppbv. The model’s behavior with the reference inventory
in these plumes results from high NOx emissions and moderate VOC levels, which
cause net titration of O5. The model-simulated O3 using the NEI0O5-VOC is higher than
that using the NEIO5-REF in these plumes, with increases of up to 40 ppbv. While
the increase of ethylene and propylene emissions for Ship Channel industrial sources
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using NEI05-VOC simulates the O35 plumes better, the widths and peaks of the ob-
served O3 plumes are larger than those in the NEI05-VOC simulations because of O
titration within parts of these plumes. Reducing the Ship Channel NO, emissions at
the same time as ethylene and propylene emissions are increased (NEI05-VOCNOX)
reduces Ogj titration and better simulates the O; plumes compared to the simulations
with NEIO5-REF and NEI05-VOC.

Figure 12 shows a number of discrepancies between the model and the observed
O; on 26 September. Simulated O3 using any of the inventories is generally lower than
the observations everywhere, but most prominently in the regions outside the Ship
Channel plumes. The observed Oz shows a number of peaks superimposed on top
of a rising background, all of which are missing in the various simulations. As was
seen with HCHO, the O3 peaks at 18:15-18:30 UTC and 19:00-19:15 UTC, due to
plumes originating in the Beaumont/Port Arthur area, are totally missing in the model.
As with HCHO, it appears that the large underestimate of ethylene in these plumes is
an indication that reactive VOC emissions for the upwind area are not correct, so it can
be expected that the model will not produce adequate ozone.

Low biases in modeled CO and NO, are seen in what appear to be urban plumes
detected in transects upwind of Houston on 26 September (not shown in Fig. 12).
These plumes occur throughout the later transects downwind of Houston, suggesting
that some of the underestimates of HCHO and O5; might be due to an underestimate of
upwind urban emissions. The inverse modeling analysis of Brioude et al. (2011) found
that NEI-2005 emissions of CO and NO, needed to be increased for suburban areas
north and west of Houston, and they suggested that growth in the suburban population
could have changed the spatial distribution of emissions relative to those reported in
NEI-2005.

The causes of the observed rising O5 background are unclear, though it appears to
be the result of photochemistry. Increases in the O3 baseline values are not seen in
NO, or alkenes (Fig. 12), but they are matched by corresponding increases in alkyl
nitrates (not shown). Similarly, model underestimates of O; peaks between 18:40 and
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18:50 UTC correspond to periods of model underestimates of HCHO, although NO,
and alkene levels in this period appear to be reasonably represented. Because of
ozone’s longer lifetime and variety of sources, simulations of ozone will naturally be
more difficult. One possibility is that the magnitude, daily and hourly variability, and
horizontal and vertical transport of other local or more distant pollution sources, such
as prescribed burning and wildfires, may not be well represented in the model.

Table 11 summarizes the results of linear fits between the WP-3D O5 (= x) and
the model O5; simulations (= y) for all boundary layer data of the 6 daytime flights
within the Houston source region defined in Table 4. The slopes and correlation co-
efficients in the linear fits using the simulations with the NEI05-VOC tend to improve
from those with the NEIO5-REF, except for 13 September 2006 when the model Oy
performance is poor, possibly because the model boundary heights are higher than
the radar profiler observations (Fig. 3). The slopes and correlation coefficients in the
linear fits using the simulations with NEI05-VOCNOX consistently increase from those
with NEI05-VOC for all daytime flights, although the slopes are still much less than 1;
the slopes range from 0.26 to 0.47 and the correlation coefficients vary from 0.56 to
0.90 with the NEI05-VOCNOX. The higher correlation coefficients of the observed O
with the NEI05-VOCNOX simulations points out that the large plumes resulting from the
Houston industrial areas are generally captured in these flights. The low slopes of the
model-observed O3 correlations illustrate that there are sources consistently missing
in even the most updated inventory investigated here.

