ABSTRACT
Modeling the Dynamic Change of Air Quality and its Response to
Emission Trends
by

Wei Zhou
This thesis focuses on evaluating atmospheric chemistry and transport models’
capability in simulating the chemistry and dynamics of power plant plumes, evaluating
their strengths and weaknesses in predicting air quality trends at regional scales, and
exploring air quality trends in an urban area. First, the Community Mutlti-scale Air
Quality (CMAQ) model is applied to simulate the physical and chemical evolution of
power plant plumes (PPPs) during the second Texas Air Quality Study (TexAQS) in
2006. SO2 and NOy were observed to be rapidly removed from PPPs on cloudy days but
not on cloud-free days, indicating efficient aqueous processing of these compounds in
clouds, while the model fails to capture the rapid loss of SO2 and NOy in some plumes on
the cloudy day. Adjustments to cloud liquid water content (QC) and the default metal
concentrations in the cloud module could explain some of the SO2 loss while NOy in the
model was insensitive to QC. Second, CMAQ is applied to simulate the ozone (O3)
change after the NOx SIP Call and mobile emission controls in the eastern U.S. from
2002 to 2006. Observed downward changes in 8-hour O3 concentrations in the NOx SIP
Call region were under-predicted by 26%–66%. The under-prediction in O3
improvements could be alleviated by 5%–31% by constraining NOx emissions in each
year based on observed NOx concentrations while temperature biases or uncertainties in

chemical reactions had minor impact on simulated O3 trends. Third, changes in ozone
production in the Houston area is assessed with airborne measurements from TexAQS
2000 and 2006. Simultaneous declines in nitrogen oxides (NOx=NO+NO2) and highly
reactive Volatile Organic Compounds (HRVOCs) were observed in the Houston Ship
Channel (HSC). The reduction in HRVOCs led to the decline in total radical
concentration by 20-50%. Rapid ozone production rates in the Houston area declined by
40-50% from 2000 to 2006, to which the reduction in NOx and HRVOCs had the similar
contribution. Houston petrochemical and urban plumes largely remained in a strong
VOC-sensitive regime of ozone formation and maintained high Ozone Production
Efficiency (OPE: 5-15).
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Chapter 1

Introduction

1.1. Atmospheric pollution: history and policy
Nitrogen oxides (NOx = NO + NO2) emitted from human activities (e.g., combustion
of fossil fuel) and volatile organic compounds (VOC) in the atmosphere undergo complex
tropospheric chemistry to form ozone (O3) and particulate matter (PM) and cause air pollution
(Finlayson-Pitts and Pitts, 1997). O3 and PM are harmful to human health and exert significant
impact on global climate at large (Brunekreef and Holgate, 2002; Ramanathan et al., 2001). Air
pollution due to anthropogenic emission is essentially an issue extending from the globe down to
urban areas. Major cities all over the world have been experiencing air pollution (Parrish and
Zhu, 2009). Moreover, air pollutants can be transported a long distance and affect places far
downwind from the emission sources (Cooper et al., 2010).
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Photochemical O3 pollution has been ubiquitous in major metropolitan areas in the
U.S. In the U.S., 227 counties with a total population of 123 million had O3 non-attainment on
the basis of the observations for 2009-2011
(http://www.epa.gov/airquality/greenbook/hnsum.html) (Figure 1.1). As seen in the figure,
most metropolitan areas in California, major areas in the northeast corridor, and scattered cities
in the Midwest and southeast Texas violated the 8-hour National Ambient Air Quality Standard
(NAAQS) for ozone (2008 standard).

Figure 1.1 Ozone non-attainment areas (2009-2011).

Since the 1970s, the U.S. has pursued collaborative emission control strategies
between local, state, and federal governments. In 1970, the US Congress passed the Clean Air
Act (CAA) to reduce air pollution and protect human health and the environment as the legal
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basis and motivation for atmospheric pollution control (Greenstone, 2002). A series of air
pollution programs, such as National Ambient Air Quality Standard (NAAQS) and the statelevel planning process for air quality management, has been established by the CAA and is still
in use now.
NAAQS require that each state develop a specific State Implementation Plan (SIP) for
air quality attainment. In the CAA Amendments (Title IV), the US Congress created the Acid
Rain Program and the first cap-and-trade program for controlling air pollution after successful
experiences of previous emission offset programs (Joskow and Schmalensee, 1998). In October
1998, the NOx Budget Trading Program was established by EPA in collaboration with state
governments in the Eastern US to reduce interstate transport of summertime ozone pollution
(Linn, 2010). In 1999, the regional haze rule released by EPA required states to develop SIPs to
improve atmospheric visibility (EPA, 1999).
These emission control plans have led to significant NOx emission reductions. From
1990 to 2006, the Acid Rain Program resulted in 40% SO2 reduction from power plants (EPA,
2010). Over this period, multiple control policies reduced NOx emission by 48%. In 2006,
summertime NOx emissions in the NOx Budget Trading Program states were reduced by 60%
compared to the 2000 emissions. The O3 trend based on the 247 sites nationwide shows a clear
decline of O3 in the 1980s, then a level-off in the 1990s and a remarkable decline after 2000.
These trends over the years reflected corresponding emission controls implemented.
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1.2. Atmospheric chemistry and transport model and dynamic evaluation
1.2.1. Atmospheric chemistry and transport model
The comprehensive chemical mechanism of NOx and VOC photochemically
producing O3 has been established by laboratory and theoretical studies. Atmospheric chemistry
and transport models are the implementation of atmospheric mechanisms. These models simulate
changes in concentration of pollutants in time due to emission rate based on solution of the
atmospheric advection diffusion equations (McRae et al., 1982) . Simulated meteorological fields
and estimated pollutant emissions, and initial and boundary pollutant concentrations are the key
inputs that drive atmospheric chemistry and transport models (McRae et al., 1982).
1.2.2. Dynamic evaluation
Atmospheric chemical and transport models have been utilized to investigate the
formation and transport of pollutants, to predict the concentration of pollutants, and to optimize
the cost of emission reduction in air quality control (Russell and Dennis, 2000). These models
have been updated to compute the local sensitivity of pollutant concentrations to their precursor
emissions, which can assist in examining the nonlinear characteristics of O3 and particle
formation (Cohan et al., 2005).
Performance of air quality models can be evaluated from four perspectives, depending
on the purpose of evaluation (Dennis et al., 2010). Operational evaluation, the most commonly
used evaluation, compares predicted concentrations to the observed ones and examines the
prediction errors and biases spatially and temporally. Probabilistic evaluation focuses on the
uncertainty range of the predicted concentration and confidence in predicted concentration.

21
Diagnostic evaluation probes what causes errors and biases in the simulation processes. As a
complement to the traditional operational and diagnostic evaluation, dynamic evaluation
investigates whether the simulation can capture the air quality change due to meteorological
variation and/or emission reductions over multiple years. Dennis (2010) reviewed the four
approaches of model evaluation and discussed how each approach should be used in an
appropriate way.
Operational and diagnostic evaluations traditionally are used to diagnose air pollution
episodes and evaluate the performance of an air quality model in simulating air pollution as
observed by a measurement (e.g. by ground monitors, satellites, and aircraft). For developing
emission control policies, models should have the capability to accurately predict the change in
air pollutant concentrations due to emissions and meteorology. However, accurate simulation of
historical concentrations does not guarantee that models will accurately replicate the response of
O3 concentrations to emission controls. Essentially, the credibility of predicting the change of
pollution is strongly interfered with by the uncertainty from the mechanism of atmospheric
model, the emission estimation, and the meteorological simulation. Dynamic evaluation seeks to
assess the ability of photochemical models to replicate changes in air quality as emissions and
other conditions change. When a model fails to replicate an observed change, a key challenge is
to discern whether the discrepancy is caused by errors in meteorological simulations, errors in
emission magnitudes and changes, or inaccurate responses of simulated pollutant concentrations
to emission changes.

The practice of the dynamic evaluation generally includes (1) quantifying emission
trends and observed air quality trends and (2) evaluating the modeled air quality. Previous
studies found that total anthropogenic NOx and VOC emissions had declined 32% and 20%,
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respectively, from 1997 to 2005 in the states that participated in the National Budget Program
(NBP) (Bulter et al. 2010). On-road NOx emissions were estimated to steadily decline by 25%
from 2002 to 2006 (Godwitch et al. 2011). The effectiveness of these new emission reductions is
assessed by quantifying the changes in the daily maximum 8-h O3 concentrations measured over
the eastern U.S. The daily maximal 8-hour (MD8) O3 declined by 8 ppb or 14% over the eastern
U.S. during the O3 season (May to September) from 1997 to 2008 (Ego, et al. 2010). O3
concentrations in the eastern U.S. were shown to decline by 13% after the NOx SIP Call (Butler
et al. 2010). Using back-trajectory analyses, it was also shown that emission controls on the
electricity-generating units located in the Ohio River Valley have contributed toward the
improvement of O3 air quality in downwind regions (Ego, et al. 2010).

Essentially, the under-prediction of O3 trends can be caused by biases in
meteorological simulation, uncertainties associated with emission estimates, and uncertainties in
chemical mechanisms in models (Gilliland et al., 2008). The emission estimate uncertainties and
the under-prediction of long-range transport of O3 and precursors have significant contributions
to the under-prediction of O3 reduction in the eastern U.S. after the NOx SIP Call (Napelenok et
al. 2012; Gilliland et al., 2008). The Community Multi-scale Air Quality (CMAQ) model could
largely replicate the observed MD8 O3 levels assigning a moderate uncertainty (50%) to area and
mobile NOx emissions and a smaller uncertainty (3%) to elevated point sources (Napelenok et al.
2012). To improve our understanding of the causes of the under-prediction in O3 trends, this
thesis focuses on the major possible parameters leading to the under-prediction of O3 trends and
quantifies their contributions.
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1.2.3. Houston ozone trends
The Houston area has a long history of O3 non-attainment of NAAQS due to the large
amount of NOx and VOCs emitted from petrochemical refining plants in the Houston Ship
Channel (HSC), on-road vehicles in the urban core, and various area sources. Annual O3
variation in the Houston area has a bimodal nature with O3 events occurring in the springtime
(April-May) and the late summer (August-October). In springtime, O3 exceedences tend to occur
under the post-frontal passage meteorological condition, while the summertime events are
characterized by continuous high temperature and stagnant meteorology over the southeast Texas
(Haman et al., 2012; TCEQ, 2007).
O3 pollution in the Houston area is described by its rapid O3 production largely due to
the high emissions of highly reactive VOCs (HRVOCs). Under these favorable meteorological
conditions, large amounts of co-emitted NOx and VOC from petrochemical facilities in the
Houston Ship Channel (HSC) and the nearby urban center led to high O3 levels (Cowling et al.,
2007; Parrish et al., 2009) . Previous studies have found that the O3 production rate in Houston
could exceed 100 ppb h-1, in contrast to around 20─30 ppb h-1 in other metropolitan areas
(Kleinman et al., 2002; Kleinman et al., 2005). However, the change in the rapid O3 production
due to the emission controls in NOx and VOCs in the Houston area is unclear.
Two Texas Air Quality Studies, in 2000 and 2006, were organized to improve
understanding of O3 formation and accumulation in eastern Texas during the summertime.
TexAQS 2000 was a six-week-long intensive field campaign from August to September 2000
and included aircraft, tall tower, and ground-based measurements. This campaign identified the
importance and unusually large abundance of HRVOCs in Houston, which led to rapid O3
production. TexAQS 2006 focused on the photochemical and meteorological processes leading
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to the formation and accumulation of O3 and particulate matter air pollution in eastern Texas
(Parrish et al., 2009).

1.3. Scope of this thesis
The thesis is composed of three independent studies. They are organized as
follows.


Chapter 2: “Observation and modeling of chemical evolution of Texas power plant
plumes,” evaluates whether atmospheric chemistry and transport models accurately
simulate the air pollution caused by power plant plumes (PPPs). CMAQ is applied to
simulate the physical and chemical evolution of PPP. Chemical evolution of SO2 and
NOy in the model is compared to airborne observations.



Chapter 3: “Reconciling NOx emissions reductions and ozone trends in the U.S.,
2002-2006,” The CMAQ model is applied to simulate the O3 change after the NOx SIP
Call and mobile emission controls substantially reduced NOx emissions in the eastern
U.S. from 2002 to 2006. The observed and modeled O3 changes over the years are
evaluated to identify the capabilities and weaknesses of CMAQ in modeling the air
quality trend. After the trend evaluation, possible reasons to explain the model
weaknesses in trend simulation are explored.



Chapter 4: “Slower ozone production in Houston, Texas, following emission
reductions: evidence from Texas Air Quality Studies 2000 and 2006” looks at the
change of O3 production in the Houston area. Airborne measurements from TexAQS
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2000 and 2006 are used in a box model to investigate the change of O3 production in
Houston. The reductions of NOx and VOC concentrations in Houston are first assessed.
Then the change of the O3 production and radical chemistry are explored in relation to the
NOx and VOC reductions.


Chapter 5 concludes the main findings and gives thoughts on future research directions.



Appendix A contains the supporting materials for Chapter 2.



Appendix B contains the supporting materials for Chapter 3.



Appendix C contains the supporting materials for Chapter 4.
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Chapter 2

Observation and modeling of the
evolution of Texas power plant plumes*1

2.1. Introduction
Power plants are the leading point source emitters of SO2 and NOx. The large amount
of SO2 and NOx emitted from power plants has been linked to a series of environmental issues,
such as acid deposition, photochemical O3 and particulate matter (Brock et al., 2003). Various
regulations and market-based policies have been implemented to reduce these emissions,
including the Acid Rain Program (EPA, 2005) and the NOx SIP Call (EPA, 2004) in the United
States. Power plants are among the most accurately measured emission sources in the U.S.
national emission inventory due to direct smoke stack measurements by Continuous Emission

1*

Adapted from Zhou et al., observation and modeling of evolution of Texas power plant plumes,
Atmospheric Chemistry and Physics, 12, 455-468, 2012. Doi: 10.5194/acp-12-455-2012.
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Monitoring Systems (CEMS). Good agreement has been found in comparing power plant
emissions reported by CEMS with airborne measurements of PPPs (Frost et al., 2006) and with
satellite measurements of NO2 (Kim et al., 2006).
The emissions, transport, and chemical evolution of pollutants from power plants have
been investigated by multiple observational and modeling methods. Airborne measurement of
chemical composition and meteorological parameters in PPP transects have been conducted in
several field campaigns over North America (Neuman et al., 2009; Ryerson et al., 1998;
Springston et al., 2005).
SO2 freshly emitted from power plant stacks is quickly diluted and undergoes
chemical evolution during plume transport (Frost et al., 2006; Ryerson et al., 1998). Previous
aircraft measurements in PPP have revealed that gas-phase SO2 oxidation is the key pathway for
the SO2 removal and the particle growth in PPPs in the absence of clouds (Brock et al., 2003).
SO2 can also readily dissolve in cloud water and then convert to sulfate via aqueous reactions.
Several previous field studies have investigated the chemical evolution and lifetime of
NOx, ozone production efficiency (OPE), and the loss rate of reactive nitrogen in PPPs (Neuman
et al., 2009; Ryerson et al., 1998; Springston et al., 2005). Some studies have reported the rapid
loss of NOy in PPPs which they primarily attributed to HNO3 loss (Neuman et al., 2004), but
others have not (Ryerson et al., 2003).
Power plants are significant contributors to NOx and SO2 emissions and high ozone
concentrations in eastern Texas. A NOAA WP-3 aircraft performed successive downwind
transects of PPPs in this region during several flights as part of the summer 2006 Second Texas
Air Quality Study (TexAQS II) (Parrish et al., 2009). The instruments aboard the WP-3
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measured a full range of trace gases, aerosol parameters, and meteorological parameters at high
time resolution and spatial resolution. This study utilizes the rich data source to examine whether
a 3D photochemical model with a fine spatial resolution but without subgrid plume treatment can
effectively simulate the chemical and physical evolution of PPPs as they disperse and transport
downwind. We focus on the evolution of sulfur, reactive nitrogen, and O3 in the plumes.

2.2. Airborne measurement
TexAQS II was a comprehensive observational campaign in eastern Texas from
August to October, 2006, which aimed to improve scientific understanding of the sources and
atmospheric processes responsible for the formation and distribution of O3 and aerosols in the
region (Parrish et al., 2009). PPPs observed during TexAQS II originated from eastern Texas
coal-fired power plants with a large range of reported NOx and SO2 emission rates (Table 2.1 and
Figure 2.1).
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Facility

Martin

NOx emission
rate a (tons/hour)

SO2 emission
rate a (tons/hour)

Stack Height (m)

2.02

10.37

138

Montice
Lake

1.34

5.49

128

lloWelsh

0.95

2.21

172

Pirkey

0.58

0.21

160

Big

0.84

13.09

122

0.33

2.74

183

0.79

0.63

137

Parish
Brown
Limesto
ne

Table 2.1 Major power plants in eastern Texas
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Montice

DFW

Welsh

llo

Pirkey
Big Brown
Limestone
Martin Lake

HGB

Parish

Figure 2.1 WP-3 flight tracks (16 September in blue, 19 September in yellow, and 25
September in pink,) and power plants in eastern Texas. NOx emission rates are shown by
colors and SO2 emission rates are indicated by size of circles. Rectangular frame shows the
4km modeling domain. Black stars are all other point sources in Texas. The HoustonGalveston-Brazoria (HGB) and Dallas-Forth-Worth (DFW) metropolitan areas are also
shown.
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The measurements and operational characteristics of the NOAA WP-3 have been
summarized elsewhere (Parrish et al., 2009). Instruments aboard the WP-3 measured numerous
reactive nitrogen species (NO, NO2, HNO3, NO3, N2O5, PAN, peroxy propionyl nitrate,
methacrylol peroxy nitrate), isoprene, CO2, CO, SO2, HCHO, major aerosol parameters, UV-VIS
actinic flux, relative humidity, and temperature (Tables A1a and A1b of Parrish et al. (2009) and
the references therein). The instruments used in measuring major gas-phase species are
summarized in Table 2.2. The time resolution of most instruments was 1 second, equal to
approximately 100m spatial resolution at typical WP-3 flying speeds.

