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1.0 EXECUTIVE SUMMARY
Ground level ozone monitoring data are used to calculate design values (DV) that determine
whether an area is in compliance with the National Ambient Air Quality Standard (NAAQS) for
ozone. The Texas Commission on Environmental Quality (TCEQ) operates a Continuous Air
Monitoring Station (CAMS) in Granbury (CAMS 73) that is used to determine the attainment
status of Hood County. As of the end of 2014, the Granbury monitor had a design value of 76
parts per billion (ppb), which exceeds the 2008 ozone NAAQS of 75 ppb. The design value of the
Granbury monitor and the potential for a more stringent ozone standard in the near future
underscore the need for ozone air quality planning for Hood County.
The first step in air quality planning efforts is to understand the nature of the ozone problem.
This includes determining the relative importance of local sources of emissions and ozone
transported from distant sources as well as which types of local sources make the largest
contributions to ozone formation. A photochemical ozone model is a tool for understanding the
formation, transport and fate of ozone in an area and is also used in evaluating local emission
control strategies. In this study, we evaluated sources of ozone contributions to Hood County
ozone using a pre-existing June 2006 ozone model developed by the TCEQ for the Texas Near
Nonattainment Areas (NNAs).
The main objectives of this analysis are:


Quantify ozone contributions at the Granbury (CAMS 73) monitor from local emissions
sources within Hood County and from other regions within and outside Texas.



Compare the relative magnitude of ozone formed from precursors emitted from local
emissions sources with ozone and precursors transported from outside the county.



Compare the impacts of different types of Hood County emissions sources on ozone at the
Granbury (CAMS 73) monitor.



Determine whether reductions in NOx emissions or VOC emissions are likely to be more
effective in reducing Hood County ozone.



Evaluate ozone impacts from Hood County emissions on nearby monitors in the Dallas-Fort
Worth (DFW) and Waco areas.

Ozone Modeling Analysis
The main findings from the ozone modeling results are:


The photochemical model performed reasonably well in simulating observed ozone at
CAMS sites in Texas on some days but has a tendency to overestimate ozone on most days
of the episode and had a large positive bias on several days. This positive bias for ozone
indicates some uncertainty in the details of the model results but should not qualitatively
affect any of the findings below.
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On average, ozone transported into Hood County contributed far more (74 ppb) than local
Hood County emissions (1.9 ppb) to the daily maximum 8-hour average (MDA8) ozone at
the Granbury (CAMS 73) monitor (Figure 1-1).

Figure 1-1. Episode average contribution to daily maximum 8-hour ozone for the CAMS 73
Granbury monitor from Hood County emissions sources (“Local”) and all emissions sources
outside of Hood County (“Transport”).


The Hood County contribution to MDA8 ozone at Granbury (CAMS 73) varied from 0.1 to
9.9 ppb and was less than 4 ppb on all but two episode days during June 2006. The largest
Hood County contribution of 9.9 ppb occurred on June 3 when the model showed a large
positive bias. This suggests that the 9.9 ppb value is overestimated by the model. The
photochemical modeling results suggest that, while ozone at the Granbury monitor is
overwhelmingly due to transport, local emissions controls may have some potential benefit
in reducing MDA8 ozone at Granbury. Additional photochemical modeling would be
needed to quantify the impacts on future Granbury MDA8 ozone and ozone design values
resulting from emissions controls within and outside Hood County. While local emissions
reductions may reduce MDA8 ozone slightly, the modeling results indicate that Hood
County could reduce emissions to near zero, but might continue to have ozone MDA8
values greater than 75 ppb due to transport of ozone and precursors.



Within Hood County, on-road mobile emissions made the largest contribution (episode
average of 0.8 ppb) of all local emissions source categories to MDA8 ozone at the Granbury
(CAMS 73) monitor. Off-road mobile emissions (0.4 ppb) and power plant emissions (0.4
ppb) each contributed a lesser amount.



Ozone impacts of Hood County power plant emissions were higher at locations away from
the Granbury (CAMS 73) monitor (up to 4.7 ppb) because they occurred directly downwind
of each power plant.
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Of all areas within Texas, the Dallas/Fort Worth (DFW) area had the largest impact on MDA8
ozone at the Granbury (CAMS 73) monitor; the episode average contribution to MDA8
ozone from DFW emission sources was 12.3 ppb. Four additional Texas regions contributed
more ozone to the Granbury (CAMS 73) monitor than local Hood County emissions sources:
the Waco area, West Texas, the Houston-Galveston-Brazoria area and a region within
Central Texas with large power plant emissions.



NOx-limited conditions exist almost exclusively when ozone is being formed from Hood
County emissions sources en route to the Granbury (CAMS 73) monitor. This finding
suggests that local NOx emissions reductions could be more effective than local VOC
emissions reductions in reducing Hood County’s contribution to Granbury (CAMS 73)
monitor ozone.



The episode average contribution of Hood County emissions to MDA8 ozone at nearby
CAMS monitoring locations in the DFW area is less than 0.4 ppb. Hood County emissions
sources are not significant contributors to ozone at nearby monitoring locations.

Recommendations for Future Work
The following tasks are a high priority for future photochemical modeling studies for Hood
County:


Evaluate the sensitivity of Granbury (CAMS 73) ozone to anticipated Dallas-Fort Worth NOx
emissions reductions.



Evaluate ozone impacts at the Granbury (CAMS 73) monitor of potential NOx emissions
increases due to expansion of the De Cordova and Wolf Hollow Power Plants.



Update the photochemical model to a more recent year than 2006.

Development of a photochemical model for a year more recent than 2006 should be
considered. There have been important changes in emissions in Hood County since 2006
including development of natural gas resources in the Barnett Shale, changes in power plant
emissions and turnover of vehicle fleets to cleaner engines. A more recent episode would allow
evaluation of ozone contributions under conditions more similar to the present day and would
account for changes in transported ozone as well as in local emissions sources. The TCEQ is
currently developing a 2012 ozone modeling episode for use by the Texas NNAs. This ozone
modeling episode will eventually be available to the Hood County Clean Air Coalition (HCCAC)
for emission control strategy development and evaluation.
Depending on the urgency of accomplishing Hood County’s ozone modeling study objectives, a
refined version of the June 2006 model could be used until Hood County’s photochemical
modeling can be transitioned to a more recent year. Subsequent to the June 2006 modeling
reported here revisions have been made to the Texas photochemical model to improve its
ability to simulate observed ground level ozone within and outside Texas. Specific
improvements include but are not limited to: (1) using the most recent versions of the CAMx
3
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model and its chemical mechanism that determines how ozone is formed from precursors (NOx
and VOC) and (2) updates to the specification of transport of ozone and other chemical species
from outside the U.S. and from the stratosphere.
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2.0 INTRODUCTION
The Texas Commission on Environmental Quality (TCEQ) operates a Continuous Air Monitoring
Station (CAMS) in the City of Granbury in Hood County. The location of the Granbury (CAMS 73)
station (CAMS 73) is shown in Figure 2-1. Granbury (CAMS 73) ozone monitoring data are used
to calculate design values (DV) that determine whether Hood County is in compliance with the
National Ambient Air Quality Standards (NAAQS) for ozone. Design values are indicators of
attainment status that are expressed in the same units (e.g., parts ozone per billion parts
ambient air) as the NAAQS and are calculated using ambient measurements. The NAAQS for
ozone are violated at a monitor if the average of annual fourth highest daily maximum 8-hour
average (MDA8) concentrations over three consecutive years exceeds a threshold value.
Consequently, we refer to this metric as the annual 8-hour design value. The EPA set the
current threshold of 0.075 ppm (75 ppb) in 2008. On May 21, 2012, the EPA designated Hood
County as being in attainment of the 2008 ozone NAAQS based on monitored concentrations
from 2008-2010.
Although Hood County was designated as being in attainment of the NAAQS in 2012, design
values computed from ambient ozone concentrations measured at the Granbury (CAMS 73)
monitor have equaled or exceeded the 2008 NAAQS for ozone in 2011 (76 ppb DV), 2012 (77
ppb DV), 2013 (77 ppb DV) and 2014 (76 ppb DV) (Figure 2-2).
Under the Clean Air Act the EPA is required to review ozone NAAQS periodically. On November
26, 2014, the EPA announced their proposal to lower the eight-hour ozone NAAQS to a value in
the 65-70 ppb range and to finalize the NAAQS by October, 2015 (EPA, 2014a). Designations of
attainment status are anticipated by October 2017 and will likely be based on monitored ozone
levels in 2014, 2015 and 2016. The fact that the Granbury (CAMS 73) monitor has a design value
that exceeds the current standard taken together with the likelihood for a more stringent
ozone standard in the near future underscores the importance of air quality planning in Hood
County.
The first step in air quality planning efforts is to understand the nature of the ozone problem.
This includes determining the relative importance of local sources of emissions and ozone
transported from distant sources as well as which types of local sources make the largest
contributions to ozone formation. A photochemical model is a tool for understanding the
formation, transport and fate of ozone in an area and is also used in evaluating local emission
control strategies. In this study, we quantify sources of ozone contributions to Hood County
ambient ozone concentrations using a preexisting photochemical model developed for
Northeast Texas.
In this report, we analyze results from the photochemical model for the Granbury (CAMS 73)
monitor to quantify sources of ozone contributions to Hood County during the elevated ozone
period in June 2006.
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Figure 2-1. TCEQ figure showing Hood County, Waco and Dallas-Fort Worth area CAMS
monitor locations1. The Granbury (CAMS 73) and Cleburne Airport (CAMS 77) monitors are
labeled.

