
ACPD
13, 19085–19120, 2013

Slower ozone
production in

Houston

W. Zhou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 13, 19085–19120, 2013
www.atmos-chem-phys-discuss.net/13/19085/2013/
doi:10.5194/acpd-13-19085-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Slower ozone production in Houston,
Texas following emission reductions:
evidence from Texas Air Quality Studies
in 2000 and 2006
W. Zhou1, D. S. Cohan1, and B. H. Henderson2

1Department of Civil and Environmental Engineering, Rice University, Houston,
TX 77005, USA
2Environmental Engineering Sciences, University of Florida, Gainesville, FL 32611, USA

Received: 13 June 2013 – Accepted: 27 June 2013 – Published: 18 July 2013

Correspondence to: D. S. Cohan (cohan@rice.edu)

Published by Copernicus Publications on behalf of the European Geosciences Union.

19085

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/19085/2013/acpd-13-19085-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/19085/2013/acpd-13-19085-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 19085–19120, 2013

Slower ozone
production in

Houston

W. Zhou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Airborne measurements from two Texas Air Quality Study (TexAQS) field campaigns
have been used to investigate changes of ozone production in Houston, Texas, from
2000 to 2006, a period of major emission reduction measures at petrochemical and
other sources. Simultaneous declines in nitrogen oxides (NOx = NO+NO2) and highly5

reactive volatile organic compounds (HRVOCs) were observed between the two peri-
ods. We simulated HOx (OH and HO2) and organic radicals with a box model, the Dy-
namically Simple Model of Atmospheric Chemical Complexity, constrained by available
airborne observations. Parameters such as total radical production, total OH reactivity
of VOCs and ozone production rate (P(O3)) are computed to characterize the change10

of ozone production between 2000 and 2006 in the Houston area. The reduction in
HRVOCs led to a decline in total radical production by 20–50 %. Ozone production
rates in the Houston area declined by 40–50 % from 2000 to 2006, to which the re-
duction in NOx and HRVOCs had large contributions. Despite the significant decline
in P(O3), ozone production efficiency held steady, and VOC-sensitive conditions domi-15

nated during times of most rapid ozone formation. Our results highlight the importance
of ongoing HRVOC controls to further reduce O3 levels in the Houston area.

1 Introduction

The Houston metropolitan area has a long history of non-attainment of the US National
Ambient Air Quality Standards for ozone (O3), despite substantial emission reduction20

efforts since the 1970s (Cowling et al., 2007). Houston ozone events usually occur in
spring (April–May) and late summer (August–October) in a bimodal nature. Springtime
ozone exceedences tend to occur under post-frontal passage meteorological condi-
tions, while the summertime events often feature continuous high temperature and
stagnant meteorology over southeast Texas (Haman et al., 2012; TCEQ, 2007). Fa-25

vored by these meteorological conditions, large amounts of coemitted NOx and VOC
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from petrochemical facilities in the Houston Ship Channel (HSC) and the nearby urban
center lead to high O3 levels (Fig. 1) (Cowling et al., 2007; Parrish et al., 2009; Ryerson
et al., 2003).

Unlike the mobile-dominated hydrocarbon emission compositions in many other
metropolitan areas in the US, Houston emissions feature episodic spikes of highly re-5

active VOCs (HRVOC), such as C2H4 and C3H6, especially in the HSC region (Kim
et al., 2011; Ryerson et al., 2003; Washenfelder et al., 2010). HRVOC emissions result
from flaring, fugitive emissions, cooling towers, storage/transport, plastics production,
and ethylene and propylene production at petrochemical facilities (Kim et al., 2011).
Emission inventories for HRVOC are known to be highly uncertain, due to temporal10

oscillations in emissions and because emissions from flares and fugitive sources are
technically difficult and costly to measure (Kim et al., 2011). Previous studies have con-
cluded 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).15