Species

Reference

O3

Ryerson et al., 1998)

NO
NO2

Ryerson et al., 1998)
Ryerson et al., 1998)

HNO3

Neuman et al., 2004)

NOy
SO2
CO
CO2

Ryerson et al., 1998)
Ryerson et al., 1998)
Parrish et al., 2009 ()
Peischl et al., 2010)

Isoprene

Parrish et al., 2009)

PAN

Parrish et al., 2009)

Instrument

Time resolution
of measurement
(second)

NO-induced
Chemiluminescence(CL)

1

O3-induced CL
UV photolysis CL
SiF5 Chemical Ionization Mass
Spectrometry (CIMS)

1
1

Au converter CL
Pulsed UV fluorescence
VUV resonance fluorescence
NDIR absorption
Proton Transfer Reaction Mass
Spectrometry (PTRMS)

1
1
1
1

1

17

CIMS

2

Table 2.2 Instruments and time resolution of major gas-phase species discussed

Coal-fired power plants are major sources of SO2 and NOx, so their plumes can be
identified by elevated concentrations of SO2 and NOy (Ryerson et al., 1998; Ryerson et al.,
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2003). SO2 enhancement can be a more reliable diagnostic of PPPs than NOy since there are
numerous sources of NOx, but coal-fired power plants are dominant sources of SO2 in eastern
Texas (Neuman et al., 2009; Ryerson et al., 2003). Background SO2 levels were consistently
below 1 ppb, so this level of SO2 is chosen as a threshold value for identifying PPPs.
In rural areas of northeastern Texas, power plants are also leading sources of CO and
anthropogenic CO2 (Nicks et al., 2003), even though CO is not strongly elevated in all PPPs.
Airborne measurements in 2000 and 2006 showed that CO and CO2 could be signatures of the
Martin Lake, Monticello, and Welsh plumes, the concentration enhancements of which
completely overlap SO2 and NOy concentration enhancements at transects (Nicks et al., 2003).
As the atmospheric lifetime of CO2 is years, it is a conservative species in plumes. CO has a
lifetime of one to two months in the atmosphere (Akimoto, 2003), thus serving as another
conservative species in PPPs. CO emissions from Martin Lake, Monticello, and Big Brown,
which were significantly underestimated in a previous emission inventory (1999), were more
accurately estimated in TexAQS II (Peischl et al., 2010).
Of the 18 WP-3 flights during TexAQS II, the 16 September and 25 September flights
measured successive cross-wind transects of PPPs from multiple power plants and the 19
September flight measured the Parish plume (Figure 2.1 and Table 2.3). The 16 September flight
(11:00 to 15:00 local time) observed transects of plumes from the Martin Lake, Pirkey,
Monticello, and Welsh power plants at successive downwind distances (Figure 2.2 (a)). Since the
three plumes transported northward through rural areas devoid of other large anthropogenic SO2
sources, SO2 concentration enhancements clearly denote plume locations (Figure 2.2 (a) ).
Pirkey is located several km north-northeast (downwind) of Martin Lake, so their plumes cannot
be distinguished on this flight after the first Martin Lake transect; we refer to the plume as
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Martin Lake (Ma-1) for simplicity. On 19 September, the WP-3 measured five plume transects of
Parish in the Houston-Galveston Brazoria (HGB) metropolitan region. On 25 September (13:00
to 16:00 local time), the WP-3 measured two plume transects of Big Brown and Limestone under
northerly flow, and two plume transects of Parish (Figure A1 and A2 in Appendix-A). All
transects on the three days occurred at altitudes of 600-700 m, well within the planetary
boundary layer height of approximately 1500 m determined from measured temperature profiles.
The exception was five transects (Ma-4 to Ma-8) of the Martin Lake plume at different heights
but at the same downwind distance on 16 September.
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Figure 2.2 Observed PPPs of Martin Lake, Monticello, Pirkey, and Welsh on 16 September
2006. The black dots show the locations of the power plants. PPPs are identified by
measured SO2 enhancement (color gradient in the figure), as outlined by the green dash
lines. Measured wind vectors are presented on the plume transect. (b) Simulated PPPs of
Martin Lake, Monticello, Pirkey, and Welsh at 18:00 GMT (600─700 m) (local time: 12:00).

Facility

Transecta

Distance
from
plant (km)

Martin Lake

Ma-1

17.3

660

Average
wind
speed
(m/s)
7.4

Martin Lake

Ma-2

27.0

660

6.1

1.1

Martin Lake

Ma-3

37.1

660

7.1

1.5

Martin Lake

Ma-4

52.6

1800

8.8

2.0

Martin Lake

Ma-5

52.6

1080

7.9

2.0

Martin Lake

Ma-6

52.6

640

5.4

2.0

Martin Lake

Ma-7

52.6

490

6.8

2.0

Martin Lake

Ma-8

52.6

300

5.5

2.0

Martin Lake

Ma-9

67.5

660

2.9

3.4

Martin Lake

Ma-10

88.1

640

4.0

4.8

Flight
height
(m)

Plume age
b
(hours)
0.7
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Martin Lake

Ma-11

105.7

650

4.7

5.9

Martin Lake

Ma-12

115.9

650

4.2

6.6

Monticello

Mo-1

7.8

640

8.0

0.3

Monticello

Mo-2

27.7

650

6.3

1.2

Monticello

Mo-3

47.9

650

8.1

1.6

Monticello

Mo-4

67.7

660

7.8

2.4

Welsh

We-1

11.5

640

8.4

0.4

Welsh

We-2

31.6

650

5.7

1.4

Welsh

We-3

51.7

650

8.9

2.0

Welsh

We-4

71.8

660

8.0

2.5

Big Brown

Bi-1

20.3

630

4.2

1.3

Big Brown/Limestone

Bi-2

95.7

624

6.4

3.3

Parish

Pa-1

13.5

476

5.9

0.6

Parish

Pa-2

43.3

482

7.0

1.2

Parish

Pa-19-1

3.2

471

4.1

1.5

Parish

Pa-19-2

10.0

491

5.4

4.9

Parish

Pa-19-3

12.3

462

5.0

6.1

Parish

Pa-19-4

14.5

476

5.9

6.9

Parish

Pa-19-5

20.6

488

6.2

10.6

a

the downwind locations of the plume transects listed in this table are marked in Figure
2.2 and Figure A1 and A2 in Appendix-A
b
plume age is computed as the distance of plume transect from plant divided by the
measured average wind speed at plume transect
Table 2.3 Plume transects measured on 16, 19 and 25 September.

2.3. Model setup and input parameters
Atmospheric chemistry for the episode was simulated by CMAQ model (Byun and
Schere, 2006) version 4.7, using the CB05 chemical mechanism (Yarwood et al., 2005). Inline
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processing was applied to generate the meteorology dependent emissions properties (i.e.,
biogenic emissions). After accounting for plume rise, most of the power plant emissions were
modeled to be released between 200 and 600 m elevation (Figure 2.3).

2000

Altitude (meters)

1600
1200

Martin Lake

Welsh

Limestone

Big Brown

Parish

Monticello

Pirkey
800
400
0
0

4

8
12
NOx Emission (tons/day)

16

20

Figure 2.3 Vertical distribution of NOx for power plants simulated by CMAQ inline v4.7 on
the day of measurement.

The model was configured with 34 vertical layers and three one-way nested domains.
The outer two domains cover the continental U.S. (148×112 with 36 km grid resolution) and the
eastern U.S (279×240 with 12km grid resolution) including all of Texas, respectively. The
rectangular frame in Figure 2.1 shows the fine domain with 4km grid resolution. A full
description of the modeling configuration and performance for the 12km domain can be found in
Appel et al (2010). The CMAQ modeling for the 4km domain was from September 1-25, 2006,
which covers the days with WP-3 plume measurements.
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Meteorology for the episode was simulated by the Fifth-Generation NCAR/Penn State
Mesoscale Model (MM5) (Grell et al., 1994) version 3.7.4 for the 36 km domain. For the inner
domains (12km and 4km modeling domains), the Weather Research and Forecasting Model
(WRF) version 3.0 (Skamarock and Powers, 2008) was used because of its lower biases in
simulated wind and temperature than MM5. Both models had 34 vertical layers extending from
the surface up to 100 hPa. WRF was applied with Asymmetric Convective Model 2 PBL model
(Pleim, 2007), Pleim-Xiu Land Surface Model (Xiu and Pleim, 2001), Dudhia shortwave
radiation scheme (Dudhia, 1989), RRTM longwave radiation scheme (Mlawer et al., 1997),
Kain-Fritsch 2 subgrid convective scheme (Kain, 2004), and the Thompson microphysics
scheme (Thompson et al., 2004). MM5 used similar physical schemes. The consistency between
MM5 and WRF for the modeling domains was tested and verified (Appel et al., 2010).
Meteorological fields were converted to CMAQ-ready format by MCIP version 3.4.2 (Otte and
Pleim, 2010).
Emission inputs for the three modeling domains were generated by the Sparse Matrix
Operator Kernel Emissions (SMOKE) model (EPA, 2006) based on the National Emission
Inventory for 2005. Mobile emissions were projected to 2006 and actual CEMS data were used
for point sources. BEIS3.12 (Environmental Protection Agency Biogenic Emissions Inventory
System 3.12) (http://www.epa.gov/asmdnerl/biogen.html) was applied to compute the biogenic
emissions.
NOy species in the CB05 chemical mechanism are NO, NO2, NO3, N2O5, HONO,
HNO3, PNA (peroxynitric acid), PAN (peroxyacetyl nitrate), PANX (C3 and higher peroxyacyl
nitrates), and NTR (organic nitrate). The sum of all these species (with N2O5*2) is the
concentration of NOy from the model.
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The aqueous processing module in CMAQ (Walcek and Taylor, 1986) processes the
absorption of gas-phase species and accumulation-mode aerosols separately. The gas-phase
absorption into liquid water content of clouds depends on the thermodynamic equilibrium,
whereas accumulation-mode aerosols are assumed to be completely activated to form cloud
droplets. The dissociation of compounds into ions, oxidation of S(IV) to S(VI) by aqueous H2O2,
O3, Fe(III) and Mn(II), and wet deposition are also simulated in the model. For computational
efficiency, CMAQ does not transport cloud-aqueous concentrations separately from gas-phase
concentrations between model grids. At the end of the cloud processing module, the cloud
concentrations are removed and the mass of each species is passed to either gas-phase or aerosol
concentrations.
In this study, the advection schemes used in processing pollutant transport by CMAQ
are Piecewise Parabolic Method (PPM) (Colella and Woodward, 1984) and YamartinoBlackman Cubic Scheme (YAM) (Yamartino, 1993). The Asymmetric Convective Model
version 2 (ACM2) (Pleim, 2007) was used to simulate the vertical mixing of pollutants in
CMAQ.
To identify and analyze the impact of each power plant, a zero-out simulation is run
with the emissions of that facility removed from the base emission inventory. The difference
between concentrations in the base simulation and each zero-out simulation represents the zeroout-contribution (ZOC) of that power plant.
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2.4. Results and Discussion
During airborne measurement on the three days, ground temperature was 24.4-35.5°C
(average: 29.0 °C) and surface wind was 0-7.2 m/s (average: 3.1m/s) at ground-based monitors
in eastern Texas. At 600-700m above the ground level (WP-3 typical flying height), the observed
ambient temperature was 23.7-30.3°C (average: 26.8 °C), wind speed was 1.6-12.0 m/s (average:
6.4 m/s), and no precipitation was observed. The height of the planetary boundary layer (PBL),
determined from the vertical profiles of equivalent potential temperature for the three days, was
about 1500 m on 16 September and about 1000 m in the HGB region on 19 and 25 September.
The CEMS-reported SO2 and NOx emissions of big power plants in the eastern U.S.
were previously evaluated based on with WP-3 measurements of PPPs in 2004 (Frost et al.,
2006). Since the emitted NOx in PPPs can quickly be oxidized to NOz (NOz = NOy-NOx), the
observed enhancements of NOy and SO2 serve as the basis for evaluation. The strong correlation
between NOy and SO2 for all first plume transects (R2=0.68─0.98) suggests that the power plants
were the dominant sources of these gases there. The three ratios of these plants show strong
consistency within the uncertainties of the measurements, although the model slightly underpredicts SO2/NOy ratios (Table 2.4). Likewise, previous studies have reported strong consistency
between CEMS(SO2/NOx) and OBS(SO2/NOy) (Frost et al., 2006; Ryerson et al., 2001) .
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Plant

CEMS
SO2/NOx

OBS SO2/NOya

Martin Lake

3.05

3.94 (0.98)

3.30

0.7

Monticello

2.04

3.00 (0.86)

1.84

0.3

Welsh

1.10

1.20 (0.86)

1.08

0.4

Big Brown

8.94

10.95 (0.97)

9.73

1.3

Parish

5.28

6.83 (0.68)

5.18

0.6

a

b

MODEL
Plume age
b
ZOCSO2/ZOCNOy
(hours)

2

the values in brackets are the R of least square fit of SO2 versus NOy
ZOCSO2= SO2 model, base- SO2 model, zero-out that plant, ZOCNOy = NOy model, base – NOy model, zeroout that plant

Table 2.4 CEMS-reported E(SO2)/E(NOx) emission molar ratio, the observed SO2/NOy and
the modeled ZOCSO2/ZOCNOy at the location of the first plume transect.

2.4.1. Evaluation of plume dispersion and transport
On 16 September, the WP-3 observed mostly southerly winds with average wind
speeds of 6.9 m/s. The southerly winds allowed PPPs of Monticello and Welsh to remain distinct
in both model and observation (Figure 2.2) but caused the Martin Lake and Pirkey plumes to
coincide since the two plants are just 18.5 km apart. Maximal SO2 enhancements for each plume
transect were used to identify the plume centers to enable comparative analyses of observations
and modeling results. The plumes produced by CMAQ mostly have similar spatial extent to the
measured plumes on 16 September (Figure 2.2), 19 and 25 September (Figure A1and A2). The
wind speed and direction in the model were more homogeneous than observed winds, resulting
in slight differences between modeled and observed locations of the plumes and plume centers
(Figure 2.2).
The high-resolution aircraft observations were compared with the model outputs
extracted from the corresponding grid cells, adjusted to align the modeled and measured plume
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peak locations as necessary. Since the aircraft was flying consistently at approximately 100 m/s
at each plume transect, each gridline interval in Figure 2.4 (40 seconds) is equal to the spatial
distance of 4 km (one grid cell).
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Figure 2.4 The comparison of the modeled and observed SO2, NOy, and CO at plume
transect of Ma-1, Ma-2, Ma-3 and Ma-6. The modeled SO2, NOy, and CO are labeled as
yellow, green, and purple flat lines, respectively. The observed SO2, NOy, and CO are
labeled as blue, red and black dots. The Horizontal coordinate is time scale in GMT (local
time = GMT - 6 hours) and vertical coordinate is concentration (ppb). Transect names
listed in Table 2.3 of the manuscript are labled in each subplot. Figure A3-A6 summarize
the comparisons for all the plume transects.