2.1 Report Outline
In Section 3, we describe the configuration of the June 2006 photochemical model used for
ozone source apportionment analysis and evaluate the model’s performance in simulating
observed ozone at the Granbury (CAMS 73) and Cleburne Airport (CAMS 77) monitors (Figure
2-1). In Section 4, we present a source apportionment analysis of ozone contributions at the
Granbury (CAMS 73) monitor to quantify impacts of Hood County emissions sources on ambient
ozone concentrations at these monitors. Finally, in Section 5, we summarize findings of this
study and make recommendations for further work.

1

http://tceq4apmgwebp1.tceq.texas.gov/geotam3/index.html?aqs=482210001
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Figure 2-2. Trends in annual 4th highest 8-hour ozone values (upper panel) and design
values (lower panel) at the Granbury (CAMS 73) monitor in Hood County. The dashed red line
indicates the 1997 84 ppb ozone NAAQS and the solid red line shows the 2008 75 ppb ozone
NAAQS. All data have been validated by the TCEQ.
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3.0 JUNE 2006 OZONE MODEL
In this section, we discuss development of the meteorological database and the emission
inventories as well as the configuration of the photochemical grid model for modeling Hood
County during the period May 31-July 2, 2006. June 2006 was a period in which many areas of
Texas experienced extended periods of MDA8 ozone greater than 75 ppb. Figure 3-1 shows the
time series of MDA8 ozone for the Granbury (CAMS 73) monitor and the monitors closest to it
during June 2006. The time series shows two multi-day periods where MDA8 ozone was
generally above 60 ppb and a period in between them where MDA8 ozone was generally lower
than 60 ppb.

Figure 3-1. 1-hour average ozone during the June 2006 ozone episode at the Granbury
(CAMS 73) monitor and nearby monitors.
The TCEQ elected to model this episode because (Breitenbach, 2010):


It includes a wide variety of meteorological conditions, wind speeds and transport
directions;



It has many days when MDA8 ozone exceeded 75 ppb;



It is a regional episode and affects many cities in Texas that were vulnerable to a more
stringent standard at the time of episode selection; and



It has an extensive database of observations of ambient data from the TexAQS II study
performed in 2005-2006 and has proven to be a reliable episode for both Houston and
Dallas.

A June 2006 modeling database was prepared by the TCEQ for use by the Texas NNAs and then
adapted by ENVIRON for a Northeast Texas application. The photochemical grid model used for
this application was the Comprehensive Air Quality Model with Extensions (CAMx; ENVIRON,
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2013a). The rationale for model selection is discussed in the Northeast Texas Modeling Protocol
(ENVIRON, 2011).
The TCEQ prepared CAMx modeling inputs for the June 2006 episode for use by the NNAs. The
TCEQ ran the Weather Research and Forecasting meteorological model (WRF; Skamarock et al.,
2005) for the June 2006 episode to prepare meteorological inputs for CAMx, developed
emission inventories and made available other inputs such as lateral boundary conditions. The
period for which modeling inputs were available was May 31-July 2, 2006. A detailed WRF
model performance evaluation focused on performance at central Texas monitoring locations is
provided in the Heart of Texas Council of Governments (HOTCOG) final report (Kemball-Cook et
al., 2014a).
The original emissions inventory was prepared by TCEQ. ENVIRON then developed and
incorporated day-specific wildfire emissions because wildfires emit NOx and VOC and can affect
ozone (Kemball-Cook et al., 2013). We refer to the CAMx configuration that includes this
updated emissions inventory as 06_wildfires_07. We used the 06_wildfires_07 configuration for
the ozone source apportionment analysis presented in Section 4.
In Section 3.1, we discuss the meteorological model configuration. In Section 3.2 we describe
CAMx photochemical model configuration and in Section 3.3 we describe the ozone model
performance evaluation against observed ground level ozone at the Granbury (CAMS 73) and
Cleburne Airport (CAMS 77) monitors.

3.1 Meteorological Data
CAMx requires meteorological input data for the parameters shown in Table 3-1. For the June
2006 episode, the TCEQ developed meteorological input data for CAMx using WRF Model
version 3.2 and then processed WRF outputs using the WRFCAMx preprocessor to generate
model-ready meteorological files containing each field in Table 3-1. We refer to this WRF
configuration as WRF_run1.
Table 3-1. CAMx meteorological input data requirements.
Input Parameter
Layer interface height (m)
Winds (m/s)
Temperature (K)
Pressure (mb)
2
Vertical Diffusivity (m /s)
Water Vapor (ppm)
3
Clouds and Rainfall (g/m )

Description
3-D gridded time-varying layer heights for the start and end of each hour
3-D gridded wind vectors (u,v) for the start and end of each hour
3-D gridded temperature and 2-D gridded surface temperature for the start
and end of each hour
3-D gridded pressure for the start and end of each hour
3-D gridded vertical exchange coefficients for each hour
3-D gridded water vapor mixing ratio for each hour
3-D gridded cloud and rain liquid water content for each hour

3.1.1 WRF Model Configuration
3.1.1.1 Modeling Domain
WRF coarse and nested grids defined by the TCEQ are shown in Figure 3-2. Modeling domains
are defined on a Lambert Conformal Conic map projection identical to that used in the Regional
9
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Planning Organization (RPO) modeling2. The RPO projection is defined to have true latitudes of
33°N and 45°N and central latitude and longitude point (97°W, 40°N). The 36 km WRF modeling
domain encompasses the continental U.S. and parts of Canada and Mexico. The 12 km grid
includes Texas and adjacent states and the 4 km grid is centered on East Texas. The TCEQ
suggested that some NNAs may wish to define a smaller 4 km grid focused on their local area
but we chose not to do this in order to simulate formation and transport of ozone over a large
region at the highest possible spatial resolution (ENVIRON 2011). WRF 36, 12 and 4 km grids are
slightly larger than the corresponding CAMx grids to remove any artifacts (i.e., numerical noise)
that can arise in WRF adjacent to fine grid boundaries.

Figure 3-2. TCEQ’s WRF modeling 36/12/4 km grid system for regional scale modeling on the
RPO projection. Figure from Breitenbach (2010).
3.1.1.2 Vertical Layer Structure
EPA’s current guidance on applying models for 8-hour ozone (EPA, 2007) includes the following
information on vertical layer structure:
•

2

There is no current recommended number of vertical layers, however EPA notes that
recent applications have used 12-21 vertical layers and 8-15 layers within the planetary
boundary layer (PBL);

http://www.epa.gov/visibility/regional.html
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•
•
•

The surface layer should be no thicker than 50 m;
Excessively thick layers within the PBL are to be avoided; and
The top of the modeling domain should be set at the 100 millibars (mb; ~16,000 meters
[m]) atmospheric pressure level for modeled periods that include meteorological
conditions that are not dominated by synoptic high pressure systems and are not free of
clouds and precipitation.

