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The Greater Houston Area is currently an EPA designated non-attainment area for the 

secondary pollutant, ground level ozone. The underestimation of certain volatile organic 

compound precursors may be behind the discrepancy between modeled and observed ozone 

formation. Formaldehyde is one precursor pollutant that contributes both as a primary and a 

secondary pollutant, and is currently under-predicted by atmospheric models.  To investigate 

undercounted sources of primary formaldehyde emissions, researchers at the BIAS, 

conducted airborne measurement of plumes from industrial sectors in the Houston Area with 

an instrumented Aztec.  Time series measures of formaldehyde, ozone, and trace gases, 

sulphur dioxide, carbon monoxide, and nitrogen oxides, characterised the origins of the 

plumes. Observed correlation with primary emission trace gas carbon monoxide, suggested 

several instances of primary formaldehyde emissions from the measured plumes. Additional 

analyses included, instrument validation, and trajectories of air masses. Appropriate 

regulation of volatile organic compounds, such as formaldehyde to reduce ozone levels in 

Houston, are discussed. 
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CHAPTER ONE 

Introduction 

Texas Government Legislation and Regulation of Air Quality 

State Implementation Plan  

The state of Texas suffers from numerous air quality problems. In order to 

comply with the regulations of the Clean Air Act, the Environmental Protection 

Agency (EPA) determined national ambient air quality standards (NAAQS) for six 

primary criteria pollutants at concentration levels that minimize risks associated with 

exposure. The following are designated as criteria pollutants: ground level ozone, 

particulate matter, lead, nitrogen dioxide, carbon monoxide, and sulphur dioxide. 

These prevalent pollutants can be very destructive to biological health and cause 

property damage. States that fail to reach attainment of the national standard levels in 

any location are required to submit a State Implementation Plan (SIP); an enforceable 

plan that explains how the state will move to comply with air quality standards 

(Environmental Protection Agency [EPA], n.d.).   

Greater Houston is currently designated as a non-attainment area for the 8-

hour standard of ozone under the federal Clean Air Act. In the case of Houston, the 

typical polluting conditions of a sprawling metropolis, (millions of cars and trucks, 

on-road and off-road diesel equipment and assorted small businesses) are heightened 

by interactions with region-specific factors such as severe loadings from 

petrochemical production and petroleum refining, humid and solar-intense 

meteorological conditions, as well as land-sea breeze interactions to result in some of 
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the poorest air quality in the country  in the form of photochemical smog episodes 

and suppressed atmospheric mixing. Such high concentrations of primary toxic 

species and photo-oxidants, in both gas and particle phases, are often extremely 

detrimental to ecological health and the humans who reside in it (Rappenglück et al., 

2007). Moreover, many of these pollutants either directly or indirectly contribute to 

the formation of greenhouse gases (GHG); providing an additional incentive to 

improve their air quality. Thus, Houston could reduce its contribution to climate 

change and set an example as an international energy capital by improving its air 

quality. 

TCEQ and Reaching Attainment  

Ground-level ozone (O3) is the state's most pressing and far-reaching 

environmental problem; most counties in Texas have been in non-attainment of the 8-

hour ozone standard since 2004. Ozone is a GHG, a catalytic contributor to radical 

chemical reactions in the atmosphere, and a direct health hazard. It was designated as 

a criteria pollutant because exposure to ground level ozone is associated with a wide 

variety of human health effects, as well as damage to private property, agricultural 

crops and ecosystems. Acute health effects include respiratory symptoms, effects on 

exercise performance, increased airway responsiveness, increased susceptibility to 

respiratory infection, increased hospital admission and emergency visits and 

pulmonary inflammation (Folinsbee, 1993). Acute health effects are induced by short-

term exposures, observed at concentrations as low as 0.12 ppm, and by prolonged 

exposures at concentrations as low as 0.08 ppm during moderate exertion.  Long-term 
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exposure may also induce chronic health effects such as structural damage to tissue 

and accelerated decline in baseline lung function.  

The ozone standard is subject to periodic revision by the EPA, around every 5 

years. Although there are two standards for ground-level ozone, primary for 

protection of public health and secondary for protection of public welfare, these are 

set at the same level. Upon evaluation of the latest scientific knowledge and 

considering the advice of the Clean Air Scientific Advisory Committee (CASAC), the 

EPA most recently revised the 8-hour standard to be decreased from 0.08 ppm (1997 

standard) to 0.075 ppm (2008 standard). These standards for ozone concentrations are 

attained by identifying the fourth-highest daily maximum 8-hour averages measured 

at each monitor within an area each year, and then calculating an average over 3 

years.  Meanwhile, there is also a 1-hour standard of 0.12 ppm, which requires that 

not more than one day per year shows maximum hourly average concentrations above 

0.12 ppm.  Since 2005, the 1-hour standard has only been applicable in areas that are 

in non-attainment of the 8-hour standard.   

Since the Greater Houston region was in non-attainment with the initial value, 

the new lowered value presents an even greater challenge to state regulators and 

increases the need to implement a plan that will successfully reach attainment. The 

first step is to find data to inform the atmospheric models that help to predict and 

determine acceptable emissions activity.  However, the processes and mechanisms 

involved are extremely complex and much remains to be learned.  Thus, there is a 

great need to understand the radical precursors of ozone in order to improve 

atmospheric models.  
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The Texas Commission on Environmental Quality (TCEQ), specifically the 

Commission on Air Quality, is responsible for choosing the emission-reducing 

measures that make up the SIP for meeting the standards of attainment. This is done, 

in large part, through a series of research projects. One such study is the Texas Air 

Quality Field Study II (TexAQS II), the second collective research initiative where 

independent research organizations were assigned to gather technical data which was 

compiled and used to inform policy makers about the causes of air pollution so they 

can develop accurate models and design implementation plans to improve Texas‟ air 

quality.   

One of the research programs under the umbrella of the TexAQS II is the Texas 

Environmental Research Consortium (TERC). Although TERC has recently 

expanded their scope to include investigation of additional hazardous air pollutants 

and fine particulate matter, their original focus was on gathering data that could help 

to reduce ground-level ozone. The Houston Advanced Research Center (HARC) 

currently serves as the Research Management Organization for TERC. As a non-

profit research management organization, HARC relies on a group of world renowned 

air quality scientists (the Science Advisory Committee) to prioritize research projects 

that address the most pressing policy needs.   

 In the endeavor to better understand the processes of O3 formation research 

groups, such as HARC, face several obstacles.  The principle impediment is that most 

models fail to adequately and consistently predict O3 levels as manifested in field 

testing. This is further complicated by the large discrepancies between reported 

emissions inventories in the Greater Houston Area (GHA) and actual emissions of 

precursor molecules. Moreover, the mechanisms that govern long-range transport of 
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O3 and its precursors are not a well understood and may, in fact, be more critical to 

O3 non-attainment than originally suspected. In addition, improved inputs of 

meteorological measurements may improve predictive capabilities.  Finally, 

measurement of precursor species (VOCs – volatile organic compounds and NOx – 

oxides of nitrogen) needs to be more precisely targeted in order to increase the 

accuracy of prediction.  

Ozone Formation   

Ozone forms in the air from reactions between two different types of 

pollutants; combustion by-products known as oxides of nitrogen (NOx) and volatile 

organic compounds (VOCs) as well as a subclass of highly reactive organic 

compounds (HRVOCs); there are around 120 compounds included within these 

pollutant categories. Hundreds of reactions can take place within a very short span of 

time, between these compounds, in all stages of reaction. It is interesting to note that 

the efficiency of ozone formation depends on the specific ratio of NOx to VOCs as 

illustrated in Figure 1.  

 

Figure 1.Idealized specific ratio plot of NOx to VOCs in O3 formation. As shown in the plot, the ratio 

is more indicative of ozone formation than absolute values (Meagher in Remer, n.d.).  
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Furthermore, ozone-forming reactions interact across different phases of matter, such 

as gas, liquid and aerosol particles and they can occur on the aerosol surfaces 

themselves; all of which are affected by the specific meteorological conditions 

(Remer, n.d.).   

Focus on Formaldehyde 

Formaldehyde (HCHO) is included in a category of VOCs called aldehydes. 

Formaldehyde is one precursor for O3, which induces a host of additional problems on 

its own. This aldehyde is often underestimated by many atmospheric prediction 

models, most likely due to a lack of understanding about sources and associated 

mechanisms (Rappenglück et al., 2007).  Inaccurate prediction of HCHO levels may 

be one factor contributing to current underestimation of O3 levels. Thus the current 

research focuses on gaining a better understanding of HCHO causes, sources and 

formation. 