The 16 September flight path proceeded northward in 14 successive crosswind (eastwest) transects, the first 12 of which intercepted the Martin Lake (and Pirkey) plumes (Ma-1 to
Ma-12 in Figure 2.2; Ma-4 to Ma-8 are increasing altitudes at the same transect) and the last four
of which intercepted the Monticello and Welsh plumes (Figure 2.2). The extensive observation
of the Martin Lake plume provides a unique opportunity to examine plume evolution from the
stack emission until dilution to background levels. Comparisons between modeled and observed
SO2, NOy, and CO mixing ratios are shown for each successive plume transect in Figure A3-A6.
At the first transect of the Martin Lake, Monticello, and Welsh plumes, the model generates
lower peak SO2 and NOy concentrations and wider plumes than were observed. This likely
reflects the inability of the 4-km resolution model to resolve subgrid-scale plume structure in the
initial formation of a plume. No subgrid or Plume-in-Grid (PinG) was used in the modeling.
The model captured the observed extent of CO at each plume transect, slightly underestimating the peak values (Figure 2.4). The modeled SO2 (18ppb) at Ma-2 matched the observed
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peak (23 ppb) closely as subgrid effect weakened and the plume width was larger than one grid
cell. As the plume transported to Ma-3, the modeled SO2 (14ppb) was higher than the observed
peak (7ppb). The modeled SO2 at plume center was consistently higher than the observed while
the background SO2 matched observations.
The measured CO at the plume center declined only from 240 (Ma-1) to 150 ppb (Ma3). However, SO2 was observed to decline by more than a factor of 10 from Ma-1 to Ma-3,
indicating rapid loss.
Ma-4 through Ma-8 observed the Martin Lake plume at the same downwind distance
(53 km) but flew at different altitudes (Ma-4 to Ma-8 of Figure A3; Table 2.3). SO2 emission
from Martin Lake was modeled to occur mostly at 400 m, accounting for the stack height and
plume rise (Figure 2.3). At 1800 m (Ma-4), which was near the top of the PBL, no enhancement
of SO2, NOy, or CO was simulated but a weak SO2 plume was observed, implying that the model
failed to capture some of the observed upward transport. At lower flight altitudes (between 660
and 300 m, corresponding to Ma-6 to Ma-8 in Figure A3), the model effectively simulated plume
extent. The comparisons between the modeled and observed SO2, CO and NOy species on 19 and
25 September are shown in FigureA3-A6.
2.4.2. Correlations between conservative and non-conservative species
In this section, we explore the correlation between conservative and non-conservative
species from the observed plume concentrations. The correlations are presented by the slopes and
R2 of the least-square-fit between conservative and non-conservative species. At the time scale of
PPP transport (a few hours), CO and CO2 are expected to experience similar dispersion and
minimal loss to chemistry or deposition, leading to near constant slopes of CO to CO2. CO and
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CO2 concentrations were strongly correlated within the Martin Lake and Monticello plumes and
the slopes of CO to CO2 held steady as both plumes aged (Figure 2.5) (for Ma-1 to Ma-3 and
Ma-6 to Ma-12, slopes of the least square fit: 0.58─0.71 ppb/ppm, R2: 0.89─0.96; for Mo-1 to
Mo-4, slopes of the least square fit: 4.3─5.3 ppb/ppm, R2:0.77─0.94), indicating the same extent
of dispersion of CO and CO2. For the Welsh and Big Brown plumes, only the first one or two
transects had a strong correlation between CO and CO2, with the later transects likely affected by
nearby CO or CO2 emissions. Due to the strong interference from HGB urban emissions, no
clear correlation between CO and CO2 could be found in the Parish plume.
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Figure 2.5 Scatter plot of CO (ppb) versus CO2 (ppm) from plume transects (a) Martin
Lake (Ma-1 to Ma-12), and (b) Monticello (Mo-1 to Mo-4). The unit of the slopes from the
least square fits is ppb/ppm.

Concentrations of SO2 and reactive nitrogen species in PPPs are strongly affected by
chemical reactions, heterogeneous conversion, deposition, dispersion, and cloud processing.
Dispersion is expected to have the same extent of impact on both conservative (e.g., CO2 and
CO) and non-conservative species (e.g., SO2, NOx, HNO3, and PAN). Thus, the variations of
slopes between non-conservative and conservative species reflect the impact of plume chemistry,
deposition and heterogeneous processing on non-conservative species.
Given that SO2 and CO2 were observed to be strongly correlated in all plumes, CO2
could serve well as a signature of PPPs. However, since CO2 is not modeled by CMAQ, CO is
selected as the conservative species for model-observation comparisons. CO is a signature
emission of some but not all power plants in Texas. In observed PPPs, only in the Martin Lake
and Monticello plumes could the strong correlations between the non-conservative species and
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CO be found at all transects. In Big Brown and Welsh plumes, SO2 strongly correlates with CO,
only in the initial transects.
2.4.3. Evaluation of SO2 plume evolution
MODIS images (http://ladsweb.nascom.nasa.gov/browse_images/) and aircraftobserved photolysis rates indicate scattered cloudiness over eastern Texas on 16 September and
clear skies on 19 and 25 September (Figs. 2.6 and 2.7). Relative humidity reached saturation
between 1800 m and 1000 m during descents through the Martin Lake plume on 16 September,
implying clouds distributed at that altitude and potentially interacting with the plume (Ma-4 and
Ma-5 in Figure A3). The model successfully simulated the MODIS-observed distribution of
scattered clouds over northeastern Texas on that day (Figure 2.7 and 2.8), but placed them
predominately between 2500 and 4000 m altitude (Figure 2.8), well above the plumes (Figure
2.9 and 2.10). Thus, no significant cloud processing was modeled to occur in the base modeling.
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Figure 2.6 the observed photolysis rate (left axis, blue dot) and the flight height (right axis,
black line). (b) the observed relative humidity (right axis, black cross) and the flight height
(left axis, blue line) on September 16, 2006. The corresponding plume transects (Table 2.3
and Figure 2.2) are marked.
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Figure 2.7 (a) MODIS true color image (http://modisatmos.gsfc.nasa.gov/IMAGES/index.html) at 17:00 UTC (local time: 11:00). The black lines
indicate the trajectory of the WP-3 path. The WP-3 flew in the early afternoon hours
through northeastern Texas covered by sparse clouds. (b) MODIS true color image at
16:50 UTC (local time: 10:50) on September 25; over most areas of Texas, it was clear sky
and cloud-free. (c) MODIS true color image at 17:30 UTC (local time: 11:30) on September
19; over most areas of Texas, it was clear sky and cloud-free.
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Figure 2.8 Modeled (a) cloud cover fraction and (b) cloud bottom height over Texas on
September 16, 2006 (18:00 UTC, local time 12:00).
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Figure 2.9 Modeled planetary boundary layer height at 18:00 UTC (local time: 12:00).
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Figure 2.10 Vertical distribution (SO2 concentration in ppm unit) of Martin Lake (a),
Monticello (b), and Welsh plumes (c) on September 16. Vertical axis is the model vertical
layers.

Under the clear skies of 19 September (Figure2.7), the normalized SO2 to CO ratio
from the model and the normalized SO2 to CO2 ratio from the observation matched closely for
the Parish plume, showing slow SO2 loss (Figure 2.11). At the plume age of 11 hours, only 25%
SO2 was removed in both the modeling and the observation. SO2 loss was also slow in the Big
Brown and Parish plumes during cloud-free days (Figure 2.12 (b)). Thus, the model can capture
SO2 evolution when no cloud processing occurs.
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Figure 2.11 The least-square-fit slopes of SO2 to CO2 (from the observation) and SO2 to CO
(from the model) (a), and the least-square-fit slopes of NOy to CO2 (from the observation)
and NOy to CO (from the observation) (b). All slopes are normalized to the slope at the first
transect.
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Figure 2.12 (a) The observed least square slopes of SO2 to CO (red square) and modeled
ZOCSO2/ZOCCO (blue diamond for the base case, green dot for the adjusted cloud case) as a
function of plume age at each transect of the Martin Lake plume (16 September). The
observed SO2 loss rate was 0.38 hour-1 (R2=0.94, SO2 lifetime: 2.6 hours); the modeled SO2
loss rate was 0.016 hour-1 (R2=0.36, SO2 lifetime: 62.5 hours). The SO2 to CO slopes for
each perturbation case are also plotted accordingly. (b) The observed least square slopes of
SO2 to CO2 (ppb/ppm) for the five plumes; Martin Lake, Welsh, and Monticello plumes
were observed on September 16 (cloudy day), Big Brown and Parish plumes were made on
25 September (sunny day).

However, plume observations demonstrate rapid loss of SO2 in the 16 September
plumes (Martin Lake, Monticello and Welsh) where scattered clouding was observed (Figure
2.12). For the Martin Lake transects, the decreasing trend of SO2/CO fits to an exponential
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function with a first-order loss rate of 0.38 hour-1, the inverse of which is a lifetime of 2.6 hours
(R2=0.94) (Figure 2.12). SO2/CO from the model decreases far slower as plume ages with a loss
rate of 0.016 hour-1 (lifetime of 62.5 hours), which suggests the model significantly
underestimates SO2 loss for the Martin Lake plume. Similarly, for the Monticello plume, the
curve fit of observed SO2/CO indicates an SO2 lifetime of 2.7 hours compared to a modeled SO2
lifetime of 17.2 hours. Although SO2 and CO were not strongly correlated in observations of the
other plumes, diminishing SO2/CO2 ratios indicate that rapid SO2 loss also occurred in the Welsh
plume.
The lifetime of SO2 against gas-phase oxidation by OH is a few days to one week, and
SO2 lifetime against dry deposition approximates one day in the boundary layer. Thus, gas-phase
oxidation and dry deposition are insufficient to explain the rapid loss of SO2 in the 16 September
plumes.
Could CMAQ have simulated the rapid SO2 loss on 16 September if the
meteorological model had placed the clouds at lower altitudes in contact with the PPPs? The
cloud module in CMAQ includes two mechanisms for removing pollutants: aqueous chemical
reactions and scavenging and wet deposition. SO2 absorption into cloud droplets and subsequent
oxidation are explicitly represented. The absorption is governed by thermodynamic equilibrium,
followed by oxidation of aqueous S(IV) to S(VI) by H2O2, O3, metal ions (Fe(III) and Mn(II)),
and methylhydroperoxide (MHP), and peroxyacetic acid (PAA). Since no precipitation was
observed or modeled during the airborne measurements, pollutants were not expected to be
scavenged.
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Cloud parameters of meteorological inputs are perturbed to diagnose how efficiently
pollutants such as SO2 and NOy would have been removed from plumes. Specifically, the cloud
bottom height in the meteorological field on 16 September is adjusted to 1000 meters so that the
plumes interact with clouds during their transport. Liquid water content (QC) is the cloud
parameter determining the extent of the pollutant aqueous processing and must be larger than
0.01 g/kg to trigger the cloud aqueous module. In the perturbation cases, we uniformly increase
QC to 0.05 g/kg (≈0.05g/m3, equivalent to fog), 0.5 g/kg (≈0.5g/m3, equivalent to stratocumulus
clouds), and 5 g/kg ((≈5g/m3, equivalent to cumulonimbus clouds).
In the base modeling for the Martin Lake plume, only 11% SO2 is removed in the
model (the normalized SO2/CO decreased to 0.89 from Ma-1 to Ma-12). In the QC_0.05 case,
25% of SO2 is removed during that span, far short of the observed 92% SO2 removal (Figure
2.12). The cloudier scenarios yield 66% (QC=0.5 g/kg) and 81% (QC=5.0 g/kg) SO2 removal,
still below the observed rate.
Five S(IV) oxidation reactions are explicitly implemented in the cloud aqueous
module, i.e. H2O2, O3, metal (Fe(III) and Mn(II)), MHP, and PAA oxidations. In QC_0.05,
S(IV) oxidation is dominated by H2O2 oxidation, with 96.2% of S(IV) oxidation occurring by
H2O2 in the Martin Lake plume. Only about 1.7% of S(IV) oxidation was by the metal ions.
In the default CMAQ cloud module, Fe(III) and Mn(II) are uniformly set to 0.01 and
0.005 ug/m3, representative of the background atmosphere. However, power plants are major
emission sources of particulate metals (Alexander et al., 2009), and may have much larger levels
of Fe(III) and Mn(II), thus potentially enhancing the aqueous oxidation of sulfur. In another
perturbation case, both Fe(III) and Mn(II) concentrations are increased by a factor of 10 in the
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QC_0.05 case (called QC_METAL hereafter). The increase of Fe(III) and Mn(II) is within the
range of metal ion concentrations measured in fogs and cloud water (Parazols et al., 2006; Raja
et al., 2005). SO2 removal in QC_METAL was more rapid than that of QC_0.05 (Figure 2.12).
At the last plume transect, SO2 decreased by 33%, compared to the 25% SO2 removal in
QC_0.05, suggesting the increased metals in plume lead to more rapid SO2 oxidation. Thus,
some combination of enhancements in cloud liquid water content and metals concentrations may
help explain the observed rapid SO2 loss rates in the cloudy day plumes.
Few studies have observed rapid SO2 loss in anthropogenic plumes, though similar
rates of SO2 loss have been found in volcanic plumes (Rodríguez et al., 2008). These studies
proposed that cloud aqueous processing is the mechanism for the rapid SO2 removal. The
comprehensive airborne measurement of plume concentrations and meteorological parameters
supported by satellite images in this study confirms that the cloud processing caused the rapid
SO2 loss. SO2 uptake by cloud droplet and subsequent aqueous oxidation are a major challenge
to models. Earlier studies have also found that models can underestimate SO2 loss rates in clouds
(Kreidenweis et al., 1997).
2.4.4. Evaluation of plume chemistry of reactive nitrogen
In PPPs, HNO3, NO3, N2O5, PAN, and other organic nitrates are formed via NOx
chemical reactions. Freshly emitted NOx titrates O3 and consumes OH, resulting in slow
formation of HNO3 and no formation of PAN in the initial plume. As a plume dilutes, OH levels
recover and HNO3 and other products form from NOx oxidation. Previous daytime observations
of PPPs concluded that HNO3 and PAN were the major (more than 90%) products of NOx
oxidation in PPPs (Ryerson et al., 2003). The observational data in this study also show that
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HNO3 and PAN were the only two major oxidation products in PPPs, with NO3, N2O5, and other
organic nitrates at least one order of magnitude lower in plume transects.
The measured and modeled NOx, HNO3, and PAN are shown for comparison in
Figure A43 and A5. NOx was higher than HNO3 until the plume had been transported 2.0 hours
at Ma-7 and Ma-8. The model generally captured the observed evolution of reactive nitrogen
species NOx, HNO3, and PAN in the plume, simulating the transition from NOx to HNO3
dominance and approximately matching the observed PAN levels. However, the simulated
HNO3 concentrations were higher than observed, implying over-prediction of HNO3 formation
or under-prediction of HNO3 loss.
The oxidation of NOx can be approximated by a first-order reaction if radical
concentrations are assumed to be constant in the plume. The observed NOx/CO fits to an
exponential decay function (for Martin Lake, R2=0.85; for Monticello, R2=0.86; Figure 2.13),
corresponding to NOx lifetimes of 2.6 and 1.2 hours for the Martin Lake and Monticello plumes,
respectively. The NOx lifetimes computed here are consistent with the NOx lifetimes (1.0─1.6
hours) estimated for both plants in TexAQS 2000 (Neuman et al., 2004).The declining trends of
NOx/CO from the model and the observation closely match in the Martin Lake and Monticello
plumes, with discrepancies only in the initial transects due to the inability of the model to resolve
subgrid-scale plume structure (Figure 2.13).
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Figure 2.13 Observed (yellow circle) and modeled (green triangle) NOx/CO (a) for the
Martin Lake plume, (b) for the Monticello plume. The observed NOx oxidation rate was
0.38 hour-1 (R2=0.85) for the Martin Lake plume and 0.84 hour-1 (R2=0.86) for the
Monticello plume. Observed and modeled PAN/CO and HNO3/CO, (c) for the Martin Lake
plume, (d) for the Monticello plume.

The ratios of HNO3/CO and PAN/CO are compared between the model and
observations to explore chemical evolution in the Martin Lake and Monticello plumes. We find
that the model captures the PAN formation very well, closely matching observed trends as the
plumes age (Figure 2.13 and Figure A4). The modeled HNO3/CO, however, was 0.7─6.6 times
larger than observed. Given the good agreement between the modeled and observed NOx
oxidation and PAN formation, the HNO3 gap between the model and the observation on the
cloudy day implies that HNO3, while formed during plume transport, was rapidly removed from
the atmosphere, which is not captured by the model.
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Unexpectedly rapid loss of NOy has also been reported by some measurement studies
of biomass burning (Takegawa et al., 2003) and PPPs (Neuman et al., 2004), but not in others
(Ryerson et al., 2003). When NOx is oxidized to other reactive nitrogen species, the reactive
nitrogen may be removed from the atmosphere via rain scavenging, dry deposition,
heterogeneous conversion to aerosol, and cloud processing, resulting in the loss of NOy.
Assuming a first-order decline of NOy/CO (Figure 2.14), the observed NOy loss rate was 0.15
hour-1 for the Martin Lake plume whereas the modeled NOy loss rate was lower by a factor of 6
(0.026 hour-1). For the Monticello plume, the observed NOy loss rate (0.24 hour-1) was 2.3 times
the modeled. The observed NOy/CO2 in Martin Lake, Monticello, and Welsh plumes had a
similar extent of NOy loss, especially during the early plume age (≤2 hours) when NOy/CO
declined by 40─50% (Figure 2.14).
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Figure 2.14 (a) The observed least square slopes of NOy to CO (red square) and modeled
ZOCNOy/ZOCCO (orange diamond for the base case, green dot for the adjusted cloud case)
as a function of plume age at each transect of the Martin Lake plume; the observed NOy
loss rate was 0.145 hour-1 (R2=0.69) and the modeled NOy loss rate was 0.026 hour-1
(R2=0.48). (b) The observed least square slopes of NOy to CO2 (ppb/ppm) for the Martin
Lake, Monticello, and Welsh. NOy in the least-square fits was directly measured and not
the sum of measured reactive nitrogen species.