The TCEQ modeling system’s vertical structure satisfies all of the above criteria. Table 3-2 shows
layer heights and centers for WRF and CAMx modeling.
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Table 3-2. Rider 8 WRF and CAMx model layer structure. TCEQ figure from
http://www.tceq.texas.gov/airquality/airmod/rider8/modeling/domain.
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3.1.1.3 Column Physics and Data Assimilation
WRF model physics options for the WRF_run1 configuration are shown in Table 3-3.
Table 3-3. Physics Parameterizations used in the initial TCEQ WRF Run.
Process
Cumulus Parameterization
Radiation (LW/SW)
Cloud Microphysics
PBL/Surface Physics

Physics Parameterization
36/12 km Grid
4 km Grid
Kain-Fritsch
None
RRTM/Dudhia
RRTM/Dudhia
WSM5
WSM6
YSU/5-layer
YSU/5-layer

3.1.1.4 WRFCAMx Configuration
The TCEQ used the WRFCAMx v3.2 preprocessor to convert raw WRF output files into modelready input files formatted for CAMx. WRFCAMx was used to calculate vertical turbulent
exchange coefficients (Kv) which are derived from meteorological data supplied to CAMx by the
WRF meteorological model. The YSU Kv method was used. The CAMx pre-processor KVPATCH
was then used to adjust Kv to improve turbulent coupling between the surface and lower
boundary layer. The Kv 100 patch was applied to Kv calculated within WRFCAMx. In the Kv 100
patch the minimum Kv for all layers within the lowest 100 m (defined to be the stable boundary
layer) is set to the maximum Kv value found within the lowest 100 m.
3.1.2 June 2006 WRF Model Performance at Granbury (CAMS 73) and Cleburne Airport
(CAMS 77) Monitors
ENVIRON evaluated the performance of the WRF model on the 4 km grid shown in Figure 3-2
with a focus on model performance in Central Texas (Kemball-Cook et al., 2014a). Model
performance evaluation addressed the following question: is performance of the June 2006
WRF run sufficiently good to allow CAMx to accurately characterize pollutant transport,
chemistry and removal processes and accurately simulate ozone concentrations in Central
Texas? In this evaluation, output from WRF was compared against meteorological observations
from networks operating in Central Texas such as the TCEQ CAMS stations and airport
meteorological stations. A graphical and statistical evaluation of model performance was
carried out for winds, temperature, precipitation and boundary layer heights. A detailed
description of this evaluation may be found in Kemball-Cook et al. (2014a).
Here we focus on WRF model performance for wind speed and direction at the Granbury
(CAMS 73) and Cleburne Airport (CAMS 77) monitors. Cleburne Airport (CAMS 77) was selected
for analysis because it has similar characteristics to Granbury (CAMS 73): it is relatively near
Granbury (CAMS 73), it is located in a mostly rural area southwest of the Dallas-Fort Worth
metropolitan area, it measures ambient ozone, and it is likely subject to many of the same
regional and synoptic influences as Granbury (CAMS 73). Figure 3-3 and Figure 3-4 show time
series of observed and modeled wind speed and direction respectively at the Granbury (CAMS
73) monitor during the first ozone episode of June 2006. For both wind speed and direction, the
model replicates low-frequency (weekly time scale) variations but does not simulate higher
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frequency variations as well. For example the model reproduces the generally southsoutheasterly wind directions from June 10-15 but misses rapid wind shifts on June 13. The
model has a bias toward winds that are more southerly than observed winds during this period.

Figure 3-3. Time series of observed (black) and WRF model (red) near-surface wind speed at
Granbury (CAMS 73) during the June 2-15, 2006 period.

Figure 3-4. Time series of observed (black) and WRF model (red) near-surface wind direction
at Granbury (CAMS 73) during the June 2-15, 2006 period.
For wind speed, WRF has a high bias that persists during most of the period but does simulate
the lower wind speeds during June 7-9 (a stagnation episode when MDA8 ozone reached 106
ppb in the DFW area) and steadily increasing winds at the end of the period that correspond to
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the onset of a period when MDA8 ozone remained below 70 ppb at the Granbury (CAMS 73)
monitor.
Figure 3-5 and Figure 3-6 show observed and modeled wind speed and direction for the
Cleburne Airport (CAMS 77) monitor from June 2-15. At Cleburne Airport (CAMS 77), the model
does a good job of reproducing most of the observed variability in both wind speed and
direction. Wind speed has no persistent biases and the model captures observed periods of
high and low wind speeds. For wind direction, the model simulates nearly all wind shifts with
good accuracy and simulates low frequency variations very well.
During the second high ozone period from June 23-July 2, WRF exhibits a high bias in wind
speed at Granbury (CAMS 73) but captures the overall pattern of high and low wind speeds
reasonably well (Figure 3-7). The observed wind direction time series for Granbury (CAMS 73)
for this period is marked by frequent rapid shifts in direction that are not well-simulated by the
model (Figure 3-8). Performance improves somewhat toward the end of June.
At Cleburne Airport (CAMS 77), the model simulates daily variations in wind speed well during
June 23-July 2 but has a high bias during most of this period (Figure 3-9). As at Granbury (CAMS
73) the Cleburne Airport (CAMS 77) observed wind direction time series shows many rapid wind
shifts during the first part of the episode that the model does not capture well (Figure 3-10). As
at Granbury (CAMS 73), the model performs better in simulating slower wind variations that
occur near the end of the episode.
Overall, the WRF model performed reasonably well at Granbury (CAMS 73) and very well at
Cleburne Airport (CAMS 77). At both monitors, the model captures many important
characteristics of observed winds. While the model does not simulate higher frequency
variability well, it is limited by its spatial resolution and is not expected to be able to reproduce
all observed wind variations such as rapid shifts in wind direction. The cause of the wind speed
bias at the Granbury (CAMS 73) monitor is not known. WRF model performance in simulating
winds at Granbury (CAMS 73) and Cleburne Airport (CAMS 77) taken together with the results
of the model evaluation in central Texas reported in Kemball-Cook et al. (2014a) indicate that
this WRF run is acceptable for use in CAMx modeling of the June 2006 episode.
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Figure 3-5. Time series of observed (black) and WRF model (red) near-surface wind speed at
Cleburne Airport (CAMS 77) during the June 2-15, 2006 period.

Figure 3-6. Time series of observed (black) and WRF model (red) near-surface wind direction
at Cleburne Airport (CAMS 77) during the June 2-15, 2006 period.
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Figure 3-7. Time series of observed (black) and WRF model (red) near-surface wind speed at
Granbury (CAMS 73) during the June 23-July 2, 2006 period.

Figure 3-8. Time series of observed (black) and WRF model (red) near-surface wind direction
at Granbury (CAMS 73) during the June 23-July 2, 2006 period.
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Figure 3-9. Time series of observed (black) and WRF model (red) near-surface wind speed at
Cleburne Airport (CAMS 77) during the June 23-July 2, 2006 period.

Figure 3-10. Time series of observed (black) and WRF model (red) near-surface wind direction
at Cleburne Airport (CAMS 77) during the June 23-July 2, 2006 period.
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3.2 CAMx Model Configuration
The TCEQ provided information on CAMx air quality modeling domains and all additional inputs
required to run the model.
3.2.1 CAMx Modeling Domain
For the June 2006 episode, the modeling domain for WRF meteorological modeling and the
domain for the CAMx ozone model must both be specified. There is necessarily a close
relationship between CAMx and WRF grids to ensure that meteorological information is
transferred accurately from WRF to CAMx. To minimize interpolation of meteorological
variables from WRF to CAMx and the resulting potential for disruption of mass consistency,
CAMx used the same coordinate system as WRF. The TCEQ defined CAMx modeling grids to use
the same LCC projection as the WRF modeling.
EPA’s guidance on applying models for 8-hour ozone (EPA, 2007) states that the most
important factors that determine the horizontal extent of the domain are the nature of the
ozone problem and the spatial scale of emissions which affect the region of interest. In
December 2014, EPA released a new draft modeling guidance document3 (EPA, 2014b) that was
not available when this work was performed. The overall strategy in defining a nested modeling
grid system is that a fine grid provides higher resolution in the area of interest while a coarse
grid provides computational efficiency over a larger modeling region. The TCEQ nested grid air
quality modeling system for the June 2006 episode is shown in Figure 3-11. In accordance with
EPA (2007) guidance, the outer 36 km domain shown in black in Figure 3-11 was designed to be
large enough to encompass all important upwind sources of emissions and to allow use of clean
or relatively clean boundary conditions. Backward trajectory analyses performed by the TCEQ
have suggested that air mass transport times from the Ohio Valley/Midwest to Texas may be 23 days so the 36 km modeling domain is consistent with EPA’s guidance that regional domains
should account for potential transport distances of about 2 days upwind (EPA, 2007).
The 12 km grid (shown in green in Figure 3-11) includes all areas in eastern Texas that are
conducting ozone modeling so that a consistent 12 km grid can be used in all studies. In
addition the 12 km grid includes a substantial area that would typically be upwind of Texas
during an ozone episode with easterly or northeasterly winds. This is important to accurately
represent any influence of ozone transport since ozone formation is modeled more accurately
by a 12 km grid than a 36 km grid. The intention is to accurately model potential transport of
ozone from areas at a distance upwind from Texas of about the breadth of one state.
The TCEQ specified a set of 3 nested modeling grids (36/12/4 km) designed to be suitable for
use by all NNAs. The TCEQ supplied emissions and meteorological inputs for the June 2006
episode on these grids; NNAs then had the option to extract sub-regions (commonly called
“windowing out”) the TCEQ input data for use on their local 4 km CAMx modeling grid.