HARC commissioned National Oceans and Atmospheric Administration 

(NOAA), Earth Systems Laboratory and the Baylor Institute of Air Sciences (BIAS) 

to reach prioritized research goals. NOAA employed a Twin Otter for 25 hours of 

observational flights, including effects of nocturnal transport and morning planetary 

boundary layer (PBL) entrainment. The BIAS team was employed for 50 hours of 

flight and the following specific objectives:  

 Investigate the atmospheric chemistry and dynamics near stationary fronts 

and the impact of stationary fronts on local air quality  

 Fly over the Moody Tower and Williams Tower in situ sites to investigate 

variations of ozone and aerosol pollution with height and examine vertical 

diffusion, evolution of the PBL, and formation and role of the nocturnal jet 

in the transport of pollutants 
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 SOF (solar occultation flux)  olefin-alkane instrument evaluation over the 

Ship Channel and near Sweeney as part of Top Down Emission Inventory 

Validation (TDEV) 

 Use wind barbs as indicators of the source origin of detected pollutants  

Furthermore, they were to analyze the observations and present research findings to 

the Houston air quality community with a focus on the possibility of primary 

emissions of formaldehyde in the GHA.  The analysis of the measurements obtained 

was based on several existing lines of research that consider the relationships between 

observed formaldehyde levels and those of other characteristic gases namely, sulphur 

dioxide, carbon monoxide, ozone and oxides of nitrogen. 

HCHO Characteristics and Associated Health Hazards 

Formaldehyde is a flammable, colorless, reactive and readily polymerized gas 

at room temperatures. In aqueous solutions, it is present as a hydrate and tends to 

polymerize (Arts, Rennen & de Heer, 2006). When released into the air, HCHO is 

expected to have a half-life of less than 1 day (Environmental Health & Safety, 2007). 

It has a molecular weight of 30.0 Daltons, vapor pressure of 3883 mm Hg at 25 ˚C, 

and 55% water solubility at 20 ˚C and the following molecular structure. 

                                                                   O 

 

 

 

                                                           H              H 

 

Figure 2. Formaldehyde molecular structure (Agency for Toxic Substances and Disease Registry 

[ASTDR], 2008). 

 

 Formaldehyde is the simplest and most reactive and abundant atmospheric carbonyl; 

the name for the CO radical found in a wide range of chemical compounds, especially 

aldehydes and ketones. Formaldehyde is present in all regions of the atmosphere. In 
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the background atmosphere, the principle precursor of HCHO is photochemical 

oxidation of methane (CH4) from biogenic sources (Chance et al., 2000). However, it 

is often generated as an intermediate product in the oxidation of non-methane 

hydrocarbons (NMHC) as well as reactions involving anthropogenic and naturally 

occurring alkenes (Grosjean, 1991; Grosjean & Grosjean, 1995). 

Beyond its role in the formation of ozone, formaldehyde merits investigation 

based on its specific and often hazardous characteristics. Although odor thresholds 

are reported at between 0.5-1.0 ppm, concentrations as low as 0.24 ppm have been 

reported to be irritating to the respiratory tract in humans. People consistently 

exposed to these levels of formaldehyde are likely to become sensitized to odor 

detection then become susceptible to headaches, rhinitis and dyspnea, bronchitid, 

pneumonia, mucous membrane irritation and tumors in the upper respiratory tract, 

among other symptoms (Arts, Crees & de Heer, 2006; ATSDR, 2008.). Exposure 

becomes classified as chronic when a person is exposed to irritating levels on the 

majority of days for several hours each day. With chronic exposure, these effects are 

exacerbated and symptoms such as mood changes, insomnia, attention and memory 

deficits and equilibrium disruption increase in prevalence (ATSDR, 2008). Airborne 

levels below 1 ppm seem to be enough to protect workers from sensory exposure 

irritation, tissue damage and possible nasal cancer. However, children are more 

vulnerable to increased severity of these effects symptoms because of their greater 

lung surface area. 

There is currently much debate regarding whether or not formaldehyde is 

carcinogenic (Monticello & Morgan, 1994). Nasal tumors were observed in lab rats at 

levels 1-2 orders of magnitude larger than subjective irritant level reported by Arts, 
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Crees and de Heer (2006). Long-term inhalation toxicity studies in rats suggest that 

HCHO is carcinogenic at cytotoxic levels i.e. greater than or equal to 6 ppm  

(Sellakumar, et al., 1985), therefore, this is extended to be the only level that presents 

a carcinogenic risk to humans (Litterplo &  Meek, 2003). Thus, it appears that 

exposure to HCHO might be carcinogenic, but only at levels of exposure higher than 

6 ppm. Erring on the side of caution, the Occupational Safety and Health 

Administration (OSHA) holds reasonable anticipation that formaldehyde is a 

carcinogen (ATSDR, 2008).  Although ambient levels in urban atmospheres are only 

as concentrated as parts per billion, there is always the risk of interactions with other 

factors that would heighten the negative effects from exposure.    

The Houston Atmosphere 

Estimates of HCHO in urban settings vary between ranges of 2-45 ppbV 

(Carlier, Hannachi & Mouvier, 1986; Harder et al., 1997; Rehle et al. 2001). The 

level fluctuates greatly depending on the specific characteristics of the location.  

Dasgupta et al. (2005) reported measures of summertime ambient formaldehyde in 

five U.S. metropolitan areas. Levels of HCHO from 1999-2002 were measured 

mostly from ground-based stations. They found that local chemistry and 

micrometeorology dominated HCHO formation and dissipation in each regional 

location, leading to some surprisingly well-mixed regions. E.g. high rise site in 

Nashville showed same values as ground stations over 10 km away.  They measured 

peak mixing ratio values of 47 ppbV in Houston, while values in Atlanta, for 

example, only reached 18 ppbV.  
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High concentration HCHO plumes that originated in Ship Channel were 

observed to range over 10s of km (Dasgupta et al., 2005). During TexAQS I 2000 , 

Wert et al. (2003) found ground based HCHO measures of 0.15-47 ppbV mean of 4.5 

ppbV, whereas the Dallas-Fort Worth area showed ratios of 2-6 ppbV. Researchers 

estimated that the bulk of precursors must have been emitted about an hour before 

detection. They also observed midnight peaks of 15 ppbV, on 9/18/00 which 

corresponded with a spike in NOx spike and an absence of O3. Airborne 

measurements of HCHO also exceed 30 ppbV, and were routinely 10-20 ppbV above 

background, whenever O3 exceeded 120 ppbV (Wert et al., 2003). In fact, HCHO has 

reached maximum reported value of 52 ppbV, at surface sites in Houston‟s highly 

industrialized Ship Channel (Eom et al., 2008). Although measures of HCHO in cities 

such as Mexico City are higher on average, there have been no reports of comparably 

high peaks in other cities (Garcia et al., 2006). 

Characteristics of HCHO in other cities suggest that Houston may undergo 

higher spatial and temporal variability than average due to its dense network of 

petrochemical plants, high temperatures, as well as its relative humidity, and land-sea 

breeze interactions. In fact, half of all days between August to October are 

meteorologically ozone conducive, with most NAAQS exceedances occurring in 

these days (Allen et al., 2004). Since Houston is situated along the Gulf of Mexico, 

the land-sea breeze strongly influences the distribution of air pollutants in the region, 

especially since the majority of polluting point sources are located along the ship 

channel, adjacent to the coast (Cheng et al., 2002). The land-sea breeze results from 

the differences in pressure that form above land and water, creating a consistent flow 

inland from the water during the day and a flow of air out from land to sea at night. 
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Furthermore, in the summertime, the Gulf of Mexico experiences a persistent high 

pressure system, which leads to stagnant conditions in southeast Texas. Since there 

are no additional forcings in these conditions, land-sea breeze circulation becomes 

apparent and dominates summer weather patterns in the Houston-Galveston area. 

Results of TexAQS2000 showed that movement of ozone and precursors is highly 

associated with land-sea breeze circulation in this area (Cheng et al., 2002).  

In addition, the humidity which exists in Houston may also have an effect on 

the formation of ozone from precursors, though the relation is not entirely apparent. 