Focusing in on just the Houston Ship Channel region, the scatter plots of observed
and simulated O5 with the 3 emission inventories for all 6 daytime flights are given in
Fig. 14. From the NEIO5-REF case to the NEI05-VOC case, the slope (correlation co-
efficient) of linear fit between the WP-3D O; (= x) and the model O3 (= y) in Houston
increases from 0.04 (0.05) to 0.18 (0.22). The simulated and observed O4 are still
poorly correlated when NEIO5-REF and NEIO5-VOC are used. From the NEIO5-VOC
case to the NEIO5-VOCNOX case, the slope (correlation coefficient) of linear fit be-
tween the WP-3D O5 and the model O5 in Houston increases significantly from 0.18
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(0.22) to 0.51 (0.61). Figure 14 demonstrates that the model has better capability of
simulating O plumes in Houston Ship Channel with the NEI05-VOCNOX compared to
those with the NEIO5-REF and NEI05-VOC.

5 Summary and conclusions

In this study, we evaluate the NO, and VOC emissions in the EPA NEI-2005 in Houston,
Texas during the TexAQS 2006 intensive summer campaign. Other large urban and
power plant sources in Texas are also used as references for understanding emissions
in the Houston-Galveston area. In the NEI-2005, major anthropogenic NO, emissions
in Houston-Galveston area originate from mobile sources, power plants, the petro-
chemical industry, and shipping activities, while those in other cities are mostly from
mobile sources. The WRF-Chem model simulations using the NEI-2005 emissions in-
ventory with horizontal resolutions of 20 x 20 km? (mother domain: continental US) and
4 x 4km? (nested domain: Texas) are compared with the satellite and in-situ airborne
measurements, respectively and are used to evaluate the inventory.

NO, columns retrieved by polar-orbiting satellite instruments (SCIAMACHY and
OMI) detected strong urban and power plant plumes over Texas during the period of
study. The model-simulated NO, columns show excellent agreement with the satellite
NO, columns for the large cities and regions with large power plants except for Hous-
ton, where the model columns are 50 %—70 % higher than the satellite columns. This
study is the first in which 4 different OMI retrievals from 3 institutes are used. The 4
independent OMI NO, column retrievals are consistent to within 20 % over Dallas and
to within 5 % over Houston.

The comparison of NOAA WP-3D NO, observations with the model simulations
shows a similar high model bias for Houston. For the Dallas-Fort Worth plume, the
model-simulated NO, agrees well with the WP-3D observations. For the Houston area,
however, the model-simulated NO, with the default NEI-2005 (NEI0O5-REF in this study)
is on average about 60 % above the observed values for the 6 daytime flights with level
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transects in the boundary layer over Houston. Model simulations of NO, mixing ratios
downwind of the Houston urban core do not find significant differences with the obser-
vations, while the model overpredicts NO, mixing ratios by a factor of 2 in flight legs
downwind of the heavily industrialized Houston Ship Channel region. The NEIO5-REF
total NO, emissions in the Ship Channel are about 275 tonnes day™", which is 3 times
as large as that estimated by a method using DOAS observations (Rivera et al., 2010).
The largest contributor to the total NO, in the Houston Ship Channel within NEI05-REF
is the port-based ship emissions. Previous studies (Ryerson et al., 2003) also revealed
the importance of industrial point source NO, emissions in this area. The shipping
emissions in the Houston Ship Channel area were studied in Williams et al. (2009) and
were noted by Rivera et al. (2010), but the emissions from the ships in the port were
not believed to dominate the total NO, emissions in this area.

Industrial ethylene and propylene emissions in the NEIO5-REF are greatly under-
estimated relative to the estimates using SOF measurements (Mellqvist et al., 2010)
in the Houston Ship Channel during the period of study. When the NEI-2005 emis-
sions of these two species are increased, by using the SOF measurements to adjust
sources associated with the petrochemical industry, the model simulations of ethylene,
propylene, and formaldehyde are substantially improved in comparison with the WP-
3D measurements. But remaining model-observation disagreements for these species
indicate that further understanding of the spatial distribution and temporal variability of
reactive VOCs is required for better model simulations. In particular, the representation
of other reactive VOCs in the NEI-2005 besides ethylene and propylene in the Houston
area may need to be investigated.