On 19 September, a cloud-free day, the model effectively simulates the observed slow
removal of NOy (Fig 2.11). NOy loss on the cloudy day likely reflects deposition of highly
soluble HNO3, since the other main NOy constituents (NOx and PAN) have low water solubility,
cannot directly convert to aerosol, and have negligible dry deposition in plume. NOx oxidation
and thermal decomposition of PAN do not shift the gas-phase NOy budget since their products
are also gas-phase NOy constituents. The measured NO3- was minor in the inorganic aerosol
composition, indicating that the loss of HNO3 to aerosol-NO3- was negligible under the high
ambient temperatures (the measured average temperature was 28.9°C) and the lack of ammonia
enhancement beyond levels needed to neutralize the sulfate in the PPPs (Nowak et al., 2010).
Given that no wet precipitation was reported on the flight days, no rain scavenging is expected to
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have occurred. HNO3 may have rapidly dissolved in cloud droplets if the plume interacted with a
cloud, as is possible under the 16 September scattered cloudiness conditions discussed earlier.
In contrast to the SO2 results, the cloud perturbation scenarios did not significantly
impact modeled concentrations of NOy species. Among NOy species, HNO3 is the only one to be
processed by the cloud module. Even raising QC to 5.0 g/kg, there is no scavenging removal of
HNO3 since no wet deposition happens in the absence of precipitation. At the end of the cloud
module, CMAQ returns the aqueous concentration of HNO3 in cloud to either gas-phase or
aerosol species, keeping the ratio of HNO3 to total NOy constant. This makes HNO3
concentrations insensitive to QC in CMAQ.
2.4.5. Evaluation of O3 simulation in PPPs
Various numerical models have been applied to simulate the O3 chemistry of PPPs
(Frost et al., 2006; Sillman, 2000; Zaveri et al., 2003). The simulation of the chemistry and
transport of PPPs by 3-D models is widely used for assessing the effectiveness of emission
controls of power plant pollutants. However, the performance of these models has most often
been evaluated with ground concentrations (Godowitch et al., 2008; Mauzerall et al., 2005;
Vijayaraghavan et al., 2009).
The model overestimated background O3 by 8─15 ppb during the flights (Table 2.5).
Sensitivity modeling shows that boundary conditions were the biggest contributor to background
O3 levels. Thus, we focus on the differences (ΔO3) between plume and background O3 mixing
ratios to assess model performance for O3 formation from power plant plumes (Table 2.5).
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a

OBS_O3_BG: observed background O3 (in parentheses, dashes mean no valid value can
be found for OBS_O3_BG)
b
MOD_O3_BG: modeled background O3
c
OBS_ ΔO3: OBS_O3_Plume - OBS_O3_BG (in parentheses, dashes mean no valid value
can be found for OBS_ΔO3_BG)
d
MOD_ ΔO3: ZOCO3 (=O3 model, base – O3 model, zero-out that plant)
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e

OBS_OPE: ozone production efficiency of observed plume from the least square fits of
O3 to (NOy-NOx); values in parentheses are the R2 of least square fit of O3 to (NOy-NOx) (in
parentheses, dashes mean no valid value can be found for OBS_OPE)
f
MOD_OPE: ozone production efficiency of modeled plume (=ZOCo3/ZOCNOz)
Table 2.5 Background and plume O3 (ppb) and OPE (unitless) from model and
observations.

The model accurately simulates that the Monticello and Welsh plumes shift from
being depleted to being enriched in O3 between transect 1 and 2, and predicts the transition to
occur one transect sooner than observed for Martin Lake. All of these plumes traversed rural
regions of northeastern Texas where biogenic isoprene is abundant. However, the model
underestimates the amount of O3 enrichment downwind by 20-70% (Ma-9 to Ma-12, Mo-2 to
Mo-4, We-2 to We-4). The model also underestimates titration in the initial transects, reflecting
the more rapid dilution of NOx in the model.
OPE quantifies the number of O3 molecules formed per molecule of NOx irreversibly
oxidized to NOz species (Liu et al., 1987). Here, we determine OPE in the model from the ratio
ZOCO3 to ZOCNOz, and in the measurements from the least square slope of O3 versus NOy-NOx
(NOz) (Trainer et al., 1993).
Observations of Martin Lake, Monticello, and Welsh transects show OPE steadily
increasing, while O3 production evolves from depletion to net formation, consistent with OPE
trends from PPPs in the southeast U.S. (Ryerson et al., 2001) and in Texas in 2000 (Ryerson et
al., 2003). OPEs from transects of these plumes (Ma-6, Mo-4, and We-4) at similar plume ages
are compared in Figure 2.15. OPEs for Monticello and Welsh were remarkably similar (Figure
2.15), reflecting approximately equal O3 formation potentials of these facilities with similar NOx
emission rates (Table 2.1). Martin Lake emitted about two times as much NOx as Monticello and
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Welsh, and thus exhibited a smaller OPE. Comparing younger transects, OPE in the Big Brown
plume (Bi-1) was 1.7 at a plume age of 1.3 hours, lower than the similar-plume-age OPE of
Martin Lake (2.6, Ma-3) and Welsh (4.6, We-2), but close to the OPE of Monticello (1.4, Mo-2).
OPE could not be quantified in the subsequent Big Brown transect due to lack of correlation
between O3 and NOz. The Parish plume exhibited an OPE of 4.4 at a plume age of just 0.6 hours,
suggesting rapid O3 formation under the influence of Houston region anthropogenic VOCs.
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Figure 2.15 O3 versus NOy-NOx from the transects of Martin Lake (Ma-6, plume age of 2.0
hours), Monticello (Mo-4, plume age of 2.4 hours), and Welsh (We-4, plume age of 2.7
hours). The slopes from the least square fits indicate the observation-based estimates of
OPE from each plume transect.

The model replicated the observed temporal trends in OPE but simulated maximum
OPEs about a factor of 2 lower than observed (Table 2.5). Since the calculation of OPE
implicitly assumes that NOy is conservative in plumes, the rapid loss of NOy observed but not
modeled on the cloudy day (Table 2.5) may undermine the accuracy of the observation-based
OPE.
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It should also be noted that the model tended to under-predict measured isoprene
concentrations. Observed isoprene concentrations averaged over all transects are higher than the
modeled average by 51.3%. We perturb domain-wide isoprene emission rates by this factor in
the model to investigate how much impact the isoprene discrepancy has on the O3 formation in
plumes. After perturbation, the simulated ZOCO3 has a maximum increase of 3 ppb (Ma-2). The
maximum O3 increase for Monticello and Welsh is 1.5 and 2 ppb, respectively. OPEs of Martin
Lake, Monticello, and Welsh plumes would increase to 7.0, 7.8, and 5.9, respectively, closing
roughly half of the gap between modeled and observed OPEs. For Big Brown, the OPE would
increase by a factor of 1.4, and for Parish, the OPE would increase to 6 (Pa-2), exceeding the
observed OPE (4.4).

2.5. Summary and Conclusions
A regional 3D photochemical model was applied with fine-grid resolution to simulate
PPPs during three days of airborne measurement by NOAA’s WP-3 aircraft in TexAQS II. In
this modeling study, the modeled and airborne observed concentrations are compared in detail at
each plume transect. Under steady wind meteorological conditions, the fine-scale (4km) CMAQ
accurately simulated the transport and dispersion of PPPs despite lacking a plume-in-grid
module.
SO2 and NOx show strong consistencies among the CEMS-reported emission data. In
the Martin Lake and Monticello plumes, CO was strongly correlated with SO2 and NOy and
could serve as a conservative tracer species to track plume evolution; CO2 was strongly
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correlated with SO2 and NOy in all plumes but was not modeled by CMAQ. The trend in the
least square slopes of pollutants relative to CO (CO2) was used to assess species lifetime.
On clear-sky days (19 and 25 September), SO2 and NOy experienced slow evolution
(loss) in the Parish and Big Brown plumes. Both the model and the observation were closely
correlated in the ratios of SO2 and NOy to conservative species, suggesting the model well
captured SO2 and NOy evolution in the plumes.
SO2 was observed to be rapidly lost in the Martin Lake, Monticello, and Welsh
plumes under scattered cloudiness on 16 September. The observation-based SO2 lifetime was 2.6
and 2.7 hours for the Martin Lake and Monticello plumes, respectively. The detailed examination
of the photolysis rate and relative humidity data suggested cloud-processing of PPPs caused the
rapid SO2 loss on 16 September. The original simulation did not show the apparent SO2 loss
since PPPs resided below clouds in the model. Perturbing the cloud bottom heights to interact
with the PPPs yielded modest rates of SO2 removal via aqueous processing in the CMAQ cloud
module. SO2 removal in the model was still slower than the observed rapid loss, even after
increasing cloud liquid water content and metals concentrations in cloud droplets to enhance SO2
oxidation.
The simulation closely matched the observed NOx oxidation rates. The observed
NOx lifetime for Martin Lake and Monticello plumes was 2.6 hours and 1.2 hours, respectively.
The modeled PAN formation reflected the observed trend of PAN formation, while the modeled
HNO3 was 0.7─6.6 times higher than observed due to the rapid HNO3 loss in observation on
cloudy days. For the Martin Lake plume, the loss rate of NOy has been quantified to be 0.148
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hour-1 in observation, faster than the modeled NOy (0.026 hour-1) by a factor of 6 since modeled
NOy loss was insensitive to aqueous processing in the absence of precipitation.
The model effectively simulated the transition between ozone titration and formation
but tended to predict lower OPE than indicated by observations. The discrepancies of OPEs
between the model and the observations could be explained by the observed rapid NOy loss that
biases high the observation-based OPE estimates.

70

Chapter 3

Reconciling NOx emissions reductions and
ozone trends in the U.S., 2002-2006 *2

3.1. Introduction
Regional atmospheric chemical transport models have long been demonstrated as a
useful tool to simulate historical episodes of photochemical O3 pollution, in which ambient
observations are available to evaluate the simulation. However, accurate simulation of historical
concentrations does not guarantee that models will accurately replicate the response of O3 to
emission controls. Evaluating a model’s credibility in simulating the pollutant change due to
emission change is referred to as dynamic evaluation (Dennis et al., 2010; Rao et al., 2010). The
challenges in dynamic evaluation are: (1) variations in meteorological conditions between the
time periods must be accurately simulated; (2) emission magnitudes and trends must be
2*

Adapted with permission from Zhou et al., Reconciling NOx emission reductions and ozone
trends in the U.S., 2002-2006, Atmospheric Environment, 70, 236-244. Doi:
10.1016/j.atmosenv.2012.12.038. Copyright © 2013, Elsevier.
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accurately quantified; (3) the chemical mechanism in the model must reliably characterize
pollutant response to the emission change; and (4) boundary condition changes can also
influence model results inside the domain.
The U.S. EPA and state agencies have implemented a series of control plans to reduce
the emission of O3 precursors. In particular, the NOx SIP Call issued by EPA to reduce NOx
emissions contributing to O3 non-attainment in the eastern U.S. resulted in significant NOx
emission controls at power plants in the Ohio River Valley, Kentucky, and Tennessee during
2003-2004 (Pegues et al., 2011; USEPA, 2005). NOx emissions from on-road mobile sources and
power plants have decreased by about 20% and 40%, respectively from 2002 to 2006 in the
eastern U.S. (Gilliland et al., 2008; Godowitch et al., 2010).
These emission controls led to substantial decreases of O3 concentrations as observed
at air quality monitors (Butler et al., 2011; Gégo et al., 2007). The observed maximal 8-hour O3
concentration at ground monitors declined by 13% in the eastern U.S. from 2002 to 2004
(Gilliland et al., 2008). Both the ground NOx measurement and the satellite NO2 vertical column
suggest that the NOx emission reduction from major point sources was the leading contributor to
the O3 decrease immediately following the NOx SIP Call (Gégo et al., 2007; Kim et al., 2006) .
Some dynamic evaluation studies of this period have suggested that current air quality
models may underestimate the O3 decrease by 20─60% (Gilliland et al., 2008; Napelenok et al.,
2011). Uncertainty in ground NOx emission estimates has been identified as a key source of the
underestimate of O3 trend in models (Gilliland et al., 2008). The gap of the O3 trend between
models and observations could also be attributed to inaccurate simulation of meteorological
variations or the inefficient processing of long-range transport of O3 and its precursors in models
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(Gilliland et al., 2008; Godowitch et al., 2011). The choice of chemical mechanism has also been
shown to influence modeling of O3 trends due to a NOx emission reduction (Gilliland et al.,
2008).
This study presents a dynamic evaluation of a photochemical model’s ability to
simulate the declining trend in O3 from 2002 to 2006 over the eastern U.S., when NOx emissions
from major point sources as well as the mobile sector were substantially reduced. Here we focus
on quantifying the regional O3 trend in the eastern U.S and probing the influence of uncertainties
in the model inputs (i.e., meteorology, emission, and chemical reaction rates) on the underprediction of O3 trends.

3.2. Modeling system and methods
3.2.1. Description of the modeling system
This study simulates the O3 photochemistry in three summer months (June, July and
August) in both 2002 and 2006, representing conditions before and after the NOx SIP Call. For
dynamic evaluation, it is crucial that the modeling system be set up consistently for the two
periods. In this study, the same versions of the meteorological model, the emission processing
model, and the atmospheric chemistry and transport model have been applied to simulate the air
pollution episodes. In the atmospheric chemistry and transport model, the same physical and
chemical mechanisms were utilized for the simulations.
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Meteorological fields for both summers were generated by MM5 v3.6.3 (Grell et al.,
1994). More details about the specific physical options employed by MM5 for the
meteorological simulation can be found in a model evaluation study (Appel et al., 2010).
The hourly gridded emission inputs for CMAQ were generated by SMOKE version
2.2 model (http://www.smoke-model.org/version2.2/html/). The ground anthropogenic
emissions were from the National Emission Inventory (NEI)
(http://www.epa.gov/ttn/chief/net/). The major elevated point source emissions were taken
from the CEMS hourly emission data (http://ampd.epa.gov/ampd/). The MOBILE6.2 model
(USEPA, 2004) was applied to generate on-road vehicle emissions for both summers, taking into
account county-specific control program information from each state. Biogenic emissions of
NOx, isoprene and other biogenic VOC species were calculated by BEIS version 3.14 (Schwede
et al., 2005) model for both summers.
The CMAQ (Byun and Schere, 2006) version 4.7 has been applied with the CB-05
chemical mechanism (Yarwood and Rao, 2005) to simulate O3 photochemistry in both summers.
The rate constant for the reaction of OH and NO2 to form gaseous nitric acid (HNO3) in CB-05
was updated to 9.2×10−12 cm3 molecule−1 s−1 from the default value (10.5×10−12
cm3 molecule−1 s−1) as suggested by a recent experimental study (Mollner et al., 2010). The
model was initialized for four days (May 30 – June 2) in each year. The modeling domain covers
the eastern U.S. (279×240 grid cells) with a 12-km grid resolution and 24 vertical layers, with
the height of the first layer being around 40 m (Figure 3.1). The boundary conditions were from
a larger 36-km modeling domain covering the entire continental U.S. The specific physical and
chemical modules employed are detailed in Appel (2010).
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Figure 3.1 Analysis focuses on nine metropolitan areas (red) within the 12-km modeling
domain (black rectangle). The states in the NOx SIP Call region are shaded in light blue.

3.2.2. Emission trends
The emission inventories show a 20% reduction in ground-level NOx emissions,
predominantly attributable to the declining on-road vehicle emission, while non-road and other
ground emissions were estimated to experience minor change (Table 3.1). A 33% reduction was
estimated from point sources, mostly due to controls at large power plants in the Ohio River
Valley, Kentucky, and Tennessee. Total NOx emission decreased 25% over the domain from
2002 to 2006. NOx emissions from point sources were reduced by 42% while ground-level NOx
emissions decreased 18% in the SIP Call region. While the magnitude and the trend of point
source emissions extracted from the CEMS dataset are thought to be well represented (Frost et
al., 2006; Zhou et al., 2012) , the ground-level emission is subject to large uncertainties (Parrish,
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2006). Overall VOC emissions on a VOC-molar basis were estimated to decline by 18% (Table
3.1).

Ground-level
emission
NOx a
VOCb
1899
195
1523
1
-20%
-17%

Emission Category
Pollutant
Summer 2002
Summer 2006
Difference (20062002) (%)
a

Point Emission
NOx
1230
821
-33%

VOC
3.2
1.9
-41%

Total Emission
NOx
3405
2633
-25%

VOC
198
163
-18%

unit is kton; b unit is million mole of VOC molecule.

Table 3.1 NOx and VOC emission reduction over the domain from 2002 to 2006

3.2.3. Observational data
The observed O3 and NOx concentrations in this study are from the Air Quality
System of EPA (AQS,
http://www.epa.gov/ttn/airs/airsaqs/detaildata/downloadaqsdata.htm) and the Clean Air
Status and Trends Network (CASTNet, http://java.epa.gov/castnet/). AQS sites have broader
spatial coverage, located in rural forested, industrial, urban, and suburban areas, whereas
CASTNet sites are primarily rural. Both air quality monitoring networks record hourly O3
measurements. Only AQS has the NOx observations. A site was considered valid if it had O3 data
for at least 70 days of the 92-day modeling period for each year. For the summers of 2002 and
2006, 695 sites in AQS and 62 sites in CASTNet had valid O3 measurements, of which 424 and
36, respectively, reside in NOx SIP Call states. Among the valid O3 monitors in the domain, 125
reported concurrent NOx measurements and 223 reported concurrent temperature data.
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3.2.4. Focus regions
Most monitors with concurrent temperature, NOx and O3 measurements are located in
large metropolitan areas. When quantifying the influence of uncertain parameters on the O3
trend, we focus on nine major Metropolitan Statistical Areas (http://www2.census.gov/cgibin/shapefiles2009/national-files) for which multiple monitors reported concurrent data:
Atlanta-Sandy Springs-Marietta, GA (Atlanta); Baton Rouge, LA (Baton Rouge); BostonCambridge-Quincy, MA-NH (Boston); Dallas-Ft Worth-Arlington, TX (DFW); WashingtonArlington-Alexandria, DC-VA-WV (Washington DC); Chicago-Naperville-Joliet, IL-IN-WI
(Chicago); Houston-Sugar Land-Baytown, TX (Houston); Pittsburgh, PA (Pittsburgh); New
York-Northern New Jersey-Long Island, NY-NJ-PA (New York) (Figure 3.1). Of these, Boston,
Washington DC, Chicago, Pittsburgh and New York are in SIP Call states.
3.2.5. Sensitivity analysis methods
A first-order sensitivity coefficient is the responsiveness of concentrations to a small
or infinitesimal change in one modeling parameter. A second-order sensitivity coefficient
represents the curvature of that responsiveness. Sensitivity coefficients in this study are
approximated by the Brute Force method (Cohan et al., 2005; Hakami et al., 2004). Two
chemical transport model simulations were conducted with the fractional perturbation

= ±10%

for each sensitivity parameter p. Semi-normalized first- and second-order sensitivity coefficients
are then computed by Equations 3.1 and 3.2:

Equation 3.1 Semi-normalized first-order sensitivity coefficient.
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Equation 3.2 Semi-normalized second-order sensitivity coefficient.