The high levels of C2H4 and C3H6 interacting with NOx have been shown to fos-
ter rapid and efficient O3 production in Houston (Kleinman et al., 2002a, 2005; Ryer-
son et al., 2003; Mao et al., 2010). Previous studies have found that P(O3) in Hous-
ton plumes could exceed 100 ppbh−1 in contrast to around 20–30 ppbh−1 in other
metropolitan areas (Kleinman et al., 2002a, 2005).20

Despite enormous efforts in curbing HRVOC and NOx emissions from petrochem-
ical industries and other sources in Houston, peak 8 h O3 levels have continued to
exceed the EPA’s 8 h standard (Cowling et al., 2007; Lefer et al., 2010). Meanwhile,
up to recently, no study has assessed how the O3 production and the radical chem-
istry responded to these emission reductions in the Houston area. Previously, regional25

transport models were applied to quantify the O3 trends in the eastern US (Gilliland
et al., 2008; Zhou et al., 2013). Using these models to investigate the O3 trend in
Houston area is hindered by the significant underestimation of historical emissions of
some HRVOCs from petrochemical industries and the complexity of local meteorology,
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such as land-sea breeze and low-level nocturnal jet (Cowling et al., 2007; Parrish et al.,
2009).

This study averts the shortcomings of the emissions inventories and meteorological
simulations by using observation-based analysis and box modeling to explore trends
in O3 production in the Houston area. Aircraft-based measurements of Houston pol-5

lution plumes during Texas Air Quality Studies (TexAQS) in 2000 and 2006 provide
a comprehensive data source of air pollutant observations over a time gap of six years,
during which major emission controls occurred in Houston (Cowling et al., 2007; Par-
rish et al., 2009; Ryerson et al., 2003). An observation-constrained box model coupled
with a subset of the Master Chemical Mechanism (Jenkin et al., 2003; Saunders et al.,10

2003) is applied to compute HOx and ROx radical concentrations for TexAQS 2000 and
2006.

The second section gives a detailed description of the two TexAQS, the airborne
measurement techniques and the metrics of ozone production used in this paper. The
third section discusses the changes of measured concentrations, analyzes the changes15

of the ozone production, and explores the O3 sensitivity to NOx and VOC. Finally, we
discuss the changes of the ozone production through radical budget analysis, the con-
tributions of NOx and VOC to ozone production and how the O3 sensitivity to NOx and
VOC changes due to the emission controls of both species.

2 Methodology20

2.1 Texas Air Quality Studies (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 photochem-
ical ozone in eastern Texas and the Houston metropolitan area (Cowling et al., 2007;
Parrish et al., 2009). The campaigns were conducted from August to September 2000,25

and September to October 2006. The rapid O3 formation and abundant emissions of
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HRVOC were identified in the plumes from petrochemical facilities during TexAQS 2000
(Daum et al., 2004; Kleinman et al., 2002a; Ryerson et al., 2003). Both airborne cam-
paigns 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 were measured5

by analytical instruments onboard aircraft. During TexAQS 2000, the NCAR aircraft
(Electra) performed flights over the Houston area for 10 days (20, 23, 25, 27, 28, 30
August and 1, 6, 7, and 10 September). During TexAQS 2006, the NOAA aircraft (WP-
3) performed flights over the Houston area for 11 days (13, 15, 19, 20, 21, 25, 26,
and 27 September; 5, 6, and 10 October). The Electra and WP-3 flew at heights of10

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 compre-
hensive description of the two studies can be found in previous observational studies
(Cowling et al., 2007; Parrish et al., 2009; Ryerson et al., 2003).