To examine the impact of updating both VOC and NO, emissions on improving
model-measurement agreement, we generated another modified version of NEI-2005,
NEIO5-VOCNOX in which the NO, emissions across Houston Ship Channel are re-
duced by 70 %. Achieving these reductions in NEI-2005 NO, emissions required the
Ship Channel industrial point source emissions to be reduced by 50 % and the in-port
shipping emissions in the Ship Channel to be completely omitted. The simulations with
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NEI05-VOCNOX gave the best overall model performance for NO,, ethylene, propy-
lene, HCHO, and Oj. In particular, the best simulation of O3 in the Ship Channel re-
quired the simultaneous increase of NEI-2005 ethylene and propylene emissions from
industrial activities and the reduction of NEI-2005 NO, emissions in the Houston Ship
Channel. The remaining model deficiencies in simulating WP-3D observed O5 suggest
that more effort is still required to understand the formation and transport mechanisms
of Og in Houston.
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Table 1. WRF-Chem model configuration used in this study.

Parameter

Options

Advection scheme
Longwave radiation
Shortwave radiation
Land-surface model
Surface layer

Boundary layer scheme
Cumulus parameterization
Microphysics

Photolysis scheme

Gas phase chemistry
Aerosols
Anthropogenic emission
Biogenic emission

Positive-definite and monotonic scheme (Wang et al., 2009)
RRTM (Mlawer et al., 1997)

Goddard shortwave scheme

Noah LSM (UCM) (Chen and Dudhia, 2001)

Similarity theory (Paulson, 1970; Dyer and Hicks, 1970)
YSU (Hong et al., 2006)

Grell-Devenyi ensemble (Grell and Devenyi, 2002)

Lin scheme (Lin et al., 1983)

TUV (Madronich, 1987)

RACM-ESRL (Kim et al., 2009)

MADE (Ackermann et al., 1998), SORGAM (Schell et al., 2001)
EPA National Emission Inventory Year 2005

BEIS v3.1

21241

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 21201-21265, 2011

Evaluations of NO,
and highly reactive
VOC emission
inventories in Texas

S.-W. Kim et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 2. Evaluation of the WRF-Chem model meteorology with measurements from 10 surface
stations in southeast Texas for selected days. MBE denotes mean bias error and RMSE stands

for root mean square error.

T Wind Speed | Wind Direction

(C) (ms™) (deg)
Date MBE RMSE ‘ MBE RMSE ‘ MBE RMSE
9/13/2006 -0.6 1.4 1.3 1.7 6.2 50.7
9/19/2006 -0.2 1.1 1.0 1.5 -7.6 22.0
9/25/2006 0.5 1.2 1.9 2.3 -25 18.4
9/26/2006 -1.7 2.4 1.1 15| -154 59.3
10/5/2006 -1.3 1.8 0.9 1.2 | -19.0 50.9
10/6/2006 -1.7 2.3 0.8 1.2 5.9 50.2
Average for 6 days | -0.8 18] 12 1.6 | -5.9 44.7
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Table 3. Evaluation of the WRF-Chem model meteorology with wind profiler data at La Porte,
Texas, for selected days. MBE denotes mean bias error and RMSE stands for root mean square

error.

Wind Speed | Wind Direction
(ms™) (deg)
Date MBE RMSE | MBE RMSE
9/13/2006 1.7 2.6 15.8 40.8
9/19/2006 -0.5 29 | -10.8 17.1
9/25/2006 1.4 1.9 -1.6 8.7
9/26/2006 2.1 25| -153 33.7
10/5/2006 1.1 1.8 -0.7 17.2
10/6/2006 1.7 2.1 -8.2 26.6
Average for 6 days | 1.2 23| -33 26.3
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Table 4. Geographic information of Texas source boxes used to average satellite and aircraft VOC emission

o . o
observations and WRF-Chem model simulations. The dominant source of NO, emissions in 73 inventories in Texas
each box is indicated by either C = city or P = power plant. =

g. S.-W. Kim et al.

Name Center Center Width Width -
Lon. (%) Lat. (°) Lon. (%) Lat. (°) -
(¢}
C: Dallas-Fort Worth -96.90 32.95 1.8 1.3 B
C: Houston-Galveston -95.30 29.90 1.8 1.4 =
C: San Antonio ~98.40  29.50 1.2 1.0  Conclusions  References
P: Big Brown & Limestone -96.30 31.70 1.4 1.0 g
P: Tolk 10255 3430 13 1.0 o Taes  Figues
P: Harrington -101.65 35.35 1.3 1.1 =)
P: Monticello & Welsh -94.90 33.25 1.4 1.0 Ry
P: Martin Lake -94.40 32.25 1.4 1.0 ?'2 ! !
P: Mexican power plant ~100.80 28.70 1.4 1.0 e s
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Table 5. Mean and standard deviation of WP-3D observed and modeled NO, using the NEI05-
REF and NEI05-VOCNOX inventories for the Dallas-Fort Worth and Houston-Galveston source
boxes. See Table 4 for geographic definition of these source boxes. S.D. = standard deviation.