3

http://www.epa.gov/ttn/scram/guidance/guide/Draft_O3-PM-RH_Modeling_Guidance-2014.pdf
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Figure 3-11. TCEQ 36/12/4 km CAMx nested modeling grids for the Texas ozone modeling of
June 2006. 36 km grid is outlined in black. The 12 km grid outlined in green and the 4 km grid
is outlined in blue.
The TCEQ’s 4 km grid encompasses Hood County as well as the Barnett Shale geological
formation and nearby metropolitan areas including Dallas-Fort Worth and Waco. Due to the
potential for significant ozone impacts from emissions sources in surrounding Texas regions, it
is important to use high resolution 4 km modeling to accurately simulate local and regional
ozone production and transport into Hood County.
3.2.2 Other Inputs
Lateral boundary conditions for the 36 km modeling domain were provided by the TCEQ and
were generated from a GEOS-Chem4 (Bey et al., 2001) global model run. All TCEQ input files
begin on May 31, 2006. Typically a photochemical model is initialized with a value for all
chemical species in all grid cells and the model is run for a period during which the influence of
the initial conditions declines. This period is known as model “spinup,” and simulation of the
period of interest is begun at the end of the spinup period when the influence of initial
conditions has decreased to near zero. However, no inputs for days preceding May 31 (start
4

http://acmg.seas.harvard.edu/geos/
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date of the Rider 8 modeling episode) were provided by TCEQ, so no spinup period was run
before beginning the simulation. The consequences of this for the source apportionment
analysis are discussed in Section 4.2.1.
The TCEQ also provided other required inputs to NNAs such as photolysis rates, chemistry
parameters, land use input files and albedo-haze-ozone files.

3.3 Model Performance Metrics
Metrics used in this model performance evaluation include mean normalized bias (MNB) and
mean normalized error (MNE). MNB is defined as
1
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where Pi and Oi are predicted and observed values (Oi,Pi) in a data pair and N is the number of
observed or modeled data pairs. MNB shows whether a modeled quantity such as ozone is
under- or overpredicted on average compared with observations.
MNE is defined as
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In 1991, EPA established model performance goals for ozone SIP modeling that bias should be
within ±15% (EPA, 1991). EPA’s most recent 8-hour ozone guidance document (EPA, 2007)
recommends against the use of bright line tests to evaluate model performance. However
these benchmarks can serve to place the present model runs within the context of previous
modeling efforts. We therefore compare results of the simulation to benchmarks with the
intention of investigating performance rather than using the benchmarks as a pass/fail test for
either simulation.
The EPA 1991 ozone bias and error performance goals were based on MNB and MNE using
predicted and observed hourly ozone pairs for which the observed value was greater than a 60
ppb ozone concentration threshold. Since this analysis includes regions with relatively low
ozone (including rural regions), a 40 ppb ozone concentration threshold was used. Although
MNE was calculated along with MNB, MNE results are not presented in this report for the sake
of brevity.
3.3.1 June 2006 Ozone Model Performance at Granbury (CAMS 73) and Cleburne Airport
(CAMS 77) Monitors
For the Granbury (CAMS 73) and Cleburne Airport (CAMS 77) monitors, we compared modeled
and observed ozone. Figure 3-12 shows measured and modeled time series for 1-hour ozone
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(upper panel) and MNB for 8-hour ozone (lower panel) during the first high ozone period of the
June 2006 episode (Episode 1) at the Granbury (CAMS 73) monitor. Episode 1 extends from
May 31-June 15.

Figure 3-12. Upper panel: observed 1-hour ozone (black) at the Granbury (CAMS 73) monitor
versus modeled 1-hour average surface layer ozone during the May 31-June 15, 2006 period
for the 06_wildfires_07 run. Lower panel: mean normalized bias (MNB) for the Granbury
(CAMS 73) monitor. Red lines show ±15% EPA (1991) benchmarks.
Figure 3-12 shows that at Granbury (CAMS 73), the model has an overall high bias during the
first episode. The MNB plot in the lower panel of Figure 3-12 is greater than zero for 14 out of
16 days for which observations were available suggesting the model has a systematic positive
bias. Model bias was within the ±15% bias benchmark on 9 of 16 days. June 3 and June 8 are
the episode days with highest (+40%) bias. As mentioned previously, the ozone model for the
06_wildfires_07 run was initialized on May 31 and was therefore still influenced by initial
conditions on June 3. Part of the ozone overprediction on this day may be attributable to lack of
model spinup. The bias was highest on some of the highest ozone days, which are also the days
most critical for air quality planning; the Granbury (CAMS 73) monitor recorded two days on
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which the observed daily maximum 8-hour ozone (MDA8) exceeded 90 ppb while the model
predicted five days over 90 ppb with two of those over 100 ppb.
CAMx frequently overestimates observed night time ozone minima. This problem has been
noted in previous simulations in suburban/rural areas (e.g. Kemball-Cook et al., 2008).
Modeling nightime ozone is more difficult than modeling daytime ozone. At night, the surface
boundary layer of the atmosphere is very shallow and often is poorly described by
meteorological models such as WRF. In a shallow nightime boundary layer, local sources of NOx
emissions (e.g., a nearby road) can exert a strong influence on ozone that cannot be replicated
in a regional air quality model with 4 km square grid cells. For these reasons, we are much more
concerned with ozone model performance during the day than at night. The Granbury (CAMS
73) monitor is located near an arterial road while the Cleburne Airport (CAMS 77) monitor is
located at a small airport. This explains why nighttime ozone predictions are typically much
better at Cleburne Airport (CAMS 77) than Granbury (CAMS 73).
Figure 3-13 shows observed and modeled ozone at Cleburne Airport (CAMS 77) for the first
ozone episode. Like Granbury (CAMS 73), the model has an overall high bias with MNB greater
than zero for 13 out of 16 days. Model bias was within the ±15% bias benchmark on 9 of 16
days. On June 13, Cleburne Airport (CAMS 77) recorded its highest MDA8 of 2006 at 98 ppb,
compared to 92 ppb observed at Granbury (CAMS 73) (2nd highest annual MDA8). Bias is just
outside the benchmark on this day at 16% compared to 11% at Granbury (CAMS 73). Analysis of
modeled and observed time series shows that the model predicts peak ozone too early at both
monitors. Abrupt changes in modeled ozone concentrations from mid-morning through midafternoon suggest the WRF simulation may have mischaracterized timing and placement of
clouds, thereby altering the amount of solar radiation available for driving photochemical
reactions necessary for ozone production. Improving simulation of clouds in WRF has important
consequences for photochemical modeling and is an area of active research.
On June 7, Cleburne Airport (CAMS 77) recorded its second highest annual MDA8 at 93 ppb,
which was also the DFW area peak MDA8 that day, compared to 89 ppb observed at Granbury
(CAMS 73) (4th highest annual MDA8). MNB at Cleburne Airport (CAMS 77) and Granbury
(CAMS 73) both exceeded +25% on this day. June 8 was another high ozone day at both
monitors (Cleburne Airport’s (CAMS 77) 4th highest annual MDA8: 80 ppb; Granbury’s (CAMS
73) 3rd highest annual MDA8: 90 ppb) and bias again exceeded +25% at both monitors
suggesting ozone overpredictions may be related at the two locations. An analysis of
contributions to MDA8 at the Granbury (CAMS 73) monitor (see Section 4.2.1) shows large
contributions from DFW emissions sources on June 7 and 8 when peak MDA8 in the entire DFW
area reached 96 ppb at Ft. Worth Northwest (CAMS 13). It is likely that ozone overpredictions in
the DFW area (not shown) are contributing to high positive biases at the Cleburne Airport
(CAMS 77) and Granbury (CAMS 73) monitors seen on June 7 and 8.
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Figure 3-13. Upper panel: observed 1-hour ozone (black) at the Cleburne Airport (CAMS 77)
monitor versus modeled 1-hour average surface layer ozone during the May 31-June 15, 2006
period for the 06_wildfires_07 run. Lower panel: mean normalized bias (MNB) for the
Cleburne Airport (CAMS 77) monitor. Red lines show ±15% EPA (1991) benchmarks.
Figure 3-14 shows model performance for ozone at the Granbury (CAMS 73) monitor during the
second ozone episode that lasted from June 23-July 2 (Episode 2). MNB is within EPA
benchmarks for 4 of 9 days and another 2 days fall between 15 and 20%; the remaining 3 days
(June 23, 27 and July 1) all exceed 20%. June 26 is the only day with a negative bias. As in the
first episode, the model overestimates nighttime minima with the magnitude of the
underestimate consistently larger during June 28-July 2. This result is consistent with the
Northeast Texas application (ENVIRON, 2013b) and suggests that insufficient titration of
nighttime ozone results from underpredicted near-surface NOx.
The highest observed MDA8 of the second episode at the Granbury (CAMS 73) monitor occurs
on June 28 (77 ppb). Although the model significantly overpredicts early morning ozone
minima, peak ozone is predicted well during the midday hours leading to a bias within the EPA
benchmark (+12%).
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*No bias calculated because day did not exceed 40 ppb threshold