2.2 Airborne measurement15

Various instruments aboard the aircraft measured atmospheric compounds with
a range of time resolutions. Inorganic species (O3, H2O, NOx, HNO3, SO2, CO, and
CO2), photolysis rates of chemical species, and meteorological parameters were mea-
sured at 1 s time resolution. In both years, hydrocarbons (e.g., HRVOC, isoprene) and
oxygenated VOCs (e.g., HCHO, peroxyacetyl nitrate (PAN)) were measured with dif-20

ferent instruments at different time resolutions. C2–C10 alkanes, C2–C5 alkenes (in-
cluding C2H4 and C3H6), ethyne, and C2–C5 aldehydes and ketones were measured
via whole air samples (WAS) in canisters. Hydrocarbons in WAS were analyzed in
laboratories by gas chromatography mass spectrometry (GCMS) for Non Methane Hy-
droCarbons (NMHC) (C≥ 3) and gas chromatography with flame ionization detector25

(GCFID) for NMHC (C1–C5). There were a total of 726 WAS measurements in 2000
and 814 in 2006.
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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 using tun-
able diode absorption spectrometry with 1 Hz data. 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 mass5

spectrometry (PTRMS) every 15 s. 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 are10

C2H4, C3H6, all 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
ozone production in Houston plumes (Ryerson et al., 2003).

Samples were filtered to remove night-time samples, since O3 production occurs
only during daytime, and samples that lacked valid measurements of key species (NO,15

NO2, O3, and VOCs). After this processing, there were 472 samples in 2000 and 675
samples in 2006.

Because the airborne samples were essentially discrete, cumulative probability dis-
tributions are a good option to compare concentrations between 2000 and 2006. The
following analysis will frequently discuss the high (top of 10 % samples, e.g., high P(O3)20

means the highest 10 % of samples ranked by P(O3)), middle (central 20 %), and low
(bottom 10 %) samples. For each subset, the mean value of its samples will be com-
pared between 2000 and 2006.

2.3 Observation-based box model

In TexAQS 2000 and 2006, no valid measurements of HOx and RO2 were available for25

computing the ozone production metrics. A box model, the Dynamically Simple Model
of Atmospheric Chemical Complexity (DSMACC) (Emmerson and Evans, 2009) based
on the Kinetic Pre-Processor (KPP) (Sandu and Sander, 2006), is applied to compute
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the concentrations of HOx and RO2. DSMACC has been applied to simulate radicals in
other studies (Henderson et al., 2011, 2012; Stone et al., 2010).

The measured photolysis rates of NO2, O3 and HCHO are used to constrain photol-
ysis rates in DSMACC. Meteorological inputs include temperature, pressure, and water
mixing ratio. The MCM mechanism used in this study is a subset of the comprehen-5

sive MCM v3.2 (http://mcm.leeds.ac.uk/MCM/project.htt#New_3.2) and explicitly rep-
resents 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
long-lived species to measurement. Each input point of in-situ data is integrated by10

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.

2.4 Ozone metrics15

In evaluating the ozone production, four commonly used ozone metrics are applied in
this study. They are total OH reactivity of VOCs (TVOC), ozone production rate (P(O3)),
the fraction of radicals removed by reactions with NOx (LN/Q), and ozone production
efficiency (OPE).

The product of the concentration of a VOC species and its reaction rate with OH,20

indicates its potential to form first-generation peroxy radicals that facilitate O3 formation.
TVOC is defined in this study as the sum of the OH reactivity of all VOC species and
CO (Eq. 1).

TVOC = kCO+OH [CO]+
∑
i

kVOCi+OH [VOCi ] (1)

Reactions (R) involved in O3 formation can be grouped into three categories: radical25

production (Q), chain propagation, and radical termination (L) (Singh, 1995). Radical
19091
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production paths generate HOx and RO2 radical for chain propagation. The three main
radical production reactions are (R1)–(R4) (Q = 2×R1+2×R3+R4). The radical losses
include radical termination by NOx (R5)–(R8) termed LN (= R5+R6+R7−R8), and
radical-radical combinations to form peroxides (R9)–(R12), termed LR (= 2×R9+2×
R10+2×R11+2×R12).5

Radical production:

O3 +hv → O(1D)+O2 (R1)

O(1D)+H2O → 2OH (R2)