The impact of large changes in input parameters can be predicted by applying Taylor
expansions to first- and second-order sensitivity coefficients (Hakami et al., 2003). In a nonlinear
modeling system such as a 3-D atmospheric chemistry and transport model, pollutant
concentrations as a function of a large perturbation in input parameter p (e.g., an emission rate)
are expressed as follows:

Equation 3.3 Taylor expression for the pollutant concentrations as a function of a large
perturbation in input parameter p.

In equation (3.3),

is the fractional perturbation in parameter p from its base value;

is the concentration after perturbing one parameter;
before perturbation;

and

is the original concentration

are the semi-normalized first and second-order sensitivity

coefficients of concentration to parameter p; and HOT represents higher-order terms beyond
second-order. Previous studies have found that for moderate emissions perturbations, secondorder coefficients are sufficient to accurately predict perturbed O3 concentrations (Hakami et al.,
2003).
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3.3. Results and analysis
3.3.1. Metrics for evaluating O3 trend
Due to the nonlinear response of O3 to meteorology and emissions, O3 trends may
depend in part on the choice of temporal metric. O3 is regulated based on maximal daily 8-hour
average mixing ratios (

). Dynamic evaluation typically considers O3 levels sorted by rank

within each period, where

represents the n×100% percentile value of

within

episode t. For example, several dynamic evaluation studies have considered the trends in the 95th
percentile

O3 mixing ratios

(Gégo et al., 2007;

Gilliland et al., 2008; Godowitch et al., 2010; Hogrefe et al., 2011) as a proxy for the regulatory
O3 design value, which considers the 3-year average of the annual 4th highest

O3 values at

each site. The trend in the episodic average of maximal daily 8-hour O3
more broadly represents O3 conditions across the episode.
Figure 3.2 shows how the change in

O3 between 2002 and 2006

varies with the choice of percentile n. Both the model and the
observations show greater improvements in O3 at NOx SIP Call region monitors on higher
percentile (more polluted) days (Figure 3.2(a)). The model under-predicts the improvements in
and

O3 in the NOx SIP Call region for all percentiles n, and the gap between the

model and the observation for

grows as the percentile n increases (Figure 3.2(a)).

Outside the NOx SIP Call region, a slight increase in

O3 was observed (Figure 3.2(b)).
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Figure 3.2 The observed (dash line) and modeled (solid line) daily maximal 8hour O3
as a function of percentile n, averaged over all
monitors (a) inside the NOx SIP Call region, and (b) outside the SIP Call region.

Although the trends vary with percentile, 95th percentile and episode average results
are highly correlated within both the modeling and the observations. The least-square fits
between

and

across the domain have R2 of 0.89 for the observation and 0.84 for

the model (Figure3.3). The strong correlation between

and

suggests that either
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metric will characterize similar relationships between the modeled and observed results. We
choose

for the remainder of this dynamic evaluation since it is more robust in fully

covering the O3 trends throughout the modeling periods.

Observed: y = 0.65x + 0.82
R2 = 0.89
Modeled: y = 0.61x + 0.67
R2 = 0.84
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Figure 3.3 The linear correlations between
and
in the observed data
(solid diamonds) and the modeled data (open circles).

3.3.2. Observed and modeled O3 trend
O3 concentrations declined over most of the NOx SIP Call region from 2002 to 2006,
and were mixed elsewhere (Figure 3.4). Of the total 757 sites with valid O3 observations over the
domain, 550 (73%) sites showed a downward trend in

O3 concentrations, with a domain-
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wide average

of -3.8ppb. Over the NOx SIP Call region (shaded areas in Figure 3.1), the

average trend was -8.0 ppb, and 446(97%) of the 460 monitors showed a decrease in O3.
Particularly strong O3 reductions (

<-10ppb) were observed in regions downwind of the

Ohio River Valley, where numerous power plants substantially reduced NOx emissions.
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Figure 3.4 The correlation between the observed and modeled
NOx SIP Call region

inside and outside the

The base model captured the general features of O3 declines in the NOx SIP Call
region and mixed or slightly increasing O3 elsewhere (Figs. 3.4 and 3.5). However, the model
was less effective at representing spatial patterns in O3 trends within each region, achieving an
R2 of 0.16 inside and outside of NOx SIP Call region (Figure 3.4).
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Figure 3.5 The 2002-2006 O3 trend (
) at monitors over the domain based on (a)
observations, (b) base model, and (c) observations-base model.
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The model significantly underestimated the magnitude of the downward trend in O3 in
the NOx SIP Call region, simulating an average

of -4.6 ppb while the observed was -8.0

ppb (Table 3.2). In the metropolitan areas in the NOx SIP Call region, model under-prediction of
the improvement in

O3 ranged from 26%-66% (Figure 3.6).

Observ
NOx SIP Call region
Number of sites
(ppb)
(%)
Outside SIP Call
Number of sites
region
(ppb)
(%)
Table 3.2 O3 trend (

ation

Model
460

-8.0
-13.1

-4.6
-8.0
297

1.5
3.3

0.5
1.0

) inside and outside the NOx SIP Call region.

(ppb)

8
4
0
-4
-8
-12

Observation
Base model
Temp-adjustment
NOx Constrain
Decreased OH+NO2 rate
Baton
Rouge

Dallas Ft
Worth

Houston

Atlanta

Chicago

Washington

Boston

Pittsburgh New York

Figure 3.6 The O3 trend (
) in the nine metropolitan areas from the observation, the
base model, and the model after adjusting for temperature, NOx emission constraints, and
the decreased NO2+OH reaction rate.
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Monitors outside the NOx SIP Call region showed mixed trends in O3 concentrations.
Of 297 sites outside the NOx SIP Call region, 104 sites (35%) observed a downward trend in O3
while others had an upward trend from 2002 to 2006. Positive

O3 was observed in the

Baton Rouge, Dallas-Ft Worth and Houston regions (6.0ppb, 5.0ppb, and 0.7 ppb, respectively),
and a modest decline of -1.0 ppb was observed in Atlanta (Figure 3.6). The base model predicted
increases in O3 in all four regions (Figure 3.6), likely reflecting meteorology (higher
temperatures) more conducive to O3 formation in 2006. Both model and observation
consistently show that the daily maximal temperature increased from 2002 to 2006 in non-SIP
Call region while the daily maximal temperature moderately decreased (Figure B1 and B2 in
Appendix-B). This evidence suggests that warmer temperature in 2006 may lead to the positive
O3 trend in non-SIP Call region.
3.3.3. Causes of under-predicted O3 improvements
The O3 trend is essentially determined by the different meteorological conditions of
the two periods, and the response of O3 to changes in emissions between the two periods. Thus,
three possible hypotheses could explain why the model systematically under-predicted the
downward O3 trend in the NOx SIP Call Region: (1) meteorological differences between the
periods may have been inaccurately simulated; (2) the base year NOx and VOC emissions and
the downward trend of NOx or VOC emissions may have been underestimated; or (3) the model
chemical mechanism may not show O3 to be sufficiently responsive to the emission change. The
following analyses probe these hypotheses and quantify their contributions to the underprediction of the O3 trend.
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3.3.4. Modeled temperature biases
High temperature is strongly associated with stagnant and sunny atmospheric
conditions, facilitating the accumulation of primary pollutants for generating O3 near the surface.
It accelerates the thermal disassociation of peroxyacetylnitrate (PAN) to release NOx and RO2
and increases emissions of biogenic VOCs (Sillman and Samson, 1995). Thus, temperature is
highly correlated with O3 formation, at least for the temperature ranges typically observed in the
eastern U.S. (Bloomer et al., 2009; Sillman and Samson, 1995; Steiner et al., 2010).
Changes in the frequency of mid-latitude cyclones and frontal passages could also
influence inter-annual variability in O3 exceedances in the Northeast U.S. (Leibensperger et al.,
2008). However, no conclusive evidence shows more cyclones in either period of 2002 and
2006, and meteorological modeling seeks to simulate the synoptic wind-flow patterns in each
period. The meteorological analysis focuses on quantifying the influence of the simulated
temperature biases on the O3 trend.
Past studies have shown O3 mixing ratios and temperature to be linearly correlated at
the temperature range of 19─39°C in both observation and models, with slopes of the leastsquare fit between

O3 and daily maximal temperature (hereafter

) ranging from 2

to 8 ppb/°C (Bloomer et al., 2009; Rasmussen et al., 2012; Steiner et al., 2010). We compute
based on modeled

O3 and daily maximal temperatures in each episode,

excluding monitors at which the R2 of the least-square fit is less than 0.3 since that indicates
weak correlation. In the two periods

ranged from 2 to 5 ppb/°C among all valid

monitors, consistent with the previous modeling and observational studies. Modeled and
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observed

were consistent in 2002 and 2006 (the difference between the modeled and

observed was less than 10%).
The temperature bias (=modeled temperature-observed temperature) for 2002 was -1.2
◦C and for 2006 was -0.8 ◦C. Most sites in the non-SIP region showed negative bias in daily
maximal temperature (model > observed) for both 2002 and 2006 while sites in the SIP Call
region presented greater spatial heterogeneity with negative and positive temperature bias coexisting for both years. The model exhibited a slight cold bias for daily maximal temperatures
(Tmax) in both years. In 2002, the modeled Tmax was lower than the observed Tmax by 0.9°C (in
the NOx SIP Call region) and 1.4°C (outside the SIP Call region). In 2006, the underestimation
of temperature was 0.4 °C and 1.3°C inside and outside the NOx SIP call region, respectively.
This led the model to under-predict the observed temperature decrease in Tmax between 2002 and
2006 (-0.43°C modeled vs. -0.98°C observed), but to approximately match the 2002 to 2006
temperature change outside the SIP Call region (0.67°C modeled vs. 0.59°C observed).
Errors in simulating the temperature differences between the two periods could influence
the simulation of O3 trends. We use temperature from both the model and the observation and
from the model to quantify the contribution of the temperature biases to errors in
simulating the O3 trends. Firstly, the temperature data within the range (19°C-39°C) for a valid
O3-Tmax linear correlation were selected for the analysis. Temperature-adjusted O3
trend
model and

was computed from Equation 3.4, in which
is the slope of least-square fit between

is the O3 trend in the base
O3 and Tmax. The last two

terms on the right hand of Equation 3.4 refer to the contribution of temperature biases to the O3
trend for 2006 and 2002, respectively.
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Equation 3.4 Temperature-adjusted O3 trend as a function of temperature biases.

After selecting only monitors where
for the calculations of

O3 and Tmax were well correlated (R2

, only Atlanta (3 sites), Chicago (4 sites), Boston (5 sites),

and New York (8 sites) among the nine metropolitan areas were left for the temperatureadjustment analysis. Correcting for temperature bias by Equation 3.4 slightly narrowed the
under-prediction of

in New York, but worsened the under-prediction in Boston (Figure

3.6). The adjustments caused only a negligible impact in Atlanta and Chicago. Thus, errors in the
meteorological simulations of temperature are unlikely to explain the under-predictions of O3
improvements in the NOx SIP Call region.
3.3.5. NOx emission perturbation
NOx concentrations declined from 2002 to 2006 over most of the domain. The
domain- and episode-averaged observed 24-hour average NOx concentration decreased by 2.8
ppb (20%) from 2002 to 2006. Of 125 NOx monitors, 99 monitors (79%) showed a decline in
NOx concentrations with the strongest declines occurring in the NOx SIP Call region (Table 3.3,
Figure 3.7).
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Region
Domain
NOx SIP Call region
Pittsburgh
Boston
New York
Chicago
Washington DC
Outside NOx SIP Call
Atlanta
Houston
Dallas-Ft Worth
Baton Rouge

Number of sites
125
57
7
5
5
4
3
68
3
12
9
9

Observed

Modeled

-2.8 (-20%)
-4.6(-25%)
-3.9 (-17%)
-2.5 (-20%)
-5.1 (-20%)
-7.2 (-23%)
-11.6 (-41%)
-1.2(-12%)
-1.0 (-7%)
-2.0 (-15%)
-1.7 (-16%)
-1.9 (-17%)

-2.5 (-15%)
-2.3(-16%)
-2.3 (-20%)
-1.5 (-10%)
-6.7 (-16%)
-3.8 (-14%)
-3.8 (-17%)
-2.6(-15%)
-0.8 (-6%)
-4.6 (-13%)
-3.4 (-26%)
-4.4 (-14%)

Table 3.3 Observed and modeled NOx concentration trends (ppb and %) from 2002 to 2006

( (
b)a)

89

ΔNOx(ppb)

Figure 3.7 The episode average NOx concentration change (ΔNOx=NOx(2006)-NOx(2002))
at monitors over the domain in (a) observations, (b) the base model.

The metropolitan areas in the NOx SIP Call region experienced significant declines in
NOx concentrations. The observed NOx concentration in five major regions (Chicago, Boston,
Pittsburgh, New York, and Washington DC) declined by 2.5ppb-11.6ppb (or 17%-41%), with
the largest NOx decline occurring in Washington DC (Table 3.3). The modeled NOx
concentration declined by only 1.5ppb-6.7ppb (or 10%-20%), suggesting underestimation of the
NOx downward trend in these metropolitan areas by 31%-64% based on percentage trends.
Monitors outside the NOx SIP Call region observed relatively modest declines in NOx
from 2002 to 2006. Averaged over the metropolitan areas, NOx declined by 1.1ppb-2.0ppb (7%17%) in the observations and by a similar 0.8ppb-4.6ppb (7%-26%) in the modeling (Table 3.3).
We use the observed episode average NOx concentrations to constrain the NOx
emission rates in metropolitan areas and then recalculate simulated O3 trends under the
constrained NOx emissions. In constraining NOx emissions, the updated emission (
function of the original emission (

and a perturbation factor (ε) in Equation 3.5.

) is a
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Equation 3.5 NOx emission perturbation equation

The perturbation factor (ε) can be positive (increasing emissions) or negative
(decreasing emissions), depending on the comparison between modeled and observed NOx
concentrations. Since elevated point source NOx emissions are thought to be well characterized
by continuous emission monitors (Frost et al., 2006), we consider perturbations only to groundlevel NOx emissions. Updated NOx concentrations under alternate NOx emissions are computed
via the Taylor expansions of local first- and second-order sensitivity coefficients as shown in
Equation 3.6. In the equation,

and

are the first- and second-order sensitivity coefficients

of NOx concentrations to the ground-level NOx emissions from the metropolitan area, computed
by Equation 3.1 and 3.2;

and

are NOx concentrations under the base and perturbed

emission rates, respectively. Setting Cp equal to the observed episode-average NOx concentration
Cobs and solving Equation 3.6, the perturbation factor ε can be computed by Equation 3.7.
(3.6)
Equation 3.6 Pollutant concentration as a function of emission perturbation ε.

Equation 3.7 Perturbation equation.
NOx concentrations,

and

were firstly averaged over each metropolitan area in

each year. A NOx emissions perturbation factor ε was then computed with the averaged
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concentration and sensitivities for each metropolitan area in each year. Perturbation factors were
not allowed to exceed ±40%, corresponding to the ±1σ uncertainty range for NOx emission
inventories assumed by previous studies (Deguillaume et al., 2007); this excluded Baton Rouge,
Houston, and Pittsburgh from the analysis. Equation 3.3 was then applied to calculate updated
O3 in each year based on the perturbation factors and the first- and second-order sensitivity
coefficients of O3 to the local ground-level NOx emissions (updated by Equation 3.1 and 3.2).
The base model over-predicted NOx concentrations in most of the metropolitan areas
in the NOx SIP Call region, leading to negative perturbation factors in Equation 3.7 (Table 3.4).
The resulting perturbation factors indicate that the NOx emission reduction trend from 2002 to
2006 was steeper than originally modeled (Table 3.4). In the base model the NOx emission
reduced 16% -19% (average: 17%) from 2002 to 2006 in all nine metropolitan areas.
Constraining NOx emissions led to an update in NOx emissions in the base year (2002) and an
updated NOx emission trend of 22%-33% (average: 27%). The constrained emission trend is
consistent with a satellite-estimated NO2 trend in metropolitan areas (Russell et al., 2012).
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Region

Perturbatio
n(2002)

Perturbation
(2006)

Emission trend
in base model

Emission trend
after
constraining
NOx -28%
-26%
-29%
-33%
-22%
-22%
-

Pittsbur
NA
NA
Boston
-19%
gh New
-19%
19%
28%
Chicag
-16%
York
27% 12
33% Washin
-16%
oAtlanta
26% 35
38%28%
-17%
gtonHousto
DC
% NA
10%NA
% Dallas-17%
n Baton
NA
NA
Ft Worth
31%
35%
NA: perturbation
exceeded ±40%
Rouge
Table 3.4 Perturbation applied to regional ground-level NOx emissions based on observed
NOx concentrations, and resulting 2002-2006 trends in NOx emissions.