Pulikesi et al. (2005) found that ambient measurements ozone formation showed 

negative correlations with relative humidity, and positive correlations with high 

pressure systems.  Furthermore, simulations using propene-nitrogen oxide-wet air in a 

smog chamber showed maximum ozone concentrations were not affected by humidity 

(Oh & Yeo, 1998). However, Chen and Wang (2005) measured the effect of relative 

humidity on electron distribution and ozone production by DC coronas in the air and 

found that the water vapor in the air affected, the corona initiation field strength, the 

mass and mobility of ions, as well as the plasma chemistry, e.g. production of OH 

radicals.  Furthermore, Falkenstein (1999) measured ozone formation with (V) UV-

enhanced dielectric barrier discharges in dry and humid gas mixtures of O2, N2/O2, 

and Ar/O2 and noted that an enhanced concentration of atomic singlet oxygen in 

presence of water increased the production of hydroxyl radicals. Thus, it appears that 

Houston‟s high pressure and high humidity, sea-land breeze re-circulations during the 

summer combine to create optimal ozone-formation conditions. 
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Primary and Secondary Formaldehyde  

The rapid science synthesis at TexAQS in 2006 observed that mixing ratios 

and regional distribution of ambient HCHO was dominated by secondary formation, 

and so was mostly consistent with expected daytime photochemical production from 

reactive VOCs. Researchers determined that the upper limit for primary HCHO 

emissions from mobile sources was obtained from night-time measurements, and it 

was small compared to secondary daytime formation (Cowling et al., 2007). 

According to the Rapid Science Synthesis Report there was no clear indication of 

primary emissions that were not already reported in the inventories. In line with these 

conclusions, many have determined that primary sources of HCHO are insignificant 

to overall measurements, and estimate that primary emissions in North America 

account for less than 5% of observed HCHO (Dasgupta et al., 2005; Carlier et al., 

1986; Li et al., 1994).  

 However, large unaccounted primary sources of formaldehyde may exist and 

may have a significant impact on local ozone (Olaguer et al. 2008). Incomplete 

combustion of a number of mobile and industrial sources emits a significant amount 

as a primary source (Zweidinger et al., 1988; Altshuller, 1993a; Chen et al., 2003). A 

range of large bore engines and operating conditions emit between 1-2.5% of HCHO 

from the total Hydrocarbons emissions (Grosjean, Miguel & Tavares, 1990). 

Friedfeld et al. (2002) designed statistical methods to analyze measured HCHO, CO 

and O3 gases, and their regression models determined that approximately 37% of 

Houston HCHO is primary.   

 To clarify, primary and secondary HCHO are the molecule with the same 

properties, the only difference being how they arise in the atmosphere. Primary 
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pollutants are emitted in the given form that is designated as harmful without any 

additional transformations. Carbon monoxide (CO) and nitrogen oxide (NO), both by-

products of combustion, are examples of primary pollutants, emitted in their same 

form. Sources of primary HCHO include vehicle exhaust (Grosjean, Williams & 

Grosjean, 1993) and stationary sources (Grosjean & Swanson, 1983).  Secondary 

formation is governed by radical-driven atmospheric chemistry of a wide variety of 

anthropogenic VOCs and isoprene interactions from biogenic sources (Altshuller, 

1993b; Harder et al., 1997).  

Radical chemistry is governed by both oxidation reactions of and 

photochemical reactions, both of which produce new species. These reactions are 

particularly problematic in photochemical smog where the „soup‟ of pollutants is so 

diverse that any number of ensuing reactions can and do occur (Friedfeld et al., 

2002). Although HCHO formation in Houston has been shown to be dominated by 

oxidation of olefins (Kleinman et al., 2002; Wert et al., 2003) it can also be formed 

from photo-oxidation of almost all VOCs. At the same time, ozone is also often 

formed from photochemical reactions of VOCs including the olefins: ethane, propene, 

and aromatics: toluene or xylene compounds (Chen et al., 2003). Actinic flux, the 

quantity of light available to molecules at a particular point in the atmosphere, drives 

photochemical processes by instigating photolysis. As such, this flux plays a central 

part in photochemical reactions. Rappenglück et al. (in press) describe the following 

reactions at wavelengths of λ < 334 μm, (although similar reactions are observed at 

wavelengths up to 370 μm).    
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           HCHO + hv   HCO + H 

H + O2 + M  HO2+ M 

HCO + O2  CO + HO2 

NO +HO2  NO2 + OH 

 

 

However, even reductions in UV radiation do not yield prominent reductions in 

HCHO formation, since it has both photochemical and direct sources that vary with 

ambient NOx levels (Rappenglück et al., 2007). The average tropospheric lifetime, i.e. 

the gas-phase removal by photolysis and oxidation, of HCHO is a few hours (2-4), 

with shorter lifetimes corresponding to higher sunlight intensity and oxidation level 

(Finnlayson-Pitts & Pitts, 1986; Dasgupta et al., 2005). Studies suggest that this 

lifetime is significantly shorter in the Houston area due to the high atmospheric 

pressures and solar radiation 

On a parallel note, it has been suggested by the BIAS team, that if ozone-

olefin processes are indeed so rapid as to transform into HCHO from the time of 

discharge to the time of aircraft measurement, then these instances are, for all 

intensive purposes, also qualify as primary emissions (Alvarez et al., 2007). Analysis 

of the results also invokes this definition 

Atmospheric Chemistry 

The principle reactions taking place can be described in greater detail in order 

to illustrate the complexity of the interactions. Figure 2 above represents principle 

mechanisms of photolysis and oxidation. Typical concentrations of gases in polluted 

and unpolluted air are listed in Table 1. 



 15 

 

Figure 3. Day time photochemical processes (Rappenglück et al., 2007). 

 

Table 1 

Gas Concentrations in Air (Olson, 2007) 

 

Species Unpolluted (μg/m
3
) Polluted (μg/m

3
) 

CO < 200 10,000 - 30,000 

NO2 < 20 100 - 400 

RH (excluding CH4) < 300 600 - 3000 

O3 < 5 50 - 150 

PAN < 5 50 - 250 

 

There are several reactions that are prevalent and problematic in polluted 

atmospheres.  A principle reaction is that of NO2 photolysis: 

NO2 + hν (λ < 424 nm)    NO + O● 

This process is the main source of a very reactive oxygen atom and NO, which can 

react with ambient O2 to regenerate NO2 molecules, and consequently catalyze the 

NO2 photolysis reaction. This is particularly relevant because the O● atom reacts with 

ambient O2 to produce ground-level ozone. 
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O●   + O2    O3 

This ozone atom also frequently reacts with the abundant atmospheric water vapor to 

produce the hydroxide free radical (•OH): 

O●   + H2O    2 •OH 

Formation of the •OH free radical is problematic because it is very reactive. It can 

scavenge a number of species in the atmosphere, such as carbon monoxide (CO), 

reactive hydrocarbons (RH), and volatile organic carbons (VOCs). For example: 

CO + •OH     CO2 + H• 

Although the CO is destroyed in this reaction, the GHG CO2, along with the very 

reactive hydrogen free radical are produced. Another relevant reaction is with alkane 

hydrocarbons. Although typically un-reactive, the single bonded molecules do react 

with the OH radicals: 

RH + •OH     H2O + R• 

Once formed, the alkyl radical isn‟t stable and will undergo immediate reaction with 

O2 to form an oxygen radical: 

R• + O2 + M    RO2• + M 

In turn, alkyl peroxy radicals (RO2•) can react in a variety of ways to generate other 

oxidizing species. 

RO2• + NO   RO• + NO2 

RO2• + NO2 + M   RONO2 + M 

RO2• + HO2•    ROOH + O2 

 

Alkoxyl radicals (RO•) can result in other oxidizing species and aldehydes. 

 

RCH2O• + O2   RCHO (aldehyde) + HO2• 

RCH2CH2O•    CH2O (formaldehyde) + RCH2•   
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The complexity of photochemical smog becomes more evident, as many of 

the organic compounds produced do not react directly with sunlight, but with the free 

radicals produced from previous photochemical reactions. The conversion of one free 

radical into another, sets off a very dangerous chain reaction, one link of which is the 

formation of ground-level ozone.  