Figure 3-14. Upper panel: observed 1-hour ozone (black) at the Granbury (CAMS 73) monitor
versus modeled 1-hour average surface layer ozone during the June 23-July 2, 2006 period for
the 06_wildfires_07 run. Lower panel: mean normalized bias (MNB) for the Granbury (CAMS
73) monitor. Red lines show ±15% EPA (1991) benchmarks.
Figure 3-15 shows model performance for ozone at the Cleburne Airport (CAMS 77) monitor
during Episode 2. MNB is within EPA benchmarks for 6 of 9 days; MNB on the remaining 3 days
(June 23, 30 and July 1) all exceed 20%. As with the Granbury (CAMS 73) monitor, June 26 is the
only day with a negative bias at Cleburne Airport (CAMS 77). The model underestimates
nighttime minima on fewer days than at Granbury (CAMS 73) suggesting that the model more
accurately predicts near-surface NOx concentrations near Cleburne (CAMS 73) on these days.
As suggested previously, the locations of the two monitors explain the better nighttime ozone
performance at Cleburne Airport (CAMS 77).
The highest MDA8 of the second episode at the Cleburne Airport (CAMS 77) monitor occurs on
June 27 (79 ppb). The model forms ozone too quickly on this day, reaching 84 ppb at 1 PM,
resulting in overprediction of MDA8 of 13 ppb. However, the model matches the observed
ozone peak
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*No bias calculated because day did not exceed 40 ppb threshold

Figure 3-15. Upper panel: observed 1-hour ozone (black) at the Cleburne Airport (CAMS 77)
monitor versus modeled 1-hour average surface layer ozone during the June 23-July 2, 2006
period for the 06_wildfires_07 run. Lower panel: mean normalized bias (MNB) for the
Cleburne Airport (CAMS 77) monitor. Red lines show ±15% EPA (1991) benchmarks.
at 6 PM quite well at 91 ppb compared to the observation of 92 ppb resulting in a bias well
within the benchmark (+10%).
3.3.2 Summary of Model Performance Evaluation
Evaluation of photochemical model performance at the Granbury (CAMS 73) and Cleburne
Airport (CAMS 77) monitors shows that the model captures much of the observed ozone
variability but has positive biases on most days of the June 2006 episode. A positive bias for
ozone indicates some uncertainty in the details of the model results but should not significantly
affect the qualitative nature of the ozone source apportionment analysis presented in Section
4.
The 06_wildfires_07 run used the CB6r1 chemical mechanism, which leads to higher modeled
ozone levels than the newer CB6r2 chemical mechanism used in more recent applications.
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Changes in ozone caused by the difference in chemical mechanism are unlikely to change the
overall conclusions drawn from the following source apportionment analysis.
In 2013-14, a series of updates were made to the model; these updates were aimed at
improving model performance by using the most recent version of the CAMx model (CAMx
v6.10) and its chemical mechanism (CB6), using the most recent and complete emission
inventories and increasing model “spinup” time to remove undue impacts from coarse
resolution global model initial conditions (Kemball-Cook et al., 2014c). The new run,
06_newbase_10, performed better than the 06_wildfires_07 run in simulating observed ground
level ozone. The high bias in the 06_wildfires_07 run is significantly reduced in the
06_newbase_10 run. Testing done as part of the Texas AQRP Project (Hildebrandt Ruiz and
Yarwood, 2013) indicates that this improvement is due to introduction of the CB6r2 chemical
mechanism that replaces the CB6r1 mechanism used in the 06_wildfires_07 run. The reduction
of NOx recycling in CB6r2 relative to CB6r1 reduces ozone regionally and improves
performance. Although model performance improved significantly in the 06_newbase_10 run,
and the model is within the EPA performance benchmark at these monitors on most episode
days, a high bias is still present in the model in Northeast Texas.
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4.0 2006 OZONE SOURCE APPORTIONMENT MODELING
The CAMx model’s source apportionment capability was used to estimate the relative
importance of transport versus local emissions in causing MDA8 ozone to exceed 75 ppb in
Hood County. Source apportionment was also used to estimate which categories of local
emissions sources play an important role in the relatively minor contribution of local emissions
to ozone in Hood County. The CAMx source apportionment tool used in this analysis is
described in Section 4.1 and the results of the source apportionment analysis are given in
Section 4.2.

4.1 Description of the CAMx APCA Source Apportionment Tool
The CAMx Anthropogenic Precursor Culpability Assessment (APCA) tool uses multiple tracer
species to track the fate of ozone precursor emissions (VOC and NOx) and ozone formation
caused by these emissions within a simulation. Tracers operate as spectators to the normal
CAMx calculations so that underlying CAMx-predicted relationships between emission groups
(sources) and ozone concentrations at specific locations (receptors) are not perturbed. Tracers
of this type are conventionally referred to as “passive tracers”; however, it is important to
realize that tracers in the APCA tool track effects of chemical reaction, transport, diffusion,
emissions and deposition within CAMx. In recognition of this, they are described as “ozone
reaction tracers.” Ozone reaction tracers allow ozone formation from multiple “source
groupings” to be tracked simultaneously within a single simulation. A source grouping can be
defined in terms of geographical area and/or emission category. So that all sources of ozone
precursors are accounted for, CAMx boundary conditions and initial conditions are always
tracked as separate source groupings. This allows an assessment of the role of transported
ozone and precursors in contributing to ozone episodes within Hood County.
The methodology is designed so that all ozone and precursor concentrations are attributed
among the selected source groupings at all times. Thus, for all receptor locations and times,
ozone (or ozone precursor concentrations) predicted by CAMx is attributed among the source
groupings. The methodology also estimates fractions of ozone arriving at the receptor that
were formed en-route under VOC or NOx-limited conditions. This information suggests whether
ozone concentrations at the receptor may be responsive to reductions in VOC and NOx
precursor emissions and can guide development of additional sensitivity analyses.
APCA differs from the standard CAMx Ozone Source Apportionment Tool (OSAT) in recognizing
that certain emission groups are not controllable (e.g., biogenic emissions) and that
apportioning ozone production to these groups does not provide information that is relevant to
development of control strategies. To address this, in situations where OSAT would attribute
ozone production to non-controllable (i.e., biogenic) emissions, APCA re-allocates that ozone
production to the controllable portion of precursors that participate in ozone formation with
the non-controllable precursor. For example, when ozone formation is due to biogenic VOC and
anthropogenic NOx under VOC-limited conditions (a situation in which OSAT would attribute
ozone production to biogenic VOC), APCA re-directs that attribution to the anthropogenic NOx
precursors present. Use of APCA instead of OSAT results in more ozone formation attributed to
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anthropogenic NOx sources and less ozone formation attributed to biogenic VOC sources but
generally does not change the partitioning of ozone attributed to local sources and the
transported background for a given receptor.

4.2 APCA Results
In this section we describe: the local versus transported contribution (Section 4.2.1),
comparison of regions influencing ozone at the Granbury (CAMS 73) monitor (Section 4.2.2),
comparison of NOx versus VOC-limited ozone (Section 4.2.3), and the Hood County
contributions to DFW area monitors (Section 4.2.4). Figure 4-1 shows the source region map
used in the APCA analysis. The map covers the 4 km grid only. All areas outside the 4 km grid
are defined to be part of the “Other” source region that includes all parts of the modeling
domain outside Texas. The Hood region consists of Hood County. The contribution to Hood
County ozone from local emissions sources is reckoned using this source region boundary. The
Austin and San Antonio NNAs are broken out as separate source regions, as are the HoustonGalveston-Brazoria (HGB) and Dallas-Fort Worth (DFW) non-attainment areas. The remaining
areas of East Texas are grouped into source regions.