The constrained NOx emissions in the base year and the trend led to substantial
improvements in the simulated O3 trends in metropolitan areas in the NOx SIP Call region
(Figure 3.6). The under-prediction of the observed
metropolitan areas. In particular,

reduced from 49% to 27% in these

in New York (-6.8ppb NOx-constrained vs. -3.6ppb

base-model and -10.4ppb observed) and Washington DC (-4.4 ppb NOx-constrained vs. -2.3 ppb
base-model and -5.4ppb observed) had the most significant improvements in O3 trends (Figure
3.6). However, the updated O3 trends still underestimate the observed O3 reductions in the NOx
SIP Call metropolitan areas. The NOx constraint had only a slight effect on O3 trends in Dallas Ft
Worth and Atlanta outside the NOx SIP Call region.
3.3.6. Impact of chemical reaction rate uncertainties
A third potential explanation for the under-predicted O3 improvement in the SIP Call
region is if uncertainties in the chemical mechanism cause it to under-predict the O3 response to
NOx reductions. We evaluate the impact of uncertain chemical reactions on the modeled O3 trend
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during the two periods. The large number of chemical reactions in the CB-05 chemical
mechanism limits the analysis to the chemical reactions identified by previous studies to be most
likely to influence the responsiveness of O3 concentrations to emission changes (Beekmann and
Derognat, 2003; Cohan et al., 2010; Gao et al., 1995; Mollner et al., 2010). As summarized in
Table 3.5, the chosen reactions are NO+O3, since it is crucial to O3 formation; the reaction of OH
with NO2, which removes a key radical, all photolysis rates, which may vary together due to
error in simulating clouds and actinic flux, and all VOC+OH oxidation reactions. Estimates of
the 1σ uncertainty for each reaction are obtained from the literature (Hanna et al., 2001; NASAJPL, 2011) (Table 3.5). Errors in meteorological modeling of actinic flux and cloud amount lead
to covarying errors in photolysis rates; thus, the photolysis rates are scaled up and down with the
same factor.

Uncertainty
factor (1σ)

SFmax

Maximal
(ppb)

Observed
-8.0
Base model
-4.6
NO + O3→NO2 + O2
1.10a
1/1.10
-4.7
a
OH + NO2 → HNO3
1.30
1/1.30
-5.1
b
All Photolysis rates
1.20
1.20
-4.8
All VOC + OH reactions
1.09 b
1.09
-4.8
a: based on f –value at 298k from(NASA-JPL, 2011). b: based on the reported
data from (Hanna et al., 2001)
Table 3.5 Uncertainty factors considered for selected chemical reactions, the scaling factors
(SFmax) that maximize
in the NOx SIP Call region, and the corresponding maximal

A sensitivity analysis method is applied to quantify the influence of uncertain chemical
reaction rate constants on the simulated O3 trend. As each reaction rate is perturbed by
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multiplying or dividing1σ, the resulting O3 concentrations are approximated by Equation 3.3
based on the first and second-order O3 sensitivities to this rate. New estimates for the O3
trend

are then computed by differencing the 2006 and 2002 adjusted O3 concentrations

that result when the same scaling factor is assigned to each year. Maximal O3 improvement
trends

throughout the NOx SIP Call region were modeled to occur when reaction rates

for photolysis and VOC oxidation were scaled up and rates for NO+O3 and NO2+OH were
scaled down, since all of these changes enhance the responsiveness of O3 to NOx emissions.
However, as shown in Table 3.5 and Figure 3.6, none of the perturbations closed more than a
small fraction of the gap between modeled and observed 2002-2006 O3 trends in the SIP Call
region.
Among all four probed reactions, the OH+NO2 reaction rate had the largest impact
(the maximal

= -5.1ppb with SFmax = 1/1.3) (Table 3.4). When this scaling factor (SFmax =

1/1.3) was applied, the O3 trend in the nine metropolitan areas had small changes (0.3ppb to 0.5
ppb) (Figure 3.6). Uncertainties in chemical reactions had a minor impact on the underprediction of O3 trends compared to the NOx emission constraint applied in the previous section.

3.4. Discussion and Conclusions
The CMAQ model has been applied to simulate the O3 trend after the NOx SIP Call
and mobile emission controls substantially reduced NOx emissions in the eastern U.S from 2002
to 2006. The model under-predicted the observed O3 improvements in the SIP Call region,
especially on high percentile O3 days and an episode average basis.
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The observed and modeled 2002-2006 trends in episode average
O3 (

) in the NOx SIP Call region were -8.0 ppb and -4.6 ppb, suggesting a significant

under-prediction of the observed O3 trend by the model.
Biases in meteorological simulations of temperature changes and uncertainties in
chemical reaction rates are unable to explain a substantial portion of the under-prediction of O3
trends. However, the model’s under-prediction of observed downward trends in NOx
concentrations and the uncertainty of NOx emissions in the base year indicate that the emission
inventories may under-estimate the reductions in NOx emissions that occurred between 2002 and
2006. Constraining NOx emissions led to significant reduction (5%-31%) in the under-prediction
of O3 trends in metropolitan areas of the NOx SIP Call region.
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Chapter 4

Slower ozone production in Houston,
Texas following emission reductions:
evidence from Texas Air Quality Study
2000 and 2006*3

4.1. Introduction
The Houston metropolitan area has a long history of non-attainment of the U.S.
National Ambient Air Quality Standards for O3, despite substantial emission reduction efforts
since the 1970s (Cowling et al., 2007). Houston O3 events usually occur in spring (April-May)
and late summer (August-October) in a bimodal nature. In springtime, O3 exceedences tend to
occur under the post-frontal passage meteorological condition, while the summertime events are
featured by continuous high temperature and stagnant meteorology over southeast Texas (Haman
3

* Adapted from Zhou et al., Slower ozone production in Houston, Texas following emission
reductions: evidence from Texas Air Quality Studies in 2000 and 2006, Atmospheric Chemistry
and Physics Discussion, 2013, 19085-19120. Doi: 10.5194/acpd-13-19085-2013.
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et al., 2012; TCEQ, 2007). Favored by these meteorological conditions, large amounts of
coemitted NOx and VOC from petrochemical facilities in the Houston Ship Channel (HSC) and
the nearby urban center lead to high O3 levels (Figure 4.1).

Houston Ship
Channel
Figure 4.1 Map centered on the Houston metropolitan area, showing highways (red lines)
and NOx and VOC point sources. NOx point sources from Continuous Emission Monitoring
System (CEMS) are shown by purple stars. Blue circles indicated total VOC emissions rate
(tons/day) from point sources during TexAQS 2006 (data source: Texas Commission on
Environmental Quality). Houston Ship Channel is identified by a yellow frame.

Unlike the mobile-dominated hydrocarbon emission compositions in many other
metropolitan areas in the U.S., Houston emissions feature episodic spikes of highly reactive
volatile organic compounds (HRVOC), such as C2H4 and C3H6, especially in the HSC region
(Kim et al., 2011; Ryerson et al., 2003). These short-chain alkene species can be recognized as
the emission signature of petrochemical facilities. The high levels of C2H4 and C3H6 interacting
with NOx have been shown to foster rapid and efficient O3 production in Houston (Kleinman et
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al., 2002). Previous studies have found that the O3 production rate (P(O3)) in Houston plumes
could exceed 100 ppb h-1 in contrast to around 20─30 ppb h-1 in other metropolitan areas
(Kleinman et al., 2002).
Despite enormous efforts in curbing HRVOC and NOx emissions from petrochemical
industries and other sources in Houston, peak 8-hour O3 levels have continued to exceed the
EPA’s 8-hour standard (Cowling et al., 2007; Lefer et al., 2010). Meanwhile, until recently, no
study has assessed how the O3 production and the radical chemistry respond to these emission
reductions in the Houston area. Previously, regional transport models were applied to quantify
the O3 trends in the eastern U.S (Gilliland et al., 2008; Zhou et al., 2013). Using these models to
investigate the O3 trend in the Houston area is hindered by the significant underestimation of
historical emissions of some HRVOCs from petrochemical industries and the complexity of local
meteorology, such as land-sea breeze and lower jet stream (Cowling et al., 2007; Parrish et al.,
2009) .
This study pursues an observation-based analysis to explore the trend of O3 production
in the Houston area. The aircraft measurement of Houston pollution plumes during Texas Air
Quality Studies (TexAQS) 2000 and 2006 provide a rich data source of comprehensive air
pollutants over a time gap of six years, during which major emission controls occurred in
Houston (Ryerson et al., 2003). Thus, the airborne measurements of pollution plumes from
TexAQS 2000 and 2006 are utilized to quantify the changes of O3 production. An observationconstrained box model coupled with a subset of the Master Chemical Mechanism (Jenkin et al.,
2003; Saunders et al., 2003) is applied to compute HOx and ROx radical concentrations for
TexAQS 2000 and 2006.
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The second section gives a detailed description of the two TexAQS, the airborne
measurement techniques and the metrics of O3 production used in this paper. The third section
discusses the changes of measured concentrations, analyzes the changes of the O3 production,
and explores the O3 sensitivity to NOx and VOC. Finally, we discuss the changes of the O3
production through radical budget analysis, the contributions of NOx and VOC to O3 production,
and how the O3 sensitivity to NOx and VOC changes due to the emission controls of both
species.

4.2. Methodology
4.2.1. TexAQS 2000 and 2006
The Texas Air Quality Studies in 2000 and 2006 were designed to investigate sources
and atmospheric processes responsible for the formation and transport of photochemical O3 in
eastern Texas and the Houston metropolitan area (Cowling et al., 2007; Parrish et al., 2009). The
campaigns were conducted from August to September, 2000, and September to October, 2006.
The rapid O3 formation and abundant emissions of HRVOC were identified in the plumes from
petrochemical facilities during the TexAQS 2000 (Daum et al., 2000; Daum et al., 2004;
Kleinman et al., 2002). Both airborne campaigns observed far more HRVOC than would have
been expected from the emission inventories, with a smaller gap in 2006 than 2000.
During TexAQS 2000 and 2006, a full spectrum of chemical species originating from
the Houston urban center and HSC were measured by analytical instruments onboard aircraft.
During TexAQS 2000, the NCAR aircraft (Electra) performed flights over the Houston area for
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10 days (August 20, 23, 25, 27, 28, 30, and September 1, 6, 7, and 10). During TexAQS 2006,
the NOAA aircraft (WP-3) performed flights over the Houston area for 11 days (September 13,
15, 19, 20, 21, 25, 26, and 27; October 5, 6, and 10). The Electra and WP-3 flew at heights of
400-700 m above ground in afternoon hours when sampling pollution plumes, which was well
below the typical planetary boundary layer in eastern Texas. A more comprehensive description
of the two studies can be found in previous manuscripts (Cowling et al., 2007; Ryerson et al.,
2003; Washenfelder et al., 2010) .
4.2.2. TexAQS 2000 and 2006
During the airborne measurements, chemical species were measured by different
instruments at different time resolutions. Inorganic species (O3, H2O, NOx, HNO3, SO2, CO, and
CO2), photolysis rates of chemical species, and meteorological parameters were measured at 1─
second time resolution. In both years, hydrocarbons (e.g., HRVOC and isoprene) and oxygenated
VOCs (e.g., HCHO and peroxyacetyl nitrate (PAN)) were measured with different instruments at
different time resolutions. C2-C10 alkanes, C2-C5 alkenes (including C2H4 and C3H6), ethyne, and
C2-C5 aldehydes and ketones were measured using whole air samples (WAS) in canisters.
Hydrocarbons in WAS were analyzed by Gas Chromatography Mass Spectrometry (GCMS) for
Non Methane HydroCarbons (NMHC) (C≥3) and Gas Chromatography with Flame Ionization
Detector (GCFID) for NMHC (C1-C5) offline. There were a total of 726 WAS measurements in
2000 and a total of 814 in 2006.
All other VOCs measured at a higher time resolution were aggregated to the time
frame of the WAS measurements. A total of 37 VOC species were measured in 2000 and 2006
(alkene: 12 species; alkane: 12 species; oxygenated species: 13 species). HCHO was measured
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using Tunable Diode Absportion Spectrometry with a frequency of 1 Hz. Oxygenated VOCs,
such as acetic acid, acetone, acetonitrile, methyl ethyl ketone (MEK), methanol, methyl vinyl
ketone (MVK), and methacrolein (MACR) were measured by proton transfer reaction mass
spectrometry (PTRMS) every 15 seconds. PAN was measured by chemical ionization mass
spectrometry (CIMS). A full description of all chemical species and the corresponding
instruments can be found in Table 1a of Parrish et al. (2009).
Four HRVOC species were identified to be critical in the Houston area due to their
high concentration and substantial contribution to the local O3 formation. They are C2H4, C3H6,
butene isomers, and 1,3-butadiene. In particular, C2H4 and C3H6 were the two most important
species and were suggested to have the largest impact on the O3 production in Houston plumes.
Since O3 production occurs only during daytime, the nighttime measurements were
screened. Those measurements without valid key inorganic species (NO, NO2, O3, and VOCs)
were also filtered. After this processing, 472 samples in 2000 and 675 samples in 2006 remained.
Because the airborne samples were essentially discrete, cumulative probability
distributions are a good option to compare concentrations between 2000 and 2006. The analysis
in the following will frequently discuss the high (top 10% samples, e.g., the high P(O3) means
the highest 10% samples ranked by P(O3)), the median (central 20% samples), and low (bottom
10% samples) concentrations. For each subset, the mean value of its samples will be compared
between 2000 and 2006.
4.2.3. Observation-based box model
In TexAQS 2000 and 2006, no valid measurements of HOx and RO2 were available for
computing the O3 production metrics. A box model, the Dynamically Simple Model of
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Atmospheric Chemical Complexity (DSMACC) (Emmerson and Evans, 2009) based on the
Kinetic Pre-Processor (KPP) (Sandu and Sander, 2006), is applied to compute the concentrations
of HOx and RO2. DSMACC has been applied to simulate radicals in other studies (Henderson et
al., 2011; Stone et al., 2010).
The measured photolysis rates of NO2, O3, and HCHO are used to constrain photolysis
rates in DSMACC. Meteorological inputs include temperature, pressure, and water mixing ratio.
The MCM mechanism used in this study is a subset of the comprehensive MCM v3.2
(http://mcm.leeds.ac.uk/MCM/project.htt#New_3.2) and explicitly represents the 37 VOC
species measured in TexAQS 2000 and 2006. It contains 3145 chemical reactions, including
3101 organic reactions and 44 inorganic reactions.
The diurnal steady state approach (Olson et al., 2012) is applied to constrain the longlived species to measurement, in which each input point of in-situ data is integrated by the model
to find an internally self-consistent diurnal cycle for all computed species to within a given
tolerance (<0.1%). Predictions are taken from the computed diurnal cycle at the same time of day
as the data for direct comparison of radical predictions and measurements.
4.2.4. Ozone metrics
In evaluating the O3 production, four commonly used O3 metrics are applied in this
study. They are OH reactivity of VOCs (TVOC), O3 production rate (P(O3)), the fraction of
radicals removed by reactions with NOx (LN/Q), and O3 production efficiency (OPE).
The OH reactivity of one VOC species, the product of its concentration and its
reaction rate constant with OH expressed in Equation (1), indicates its potential to form peroxy
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radicals that facilitate O3 formation. The total OH reactivity (TVOC) is defined as the sum of the
OH reactivity of all VOC species and CO in this study (Equation (4.1)).

Equation 4.1 Equation for calculating total VOC reactivity (TVOC).

Since NO2 photolysis is the most important reaction to form O3 in the troposphere, the
O3 production rate is equivalent to the formation rate of NO2 via two production channels: the
reaction of HO2 with NO and the reaction of organic peroxy radical (RO2) with NO reaction
(Equation 4.2). The O3 loss paths (L(O3)) include O3 photolysis to generate O(1D) and
subsequent formation of OH radical; the reaction of O3 with OH and HO2; and the ozonolysis of
VOCs (mainly alkenes). Net_P(O3) is the difference of P(O3) and L(O3) (Equation 4.5). FR is the
fraction of O(1D) that generates OH radical rather than returning to ground state odd oxygen that
simply removes O3.
(4.2)
Equation 4.2 Equation for calculating ozone production rate (P(O3)).

(4.3)
Equation 4.3 Equality for calculating ozone loss rate (L(O3)).
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Equation 4.4 Equation for calculating FR (the fraction of O(1D) to form OH radicals).

(4.5)
Equation 4.5 Equation for calculating the net_P(O3).