This invokes the very complex cascade of ozone-olefin reactions. Certain 

types of aldehydes photolysis lead to significant amounts of OH radicals in 

atmosphere. For instance, photo-oxidation of saturated hydrocarbons, by OH radicals 

as well as by ozone also leads to carbonyl formation. In turn, carbonyls may react 

with other free radicals, forming photochemical products such as CO, CO2, PAN, or 

carboxylic acids in gas or water phases. Carboxylic acids can also be generated by 

ozonolysis of unsaturated hydrocarbons (Grosjean & Grosjean, 1995; Friedfeld et al., 

2000). Among tropospheric carbonyls, formaldehyde and acetaldehyde are most 

abundant in urban air with most measures showing formaldehyde to be higher. The 

abundance oxygenated species such as O•, •OH, aldehydes, PAN, H2O2, HNO3  

creates a strong oxidizing atmosphere, which among other things convert 

hydrocarbons to CO2, sulfur compounds to SO3 and H2SO4, and NO to NO2 and 

HNO3. These factors contribute to making photochemical smog a very complex 

chemical mixture. 

Another source of formaldehyde is the highly reactive alkene hydrocarbons.  

Despite their relatively small number (~10% of total non-methane VOC 

concentration), their high reactivity makes them more a crucial source of HCHO 

formation.  For instance, they react with •OH, but instead of pulling off an H•, the 

•OH adds across the electron rich double bond: 
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C2H4  + •OH    HOCH2CH• 

HOCH2CH•  +  O2    HOCH2CH2O2• 

HOCH2CH2O2• + NO   NO2 + HOCH2CH2O• 

HOCH2CH2O2•   HOCH2CHO + HO2• 

HOCH2CH2O2•    HCHO + •CH2OH 

 

Thus, it is not surprising that formation can be dominated by high emissions of non-

methane hydrocarbons such as organic acids and aldehydes (Arlander, 1995; 

Puxbaum et al., 1988; Possanzini et al., 1996). Officials have recently taken this 

reactivity into account in designing VOC regulations.  

Furthermore, formaldehyde can serve as a source for the formation of 

additional free-radicals.  Photo-oxidation of HCHO by O3 and hydroperoxyl radical 

(HO2)  constitutes one of the most important sources of HOx, radicals that in turn 

serve as a source of H2O2 (Li et al., 2005). This is lost through oxidation by ●OH to 

●CHO or photolyzed to H2 and CO (< 365 nm) or to H● and ●CHO (< 337 nm). Both 

H● and ●CHO produce HO2● upon reaction with O2 and thus HCHO acts as an 

important radical source. The recombination of two HO2● moieties to form H2O2 

which can itself be photolyzed to form radicals then provides a further radical 

reservoir (Dasgupta et al., 2005). 

Planetary Boundary Layer and Mixing Height 

An important factor that determines the distribution of pollutants, which 

ultimately has an extensive impact on atmospheric composition and reactions, is the 

planetary (or atmospheric) boundary layer (PBL). Determining the distribution of 

pollutants is especially relevant for the Top-Down Emissions Verification component 

of the HARC project to compare aircraft measurements with those at ground level. 

Despite numerous developments in turbulence modeling, there is still no unique 
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definition or overall accepted method of calculating mixing height of pollutants 

within the PBL (Beyrich et al., 1996). Thus, determining this height is often 

ambiguous, as is making comparisons between measurements at varying altitudes. 

With this in mind, the current study draws on the basic principles of atmospheric 

mixing in making inferences about ground-airborne measurements.   

The PBL is the lower part of the troposphere with a height range between 100 

to 3000 m above the Earth‟s surface.  The PBL is directly influenced by forcings such 

as frictional drag, solar heating, and evapotranspiration. These forcing generate 

turbulence of various-sized eddies, inducing atmospheric mixing and acting as a key 

factor in meteorological conditions (Stull, 1988). Just above the PBL is the stable free 

atmosphere where winds are strong and consistent.  These processes are illustrated in 

Figure 3.  

            

            
Figure 4. Schematic of fair-weather atmospheric boundary layer structure over land. Scale is not 

representative of possible height range (University of Wisconsin, 1996). 
 

Meteorological processes within the PBL play a critical role in determining 

transport, diffusion and chemical transformation of air pollutants (Vukovich, 1995; 

Clark, 1997; Zhang, Rao & Daggupaty, 1998; Zhang & Rao, 1999; Aneja et al., 
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2000). The three key boundary layer parameters for studying air pollution events are 

mixing height, ventilation coefficient and cloud cover. Mixing height is the depth, 

measured upward from earth‟s surface, which composes upper limit of pollutant 

dispersion (Dandou et al., 2002). Pollution episodes often occur during conditions of 

intense vertical mixing where temperature, humidity and pollutant increase at an 

almost constant rate with height. These conditions are generally assumed for box 

models (parametrically stable simulations) and occur on summer days in Houston 

(Beyrich et al., 1996).  In support of these assumptions, Rao et al. (2003)  found that 

ground station measures of high ozone (> 80 ppb) usually had less cloud cover, 

higher mixing heights and lower ventilation coefficients than low ozone days, which 

occurred with less stable weather conditions. Measures from platforms elevated at 

about 400 m showed 40% higher concentrations on high ozone days. These elevated 

levels remained for about 2-3 days. Strong daytime vertical mixing can bring elevated 

ozone down to ground level to result in catalytic ozone production.  

There two types of boundary layers that are most relevant to pollutant 

dispersion, convective and stably stratified. The convective boundary layer (CBL) is 

where warm temperatures of land and air at the surface become buoyant and create 

thermal instability and turbulence mixing. Heat from solar radiation and water vapor 

condensation combine to invoke a CBL as high as 18 km. This is the typical daytime 

condition of warm-weather locations, particularly in the summer. Meanwhile, the 

stably stratified boundary layer (SBL) is characterized by cold surface and air 

temperatures which inhibit turbulence by creating stratified layers.  The SBL most 

often exists during the night, carrying over into early mornings, though it also exists 

during the day in cold climates where surface temperatures remain cold throughout 
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the day (Absolute Astronomy, n.d.). Verver (1998) studied the effect of higher order 

chemistry terms on transformation rates and fluxes in convective boundary layer for 

reactions of NO to NO2 to O3 and HC oxidizing NO to NO2. Model simulations 

showed that the most significant effects with NO concentrations were found near the 

surface layer implying imbalances introduced by surface fluxes were either 

chemically removed before top of layer or transported to higher levels; implying 

chemistry is slow compared to mixing processes.  Although forcing imbalances from 

emissions also showed significant effects on O3 near the surface, production rates of 

O3 remained the same throughout the PBL. 

Nocturnal Radical Chemistry  

The PBL at night may be even more difficult to identify. Vertical stability at 

night can invoke conditions of relatively slow vertical transport, and ensuing mixing 

of trace gases emitted from the surface. Night-time mixing processes occur on longer 

time scales with mixing effects being most affected by surface topology and 

structures (Beyrich & Weill, 1993). As a consequence, chemistry at night is often 

altitude dependent, and maintains a distinct nocturnal boundary layer (Rappenglück et 

al., in press). Rao et al. (2003) analyzed the spatial and temporal distribution of the 

mixing height; ventilation coefficient and cloud cover in the eastern US during the 

summer of 1995. They found night-time mixing heights to average less than 200 m, 1 

km by 10 am and about 2.5 km in the afternoon. Night-time conditions invoked a 

stably-stratified layer near the ground, with only the lowest part being fully turbulent.  

In light of the fact that understanding the formation processes of ozone 

depends largely on accurately quantifying the radical budget, the 2006 TERC study 
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documented 24-hour data from the radical chemical sources and sinks in the urban 

atmosphere of Houston during TexAQS II field campaign. The study observed OH 

reactivity was over 100 s
-1

 on a number of occasions, which is an indication of 

extremely polluted air (Rappenglück et al., 2007). Alkenes contributed to OH 

reactivity all day long. Collaborating researchers also detected HOx production rates 

at more than double the modeled amounts.  The morning hours yielded high rates of 

HCHO photolysis.  Given the exceptional processes observed in the morning hours, 

understanding nocturnal chemistry becomes a necessary part of accounting for all 

formaldehyde levels.  

NOx makes a big contribution to OH reactivity at night and in the early 

morning, which is typical of traffic in an urban city. The dominant loss mechanism 

for HOx during day and night is OH with NO2. (Rappenglück et al., 2007). High 

nocturnal OH/HO2 correlated with elevated NO3 and/or O3. There are a number of 

sources that may serve as appreciable sources for OH during early morning.     