Figure 4-1. 4 km grid APCA source region map.
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4.2.1 Analysis of Local versus Transported Ozone at the Granbury (CAMS 73) Monitor
Figure 4-2 shows the contribution from local sources and transport to the MDA8 at Granbury
(CAMS 73) during Episodes 1 and 2 for the 2006 emissions scenario in the 06_wildfires_07 run.
Table 4-1 shows the same contributions in table form except that initial and boundary
conditions are combined with the non-Texas category and observed MDA8 ozone
measurements at the Granbury (CAMS 73) monitor are added. Source apportionment results
were not calculated for June 16-22 since these days were low ozone days in Northeast Texas,
the region for which this ozone model application was originally developed. The green bar
shows the contribution to the Granbury (CAMS 73) MDA8 from emissions sources within Hood
County. It is this local contribution that is amenable to reduction through local emissions
controls. Contributions from the Dallas-Fort Worth nonattainment area are shown in red. The
contribution from emissions sources within Texas but outside Hood County and DFW is shown
in gray. The contribution from regions outside Texas but within the 36 km modeling domain
shown in Figure 3-11 are shown in light blue. The contribution of boundary conditions, that is,
air from outside the modeling domain that enters the domain during the modeled time period,
is shown in dark blue. Boundary conditions represent contributions from emissions sources
outside the U.S. and the contribution from the stratosphere. The boundary condition
contribution at Granbury (CAMS 73) ranges from 12-29 ppb and this is a reasonable range of
values for the boundary condition contribution (e.g. McDonald-Buller et al., 2011).
The contribution of initial conditions is shown in purple. Typically, a photochemical model is
initialized with a value for all chemical species in all grid cells and the model is run for a period
during which the influence of initial conditions declines. This period is known as model
“spinup,” and simulation of the period of interest is begun at the end of the spinup period,
when the influence of initial conditions has decreased to near zero. Initial conditions contribute
30 ppb on June 2; this contribution decreases to less than 2 ppb by June 8. The modeling
episode begins on May 31, and May 31 is the first day for which TCEQ provided modeling inputs
to NNAs at the time the 06_wildfires_07 run was made. While a spinup period is desirable, lack
of spinup does not affect source apportionment results for Hood County and the surrounding
Dallas-Fort Worth region unduly because many of the highest MDA8 days occur after the
influence of initial conditions has decreased to relatively small levels.
The modeled contribution from local sources varies from day to day during the episode but is
always small in comparison to modeled contributions from transport. Local contributions range
from less than 1 ppb on several days to 9.9 ppb on June 3. On June 3, the contribution from
Texas sources outside Hood County was estimated to account for 35.7 ppb (including 26.5 ppb
from DFW) and contributions from emissions sources outside Texas were estimated to account
for 20.5 ppb. Together, these two transport sources comprise over 60% of the total MDA8 of
95.9 ppb with another 30% coming from initial and boundary conditions. This means that only
10% of the MDA8 ozone on June 3 was estimated to be attributable to Hood County emissions
sources. However, because modeled MDA8 on June 3 was over 20 ppb higher than the
observed MDA8 of 74 on that day (prediction error of ~23%) these results must be considered
uncertain.
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Analysis of the modeled Hood County ozone contributions (not shown) shows a stagnant period
from the mid-morning through mid-afternoon hours which allowed a buildup of locallygenerated ozone to form near the Granbury monitor. It is likely that the model is too stagnant
on June 3, resulting in an overstatement of local contributions to MDA8. The next highest local
contribution occurs on June 13 and comprises only 5% of the total MDA8 ozone on that day. On
that day the model performed better, underestimating MDA8 by only 1.6 ppb (-1.8%).
Ozone contributions from DFW vary substantially from day to day but are much larger than the
Hood County contributions on most days. The ozone contribution from DFW emissions sources
exceeds 20 ppb on 7 days and exceeds 50 ppb on two days (June 7 and 8). However, CAMx
shows a high ozone bias at the Granbury (CAMS 73) monitor on June 7 and 8, suggesting that
the DFW contribution could be overstated on these days. On all of these days, contributions
from DFW are over an order of magnitude (over 10 times) higher than Hood County
contributions.

Figure 4-2. Contribution to daily maximum 8-hour ozone by source region for the Granbury
(CAMS 73) monitor.

31

April 2015

Table 4-1. Observed MDA8 ozone and modeled contributions to MDA8 ozone by source region for the Granbury (CAMS 73)
monitor. Contribution percentages indicate percent of total modeled MDA8 ozone for the Granbury (CAMS 73) monitor.

Date
2-Jun
3-Jun
4-Jun
5-Jun
6-Jun
7-Jun
8-Jun
9-Jun
10-Jun
11-Jun
12-Jun
13-Jun
14-Jun
15-Jun
23-Jun
24-Jun
25-Jun
26-Jun
27-Jun
28-Jun
29-Jun
30-Jun
1-Jul
2-Jul
Average

Granbury Granbury
Difference
(CAMS 73) (CAMS 73)
between
Observed Modeled Modeled and
MDA8
MDA8 Observed MDA8
Hood County
DFW
Other Texas
(ppb)
(ppb)
(ppb)
(%)
(ppb)
(%)
(ppb)
(%)
(ppb)
(%)
-3.1
-4.6
67
63.9
0.1
0.2%
8.2
12.9%
3.4
5.3%
21.9
29.6
74
95.9
9.9
10.3%
26.5 27.7%
9.1
9.5%
-5.3
-8.3
64
58.7
1.0
1.7%
1.6
2.7%
29.2 49.7%
3.7
5.8
64
67.7
0.7
1.1%
2.0
2.9%
36.5 53.9%
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20.7
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Non-Texas+ IC+BC
(ppb)
(%)
52.2
81.6%
50.3
52.5%
27.0
45.9%
28.5
42.2%
30.4
49.9%
36.1
33.7%
40.2
35.9%
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42.2
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40.8%
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45.6
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41.2
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62.1%
54.3%
60.3%
67.0%
60.9%
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41.2
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We present episode average contributions to daily maximum 8-hour (MDA8) ozone from local
sources and transport in the upper panel of Figure 4-3. The lower panel of Figure 4-3 presents
the same information as the upper panel except that the three transport sources (IC+BC, Texas
and outside Texas) are combined into a single category. Consistent with the daily contribution
analysis, episode average contribution from local sources is very small in comparison to
transport with less than 3% of the MDA8 ozone at the Granbury (CAMS 73) monitor attributed
to Hood County emissions sources. In contrast, transport from DFW contributes 16% to episode
average MDA8 ozone.

Figure 4-3. Episode average contribution to daily maximum 8-hour ozone by source region
for the Granbury (CAMS 73) monitor. The lower panel groups the three non-local
contributions (Initial Conditions+Boundary Conditions, Texas and Outside Texas) into a single
category (Transport).
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Figure 4-4 shows the breakdown of the local contribution (the green part of the bar in Figure
4-2) by contribution from each emissions source category. The data used to develop Figure 4-4
are shown in tabular form in Table 4-2. Oil and gas (O&G) refers to the contribution from
emissions from O&G area sources. “Area” refers to all area sources that are not related to O&G
exploration and production. The magnitude of the contribution from each category of
emissions fluctuates from day to day. For example, the contribution from elevated point
sources is near 2 ppb on June 9 but drops to less than 0.2 ppb the following day. The impact of
point sources on the monitor is highly variable because whether the plume from the point
source reaches the monitor depends on wind direction and altitude of the plume. Contributions
from source categories that are distributed in space, such as non-road mobile, are less variable
in time. While the total Hood County contribution on June 3 is more than twice as large as any
other day, June 3 has the largest positive bias of the June episode (Figure 3-12), so the Hood
County contributions for this day may be overestimated. Relative contributions from individual
source categories are within the same range as other days in the episode. As with June 7 and 8,
CAMx substantially overpredicts ozone at Granbury (CAMS 73) on June 3. See Section 3.3.1 for
a complete ozone model performance evaluation at the Granbury (CAMS 73) monitor.

Figure 4-4. Granbury (CAMS 73) detailed source apportionment for local contribution shown
in green in Figure 4-2
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Table 4-2. Contribution from Hood County region to Daily Maximum 8-hour ozone at Granbury. Data shown in this table are
displayed in graphical form in Figure 4-4.
Difference between Modeled
and Observed MDA8

Hood County Emission Source Categories
Date

Oil and Gas

Area (non O&G)

Elevated Points

Low Points

Non-Road Mobile

On-Road Mobile

6/2/2006

0.01

0.00

0.00

0.00

0.02

0.09

6/3/2006

1.27

0.18

1.16

0.03

2.23

4.98

6/4/2006

0.08

0.01

0.47

0.01

0.11

0.31

6/5/2006

0.05

0.01

0.38

0.01

0.09

0.20

6/6/2006

0.09

0.01

0.26

0.01

0.14

0.37

6/7/2006

0.09

0.03

0.05

0.00

0.22

0.55

6/8/2006

0.15

0.03

0.19

0.00

0.36

0.86

6/9/2006

0.39

0.04

1.81

0.04

0.55

0.96

6/10/2006

0.07

0.01

0.19

0.01

0.11

0.31

6/11/2006

0.11

0.01

0.20

0.02

0.15

0.36

6/12/2006

0.28

0.04

0.28

0.01

0.46

0.91

6/13/2006

0.38

0.14

0.81

0.02

0.91

2.01

6/14/2006

0.30

0.03

0.56

0.02

0.45

0.69

6/15/2006

0.05

0.01

0.52

0.02

0.12

0.31

ppb

(%)