In equation 4.2,

and

are the reaction rate coefficients for reactions of

HO2 and RO2 species with NO. The MCM mechanism in this study has 217 RO2 species.
Reactions (R) involved in O3 formation can be grouped into three categories: radical
production (Q), chain propagation, and radical termination (L). Radical production paths
generate HOx and RO2 radicals for chain propagation. The three main radical production
reactions are R1-R3 (Q=R1+R2+R3). The radical losses include radical termination by NOx (R4R7) termed as LN (=R4+R5+R6-R7), and radical-radical combinations to form peroxides (R8R11), termed as LR (=R8+R9+R10+R11).
Radical production:

+CO
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Radical loss via NOx reactions:

Radical loss via radical-radical combination:

Whether radicals are removed primarily via reactions with NOx (LN) or with other
radicals (LR) depend on the relative abundance of NOx and radicals. LN/Q is the fraction of
radicals removed via the NOx reactions, assuming that radical production and removal are in
balance (Parrish et al., 2009). This metric indicates whether the O3 formation is NOx or VOC
sensitive (Kleinman et al., 1997). When LN/Q is less than 0.5, it suggests a low NOx regime and
NOx- sensitive O3 formation while larger values of LN/Q indicate a high NOx, and VOCsensitive regime.
O3 production efficiency (OPE) describes the number of molecules of O3 generated
per molecule of NOx oxidized into reactive nitrogen species (e.g., HNO3 and organic nitrate) and
can be defined in either of two ways. Accumulative OPE compares aggregate O3 formation and
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NOx loss based on the slope of least-square-fit between O3 and NOz (≡NOy - NOx, where NOy is
total reactive nitrogen) observations. Accumulative OPE gives an upper limit of actual OPE
because NOz loss via deposition is ignored. Instantaneous OPE characterizes current rates of O3
production per NOx oxidized based on Equation 4.6:
(4.6)
Equation 4.6 Equation for calculating instantaneous O3 production efficiency (OPE).

(4.7)
Equation 4.7 Equation for calculating NOx loss rate (L(NOx)).

4.3. Result and analysis
4.3.1. Meteorology during TexAQS 2000 and 2006
In the Houston area, high O3 events are strongly associated with the local
meteorological conditions (Darby, 2005; Draxler, 2000; TCEQ, 2007). High O3 events occur at
high temperatures and stagnant wind flows and are accompanied by coastal land-sea breeze
(Ngan and Byun, 2010; TCEQ, 2007). Firstly, the meteorological data during the two TexAQS
periods was examined to see if there were significant differences in meteorological fields, such
as temperature and wind, which may lead to the difference of the O3 concentration and
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production. The ground monitors of temperature and wind were compared between 2000 and
2006.
Both 2000 and 2006 had similar temperature variations during the airborne campaigns
(Figure C1 in Appendix-C). Although high- O3 days in both 2000 and 2006 occurred under a
range of synoptic meteorological conditions, there is no indication the general meteorology of
either year more favorable to O3 formation and accumulation, except the extreme hot days (40
°C) from August 29 to September 3 in 2000 (Parrish et al., 2009).
4.3.2. Changes of NOx and HRVOC
In each campaign, the aircraft observed the highest levels of NOx near the HSC, where
many point sources are located, and in the urban center, where the most dense mobile and area
emissions occur (Figures 4.1 and 4.2). Much lower NOx levels were observed in each of these
regions in 2006 than in 2000. The steepest decline in NOx concentrations was observed at the
high end of the distribution (Figure 4.3). Meanwhile, the median NOx concentration declined
modestly (17%), from 2.4 to 2.0 ppb. This is consistent with the sharper emission reductions that
are thought to have occurred from point than from area and mobile sources during this period.
2
200

006

0

Figure 4.2 The spatial distribution of NOx concentration during TexAQS 2000 and 2006
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Figure 4.3 The cumulative probability distribution of NOx concentrations in 2000 and 2006

The discussion of HRVOC will focus on C2H4 and C3H6. In Houston, HRVOC is
predominantly emitted from the congregated petrochemical refining facilities in the HSC and
other areas such as Texas City, Freeport, Chocolate Bayou, and Sweeny (Cowling et al., 2007;
Washenfelder et al., 2010) . These emissions result from flaring, fugitive emissions, cooling
towers, storage/transport, plastics production, and ethylene and propylene production (Kim et al.,
2011).
Emission inventories for HRVOC are known to be highly uncertain, due to temporal
oscillations and because flares and fugitive emissions are technically difficult and costly to
measure (Kim et al., 2011). Previous studies have concluded that emission inventories in the
HSC underestimated HRVOC emissions by at least one order of magnitude (Cowling et al.,
2007; Parrish et al., 2009; Ryerson et al., 2003).
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Most aircraft observations of high C2H4 and C3H6 concentrations occurred near the
HSC (Figure 4.4), clearly indicative of HRVOC emissions from petrochemical plants. It is also
clear the hotspots of C2H4 and C3H6 were fewer in 2006 than in 2000 in HSC, suggesting the
HRVOC emission reduction (Figure 4.4). The cumulative distribution functions of both C2H4
and C3H6 from the HSC (defined here as a rectangular region bordered by 29.5°N/95.6°W and
30.0°N/94.7°W) also show a clear decline of HRVOCs (Figure 4.5). The maximal concentrations
of C2H4 and C3H6 were 35 ppb and 89 ppb in 2000, and 18 ppb and 30 ppb in 2006, declines of
48% and 66%, respectively. The median concentration of C2H4 and C3H6 were 2 ppb and 0.5 ppb
in 2000 and 1.1ppb and 0.2 ppb in 2006, declines of 45% and 51%, respectively. These results
are consistent with the roughly 40% reductions in HRVOCs reported by previous studies
(Cowling et al., 2007; Gilman et al., 2009).
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Figure 4.4 Spatial distribution of C2H4 (top), C3H6 (middle), and total VOC reactivity
(TVOC) (bottom) in 2000 and 2006
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Figure 4.5 The cumulative probability distribution of C2H4 (top left), C3H6 (top right), and
total VOC reactivity (bottom) in 2000 and 2006

4.3.3. Changes of O3 concentration
O3 is a secondary pollutant that forms downwind of precursor emission sources, so
locations of high O3 vary by day and wind direction (Figure 4.6). The maximal aircraft observed
O3 concentrations were 204 ppb in 2000 and 140 ppb in 2006 (Figure 4.7). The cumulative
distribution of O3 concentration shows substantial reductions from 2000 to 2006 (Figure 4.7) for
high percentile observations, but little change for low percentiles. This is consistent with Zhou et
al. (2013), who found sharper reductions in O3 on peak days than cleaner days in the eastern U.S.
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Figure 4.6 Spatial distribution of O3 (top) and P(O3) (bottom) during TexAQS 2000 and
2006

Cumulative probability

1
0.8
0.6
0.4
0.2

2000

2006

0
0

50

100
150
200
O3 concentration (ppb)

250

Figure 4.7 The cumulative probability distribution of O3 in 2000 and 2006
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4.3.4. Changes of O3 production rate
As discussed in Section 2.4, both P(O3) and net P(O3) were calculated for all airborne
samples. In the polluted Houston area during daytime, we find that L(O3) was negligible
compared to P(O3). Hereafter, the discussion will use P(O3). The spatial distribution of P(O3) in
both years indicates the hotspots of P(O3) primarily occurred in the HSC and the closely
surrounding areas, and declined in frequency from 2000 to 2006 (Figure 4.6). The maximal
P(O3) declined 68% from 209 ppb h-1 in 2000 to 66 ppb h-1 in 2006. The maximal P(O3) in 2000
occurred in the center of the HSC (NOx: 29 ppb, TVOC: 67 s-1) while the maximal P(O3) in 2006
(66 ppb h-1) was observed in the eastern portion of the HSC near Mont Belvieu (NOx: 8 ppb,
TVOC:11 s-1).
The average of the high P(O3) (top 10% samples ranked by P(O3)) declined 55% from
59 ppb h-1 in 2000 to 26 ppb h-1 in 2006 while the average of the median P(O3) (central 20%
samples) declined 48% from 12 to 6 ppb h-1 (Table 4.1). As seen from Equation (2), P(O3) is the
product of NO concentration, total peroxy radical (=HO2+RO2) concentrations, and their rate
constants. For the samples of the high P(O3), the mean NO concentration declined 26% while
both HO2 and RO2 declined about 44% from 2000 to 2006. The following analysis will focus on
the chemical characteristics of the O3 formation and radical environment and explaining whether
the P(O3) change was caused more by NOx or HRVOC emission reductions.
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High P(O3)

Median P(O3)

Low P(O3)

Parameters
2000

2006

2000

2006

2000

2006

P(O3)
(ppb/h)

58.9

26.4

12.4

6.4

0.8

0.3

O3 (ppb)

123

75

80

61

66

57

Q (ppb/h)

12.5

6.1

2.8

2.2

1.1

0.4

NOx (ppb)

14.1

7.2

4.6

3.2

0.3

1.0

TVOC (s-1)

12.0

6.7

4.2

2.8

1.9

1.7

LN/Q

0.8

0.9

0.5

0.7

0.2

0.2

a

All values of parameters are the mean for the subset. The parameters chosen here follow
Table 4 of Kleinman et al. (2005).
Table 4.1 Parameters of O3 production for the high, median and low P(O3) samples
for 2000 and 2006 a

The dependence of P(O3) on NOx concentration is shown in Figure 4.8 for both years.
P(O3) tends to increase with NOx at low NOx concentration until a critical point of maximal
P(O3). Beyond this point, P(O3) declines with further increases in NOx because abundant NOx
rapidly removes OH and peroxy radicals (HO2 and RO2). Even though the measured data in both
years covered a wide range of VOC reactivity, generally lower levels of P(O3) in 2006 for any
given level of NOx reflect the reduction in VOC levels. This is further reflected in P(O3) peaking
at somewhat lower levels of NOx in 2006 (Figure 4.8).
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Figure 4.8 P(O3) as a function of NOx concentration for 2000 and 2006. The filled green
diamonds and red squares are the median values of each bin segment. NOx concentration
from 0.01 to 0.1 ppb has one bin, 0.1-1.0 ppb has 5 bins, 1-10ppb has 5 bins, >10 ppb has
one bin.

The dependence of P(O3) on TVOC and NOx concentration in both years is presented
in Figure 4.9. High levels of NOx correlate with high levels of TVOC in both years, indicating
co-locations of NOx and VOC emission sources. The isolines depict constant ratios of NOx to
TVOC (NOx/TVOC: 10:1, 1:1, 1:10, and 1:100). The high P(O3) had high levels of NOx and
TVOC with the NOx/TVOC ratio of around 1:1 for both years (bottom plots of Figure 4.9),
similar to the result in Lu et al. (2010) and Kleinman et al. (2005). The differences of the P(O3)
between 2000 and 2006 were: (1) more instances of extremely high P(O3) (>70 ppb h-1) in 2000
reflecting higher TVOC and NOx, and (2) for the same levels of NOx and TVOC (NOx< 10ppb
and TVOC <10 s-1), P(O3) in 2000 tended to be higher than in 2006. For the second difference,
one of the reasons is that TVOC does not take account of the fast photolysis of much higher
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aldehydes and ketones levels in 2000 (e.g., HCHO was 13.9 ppb in 2000 and 7.4 ppb in 2006 for
the high P(O3)). Low P(O3) was associated with the NOx/TVOC ratio of around 1:10. The
distribution of measurements from TexAQS 2006 has a long tail of NOx < 0.1 ppb and TVOC <
1 s-1, which could not be seen in 2000.
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Figure 4.9 The dependence of P(O3) shown in color scale on total VOC reactivity (TVOC)
and NOx concentration for both 2000 and 2006. Samples of high P(O3) are marked by
empty circles. Each diagonal line is associated with a constant TVOC to NOx ratio (from
top to bottom, TVOC/NOx= 10:1, 1:1, 1:10, 1:100).
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4.3.5. Source of O3 production and radical budget analysis
The peroxy radical contributions to the high P(O3) are summarized in Figure 4.10. The
HO2 and NO reaction contributed similar portions of the high P(O3) (~60%) in both years,
though the rate of this reaction plunged significantly (53%) from 2000 to 2006.
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Figure 4.10 The contribution of HO2 and RO2 radicals to the high P(O3) samples (average:
60.3 ppb h-1 in 2000 and 30 ppb h-1 in 2006). RO2 radicals are grouped into five categories
(ALKAO2, ALKEO2, CARBO2, CARBO2, and ISOPO2) based on their VOC precursors.

Among the total 217 RO2 radicals, 56 species (Table C1 in Appendix-C) which
contributed more than 95% of the P(O3) from the RO2 and NO reaction are assigned into five
groups: ALKAO2, ALKEO2, CARBO2, CH3O2, and ISOPO2, approximately reflecting their
VOC precursors, i.e., alkanes (C-C), alkenes (C=C), carbonyls, CH4, and biogenics (Sommariva
et al., 2011). Alkenes correspond to HRVOC, while alkanes are mostly anthropogenic saturated
hydrocarbons. Carbonyls include a variety of oxygenated VOCs (O-VOCs), such as CH3CHO,
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CH3COCH3, MEK, and MVK, which may be formed from the OH-oxidation of HRVOCs,
isoprene, and other long-chain hydrocarbons. Thus, the classification of VOC precursors applied
here is not completely straightforward.
Among the NO and RO2 reactions, the two largest components were ALKEO2 and
CARBO2, the combination of which contributed roughly 25% of the high P(O3) in both years.
CH3O2 contributed only a small amount (8.1% (2000) and 11.3% (2006)) to P(O3) in this study
domain in contrast to the clean atmosphere where CH3O2 usually contributes about 30% of P(O3)
(Sommariva et al., 2011). Alkanes and biogenic VOCs had very small contributions to P(O3) in
the two years.
P(O3) from RO2 radicals of alkanes, carbonyls, and HRVOCs declined dramatically
from 2000 to 2006: 53% for ALKO2, 39% for CARBO2, and 71% for ALKEO2. Meanwhile,
little change was observed from ISOPO2 originating from largely biogenic isoprene and CH3O2
originally from long-lived methane which has numerous biogenic and anthropogenic sources
globally. This is consistent with the decline in anthropogenic VOCs and HRVOC between these
periods.
From the P(O3) source analysis, we have seen that the HO2 term was the dominant
contributor to the high P(O3) and that its reduction led to the decline of P(O3) from 2000 to 2006.
The HO2 radical budget for the high P(O3) samples is examined to investigate sources of HO2
and how they changed over this period. Total HO2 production rate declined by 53% from
3.77×108 cm-3s-1 in 2000 to 1.75×108 cm-3s-1 in 2006. Even though HO2NO2 formation and
decomposition has large weights compared to other HO2 loss and production processes (Figure
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4.11), the net of HO2NO2 formation and decomposition was only a minor component
(3.4%─4.5%) of the HO2 budget in both years.

Figure 4.11 Loss and production processes of HO2 radical for high P(O3) samples.
Reactions and species are from the MCM.
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Excluding the HO2NO2 formation and decomposition, HCHO+OH (18%), HYPROPO
(OHCH2C(O·)CH3) photolysis (14%), and HCHO photolysis (13%) contributed about half of the
HO2 production rate in 2000. In 2006, HCHO+OH (19.1%), and HCHO photolysis (14.0%) had
similar contributions to the HO2 production rate while the contribution of HYPROPO to the HO2
production rate declined significantly to 8%.
HYPROPO is predominantly produced from the reaction of C3H6 with OH in the
MCM. The sources of HCHO in the Houston area have been substantially debated. A few studies
using regression analysis of HCHO with primary and secondary pollutants have argued that the
primary emission has a larger contribution to ground-level HCHO concentrations than secondary
formation (Buzcu Guven and Olaguer, 2011; Olaguer et al., 2009; Rappenglück et al., 2010).
However, a comprehensive chemical analysis of airborne HCHO coupled with ground HCHO
measurements and emissions data concluded that HCHO in HGB was predominantly formed
from VOC oxidation (Parrish et al., 2012). A careful examination of all airborne data in this
study did not find HCHO-only spikes but observed that the enhancements of HCHO were
strongly associated with those of O3 (Parrish et al., 2012). These two facts are consistent with the
claim of Parrish et al. (2012) that HCHO primarily results from HRVOC oxidation. Following
this assumption, 40% of HO2 production can be attributed to HRVOC as a conservative estimate
in both years.
Other minor contributing reactions include the oxidation and photolysis of
HOCH2CH2O, C2H5O, and HOCH2CO3, contributing a total 15% of HO2 production rate. These
oxygenated intermediate species and radicals could partially be HRVOC oxidation products.
Thus, we conclude that HRVOC played a major role in HO2 production in both years, and its
emission reduction was key to the decline of HO2 radical and P(O3).
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4.3.6. O3 sensitivity to NOx and TVOC
LN/Q is indicative of whether the O3 formed in a NOx- or VOC- sensitive regime. In
both years, the value of LN/Q spanned a wide range (~0─1), suggesting the airborne data
represented a wide variety of O3 formation chemistry from places in the immediate vicinity of
emission sources in HSC to the background atmosphere (Figure 4.12). At low NOx levels (≤1
ppb) in both years, low LN/Q (~0─0.5) suggested a NOx- sensitive O3 formation. Higher LN/Q
(≥0.5) indicated VOC- sensitive O3 formation under higher NOx levels. The LN/Q distribution
over the NOx-TVOC space presented in this study is similar to the distribution from the G-1
airborne data during TexAQS 2000 (Kleinman et al., 2005) . LN/Q for the high P(O3) (bottom
plots of Figure 4.12) indicate a strong VOC- sensitive O3 formation regime for the rapid O3
production, while no significant changes existed between 2000 and 2006, reflecting the
simultaneous declines in NOx and VOCs.
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Figure 4.12 The dependence of LN/Q shown in color scale on total VOC reactivity (TVOC)
and NOx concentration for both 2000 and 2006. Top plots show all samples in both years
while the bottom plots present the high P(O3) samples (top 10% samples ranked by P(O3)).
Samples of high P(O3) are marked by empty circles. Each diagonal line is associated with a
constant TVOC to NOx ratio (from top to bottom, TVOC/NOx= 10:1, 1:1, 1:10, 1:100).