 

      

Figure 5. Night-time radical chemistry (Rappenglück, 2007). 
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As Figure 4 demonstrates, the principle actor in night-time atmospheric 

chemistry is the influence/role of O3 in NO3 formation through conversion of NO to 

NO2.  This is problematic because NO3 reacts with NO2, any number of VOCs such as 

aldehydes, alkanes, short-lived alkenes and fast reacting terpenes. Nitrogen can then 

be removed through the formation of HNO3 on particles or OH radicals, invoking a 

whole host of reactions previously mentioned.  It is unclear exactly how much the 

precursors contribute to the observed elevated levels of OH/HO2. The quantification 

of these processes is elusive because of the influence of nocturnal vertical stability. 

Formaldehyde is present during night-time hours in the ship channel area in 

significant amounts. Rappenglück et al. (in press) conducted an initial CMAQ, 

atmospheric model analysis that provides evidence for night-time HCHO formation, 

likely through olefin-O3 reactions. This formation can be in significant amounts 

especially when alkenes are emitted in non-combustion processes without NO titrated 

O3.  

However, not all detected HCHO is due to secondary formation. Olaguer et al. 

(2008) measured night-time pulses of HCHO as high as 20 ppbV at Moody tower, 

that researchers suggested may be a large transient source of primary emissions. 

Dasgupta et al. (2005) also found significant night-time excursions, possibly from 

flare combustion, since peaks coincided with NO peaks. Dasgupta et al. believe these 

emissions may have been indicative of primary HCHO from non-routine emissions.  

Transport and Diffusion 

Nocturnal transport can also play an important role for urban air quality. For 

instance, HCHO is relatively stable at night, which means it can be transported as 
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long as conditions allow. However, dry and wet deposition at night have been 

recognized as an important sink for HCHO, again implicating a number of potential 

outcomes (Lowe & Schmidt, 1983).  

Nevertheless, even in the case of wet and dry deposition, HCHO still has the 

potential to be transported. When HCHO dissolves in atmospheric water, aqueous 

phase oxidation by various oxidants, notably HO2● converts HCHO to formic acid, 

widely found in ambient air and rain (Ebeler, Clifford & Shibamoto, 1997; Khare et 

al., 1999).  Formaldehyde in atmospheric water in SO2 rich environments also forms a 

reservoir for both HCHO and S (IV) in the form of hydroxymethanesulfonic acid, a 

fogwater specific constituent (Dasgupta et al., 2005). Another example is the gasoline 

additive, methyl-tert-butyl ether (MTBE) that photo-degrades in atmospheric water to 

produce HCHO (Lee, Heikes & Jacob, 1998). Furthermore, when MTBE 

contaminates ground-water, the anaerobic biodegradation treatment process also leads 

to HCHO formation (Deeb, Scow & Alvarez-Cohen, 2000). There is a chance that the 

HCHO produced in this manner may be hazardous to human health. The drinking 

water equivalent level (DWEL) is the concentration of a contaminant in water for 

which no adverse, non-carcinogenic health effects are anticipated if a person is 

exposed over a lifetime. For HCHO, the DWEL = 7,000 mg/L. The reference dose 

(RfD), another standard measure, is an estimate of the amount of a given chemical a 

person can consume each day over a lifetime without incurring „appreciable risk‟ of 

negative effects. For formaldehyde, this level is 0.2 mg/L (Pesticide Action Network, 

2009). Thus, the risk to human health would depend on the degree of contamination 

in the groundwater, though barring a constant source of contamination, this would not 

pose a significant risk to human health as far as current standards indicate.  
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According to the specific meteorological conditions, these contaminants could 

then end up in any number of places. Montero et al. (2001) observed that carbonyl 

and carboxylic ratios measured in two proximal locations were lower in dispersion 

than stagnation periods, suggesting that wind velocity probably had an influence. 

Additional possibilities are assessed in depth in the discussion.  

Transport of pollutants, at any time of the day, also often has substantial and 

wide reaching impacts on surrounding air, water and environments. For example, 

complex molecules such as PAN, which are not water soluble and so do not undergo 

wet or dry deposition, are usually stable and can be transported over long distances. 

However, in warmer locations, such as Houston in the summer, PAN slowly 

thermally or photolytically decomposes to produce NO2 and O3 (Rappenglück et al., 

2007).  This can result in long range transport of NOx. Thus, the effects of smog can 

be felt at locations far from their source and long after emission.  

 The actual range of these contaminants can be estimated through calculation 

of dispersion. Using a fixed grid framework for calculations, vertical dispersion of 

plume controlled by growth of planetary boundary layer and diffusive vertical 

transport was calculated as described by Trainer et al. (1991) with max height 

corresponding to observations. Horizontal dispersion controlled by the diffusion 

coefficient was chosen to approximate the observed growth in plume width as a 

function of distance.  These diffusion models are an essential part of predicting 

atmospheric processes. However, there are numerous additional factors at play in the 

atmospheric processes that govern ozone formation and transportation in the 

atmosphere.  
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Monitoring and Modeling  

In order to fine tune models to be reliably predictive, accurate monitoring of 

actual emission levels is crucial. There are a number of methods that have been used 

to measure HCHO. The range of modalities can also provide supportive validity 

between methods. Furthermore, by measuring at various locations, using different 

parameters, they can provide insight into the complex interactions of polluted radical 

chemistry.  

Chen et al. (2003) conducted a study monitoring HCHO concentration levels 

at GHA‟S Deer Park by wet chemical and laser spectrometer during three periods in 

the summer of 2002 aimed to characterize the formation processes of formaldehyde 

and ozone. The first two periods both showed diurnal variation in concentrations of 

both gases. During the first period (last 2 weeks of July), HCHO measurements 

agreed very closely with O3 measurements, suggesting that the sources for the 

formaldehyde were photochemical mechanisms related to ozone formation. However, 

the second measurement period (first two weeks of August), did not show such close 

agreement, with HCHO levels being much lower than measured O3. Furthermore, 

there were a number of instances where formaldehyde peaks occurred relatively 

earlier in the day, and exceeded 20 ppbV, suggesting another formaldehyde formation 

process, or a primary source.  Results such as these, exemplify the complexity of 

photochemical smog.  

Aircraft measurement, such as that used in the current study, is a vital part of 

developing a comprehensive understanding of atmospheric processes as it is provides 

the intermediary measurements between ground  and satellite data. Martin et al., 

(2004) evaluated GOME satellite measurements of tropospheric NO2 and HCHO 
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using regional data from aircraft campaigns in eastern Texas and southeastern United 

States.  Mean relative vertical profiles of HCHO and NO2 calculated with a global 3-

D model (GEOS-CHEM) and used in the GOME retrieval are highly consistent with 

in situ measurements, despite sampling differences.  HCHO columns over east Texas 

were dominated by biogenic sources, but also indicated anthropogenic sources of 

VOCs. In situ measurements showed that in the summer months, the lowest 1500 m 

(lower mixed layer), contained 75% of tropospheric NO2 column over Houston and 

Nashville and 60% of HCHO column over Houston. They proposed that future 

studies comparing satellite to in situ could include entire range of satellite and 

heterogeneous mixed layer. 

Wert et al. (2003) used an instrumented aircraft to investigate signatures of terminal 

alkene oxidation in airborne formaldehyde measurements during TexAQS 2000. They 

used tunable diode laser absorption spectroscopy (TDLAS), at high time resolution to 

detect measured airborne formaldehyde with the NCAR Electra aircraft. 

Acetaldehyde was measured by proton transfer mass spectrometry (PTMS). 

Measurement accuracy was corroborated by in-flight calibrations and zeros and fly-

over comparisons with ground-based differential optical absorption spectroscopy 

(DOAS) system. They found the highest levels of HCHO precursors, VOC reactivity, 

HCHO and O3 formation, were measured in highly polluted petrochemical plumes. 

However, direct primary HCHO emissions were not detected in substantial amounts 

from petrochemical facilities.   

The rapid production observed at HCHO >30 ppbV and O3 >200 ppbV in 

highly polluted plumes was well replicated in a model that considered only two 

NMHC: ethene and propene (Wert et al., 2003). At the same time, assuming standard 
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hydroxyl radical (OH) initiated chemistry and factoring 3 NMHCs; anthropogenic 

ethene (C2H4), propene (C3H6), and biogenic isoprene (C5H8), could accurately model 

the photochemistry of isolated petrochemical facility plumes. This suggests that there 

are synergistic effects that occur in highly polluted air that were not accounted for.  