-3.1
21.9
-5.3
3.7
-1
18.1
21.9
7.9
4
10.8
8.3
-1.6
8.4
20.3

-4.6%
29.6%
-8.3%
5.8%
-1.6%
20.3%
24.3%
9.8%
5.5%
18.6%
10.4%
-1.7%
10.5%
29.0%

12.7
-6.2
0
-6.1
9.5
-1.2
1.9
2.7
13.3
36

31.0%
-9.4%
0.0%
-10.2%
14.6%
-1.6%
2.6%
3.8%
24.2%
124.1%

Lower ozone period 16-Jun – 22-Jun excluded from analysis
6/23/2006

0.27

0.04

0.01

0.00

0.38

0.80

6/24/2006

0.17

0.02

0.12

0.01

0.30

0.60

6/25/2006

0.04

0.01

0.00

0.00

0.08

0.12

6/26/2006

0.02

0.01

0.00

0.00

0.07

0.17

6/27/2006

0.41

0.16

0.26

0.00

0.82

1.64

6/28/2006

0.39

0.05

1.00

0.05

0.63

1.05

6/29/2006

0.20

0.03

0.64

0.04

0.34

0.62

6/30/2006

0.08

0.01

0.12

0.02

0.14

0.33

7/1/2006

0.15

0.03

0.81

0.03

0.28

0.70

7/2/2006

0.03

0.00

0.22

0.01

0.04

0.08
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Difference between Modeled
and Observed MDA8

Hood County Emission Source Categories
Date

Oil and Gas

Area (non O&G)

Elevated Points

Low Points

Non-Road Mobile

On-Road Mobile

Maximum

1.27

0.18

1.81

0.05

2.23

4.98

Average

0.21

0.04

0.42

0.02

0.38

0.79

36

ppb

36
7.4

(%)

124%
14%

April 2015

The upper panel of Figure 4-5 shows the same detailed breakdown of Hood County ozone
contributions as in Figure 4-4 except the daily contributions are replaced with episode average
contributions. On-road mobile emissions contribute most to the episode average MDA8, but it
is less than 1 ppb. All other local sources contribute less than 0.5 ppb.
The lower panel is identical to the upper panel except that data are shown for the episode
maximum instead of episode average. Episode maximum contributions for on-road mobile,
non-road mobile and oil and gas all occur on June 3, when the total Hood County contribution is
highest. The model overestimates the observed ozone at the Granbury (CAMS 73) monitor on
June 3, with a mean normalized bias of 40% (Figure 3-12). This means that the Hood County
contribution from all emissions source categories may also be overestimated. If June 3 is
removed from consideration, on-road mobile sources still have the highest episode maximum
contribution of all emissions source categories to Granbury (CAMS 73) ozone. The largest
contribution from elevated points is 1.8 ppb and occurs on June 9.
Figure 4-5 shows only results for the location of the Granbury (CAMS 73) monitor and ozone
impacts vary across Hood County. In Figure 4-6, we present a spatial plot that depicts ozone
impacts of electric generating units (EGUs; power plants) at locations away from the monitor as
well as at the monitor. Figure 4-6 shows for each grid cell the episode maximum contribution to
the MDA8 during the episode from EGUs in Hood County; the two EGUs active in Hood County
during June 2006 were the De Cordova Power Plant and Wolf Hollow Generating Station.
Episode maximum ozone contributions from these sources are located to the northeast and
southwest of the Granbury (CAMS 73) monitor (Figure 4-6) and are approximately 4-5 ppb. The
“fanning” of ozone contributions in different directions reveals various wind regimes present
during the June 2006 episode that put different regions downwind of EGU emissions plumes at
different times. This plot suggests that as EGU NOx emissions increase relative to current levels
due to expansion of the De Cordova and Wolf Hollow EGUs, ozone impacts from these sources
will continue to be important. However, further modeling is required to quantify the ozone
impacts of any emissions changes.
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Figure 4-5. Granbury (CAMS 73) detailed source apportionment for local contribution for
episode average (upper panel) and episode maximum (lower panel) contribution to daily
maximum 8-hour ozone.
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Figure 4-6. Episode maximum contribution to daily maximum 8-hour ozone from Hood
County EGU emissions sources.
4.2.2 Comparison of Regions Influencing Ozone at the Granbury (CAMS 73) Monitor
We present episode average ozone contributions at the Granbury (CAMS 73) monitor broken
down by region in Figure 4-7. As seen in

Figure 4-3 4-3, the largest contributions come from initial and boundary conditions (IC + BC; 23
ppb) and from regions outside Texas (18 ppb). The IC + BC contribution (23 ppb) represents
transport of ozone from sources outside the CAMx modeling domain (see Figure 3-11) and is
consistent with the existence of a global background concentration for ozone. The contribution
from outside Texas (18 ppb) represents ozone transport from other states and portions of
Mexico that are within the CAMx modeling domain. The largest contribution from within Texas
comes from DFW and is roughly 12 ppb. Besides DFW, there are 4 Texas regions that contribute
more ozone to the Granbury (CAMS 73) monitor than local sources: HOTCOG (Waco area,
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abbreviated HTCG, 4.7 ppb), West Texas (3.7 ppb), HGB (2.7 ppb), and Central Texas
(abbreviated Central TX; 2.5 ppb). The HGBPA (HGB+BPA) and Northeast Texas regions
(NETX+NNETX+SNTX) contribute 3.1 ppb and 2.5 ppb, respectively. An additional 3 Texas
regions contribute around 1-2 ppb each (Victoria/Corpus Christi, CAPCOG and AACOG,
abbreviated VCCC, CPCG and AACG, respectively).

Figure 4-7. Granbury (CAMS 73) detailed source apportionment by region for the episode
average contribution to daily maximum 8-hour ozone.
4.2.3 Analysis to Determine if Ozone is NOx- or VOC-limited
As mentioned previously, the CAMx APCA methodology estimates fractions of ozone arriving at
a given receptor that were formed en-route under VOC- or NOx-limited conditions. This
information suggests whether ozone concentrations at the receptor may be responsive to
reductions in VOC and NOx precursor emissions and can guide development of emissions
control strategies and additional sensitivity analyses.
In Figure 4-8, we present episode average (upper panel) and episode maximum (lower panel)
Hood County contributions to daily max 8-hour ozone at the Granbury (CAMS 73) monitor.
Contributions are categorized by the nature of ozone formation en route to the monitor (NOx
versus VOC-limited) and emissions category (elevated points versus anthropogenic surface
emissions). Biogenic and fire emissions are excluded. Episode average contributions are
segregated by MDA8 threshold: blue bars represent no threshold, red bars represent a 60 ppb
threshold and green bars represent a 75 ppb threshold. We apply these thresholds to quantify
contributions on days when MDA8 ozone exceeds 60 and 75 ppb; these values are chosen
because they coincide with current and proposed ozone standards. No threshold is applied to
episode maximum contributions in the lower panel.
Hood County emissions contributions for all thresholds indicate that ozone is forming almost
exclusively under NOx-limited conditions. This means that anthropogenic NOx emissions are
more important in determining the amount of ozone formed than VOC emissions. This outcome
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is expected because biogenic VOC emissions are abundant in the area so that there are typically
sufficient VOC available for ozone formation (Grant et al., 2015). When the MDA8 threshold is
raised, average contributions expressed as ozone concentrations (ppb) from Hood County also
increase. The episode maximum values shown in Figure 4-8 are affected more strongly than
the episode average by the model’s high bias relative to observed ozone at Granbury.
However, results for both the episode average and maxima are highly consistent in indicating
that ozone formation is NOx-limited. Therefore, the model’s overestimate of ozone is unlikely
to have significant influence on this result.
As mentioned previously, ozone impacts from EGU emissions are dependent upon wind
direction and the greatest impacts will be observed directly downwind of each source. The
largest Hood County contribution at the Granbury (CAMS 73) monitor comes from NOx
emissions from surface sources. However, as seen in Figure 4-6, EGU contributions at the
Granbury (CAMS 73) monitor are approximately half of those observed directly downwind of
the EGUs.
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Figure 4-8. Episode average (upper panel) and episode maximum (lower panel) Hood County
contributions to the daily max 8-hour ozone contributions at the Granbury (CAMS 73)
monitor. Contributions are categorized by the nature of ozone formation en route to the
monitor (NOx versus VOC-limited) and emissions category (elevated points versus
anthropogenic surface emissions). Episode average contributions are segregated by MDA8
threshold: blue bars represent no threshold, red bars represent a 60 ppb threshold and green
bars represent a 75 ppb threshold. No threshold is applied to episode maximum contributions
in the lower panel.
4.2.4 Analysis of Hood County Contributions at DFW Area Monitors
We present an analysis of episode average Hood County contributions to MDA8 ozone at the
Granbury (CAMS 73) monitor and selected nearby monitors in the Dallas-Fort Worth and Waco
regions in Figure 4-9. We selected these seven nearby monitors because they recorded the
highest ozone impacts from Hood County emissions sources. Blue bars represent episode
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average contributions calculated only for days where MDA8 ozone exceeded 60 ppb. Red bars
represent episode average contributions calculated only for days where the MDA8 ozone
exceeded 75 ppb.
First, we examine Hood County ozone impacts at the Granbury (CAMS 73) monitor. Increasing
the threshold from 60 to 75 ppb increases the ozone impact from local sources from 1.5 to 2.5
ppb. This outcome suggests that days with higher total ozone at Granbury (CAMS 73) in June
2006 show larger ozone contributions from local emissions sources.
Next, we examine Hood County ozone contributions to other monitors in the area. We observe
the largest ozone impacts at the Eagle Mountain Lake (CAMS 75) monitor, where the Hood
County contribution is 0.3 ppb when MDA8 is equal to or exceeds 60 ppb and 0.1 ppb when the
MDA8 threshold is raised to 75 ppb. This result suggests that as ozone increases at Eagle
Mountain Lake (CAMS 75), Hood County emissions contributions become less important.
Contributions at all other DFW and Waco area monitors show contributions of 0.1 ppb or less.
This analysis clearly shows that Hood County emissions sources are not significant contributors
to MDA8 ozone readings at nearby monitoring locations and become even less so as threshold
values increase.