Date WP-3D Obs. NEIO5-REF NEIO5-
Mean (S.D.) Mean (S.D.) VOCNOX
(ppbv) (ppbv) Mean (S.D.)
(ppbV)
Dallas
9/13/2006 1.30 (1.17) 1.47 (1.49) The same as
9/25/2006 2.06 (2.64) 1.97 (2.40) NEIO5-REF
Average of 2 days  1.68 1.72
Houston
9/13/2006 .53 (2.37) 2.91 (3.90) 1.75 (1.97)
9/19/2006 .96 (1.91) 2.38 (2.82) 1.73 (1.48)
9/25/2006 41 (1.44) 2.74 (3.10) 1.81 (1.82)
9/26/2006 2 83 (3.49) 4.66 (6.58) 2.85 (3.66)
10/5/2006 1.70 (2.25) 3.32 (5.41) 2.38 (3.31)
10/6/2006 3.12 (4.02) 3.90 (4.14) 2.94 (2.65)
Average of 6 days  2.09 3.32 2.24
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Table 6. NO, emissions (metric tons as NO,/day) in NEI05-REF, TCEQ point source emission
inventory (EI) in 2006, and DOAS measurements in 2006 (Rivera et al., 2010) for the Houston
Ship Channel. The latitude and longitude limits of the Houston Ship Channel used for the NEI05
sums are 29.6700° N—29.8522° N and 94.9619° W—95.3000° W.

Sector NEIO5-REF TCEQ point source El or
DOAS measurement

Point source 101.0 61.6 *
48.4**

Area source (marine vessel) 139.4 (134.0) N/A

Onroad source 27.6 N/A

Nonroad source 7.2 N/A

Sum 275.2 82.4***

* TCEQ point source El used in Washenfelder et al. (2010),

** TCEQ point source El used in Rivera et al. (2010),
*** DOAS measurement in Rivera et al. (2010).
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Table 7. Annually averaged port emissions (tonnes yr™') for SO,, NO,, VOC, CO, and PM, ; for
Harris County from the NEI-2005 inventory, and for the Port of Houston from US EPA (2007).
The emission mass ratios of NO, to SO, are also given.

NEI-2005 SCC SCC Description or

or Data Source Representative Area SO, NO, VOC CO PM,5; NO,/SO,
2280002100 CMV, diesel, port 1790 39516 1235 5210 1529 22.08
2280003100 CMV, residual, port 5548 10543 329 1387 423 1.90
2280002200 CMV, diesel, underway 9 195 6 26 8 21.67
2280003200 CMYV, residual, underway 40 54 2 1 3 1.35
NEI-2005 (Sum of CMV) Harris County total 7387 50308 1572 6624 1962 6.81
EPA Report (2007) Port of Houston 4136 4597 158 346 491 1.1
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Table 8. Eight emission categories used in ethylene and propylene NEI-2005 emission pertur-
bations, their 8-digit US EPA Source Classification Codes, and brief descriptions of each.

Flares

30600999
30600904
39990024
39990022

Petroleum Industry, Flares, Not Classified

Petroleum Industry, Flares, Process Gas

Miscellaneous Manufacturing Industries, Process Gas, Flares
Miscellaneous Manufacturing Industries, Residual Oil, Flares

Fugitives

30188801
30180001
30688801
30600819
30600820

Chemical Manufacturing, Fugitive Emissions, General

Chemical Manufacturing, General Processes, Fugitive Leaks

Petroleum Industry, Fugitive Emissions, General

Petroleum Industry, Fugitive Emissions, Compressor Seals, Gas Streams
Petroleum Industry, Fugitive Emissions, Compressor Seals, Heavy Liquids