HCHO+hv
O2−−→ 2H2O+CO (R3)

Alkene+O3 → RO2 + · · · (R4)10

Radical loss via NOx reactions:

OH+NO2
M−→ HNO3 (R5)

RO2 +NO → organic nitrate (R6)

RCO3 +NO2
M−→ RCO3NO2 (R7)

RCO3NO2 → RCO3 +NO2 (R8)15

Radical loss via radical-radical combination:

HO2 +HO2 → H2O2 +O2 (R9)

RO2 +HO2 → ROOH+O2 (R10)

OH+HO2 → H2O+O2 (R11)

RO2 +R′O2 → RO2R′O2 (R12)20

Since NO2 photolysis is the dominant reaction known to form O3 in the troposphere,
the ozone production rate is equivalent to the formation rate of NO2 via two production
channels: the reaction of HO2 with NO and the reactions of organic peroxy radical
(RO2) with NO (Eq. 2). NO2 is also formed by the reaction of NO with O3, but this cycling
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of NOx yields no net change in O3 during daytime. 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) (Eq. 5). FR is the fraction of O(1D) that generates OH
radical rather than returning to ground state odd oxygen.5

P(O3) = kHO2+NO [HO2] [NO]+
∑
i

kRO2(i )+NO [RO2(i )] [NO] (2)

L(O3) =
{
kO3+R [R]+kO3+HO2

[HO2]+kO3+OH [OH]+FRj (O(1D))
}[

O3
]

(3)

FR =
kO(1D)+H2O [H2O]

kO(1D)+H2O [H2O]+kO(1D)+M [M]
(4)

net_P(O3) = P(O3)−L(O3) (5)
10

In Eq. (2), kHO2+NO and kRO2(i )+NO are the reaction rate coefficients for reactions of HO2
and RO2 species with NO. The MCM mechanism in this study has 217 RO2 species.
Since L(O3) was negligible compared to P(O3) in polluted daytime samples, we focus
our attention on P(O3) rather than net_P(O3).

Whether radicals are removed primarily via reactions with NOx (LN) or with other15

radicals (LR) depends 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 (Kleinman, 2005). This metric indicates whether the O3
formation is NOx- or VOC-sensitive (Kleinman et al., 1997, 2005). When LN/Q is less
than 0.5, it suggests a low NOx regime and NOx-sensitive O3 formation, while larger20

values of LN/Q indicate a high NOx, VOC-sensitive regime.
Ozone production efficiency (OPE) describes the number of molecules of O3 gen-

erated 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 NOx loss based on the slope of the least-square-fit be-25

tween O3 and NOz (≡ NOy-NOx, where NOy is total reactive nitrogen) observations.
19093
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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 Eq. (6):

OPE = P(O3)/L(NOx) (6)

L(NOx) = kOH+NO2
[OH] [NO2]+

∑
i

kNO+RO2(i ) [NO] [RO2(i )]5

+
∑
i

kNO2+RCO3(i ) [NO2]
[
RCO3(i )

]
−
∑
i

kRCO3NO2(i )
[
RCO3NO2 (i )

]
(7)

3 Results

3.1 Changes of NOx and HRVOC concentration

In each campaign, the aircraft observed the highest levels of NOx near the HSC, where10

many point sources are located, and in the urban center, where densest mobile and
area emissions occur (Figs. 1 and 2). The steepest decline in NOx concentrations
was observed at the high end of the distribution (Fig. 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 from15

area and mobile sources during this period.
Most aircraft observations of high C2H4 and C3H6 concentrations occurred near the

HSC (Fig. 4), indicative of HRVOC emissions from petrochemical plants. It is also clear
the hotspots of C2H4 and C3H6 were less frequent in 2006 than in 2000, suggest-
ing a reduction in HRVOC emissions (Fig. 4). The cumulative distribution functions of20

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 (Fig. 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 con-
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centrations of C2H4 and C3H6 were 2 ppb and 0.5 ppb in 2000, and 1.1 ppb 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; Washenfelder et al., 2010).