Rappenglück et al. (2007) explored the accuracy of several Photochemical 

Box Modeling methods. Two such models, RACM - Regional Atmospheric 

Chemistry Modeling and CB05 – Carbon Bond 05, measure OH, HO2, and OH 

reactivity. Although they maintain the same diurnal variation, both box models 

calculated almost the same amount of OH which was a substantial under-prediction of 

the observed values.  This could be due to sources that are unaccounted for or 

incomplete chemistry in the models. Given OH‟s major role in radical atmospheric 

chemical processes, this underestimation demonstrates a significant source of error in 

prediction. Another box model, the LaRC 3-D transport model, over-predicted 

HCHO, HNO3, H2O2 and PAN in the morning rush hour when constraining these 

variables. Another type of model, the TUV radiative transfer model, calculates 

photolysis frequencies and showed good agreement with University of Houston 

measured photolysis on cloud-free days. They found that clouds had a larger impact 

on photochemistry than aerosols, as O3 production is ~8 ppbV/hr higher in cloud or 

aerosol free photolysis frequencies. They found that the model predictions of OH and 

HO2 are better when constrained to all major radical sources.  

More recently, Rappenglück et al. (2007) applied a University of Houston 

CMAQ model, results shown in Figure 5 employs the SAPRC99 chemical 

mechanism. The CMAQ results showed overall good agreement with HCHO 

measurements at Moody Tower, with minimal exceptions. The concordance of the 
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model and measured results encourages the study of contribution pathways that can 

be extracted by the CMAQ modeling. The model was based on 9 grid cells with the 

tower being on the center cell. This model provided a method to estimate the 

contributions of primary and secondary origins of the measured HCHO, as illustrated 

in Figure 6. 

Friedfeld et al. (2002) designed a statistical approach to investigate the rapid 

and complex nature of time series measurements. They used regression models 

coupled with time series data to determine which type of formaldehyde was detected 

in Houston. A simple linear regression of three compounds with one lag unit of time 

(5 min) on the current HCHO concentrations resulted in a 1.7 mean ratio of primary 

to secondary contribution from 10 model simulations. The regressions they conducted 

suggested 37% of HCHO in Houston might be primary emissions.  

 

 

Figure 6. CMAQ HCHO modeling results vs. observational data at the Moody Tower for 09/19-30, 

2007 (Rappenglück et al, 2007). 
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Figure 7. Contributions to ambient HCHO mixing ratios at Moody Tower as extracted from CMAQ 

modeling for the time period Sept 1920, 2007. CHEM_HCHO is from secondary formation and 

EMIS_HCHO is primary emissions (Rappenglück et al, 2007). 

 

From simultaneous real-time measurements, Friedfeld et al. (2002) took CO 

as a marker for primary emissions (as from mobile vehicle) and O3 as a marker for 

secondary formaldehyde (as from photochemical processes). Autocorrelation function 

and partial autocorrelations function showed positive relations with both CO and O3.   

For the error processes model, one lag unit of time was the most significant predictor 

of HCHO while zero lag for O3 was most predictive of HCHO. Their results indicate 

that manifested lag periods, of 1 and 0, emphasize that hourly or daily time-integrated 

measurements are often inadequate to represent the true nature of the atmospheric 

chemistry of a region.  Instead, as the results of this study indicate, a combination of 

historical data and statistical analyses more accurately predict peak O3 concentrations 

when concentrations are simultaneous and significant, such as with HCHO and O3. 



 31 

Rationale for Current Research  

The tactic of monitoring the correlations between concurrent gases is a simple 

method for determining sources of emissions. Past research (Altshuller, 1993a; 

Possanzini et al., 1996) has investigated the production of HCHO from both primary 

and secondary sources by comparing estimates of HCHO from vehicular emissions 

with estimates of HCHO from alkene and alkane atmospheric reactions.  Major 

efforts in the determination of primary fraction of HCHO in urban areas, all took CO 

co-existence as an indication of primary formaldehyde from incomplete combustion 

from mobile/traffic sources (Possanzini et al., 1996; Anderson et al., 1996; Friedfeld 

et al., 2002; Rappenglück et al., 2005; Garcia et al., 2006). In their TERC research, 

Rappenglück et al (2007) used CO as a tracer for traffic-related exhaust emissions. 

Their study found the best correlation between HCHO and CO for night-time 

measurements, including rush hour traffic that originated from urban regions. SO2 

was used as a tracer for industry related emissions. Moody tower measurements 

indicated a relationship between HCHO and SO2 between 9-1200; possibly due to 

down-mixing of air masses after the break-up of the morning inversion. They could 

not determine if these emissions were primary or secondary. Dasgupta et al. (2005) 

found HCHO peaks were simultaneous with SO2 and H2O2 peaks, suggesting that 

HRVOCs may be co-emitted with SO2 from specific sources and lead to rapid 

production of peroxy radicals. Thus the current investigation also analyses 

corresponding trace gases as indicators of the emission type. 

Ratios or signature fractions are often employed as a method of analyzing 

mixing ratios which can be easily compared across time and places. For instance, 

ethene/ethyne and propene/ethyne ratios often disclose industrial origins of plumes. 
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This is significant since, on average, terminal alkenes; ethene and propene composed 

95% of total HCHO production potential and 91% of total HC reactivity.  

Furthermore, one method to compare HCHO levels is to compare levels from plumes 

of equivalent photochemical age with similar NOx/NOy ratios to distinguish 

differences from different sources (Wert et al., 2003). Signature fractions throughout 

the TERC 2006 study also displayed distinct diurnal variation with SO2 related 

HCHO fraction being important from 9-1200 hours; this HCHO is distinct from the 

early morning rush hour dominated HCHO emissions and the OH-driven HCHO 

secondary formation. Back trajectories showed that these SO2 -associated morning 

HCHO events had come through the ship channel and were accompanied by 

HCHO/PAN ratios, which also significantly depend on SO2 levels. Overall, HCHO 

was highly correlated with SO2, with HCHO composing up to 18% of SO2. 

Rappenglück et al. (2007) estimated that primary HCHO emissions from mobile 

sources were up to 0.7% of CO emissions, while diesel engines HCHO/CO ratios 

have been reported as high as 4%. Furthermore, industrial emissions may be non-

negligible as HCHO emissions were determined to compose up to 3% of flare CO 

emissions. Vizuete et al. (2008) determined that 1% of flare mass in Houston is 

HCHO. Olaguer et al. (2008) conducted CAMx model simulations which showed that 

direct emissions of HCHO from flares/mobile at similar concentrations can increase 

peak ozone in Houston by as much as 30 ppbV. The results of the current study are 

meant to illuminate understanding of sources in order to better characterize the 

balance of radicals and reactive precursors, particularly NOx VOC and aldehydes, in 

SIP models of Houston ozone formation and maybe lead to better control strategies 

and reconciling measured data, with emissions inventories. 
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Making Inventories Count 

As part of national and state efforts to protect human health and the 

environment, federal and state laws require companies to prepare and submit an 

annual emissions inventory (EI) detailing the actual annual emissions of the air 

pollutants released at their site. The initial emissions inventory consists of actual 

emissions of VOC, NOx, carbon monoxide (CO), sulfur dioxide (SO2), lead (Pb), 

particulate matter of less than 10 microns in diameter (PM10), any other contaminant 

subject to NAAQS, emissions of all hazardous air pollutants (HAPs) such as VOCs or 

any other contaminant requested by the commission from individual emission units. 

These inventories are often used as estimates for designing models or in general 

statistics for determining metropolitan mixing ratios. A non-governmental citizen‟s 

watch organization has provided research that demonstrates how ineffective these 

inventories are, particularly considering their lax participation requirements.  Results 

of a formaldehyde emissions inventory, in 2002, 2004 and 2005 by the Environmental 

Integrity Project (EIP), lead to the conclusion that US petroleum refineries under-

reported emissions by 2-4 million pounds per year (Environmental Integrity Project 

[EIP], 2007).  The EIP compared the amount of emissions reported by refineries in 

their required Toxic Release Inventories to the values calculated by using emission 

factors from the EPA‟s Technology Transfer Network – Clearinghouse for 

Inventories and Emissions Factors as well as values of fresh feed input from the U.S. 

Department of Energy‟s Energy Information Administration (EIA). This has also 

been observed in other research where measurement-inferred facility emissions of 

ethene and propene are up to 10 times larger than reported by inventories (Wert et al., 
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2003). There was also a discrepancy between previously observed and GHA 

estimated mobile emissions (CO/NOx) ratios.  