Figure 4-9. Episode average contributions from Hood County to the Granbury (CAMS 73)
monitor and other nearby monitors in the Dallas-Fort Worth and Waco regions. Blue bars
represent episode average contributions calculated only for days where daily maximum 8hour ozone exceeded 60 ppb. Red bars represent episode average contributions calculated
only for days where daily maximum 8-hour ozone exceeded 75 ppb.
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5.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
In this section, we summarize ozone model performance results (Section 5.1) and APCA ozone
contribution analysis at the Granbury (CAMS 73) monitor (Section 5.2). Finally, we present
recommendations for future work (Section 5.3).

5.1 Ozone Model Performance Results
We analyzed ozone performance at the Granbury (CAMS 73) and Cleburne Airport (CAMS 77)
monitors for the 06_wildfires_07 simulation. This analysis showed that the photochemical
model performed reasonably well in simulating observed ozone at CAMS sites in Texas on some
days but overestimated ozone on most days of the episode and had a large positive bias on
several days. This positive bias for ozone indicates some uncertainty in the details of the model
results but should not qualitatively affect any of the findings from the APCA source
apportionment analysis.
In 2013-4, ENVIRON made a series of updates to the June 2006 ozone model used in this study;
these updates were aimed at improving model performance by using the most recent version
of the CAMx model (v6.10) and its chemical mechanism, using the most recent and complete
emission inventories and increasing the model spinup time to remove impacts from coarse
resolution global model initial conditions (Kemball-Cook et al., 2014c). The new
06_newbase_10 run performed better than the 06_wildfires_07 run in simulating observed
ground level ozone; the high bias in the 06_wildfires_07 run is significantly reduced in the
06_newbase_10 run. Testing done as part of the Texas AQRP Project (Hildebrandt Ruiz and
Yarwood, 2013) indicates that this improvement is due to introduction of the CB6r2 chemical
mechanism that replaces the CB6r1 mechanism used in the 06_wildfires_07 run. Reduction of
NOx recycling in CB6r2 relative to CB6r1 reduces ozone regionally and improves performance.

5.2 APCA Ozone Contribution Analysis at Granbury (CAMS 73) Monitor
We performed an analysis of a previously existing source apportionment model for an ozone
episode in June 2006 focusing on modeled contributions to ozone at the Granbury (CAMS 73)
monitor. We quantified the contribution from regions within and outside Texas to ozone at the
Granbury monitor for each day of the June 2006 episode. We also evaluated the contribution of
Hood County emissions to MDA8 ozone at Granbury (CAMS 73) and broke this down into
contributions from different emissions source categories.
APCA results showed that, on average, transport contributes far more to Hood County ozone
than local sources. The contribution of emissions from within Hood County accounts for about
2 ppb of the episode average 8-hour ozone at the Granbury (CAMS 73) monitor while DFW
contributes 12 ppb. On a day-to-day basis, the local contribution reached a maximum value of
9.9 ppb and was usually less than 4 ppb, while the DFW contribution to the MDA8 reached a
maximum value of 51 ppb. These maximum values are likely overestimated as they are based
on values from June 3, a day on which the model had a high bias for ozone relative to observed
ozone at the Granbury (CAMS 73) monitor. While local emissions reductions may reduce MDA8
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ozone slightly, the modeling results indicate that Hood County could reduce emissions to near
zero and continue to have ozone MDA8 values greater than 75 ppb due to transport of ozone
and precursors. Additional photochemical modeling would be needed to quantify the impacts
on Granbury MDA8 ozone and ozone design values resulting from emissions controls within and
outside Hood County.
The breakdown of ozone impacts by emissions source categories indicates source categories for
which local emissions reductions would provide the greatest benefit to Hood County ozone
levels. On-road mobile emissions make the largest episode maximum contribution to ozone at
the Granbury (CAMS 73) monitor, though their episode average contribution is less than 1 ppb.
Off-road mobile and EGU emissions contribute about the same amount to ozone at the
Granbury (CAMS 73) monitor. However, ozone impacts from the two EGUs in Hood County are
higher (episode maximum 4.7 ppb) at locations that experience plume impacts from these
facilities during the June 2006 episode. All other local emissions categories made relatively
small contributions (0.2 ppb or less on average) to the daily maximum 8-hour ozone.
The breakdown of ozone impacts by source region shows specific Texas regions that contribute
most to elevated ozone levels at the Granbury (CAMS 73) monitor. While DFW shows the
highest contribution from within Texas, there are 4 additional Texas regions that contribute
more ozone to the Granbury (CAMS 73) monitor than local Hood County emissions sources:
Waco area, West Texas, Houston-Galveston-Brazoria (HGB) and Central Texas. Northeast Texas
contributes 2.5 ppb, while another 3 Texas regions contribute around 1-2 ppb each:
Victoria/Corpus Christi, Austin/Round Rock and San Antonio.
The CAMx APCA methodology estimates fractions of ozone arriving at a given receptor that
were formed en-route under VOC or NOx-limited conditions. We utilize this information to
determine whether ozone will be responsive to reductions in VOC and NOx precursor
emissions. We conclude from our analysis of Hood County ozone contributions that NOx-limited
conditions exist almost exclusively when ozone is being formed from Hood County emissions
sources en route to the Granbury (CAMS 73) monitor. This finding is consistent with the fact
that abundant biogenic VOC emissions are present in Hood County and surrounding areas.
Ozone impacts from DFW emissions at the Granbury (CAMS 73) monitor are typically much
greater than impacts from Hood County emissions on days when MDA8 ozone exceeds 75 ppb.
Therefore, we expect that reductions in NOx emissions from DFW sources will be more
effective at reducing ozone at the Granbury (CAMS 73) monitor than emissions reductions from
Hood County sources.
Finally, we analyzed the Hood County contributions to ozone at nearby monitoring locations in
the Dallas-Fort Worth and Waco regions. The largest ozone impact is observed at the Eagle
Mountain Lake (CAMS 75) monitor but is only 0.3 ppb when the MDA8 is equal to or greater
than 60 ppb. Ozone impacts at all other nearby monitors show Hood County contributions of
0.1 ppb or less. This result shows that Hood County emissions do not make a significant
contribution to the MDA8 ozone at nearby monitoring locations.
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5.3 Recommendations for Future Work
The following tasks are a high priority for future ozone modeling studies for Hood County:


Evaluate the sensitivity of Granbury (CAMS 73) ozone to anticipated Dallas-Fort Worth NOx
emissions reductions.



Evaluate ozone impacts at the Granbury (CAMS 73) monitor of potential NOx emissions
increases due to expansion of the De Cordova and Wolf Hollow Power Plants.



Update the ozone model to a more recent year than 2006.

Development of a photochemical model for a year more recent than 2006 should be
considered. There have been important changes in emissions in Hood County since 2006,
including development of natural gas resources in the Barnett Shale, changes in power plant
emissions and turnover of vehicle fleets to cleaner engines. A more recent episode would allow
evaluation of ozone contributions under conditions more similar to the present day and would
account for changes in transported ozone as well as in local emissions sources. The TCEQ is
currently developing a 2012 ozone modeling episode for use by the Texas NNAs. This ozone
modeling episode will eventually be available to the Hood County Clean Air Coalition (HCCAC)
for emission control strategy development and evaluation.
Depending on the urgency of accomplishing Hood County’s ozone modeling study objectives,
the refined version of the June 2006 model could be used until Hood’s ozone modeling can be
transitioned to a more recent year. Since the June 2006 modeling reported here revisions have
been made to the ozone model to improve its ability to simulate observed ground level ozone
within and outside Texas. Specific improvements include, but are not limited to: (1) using the
most recent versions of the CAMx model and its chemical mechanism that determines how
ozone is formed from precursors NOx and VOC and (2) updates to the specification of transport
of ozone and other chemical species from outside the U.S. and from the stratosphere.
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