3.2 Changes of O3 concentration5

Ozone is a secondary pollutant that forms downwind of precursor emission sources,
so locations of high ozone vary by day and wind direction (Fig. 6). The maximal aircraft
observed O3 concentrations were 204 ppb in 2000 and 140 ppb in 2006 (Fig. 7). The
cumulative distribution of O3 concentration shows substantial reductions from 2000 to
2006 for high percentile observations, but little change for low percentiles (Fig. 7). This10

is consistent with Zhou et al. (2013), who found sharper reductions in ozone on peak
days than cleaner days in the eastern US.

3.3 Changes of ozone production rate

This section characterizes the decline in ozone production rate (P(O3)) between the
two campaigns and the roles of NOx and VOC emission reductions in these changes.15

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 (Fig. 6). The maximal P(O3) declined 68 % from 209 ppbh−1 in 2000 to
66 ppbh−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 ppbh−1) was observed in20

the eastern portion of the HSC near Mont Belvieu (NOx: 8 ppb, TVOC:11 s−1).
More broadly, the average of the highest 10 % of P(O3) declined 55 % from 59 ppbh−1

in 2000 to 26 ppbh−1 in 2006 while the average of the middle 20 % P(O3) of declined
48 % from 12 to 6 ppbh−1 (Table 1).The dependence of P(O3) on NOx concentration is
shown in Fig. 8 for both years. P(O3) tends to increase with NOx at low NOx concentra-25

tion until a critical point of maximal P(O3) when NOx is near 10 ppb. Beyond this point,
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P(O3) declines with further increases in NOx because abundant NOx rapidly removes
OH and peroxy radicals. Even though the measured data in both years cover 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
slightly lower levels of NOx in 2006 (Fig. 8). The downward shift in the data reflects the5

role of VOC emission reductions, while the leftward shift indicates the impact of NOx
reductions.

The dependence of P(O3) on TVOC and NOx concentration in both years is pre-
sented in Fig. 9. High levels of NOx coincide with high levels of TVOC in both years,
indicating collocations of NOx and VOC emission sources. The high P(O3) had high lev-10

els of NOx and TVOC with the NOx/TVOC ratio of around 1 : 1 ppb-s for both years (bot-
tom plots of Fig. 9), similar to the results 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 ex-
tremely high P(O3) (> 70 ppbh−1) in 2000, reflecting higher TVOC and NOx, and (2)
for the same levels of NOx and TVOC (NOx< 10 ppb and TVOC < 10 s−1), P(O3) in15

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 aldehyde and
ketone 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 and20

TVOC< 1 s−1, which could not be seen in 2000.

3.4 Ozone source and radical budget analysis

Although P(O3) has been reduced, the relative contribution of VOC sources requires
further analysis. This section examines the VOC contributions to P(O3) by examining
radical budget. The contributions of peroxy radicals to P(O3) at times of rapid O3 pro-25

duction are summarized in Fig. 10. The HO2-NO reaction contributed about 60 % of the
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high P(O3) in both years, though the rate of this reaction plunged significantly (53 %)
from 2000 to 2006.

Among the total 217 RO2 radicals, 56 species (Table S1 in the Supplement) 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, approximately5

reflecting their VOC precursors, i.e., alkanes (C-C), alkenes (C=C), carbonyls, CH4,
and biogenics (Sommarvia et al., 2011). Alkenes correspond to HRVOC while alkanes
are mostly anthropogenic saturated hydrocarbons. Carbonyls include a variety of oxy-
genated VOCs (O-VOCs), such as CH3CHO, CH3COCH3, MEK, and MVK, which may
be formed from the OH-oxidation of HRVOCs, isoprene and other long-chain hydrocar-10

bons.
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 rural atmosphere where CH3O2 usually15