Cooling Towers

38500101
38500102
30600701

Cooling Tower, Process Cooling, Mechanical Draft
Cooling Tower, Process Cooling, Natural Draft

Petroleum Industry, Cooling Towers

Miscellaneous

30199998, 30199999
30119799
30699998, 30699999

Chemical Manufacturing, Other Not Classified, General
Chemical Manufacturing, Olefin Production, Not Classified
Petroleum Industry, Unclassified Petroleum Products, Not Classified

Storage/Transfer

30183001

Chemical Manufacturing, General Processes, Storage/Transfer

Ethylene Production

30101812
30101807
30117401
30119701

Chemical Manufacturing, Plastics Production, Polyethylene — Low Density

Chemical Manufacturing, Plastics Production, Polyethylene — High Density
Chemical Manufacturing, Plastics Production, Ethylene Oxide, General

Chemical Manufacturing, Plastics Production, Olefin Production, Ethylene — General

Propylene Production

30119705
30119709
30101802

Chemical Manufacturing, Olefin Production, Propylene — General
Chemical Manufacturing, Olefin Production, Propylene — Fugitives
Chemical Manufacturing, Olefin Production, Plastics Production, Polypropylene and Copolymers

Plastics Production

30101809
30101813
30101816
30101899
30101811
30101810

Chemical Manufacturing, Plastics Production, Extruder

Chemical Manufacturing, Plastics Production, Recovery and Purification
Chemical Manufacturing, Plastics Production, Transfer-Handling-Loading
Chemical Manufacturing, Plastics Production, Other not specified
Chemical Manufacturing, Plastics Production, Storage

Chemical Manufacturing, Plastics Production, Conveying
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Table 9. Diurnally averaged ethylene emissions (moleh™") from the NEI-2005 inventory for Evaluations of NO,
the 14 locations with ethylene emissions reported in Mellgvist et al. (2010) and for the eight and highly reactive
emission categories given in Table 8. “HSC” refers to the 7 Mellgvist et al. (2010) sectors within VOC emission

. “ ] Y H H i ithi O - a .
the I-!ouston.Shlp Channe!. Other” refers to additional emissions at each location not within = inventories in Texas
the eight emission categories. Q
%’_ S.-W. Kim et al.
=)
Facility Flares Fugitive Cooling Misc. Storage/ C,H, CgHg Plastics Other T
Location Towers Trans. Prod. Prod. Prod. %
@ é
HSC-2 5.4 255.1 3.0 36.6 44.8 0. 0. 0. 50.0 —
Hec.s o Sws o wss e o o5 o coq e SRR
HSC-4 0. 136.9 17.0 12.9 5.3 0. 0.1 42.2 20.1 =/
HSC-5 0 79.3 5.1 18.4 7.0 356.3 0. 23.9 213.7 g ! !
HSC-6 0 74.4 0.5 36.7 5.9 0. 0. 4.8 71.3 1
HSC-7 0 161.1 112.2 44.3 0. 0. 0.1 6.1 93.3 §' ! !
Bayport 0. 369.4 10.6 121. 72 175.3 2.8 10.6 203.3 T
Channelview 0. 5227 110 2075 34 0. o o. 200 = [NSEE BEEEE
©
Chocolate Bayou 0 143.6 7.2 49.4 0. 228.3 0. 1.3 41.7 0]
Freeport 167 961 224 384 277 5892 0. 48 177.1 e s
Mount Belvieu 9.0 8.6 14.6 2.2 0.5 6359 16.6 170.7 9.9 —
Sweeny 0. 355 256 06 0.1 0. 06 0. 103 ~ Back  Close
Texas City 131.0 175.0 85.0 144.8 895.4 0. 0. 0. 9.5 &
2
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Table 10. Averages of observed and modeled ethylene and propylene for the model simulations
using NEIO5-REF and NEIO5-VOC. WAS denotes the whole air sampler and LPAS stands for

the photo-acoustic measurement of ethylene.