Rappenglück et al. (2007) suggest a number of possible sources of 

undercounted HCHO. First, the refinery and fugitive emissions from industrial 

processes are undercounted and/or largely unknown. Secondly, reactions between O3 

and industrial olefins may be underestimated by an order of magnitude or more. This 

can be exacerbated by errors due to titration of O3 by combustion NOx sources that 

falsely co-locate with non-combustion olefin sources or alternatively, due to artificial 

dilution by vertical mixing. Finally, the flares in Houston Ship Channel facilities are 

likely highly underestimated.  The CFD (computational fluid dynamics) model 

studies indicate flare destruction efficiency may be significantly reduced (not 99% as 

assumed) by over-steaming and cross winds > 1 m/s (Castineira & Edgar, 2006); 

conditions which occur frequently.   

Thus, the current research focuses on monitoring industry emissions at higher 

altitudes, close to where they are emitted by smokestacks, so that the characteristics 

of the gases may be used to help identify source and to differentiate primary and 

secondary HCHO fractions in plumes as they contribute to ozone formation. 
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CHAPTER TWO 

Methods and Materials 

Experimental Methods 

A Piper Aztec (N6670Y) was used to collect lower tropospheric air quality 

data from August through October 2006 in the Houston, Texas, region as part of an 

ongoing air quality study supported by the HARC.  The objectives of the aircraft-

based study were to collect data for the following three experiments: 

1. Measurement of pollutant concentration within stationary fronts 

2. Top-down emission verification (TDEV) of the HGA petrochemical 

sources 

3. Characterization of vertical mixing over UH Moody Tower  

 

The experiments and related flights are listed in Table 2.  However, for the purposes 

of the current analysis, only 5 of the 11 flights conducted will be discussed. All 5 

flights followed the TDEV flight plan.  

Table 2 

Summary of Flights Performed to Meet Each Program Objective 

 

Flight plan Flight Dates Flight time (hours) 

Stationary front experiment 8/21; 8/22 6.9 

Top-down emissions verification 

experiment (TDEV) 

 (Gillani et al, 2006) 

8/30; 8/31, 9/13; 9/20; 

9/27 
33.8 

Vertical mixing experiment 

(Gillani et al, 2006) 
10/05 6.0 

 Total 46.7 

 



 36 

Instrument Package 

The program objectives required measurements of the following parameters: 

NO, NO2, NOy, O3, meteorological measurements and measurement of reactive 

alkenes using a continuous olefin instrument.  A VUV (Vacuum Ultra-Violet) 

fluorescence CO (Carbon monoxide) instrument and HCHO (Formaldehyde) 

instrument were also part of the instrument platform (refer to Table 3).  VOC 

canisters were also collected courtesy of the University of Houston.   

Standard Operating Procedure (SOP) 

This section identifies the instruments, tools, and standards used for quality 

control; the methods and frequency of calibration; the calibration and performance 

standards; and the traceability of the standards. 

Calibration procedures for trace gas measurements included off-day and 

preflight multipoint calibrations performed using a NIST (National Institute of 

Standards and Technology) gas standard obtained from Scott Specialty Inc. and Scott 

Marrin Inc.  A Thermo Environment® (TEI) 146C calibrator was used to generate 

gas mixtures of known composition and concentration for use in calibrating nitric 

oxide (NO), nitrogen dioxide (NO2), total reactive oxides of nitrogen (NOy), carbon 

monoxide (CO), sulphur dioxide (SO2) and reactive alkene detector (RAD).  The 

standardization of the calibrator involved measuring system parameters are needed to 

calculate the pollutant concentrations that were generated during a multi- point 

calibration or span check. The TEI 146C calibrator relies on the operation of mass 

flow controllers to maintain a source gas flow and a dilution air flow at each test 

level. 
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Table 3 

Table Measurement Platform 

Parameter  

(units of measure) 
Analytical Technique Sample Period (seconds) 

Detection 

Limit (units 

ppb unless 

otherwise 

stated) 

Ozone (O3 as ppbV) Dual beam Ultra-Violet 

absorption 

1 sec poll of 2 sec 

updates  

2 

NO (ppbV) Chemiluminescence 1 sec poll of 2 sec 

updates 

2 

NO2(Sum reactive nitrogen) 

(ppbV) 

UV Photolysis with 

Chemiluminescence 

1 second poll of 2 second 

updates  

2 

NOy 

(ppbV) 

Mo Catalytic Sample 

Reduction @ 320
o
C & 

Chemiluminescence 

1 second poll of 2 second 

updates 

2 

Sulfur Dioxide 

(ppbV) 
Pulsed fluorescence 

1 sec poll of 2 sec 

updates 
2 

 
Carbon Monoxide (CO as ppbV) 

Vacuum Ultra Violet (VUV) 

Fluorescence 

1 sec poll of 1 sec 

updates 

2 

(  = 10s) 

Reactive alkenes  

(alkenes in ppbV) 
Chemiluminescence 1 1 

Volatile organic compounds 

(C2-C9) 

Gas Chromatography and 

Flame Ionization Detection 

Whole air samples  

(approx.-1 minute) 
10 ppbV 

Formaldehyde (HCHO) Hantzsch reaction 
1 second poll of 1 second 

updates 
50 ppbV 

Particle Light Scattering 

(sp and bsp X 10
-6

 m
-1

) 

Red, Green and Blue 

Wavelengths 

 

3  Nephelometry (TSI) 

 

1 

 

1x10e
-6

 m
-1 

 

Particle counter (testing only) 

(counts/liter) .2 micn to 30 micn 
light scattering 

1 sec poll of 6 sec 

updates 
1 prtcle/ltr 

j(NO2) 

{photolysis frequency of NO2} 

Upward and downward 

pointing filter 

radiometers(actinic flux) 

1 N/A 

Altitude (ft msl) 

 
Global Positioning System  1 1 ft. 

Latitude and Longitude,  

(degrees, minutes, seconds) 
Global Positioning System  1 

0.04 sec  

Lat/ Lon 

Wind Direction 

(degrees azimuth) 
Inferred from aircraft motion 1 5 deg. 

Wind Speed 

(knots / meters per second) 
Inferred from aircraft motion 1 

5 Knots 

(2.55 m/s) 

Temperature ˚C 

 

Aspirated platinum resistance 1 0.01 deg. C 

Relative Humidity (% RH 

,absolute) 
Solid state sensor 

1 0.1 % 
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The TEI 146C mass flow controllers were calibrated with a NIST traceable 

Sensidyne® Gilibrator flow calibrator. Ozone (O3) calibrations included pre-flight 

span checks and off-day calibrations. Span checks were performed with the TEI 146C 

calibrator and off-day calibrations were performed with a Thermo environment TEI 

model 49C-PS that was compared to the Region 6 EPA (Environmental Protection 

Agency) reference photometer. Multi-point calibrations on the reactive alkene 

detector (RAD) were conducted with propene, a NIST traceable gas standard from 

Scott Marrin Inc. before each flight and off-day calibrations. 

Meteorological parameters were compared to NIST traceable instruments 

before and after each science flight when possible and during off-day calibrations. 

Position (Latitude and Longitude) data outputs of the GPS instrument were cross-

checked before each science flight when available at established reference points.  

The TSI 3563 nephelometer was calibrated prior to the sampling season and at 

the end of the project.  Clean, filtered air and carbon dioxide (CO2) gas were used for 

calibrating the nephelometer. The formaldehyde instrument was calibrated with an 

aliquot liquid standard that was provided by Aerolaser® at the beginning of the study.  

During the field study the instrument was challenged with gaseous formaldehyde 

from its internal permeation tube to demonstrate stability and track step changes.  The 

instrument was also auto-zeroed periodically in-flight.  At the end of the field season, 

the instrument was calibrated with a gas standard from the NCAR (National Center 

for Atmospheric research) that was diluted to different concentrations.  An 

instrumentation inter-comparison was also conducted with the University of Houston 

formaldehyde instrument at the top of the Moody Tower in Houston, Texas.  
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Performance evaluations are qualitative assessments that are used to 

determine conformance of the measurement products with the quality specifications; 

they are expected to be consistent with EPA guidelines published in the EPA Quality 

Assurance Handbook for Air Pollution Measurement System. 

Data Uncertainty 

The guidelines used for determining the uncertainty of the measurements for 

this airborne sampling program were based on the evaluation described in NIST 

Technical Note 1297. Type A) uncertainty components are those which are evaluated 

by statistical methods. Type (B) components are those which are evaluated by other 

means (Taylor and Kuyatt, 1994).  Table 4 contains the standard uncertainties that 

were used to determine the combined standard uncertainty of each gas measurement. 