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 dramati-
cally from 2000 to 2006: 53 % for ALKO2, 39 % for CARBO2, and 71 % for ALKEO2.
Meanwhile, little change was observed from ISOPO2 originating from largely biogenic20

isoprene, and CH3O2 originating from long-lived methane which has numerous bio-
genic and anthropogenic sources globally. This is consistent with the decline in anthro-
pogenic 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 its reduction led to the decline of P(O3) from 200025

to 2006. The HO2 radical budget for the high P(O3) samples is examined to investi-
gate sources of HO2 and how they changed over this period. Total HO2 production
rate declined by 53 % from 3.77×108 cm−3 s−1 in 2000 to 1.75×108 cm−3 s−1 in 2006.
Even though HO2NO2 formation and decomposition has large weights compared to
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other HO2 loss and production processes (Fig. 11), the net of HO2NO2 formation and
decomposition was only a minor component (3.4–4.5 %) of the HO2 budget in both
years.

Excluding the HO2NO2 formation and decomposition, HCHO+OH (18 %),
HYPROPO (OHCH2C(O•)CH3) photolysis (14 %), and HCHO photolysis (13 %) con-5

tributed 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 the10

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 pollu-
tants 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 chemical15

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). We used the same airborne data as Parrish et al. (2009). A care-
ful 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 O3.20

These two facts are consistent with the claim of Parrish et al. (2012) that HCHO pri-
marily (92 %) resulted 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 of HOCH2CH2O, C2H5O,
HOCH2CO3, and IPROPOLO (OHCH(CH3)CH2(O•)) reactions, contributing a total25

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) between the two campaigns.
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3.5 O3 sensitivity to NOx and TVOC

LN/Q is indicative of whether 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 (Fig. 12). At low5

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 a 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 (Klein-
man et al., 2005). LN/Q for the high P(O3) samples (bottom plots of Fig. 12) indicate10

a strongly VOC-sensitive O3 formation regime while no significant changes existed be-
tween 2000 and 2006, reflecting the simultaneous declines in NOx and VOCs.

3.6 Ozone production efficiency

The instantaneous OPE computed from the DSMACC box model considers only the
chemical processes and not physical ones such as deposition. As indicated in Eq. (6),15

instantaneous OPE is P(O3) divided by L(NOx). NOx loss (L(NOx)) is mainly from the
reaction of NO2 with OH (R4) and RCO3 (R6)–(R7), and the reaction of NO with RO2
(R5). The average and maximal instantaneous OPEs were consistent with those in
other regions (Griffin et al., 2004; Kleinman et al., 2002b).

While cloud processing could bias OPE high by rapidly removing NOy (Zhou et al.,20

2012), MODIS satellite images indicate mostly cloud-free conditions in the immediate
vicinity of the transects. High OPEs (8–15) were always observed in the diluted indus-
trial plume transects over the isoprene-rich northern rural area while OPEs in urban
and industrial plumes transported southerly tended to be lower (5–7). When both NOx
and VOCs declined significantly by roughly 30–40 %, the accumulative OPEs did not25

show clear differences between 2000 and 2006. An example was the closely matched
OPEs with the highest O3 between 2000 and 2006 even though both O3 and NOz came
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down substantially (Fig. 13). The instantaneous OPE is not directly comparable to the
accumulative OPE because the instantaneous OPE involves only chemical reactions
and covers a small temporal and spatial subset of data (Griffin et al., 2004).

4 Discussion and conclusion

Airborne measurements from TexAQS 2000 and 2006 have been used to investigate5

the change of ozone production in Houston. A box model, DSMACC, 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 at all levels. A compre-
hensive summary of the comparison of these parameters is presented in Table 1. The
parameters shown in Table 1 for 2000 are consistent with the results from the other air-10

borne measurement (118 samples) by the G-1 aircraft during TexAQS 2000 (Kleinman
et al., 2005).