VOC WP-3D Obs. WRF NEIO5- WRF NEIO5- WRF NEIO5-
(ppbv) REF VOC VOCNOX
(ppbv) (ppbv) (ppbv)
WAS Ethylene 1.31 0.50 1.38 1.32
LPAS Ethylene 0.85 0.45 1.22 1.17
WAS Propylene 0.72 0.22 0.86 0.73
Formaldehyde 412 3.2 3.77 3.78
Formaldehyde 6.20 3.54 4.78 5.12
(Ship Channel)
21250

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 21201-21265, 2011

Evaluations of NO,
and highly reactive
VOC emission
inventories in Texas

S.-W. Kim et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/21201/2011/acpd-11-21201-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 11. Statistics (slope and correlation coefficient r) from linear fits between observed Oy
(= x) and modeled O4 (= y) using the NEI0O5-REF, NEI05-VOC and NEI05-VOCNOX inventories
for the Houston area (defined in Table 4).

NEIO5-REF ‘ NEIO5-VOC ‘ NEIO5-VOCNOX

Date slope r | slope r | slope r

9/13/2006 0.11 0.29 0.04 0.11 0.13 0.43
9/19/2006 0.36 0.61 0.41 0.76 0.47 0.90
9/25/2006 0.32 0.52 0.35 0.52 0.43 0.69
9/26/2006 -0.05 -0.10 0.13 0.26 0.35 0.56
10/5/2006 0.25 0.43 0.26 0.49 0.26 0.66
10/6/2006 0.35 0.67 0.36 0.68 0.37 0.70
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Fig. 1. Spatial distribution of NEI0O5-REF NO, emissions (top) and NASA OMI NO, columns

(bottom) in the model nested do
October 2006.

main. The satellite columns are averaged for 26 July 2006—6
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Fig. 4. Partitioning of NO, emissions in NEIO5-REF for Dallas-Fort Worth (see Table 4 for geo-
graphic definition), Houston (Table 4), and the Houston Ship Channel area (94.96° W-95.30° W,

29.67° N-29.85° N).
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Fig. 7. Map (top left) of the flight tracks on 13 September 2006 capturing Dallas-Fort Worth
urban plumes. The WP-3D NO, mixing ratio is color-coded over the flight tracks. Arrow denotes
a flight track in north-south direction. A box with dashed line on the map is Dallas-Fort Worth
region used for the satellite-model comparison (Fig. 1 and Table 4). T1-T4 represent transect
1—-4. Vertical profiles of potential temperature, water vapor mixing ratio, and NO, measured by
the WP-3D at a point “P” on the map are shown (top right). The WRF-Chem model and WP-3D
NO, for the segments of the flight are compared (bottom).
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Fig. 8. Map (top left) of the flight tracks on 26 September 2006 capturing Houston urban,
industrial, and in-port shipping plumes. The WP-3D NO, mixing ratio is color coded over the
flight paths. Arrow denotes a flight path in north-south direction. A box with a dashed line
on the map is the Houston-Galveston region used for the satellite-model comparison (Fig. 1
and Table 4). T1-T3 represent transects 1-3. Vertical profiles of potential temperature, water
vapor mixing ratio, and NO, measured at a point “P” on the map are shown (top right). The
WRF-Chem model and WP-3D NO, for segments of the flight are compared (bottom).
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Fig. 9. Flight paths and three transects on the map (left) and scatter plots of CO and CO,
for each transect (right) on 26 September 2006. Transects T1-T3 (gray colored lines) are the
same as in Fig. 8. Black lines (left) and dots (right) in the plots represent the flight segments
influenced by urban (mobile) sources. Green (orange) colored circles represent SO, (NO,)
point sources. Blue box defines the Houston Ship Channel area in this study.
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Fig. 10. WP-3D and model NO, averaged for Dallas, Houston, Houston urban, and Houston
Ship Channel sources. Filled (unfilled) bar represents WP-3D (WRF-Chem model) NO,. Tem-
poral variability (standard deviation) of columns is shown as error bars. 2 (6) day flight data are
used for Dallas (Houston). “Dallas” and “Houston” boxes are the same as the source boxes for
satellite-model comparison (Table 4). “H Urban” means the average over the flight segments
influenced by urban sources in Houston. “H Ship Channel” denotes the average over the flight
segments influenced by industrial and commercial marine vessel sources in the Houston Ship
Channel region. Houston Ship Channel flights are defined as in Fig. 9 for 6 daytime flights.
Number of samples in “H Urban” and “H Ship Channel” is about 10 % of that in “Houston”.
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