4.3.7. O3 production efficiency
While cloud processing could bias OPE high by rapidly removing NOy (Zhou et al.,
2012), MODIS satellite images indicate mostly cloud-free conditions in the immediate vicinity
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of the transects. High OPEs (8─10) were always observed in the diluted industrial plume
transects over the isoprene-rich northern rural area while OPEs in urban and industrial plumes
transported southerly tended to be lower (~4─7). When both NOx and VOCs declined
significantly by roughly ~30─40%, the accumulative OPEs did not show clear differences
between 2000 and 2006. An example was the closely matched OPEs from the plume transects
with the highest O3 between 2000 and 2006 even though both O3 and NOz came down
substantially (Figure 4.13). The instantaneous OPE is not directly comparable to the
accumulative OPE because the instantaneous OPE only involves chemical reactions and covers a
small temporal and spatial subset of data for deriving the accumulative OPE (Griffin et al.,
2004).
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Figure 4.13 The O3 production efficiency (the slope of least-square-fit between O3 and NOz
(NOy-NOx) concentrations) for the plumes with three highest O3 in 2000 (left) and 2006
(right).
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4.4. Discussion and conclusion
Airborne measurements from TexAQS 2000 and 2006 have been used to investigate
the change of O3 production in Houston. The DSMACC box model has been applied to simulate
HOx and RO2 radicals with the airborne data. Total radical concentration, P(O3), LN/Q and OPE
are compared between 2000 and 2006. A comprehensive summary of the comparison of these
parameters is presented in Table 4.1. The parameters shown in Table 4.1 for 2000 are consistent
with the results from the other airborne measurement (118 samples) by the G-1 aircraft in
TexAQS 2000 (Kleinman et al., 2005).
The simultaneous declines in NOx and HRVOC were observed in the HSC while the
percentage declines were similar between TVOC and NOx (e.g., 44-49% decline at the high
P(O3)). NOx and HRVOC at the high P(O3) (44─49%) declined faster than those at the median
P(O3) (30─33%), indicating more reductions in the dense emissions over the HSC than the
surrounding areas.
The reduction in HRVOCs mainly led to the decline in total radical concentrations (Q
in Table 4.1). Total radicals declined about 51% and 21% for the high and median P(O3),
reflecting the deeper reductions in the high end of HRVOCs. HO2 and RO2 radicals had similar
extents of declines. RO2 sources were dominated by alkenes (HRVOCs) (30-50%) and carbonyls
(30-40%). HO2 radicals were mainly formed from the HCHO reactions and the HRVOC
oxidation product (HYPROPO). Our analysis directly linked the radical decline to the decline in
HRVOC emissions. A conservative estimate in this study found that more than 40% of HO2
production could be attributed to HRVOC in both years.
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When the NOx and radicals declined simultaneously, a 40-50% decline in O3
production rate was observed in the Houston area (the high and median P(O3) of Table 4.1). The
P(O3)–NOx function presented a P(O3) decline at all NOx levels, which reflected the reduction in
VOC levels. The high P(O3) was associated with NOx/TVOC ratio of about 1:1 while the low
P(O3) had a NOx/TVOC ratio of about 1:10.
Strongly VOC- sensitive O3 formation was associated with rapid O3 production as
indicated by LN/Q at the high P(O3), while the O3 sensitivity showed no significant change when
NOx and HRVOCs declined to a similar extent. However, the O3 sensitivity for the median P(O3)
shifted from the transition regime (LN/Q=0.5) to the VOC-sensitive regime (LN/Q=0.7) when
weaker declines in NOx and HRVOCs occurred. Houston plumes had high OPEs (5-15)
compared to the urban and power plant plumes in other regions. OPEs derived from the
petrochemical plumes from the HSC were higher than others, especially when transported
through northern biogenic-rich areas. Despite the significant emission reduction in NOx and
TVOCs, Houston plumes still maintained high OPEs.
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Chapter 5

Conclusion

This thesis has used atmospheric chemistry and transport models and ambient
observations to investigate the evolution of pollutants from power plants and explore the
dynamic change of air quality over the eastern U.S. and in the Houston area. The important
findings are summarized and directions for future study are suggested in this chapter.

5.1. Summary of the key findings
5.1.1. Evaluation of PPPs
There are a number of large power plants located in northeastern Texas, the emissions
from which could be transported downwind hundreds of kilometers. The CMAQ model was
applied with fine-grid resolution to simulate PPPs during TexAQS 2006. CMAQ accurately
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simulated the transport and dispersion of PPPs under steady wind condition without a plume-ingrid module. SO2 was observed to be rapidly lost (lifetime: 2─3 hours) in some PPPs in
northeastern Texas. This lifetime was surprisingly much shorter than the SO2 lifetime due to the
gas-phase oxidation (a few days to one week). Observational evidence of photolysis rate, relative
humidity, and satellite images convincingly suggested that cloud-processing of PPPs under
scattered cloudiness led to the rapid loss of SO2 in these plumes.
However, the model could not capture the observed rapid SO2 removal. Even upon
increasing cloud liquid water content and metals concentrations in cloud droplets to enhance SO2
oxidation, the model still significantly under-predicted the SO2 removal by clouds. The loss rate
of NOy was faster than that in the model by a factor of 6. Sensitivity tests found that modeled
NOy loss was insensitive to aqueous processing in the absence of precipitation. These findings
highlight cloud processing as a major challenge to atmospheric models.
5.1.2. Dynamic evaluation of O3 trend in the eastern U.S.
Ground monitoring observations have indicated a downward O3 trend nationwide
since the 1990s. In particular, monitors in the eastern U.S recorded continuous O3 declines after
the NOx SIP Call and other emission controls were implemented from 2000. The CMAQ model
was applied to simulate the O3 trend after the substantial NOx emissions reduction due to the
NOx SIP Call and mobile emission controls in the eastern U.S from 2002 to 2006. The model
significantly under-predicted the observed O3 declines as the observed and modeled O3 trends
(episode average) in the NOx SIP Call region were -8.0 ppb and -4.6 ppb. Biases in simulated
temperature changes and uncertainties in chemical reaction rates cannot explain a substantial
portion of the under-prediction. The under-prediction of observed declines in NOx concentrations
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and the uncertainty of NOx emissions in the base year suggest that the NOx emission inventories
may under-estimate the reductions in NOx emissions from 2002 and 2006. Constraining NOx
emissions led to significant reduction (5%-31%) in the under-prediction of O3 trends in
metropolitan areas of the NOx SIP Call region. Although under-predictions of the NOx emission
reductions have explained some of the under-prediction in O3 trends here and in other studies
(e.g., Gilliland et al., 2008), large gaps remain.
5.1.3. Houston O3 trend
Airborne measurements from the two TexAQS were used to investigate the change of
O3 production in the Houston area. The DSMACC box model was applied to simulate radical
concentrations with the airborne data. The simultaneous declines in NOx and HRVOC were
observed in the HSC while the percentage declines were similar between TVOC and NOx. NOx
and TVOC in high P(O3) observations (44-49%) declined faster than those in median P(O3)
observations (30-33%), indicating more reductions in the emission over the HSC compared to
the surrounding areas.
Total radicals declined by about 51% and 21% for the high and median P(O3) periods
mainly due to HRVOC reductions. HO2 and RO2 radicals had similar extents of decline. RO2
were predominantly formed from the reactions of alkenes (HRVOCs) (~30─50%) and carbonyls
(~30─40%), while HO2 radicals were mainly formed from the HCHO reactions and the HRVOC
oxidation products. The declines in radicals were directly linked to the declines in HRVOC
emissions. A conservative estimate found that more than 40% of HO2 production could be
attributed to HRVOC. P(O3) declined by ~40─50% in the Houston area.
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A strong VOC- sensitive O3 formation was associated with the rapid O3 production, as
indicated by LN/Q at the high P(O3) in 2000 and 2006. However, the O3 sensitivity for the
median P(O3) shifted from the transition regime (LN/Q=0.5) to the VOC- sensitive regime
(LN/Q=0.7). Houston plumes had high OPEs (~5─15) compared to the urban and power plant
plumes in other regions. OPEs derived from the petrochemical plumes from the HSC were
higher than others, especially when transported toward northern biogenic-rich areas. Despite the
significant emission reduction in NOx and TVOCs, Houston plumes still maintained high OPEs.

5.2. Limitations in this thesis and recommendations for future research
5.2.1. Limitations and recommendations for simulating PPPs
Air pollutants emitted from power plants experience oxidation, convert to aerosol, and
deposit on surfaces of the ecosystem. Previous studies suggested that the long-range transport of
O3 and its precursors may not be efficiently processed in air quality models. More observation
(aerosol species) and modeling evaluation of PPPs are needed to identify the weaknesses and
strengths of models in simulating the chemical and physical evolution of PPPs. The results from
this thesis explicitly highlight that the need to improve the cloud-processing module in
atmospheric chemistry and transport models.
5.2.2. Limitations and recommendations for the regional dynamic evaluation
Although under-prediction of the NOx emission reductions may explain some of the
under-prediction in O3 improvements reported here and in other studies (e.g., Gilliland et al.,
2008), some of the gap remains. The cause of this gap has important implications, since some
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states have already used the under-predicted trends by Gilliland et al. (2008) to justify scaling up
modeled predictions of O3 improvement for NOx reduction (Pegues et al., 2011). Several
potential hypotheses could explain this gap. First, although temperature biases were accounted
for in this study, there may be other errors in meteorological simulations of synoptic patterns that
influence the O3 trends for these periods, such as cloud, wind, and relative humidity. Overall,
these meteorological factors are internally coupled in their effects on the O3 trend, adding to the
complexity in probing the meteorological contribution to the O3 trend simulation. The physical
scheme in CMAQ for horizontal advection may not efficiently handle the long-range transport of
O3 and its precursors. Second, errors in the CMAQ representation of physical and chemical
processes beyond the reaction rates considered here may lead to insufficient responsiveness of
modeled O3 to NOx emission changes. VOC emissions were not constrained by observations, and
errors in these emissions can influence predictions of O3 trends and response to NOx change (Jin
et al., 2008).
Another potential contributing factor is a tendency to underestimate high O3
observations and overestimate low observations, which has previously been reported for CMAQ
(Appel et al., 2007; Foley et al., 2010; Gilliland et al., 2008) and other photochemical models
(Emery et al., 2012). A similar pattern was observed within each year in this study, as daily
model bias (Model-Observation) was negatively correlated with observed O3 concentrations.
That pattern could contribute to CMAQ underestimating the higher O3 concentrations that were
observed in the SIP Call Region in 2002 and thus to under-predict the O3 improvement between
the years. However, the reasons for this pattern so far remain elusive.
Further dynamic evaluation studies are needed for other time periods and regions to
explore whether under-prediction of O3 response to NOx reductions extends beyond the NOx SIP
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Call period that has been so widely studied. Recent reductions in NOx resulting from improved
technologies and regulations and the financial recession may offer fruitful opportunities for such
studies (Chu, 2011; Koelemeijer, 2012; Russell et al., 2012).
Future work could extend beyond our dynamic evaluation of O3 trends to evaluate
trends in particulate matter (PM). Dynamic evaluation of PM is complicated by the fact that PM
can be directly emitted from various sources and also formed from gas species via interaction
between gases and aqueous/particle phases. Current theory on the formation and growth of
secondary PM (aerosol) is largely incomplete. In particular, the chemical mechanism in forming
secondary organic aerosol (SOA) from isoprene and many other VOCs remain elusive, and
models still significantly under-predict SOA. Therefore, investigating the causes of any
discrepancies between modeled and observed trends of secondary aerosol would present major
challenges.
5.2.3. Limitations and recommendations for the O3 chemistry in the Houston area
Quantifying the trend of O3 levels is complicated by a mixture of impacts from
meteorology, emission trends, and pollutant transport. While we could not quantify the
contribution of the declines in NOx and HRVOCs to the decline in O3 concentrations with the
observational data, the significant declines in radical concentrations and P(O3) while OPE
remained constant suggests that declines in NOx and HRVCs each contributed significantly to
the O3 decline. Scenario analysis with plume models or a long-term observation at ground
monitors may help discern the effectiveness of emission reductions in the O3 declines. Further
research could also consider late spring periods of O3 exceedences in addition to the late summer
mode studied in this thesis.
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The results from this study have relevance to policy. The O3 production in the
Houston area was still strongly VOC- sensitive in the HSC where the rapid ozone production
occurred. HRVOCs were dominant precursors of peroxy radicals. This suggests that further O3
reductions could be achieved by continuing to reduce HRVOC emissions.
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(
a)

147

Figure A-1 (a) Observed PPPs of Parish on September 19, 2006. The red star shows
the locations of the Parish plant. (b) Simulated PPPs of Parish at 19:00 GMT (local time:
13:00)

148

(b)

(
c)

149

(
d)

Figure A-2 (a) Observed PPPs of Parish on September 25, 2006. The black dots
show the locations of the power plants. PPPs are identified by measured SO2 enhancement
(color gradient in the figure), are outlined using green dash lines. Measured wind vectors
are presented on the plume transect. (b) Simulated PPPs of Parish at 22:00 GMT (local
time: 16:00). (c) Observed PPPs of Big Brown and Limestone on September 25, 2006. The
black dots show the locations of the power plants. PPPs are identified by measured SO2
enhancement (color gradient in the figure), are outlined using green dash lines. Measured
winds vectors are presented on the plume transect. (d) Simulated PPPs of Big Brown and
Limestone at 19:00 GMT (local time: 13:00).
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Figure A-3 Comparison of modeled SO2 (yellow flat line) and NOy (green flat line) to
the observed SO2 (blue dot) and NOy (red dots) at each plume transect on September 16,
19 and 25. Horizontal coordinate is time scale in GMT (local time = GMT - 6 hours) and
vertical coordinate is concentration (ppb). Transect names listed in Table S3 of the
manuscript are labled in each subplot.
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Figure A-4 Comparison of the modeled NOx (orange flat line) to the observed NOx
(green dot) at each plume transect on September 16, 19 and 25. Horizontal coordinate is
time in GMT (local time = GMT - 6 hours) and vertical coordinate is concentration (ppb).
Transect names listed in Table S3 of the manuscript are labled in each subplot.
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Figure A-5 Comparison of the modeled HNO3 (orange flat line) and PAN (aqua flat
line) to the observed HNO3 (yellow dot) and PAN (gray dot) at each plume transect on
September 16, 19 and 25. Horizontal coordinate is time in GMT (local time = GMT - 6
hours) and vertical coordinate is concentration (ppb). Transect names listed in Table 2.3 of
the manuscript are labeled in each subplot.
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Figure A-6 Comparison of the modeled CO (blue flat line) to the observed CO (red
dot) at each plume transect on September 16, 19 and 25. Horizontal coordinate is time in
GMT (local time = GMT - 6 hours) and vertical coordinate is concentration (ppb). Transect
names listed in Table 2.3 of the manuscript are labled in each subplot.
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Figure B1. The difference of observed episode-average daily maximal temperature
(2006-2002)
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Figure B2. The difference of modeled episode-average daily maximal temperature
(2006-2002)
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Figure C-1 Monitor-averaged daily maximal temperature in the Houston
metropolitan area for 2000 (17 sites) and 2006 (20 sites)
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Peroxy Radical

Radical group

Precursor

HEXCO2
HEXBO2
PEBO2
C2H5O2
IPECO2
IC3H7O2
SC4H9O2
NC3H7O2
PECO2
IPEBO2
IC4H9O2
IPRCO3
TC4H9O2

ALKAO2

Alkane (C-C)

HOCH2CH2O2
HYPROPO2
IPROPOLO2
HO3C4O2
PRONO3AO2
C43NO34O2
BU1ENO3O2
PRNO3CO3
PRONO3BO2

ALKEO2

Alkene (C=C)

168

HOCH2CO3
CH3CO3
C2H5CO3
HOC2H4CO3
CH3COCH2O2
MEKAO2
CO2C3CO3
MEKBO2
HCOCO3
HC4CCO3
CH3CHOHCO3
HO1CO3C4O2
NBUTOLAO2
HC4ACO3
NC4CO3
MIPKAO2
HO2C5O2
C57O2
C510O2
HO3C6O2
C59O2
C58O2

CH3O2

CARBO2

Carbonyls

CH3O2

CH4

169

HMVKAO2
MACO3
MVKOHAO2
MVKOHBO2
ISOPDO2
ISOPBO2
HMVKBO2
MACRO2
ISOPCO2
ISOPAO2
NISOPO2

ISOPO2

Biogenic

Table C-1 Organic peroxy radicals in five groups and their precursors