Decreased HRVOC emissions are the main cause of reduced radical production (Q
in Table 1). Total radicals declined about 51 % and 21 % for the high and middle P(O3),
reflecting the deeper reductions in the most polluted plumes. HO2 and RO2 radicals15

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 products. Our analysis linked the radical decline to
the decline in HRVOC emissions. More than 40 % of HO2 production for the high P(O3)
samples could be attributed to HRVOC in both years, and the decline in HRVOCs was20

critical to the overall decline in radical levels. The simultaneous declines in NOx and
radicals led to a 40–50 % decline in ozone production rate in the Houston area at times
of high and middle P(O3) (Table 1). P(O3) declined at all levels of NOx, reflecting the
reduction in VOC levels.

The periods of most rapid ozone production, were characterized by VOC-sensitive25

conditions, as indicated by high levels of LN/Q in samples with high P(O3) in both years.
Meanwhile, the O3 sensitivity for the middle P(O3) shifted from the transition regime
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(LN/Q = 0.5) to the VOC-sensitive regime (LN/Q = 0.7). OPE remained at similar high
levels (5–15) in both years, due to the similar rates of declines in NOx and TVOC.

The results from this study have relevance to policy. Times of most rapid ozone
production in the Houston area were found to be VOC-sensitive, and HRVOCs were
dominant precursors of peroxy radicals. This suggests the importance of ongoing re-5

ductions in HRVOC emissions to achieve further reductions in O3. Nevertheless, NOx-
sensitive conditions continued to be observed at some times and locations and OPE
remained high, indicating a need for a balanced approach to emission reductions for
a region characterized by transitional and nonlinear ozone formation conditions (Xiao
et al., 2010).10

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/19085/2013/
acpd-13-19085-2013-supplement.pdf.
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Table 1. Parameters of O3 production for the high, middle and low P(O3) samples for 2000 and
2006∗.

Parameters High P(O3) Middle P(O3) Low P(O3)

2000 2006 2000 2006 2000 2006

P(O3) (ppb h−1) 58.9 26.4 12.4 6.4 0.8 0.3
O3 (ppb) 123 75 80 61 66 57
Q (ppb h−1) 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

∗ All values of parameters are the mean for the subset. The parameters chosen
here follow Table 4 of Kleinman et al. (2005). High P(O3) refers to the top 10 %
samples ranked by P(O3); middle P(O3) is the central 20 % samples; and low
P(O3) refers to the bottom 10 % samples.
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 1 

Figure 1. Map centered on the Houston metropolitan area, showing highways (red lines) and NOx 2 
and VOC point sources. NOx point sources from Continuous Emission Monitoring System 3 

(CEMS) are shown by purple stars. Green circles indicate total VOC emissions rate (tons/day) 4 
from point sources during TexAQS 2006 (data source: Texas Commission on Environmental 5 

Quality). The Houston Ship Channel is identified by a yellow frame. 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

Houston Ship Channel 

Fig. 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. Green circles indicate total VOC emissions rate (tons/day)
from point sources during TexAQS 2006 (data source: Texas Commission on Environmental
Quality). The Houston Ship Channel is identified by a yellow frame.
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Figure 2. The spatial distribution of NOx concentrations observed by aircraft during TexAQS 2 

2000 and 2006 3 
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Fig. 2. The spatial distribution of NOx concentrations observed by aircraft during TexAQS 2000
and 2006.
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Figure 3. The cumulative probability distribution of NOx concentrations in 2000 and 2006   2 
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Fig. 3. The cumulative probability distribution of NOx concentrations in 2000 and 2006.

19110

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/19085/2013/acpd-13-19085-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/19085/2013/acpd-13-19085-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 19085–19120, 2013

Slower ozone
production in

Houston

W. Zhou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

28 
 

 1

 2

 3

        Figure 4. Spatial distribution of C2H4 (top), C3H6 (middle), and total VOC reactivity (TVOC) 4
(bottom) in 2000 and 2006 5
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Fig. 4. Spatial distribution of C2H4 (top), C3H6 (middle), and total VOC reactivity (TVOC) (bot-
tom) in 2000 and 2006.
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 2 

Figure 5. The cumulative probability distribution of C2H4 (top left), C3H6 (top right), and total 3 

VOC reactivity (bottom) in 2000 and 2006. 4 
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Fig. 5. The cumulative probability distribution of C2H4 (top left), C3H6 (top right), and total VOC
reactivity (bottom) in 2000 and 2006.
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Figure 6. Spatial distribution of O3 (top) and P(O3) (bottom) during TexAQS 2000 and 2006 4 
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Fig. 6. Spatial distribution of O3 (top) and P(O3) (bottom) during TexAQS 2000 and 2006.
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Figure 7. The cumulative probability distribution of O3 in 2000 and 2006 2 
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Fig. 7. The cumulative probability distribution of O3 in 2000 and 2006.
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 1 

Figure 8. P(O3) as a function of NOx concentration for 2000 and 2006. The filled green diamonds 2 
and red squares are the median values of each bin segment. NOx concentration from 0.01 to 0.1 3 

ppb has one bin, 0.1-1.0 ppb has 5 bins, 1-10ppb has 5 bins, >10 ppb has one bin. 4 
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Fig. 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, 1–10 ppb has 5 bins, > 10 ppb has one bin.
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1 

 2 
 3 

Figure 9.  The dependence of P(O3) shown in color scale on total VOC reactivity (TVOC) 4 

and NOx concentration for both 2000 and 2006. In the top plots, samples of high P(O3) 5 

are marked by empty circles. Each diagonal line is associated with a constant TVOC to 6 

NOx ratio (from top to bottom, TVOC/NOx= 10:1, 1:1, 1:10, 1:100). 7 
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Fig. 9. The dependence of P(O3) shown in color scale on total VOC reactivity (TVOC) and NOx
concentration for both 2000 and 2006. In the top plots, 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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Figure 10. The contribution of HO2 and RO2 radicals to P(O3) in the high P(O3) samples 3 
(average: 59 ppb h

-1
 in 2000 and 26 ppb h

-1
 in 2006). RO2 radicals are grouped into five 4 

categories based on their VOC precursors.  5 
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Fig. 10. The contribution of HO2 and RO2 radicals to P(O3) in the high P(O3) samples (average:
59 ppbh−1 in 2000 and 26 ppbh−1 in 2006). RO2 radicals are grouped into five categories based
on their VOC precursors.
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Figure 11. Loss and production processes of HO2 radical for high P(O3) samples. 6 

Reactions and species are from the MCM. 7 

 8 

Fig. 11. Loss and production processes of HO2 radical for high P(O3) samples. Reactions and
species are from the MCM.
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Figure 12.  The dependence of LN/Q shown in color scale on total VOC reactivity (TVOC) 3 

and NOx concentration for both 2000 and 2006; Samples of high P(O3) are marked by 4 

empty circles. Each diagonal line is associated with a constant TVOC to NOx ratio (from 5 

top to bottom, TVOC/NOx= 10:1, 1:1, 1:10, 1:100). 6 

 7 

 8 

 9 

1.0 

0.5 

0 

0.75 

0.25 

1.0 

0.5 

0.75 

0.25 

0 

LN/Q 

LN/Q 

Fig. 12. The dependence of LN/Q 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 cir-
cles. 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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Figure 13. The accumulative ozone production efficiency (the slope of least-square-fit between 2 
O3 and NOz (NOy-NOx) concentrations) for the three plumes with highest O3 in 2000 (left) and 3 

2006 (right). 4 

August 25, OPE: 5.5 
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Fig. 13. The accumulative ozone production efficiency (the slope of least-square-fit between
O3 and NOz (NOy-NOx) concentrations) for the three plumes with highest O3 in 2000 (left) and
2006 (right).
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