Development operations. Following conference calls with joint research 

teams, BIAS members undertook the daily exercise of evaluating the feasibility of 

proposed missions based on, weather conditions, absence or presence of plumes 

transported into the region, potential for joint missions with other platforms, and 

relevance for developing scientific objectives.    

Flight Plans 

Flight plans were developed prior to the study to meet the measurement 

objectives of the program under anticipated weather conditions.  During the 

operational period the meteorological conditions were examined daily to determine 

which flight plan was most appropriate.  Under most conditions at least some 

modification to the flight plan was required.    
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Table 4 

Data Uncertainty Table 

 

   Parameter 

Sources of standard uncertainty 

Baseline
4 

Combined 

standard 

uncertainty
5 

Calibration 

standard
1
 

1.0 % (B) 

Conversion 

efficiency
2
 

(CE) 

n/a 

Repeatability
3
 

2.8% (A) 

 NOy  5.1 % (B) 8.4% 5.5% (A) 0.3 ppbV 
±11.3% + 0.3 

ppbV 

NO 5.1 % (B) n/a 4.8% (A) 0.4 ppbV  
 ±7.0% +0.4 

ppbV 

NO2 5.1 % (B) 1.7% 2.4% (A) 0.2 ppbV  
±5.9% +0.2 

ppbV 

SO2 5.1 % (B) n/a 2.2% (A) 0.4 ppbV  
±5.6%+0.4 

ppbV 

CO 2.0 % (B) n/a 2.0% (A) 15 ppbV  
±3.0% +15 

ppbV 

RAD 
6
 5.1 % (B) n/a 1.8% (A) 7.2 ppbV 

 ±7.4% +7.2 

ppbV 

Formaldehyde 

CH2O 
11.1% (B) n/a 5.0% (B) 0.5 ppbV 

±12.2% +0.5 

ppbV 

 
1. Repeatability.  This source of uncertainty was estimated from the standard deviation 

of the linear regression slopes from pre-flight calibrations for the NO, NO2, NOy, CO 

and RAD measurements.  There were approximately 17 preflight calibrations for 

each measurement. Uncertainty of ozone repeatability was estimated from the 

standard deviation of the slopes obtained from 21 „preflight instrument checks‟.  

Formaldehyde uncertainty was estimated from the standard deviation of 

approximately 28 in-flight zeros. 

 

2. Baseline.  The baselines for O3, CO, NOy, NO, NO2, SO2 and RAD were estimated 

from the standard deviation (1σ) of the zero level determinations (synthetic air 

mixture) conducted during the study.  Although the measurements were corrected 

from the zero level, this number reflects the expected variability of that level during 

ambient measurements. The baseline was estimated from the standard deviation of 

approximately 28 in-flight zeros. 

 

3. Combined standard uncertainty.  The combined uncertainty was estimated through 

propagation of the above uncertainties as [(d1)
2
 + (d2)

2
 + (dn)

 2
…]

 ½
 where dn is 

defined as any “component” of the uncertainties (e.g., calibration standard, flow 

controllers, pressure, etc). 

 

4. RAD. The baseline often resulted in negative values after all correction factors were 

applied to the data i.e., slope, in-flight zeros, NO interference, and pressure.  These 

negative values were more apparent during changes in flight altitude and vertical 

profiles. 
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Top-Down Emissions Verification  

The TDEV flight plan was developed by Noor Gillani for the Aztec N6670Y 

aircraft. Top-down emissions verification is an approach which has been applied 

before to the Houston petrochemical sources by Gillani and Wu (2003). It is based on 

use of ambient data upwind and downwind of the target emission source(s) in an 

attempt to reconcile them with the most likely emissions from the target source(s). It 

is a mass balance approach used to capture full mass flow rates. The Aztec 

measurements in the TDEV experiment were to be carried out in close coordination 

with the Chalmers University Solar Occultation Flux (SOF) moving van, shown in 

Figure 7 (Fransson & Mellqvist, 2002) along with University of Houston (Moody 

Tower and meteorological team), and NOAA smart balloons.  The main 

petrochemical source(s) targeted are shown in Figure 8. The example flight plan 

presented in Figure 9 consists of an early morning flight and afternoon flight. The 

same concept would apply for flights planned for any of the targeted petrochemical 

sources i.e., Texas City, Sweeney or Freeport. The plan consists of one specification 

for the morning and one for the afternoon.  

The morning profile: 

1. Takeoff from Ellington airport (EFD) and proceed to a point labeled as “S1” 

where the aircraft will conduct a vertical profile as a box climb (2 minute legs 

at 500 fpm) to above the boundary layer. Collect hydrocarbon canister 1 at 

bottom of box.  

 

2. Between “S1” conduct two (east-west) transects from “A” to “B” at 750 and 

1250 ft. msl. 

 

3. At the end of the second east-west transect begin flying ship channel SOF box 

fight path trace (refer to Figure 2-4). 

 

4. Conduct multiple transects at different altitudes over Rd. 225 south of the ship 

channel. Collect hydrocarbon canister samples in plumes. 
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5. Proceed to point “C” and fly two transects at 1000 ft. msl. 

6. After completion of transects, proceed to “S2” to conduct a vertical profile.  

7. Land at Ellington airport. 

 

The afternoon profile:  

1. Takeoff from Ellington airport and proceed to point “E”. Fly transect from E 

to F at 1000 ft. msl.  

 

2. Continue cross-plume transects at successive downwind distances (E to F, G-

H, I-J). 

 

3. Conduct vertical profile near J at “S3”. 

4. Continue transects at farther downwind distances (K to L and M to N). 

5. Proceed to Ellington airport and land between C and D.  

 

The following considerations support the research objectives: 

 

 This flight plan requires winds from the north. 

 The morning flight plan should begin at about 7:30 AM and the 

afternoon plan at 1:00 PM, for a total of ~5 hours. 

 Flight speed of 100 mph and max ascent/descent rates of 500 fpm 

should be maintained. 

 

For each of the TDEV missions, a specific flight plan was developed on the 

day before the mission, focused on specified target emission sources, and based on 

expected day-specific meteorological conditions.  On days with two planned flights 

(morning and afternoon), the afternoon flight plan was generally readjusted based on 

actual prevailing meteorological conditions just before the second flight. The 

parameters measured are listed in Table 5.  

Data Analysis  

 

All graphs and analysis were conducted on the IGOR Pro software. A number 

of manipulations were conducted to assessing the data obtained. Firstly, time series 
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graphs of absolute concentration values for HCHO, NOy, CO, SO2, O3 and NO2 were 

compiled to analyze any evidence of correlation. Secondly, time series ratios were  

Table 5 

Critical Data for TDEV 

X 
GPS position, P X Wind speed and direction 

X 
Chemi. O3  X Relative Humidity 

X 
NO 

X 
bsp 

X 
NO2 X Continuous olefin (RAD) 

X 
NOy 

X 
SO2 

X 
CO X HCHO 

 

 

 

Figure 8. Google earth image with red trace outlining “SOF box”. The red trace is where the Aztec and 

SOF van will coordinate the sampling. The arrows indicate approximate wind flow from the north.  
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Figure 9. Map of the Houston-Galveston area illustrating major areas of petrochemical industry (Based 

on 2000 VOC emissions inventory; figure from Gillani & Wu, 2003). 

 

 

Figure 10. Example of the flight plan for TDEV experiment for the Houston-Galveston ship channel. 
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compiled for HCHO/NOy, HCHO/CO, and HCHO/O3. Thirdly, locations and times of 

possible primary HCHO emissions were identified based on concentration levels and 

wind barb indicators. For select flights, at peaks of interest, backward trajectories 

were conducted using Hysplit program and plotted on Google Earth images, in an 

effort to trace back the air mass measured at location.  Twenty-four hour forward 

trajectories were also conducted on select points in the flight path to observe the 

transportation potential of the pollutants measured at those points.  

Air Emissions Event Reports  

A principle objective of this study was to obtain actual measurements that 

could be compared to reported inventory values in an effort to determine possible 

short-comings of atmospheric models in predicting periods of hazardous ozone 

exposure. Initial emissions inventories (IEI) report actual emissions of VOC, NOx, 

carbon monoxide (CO), sulfur dioxide (SO2), lead (Pb), particulate matter of less 

than 10 microns in diameter (PM10), any other contaminant subject to NAAQS and 

emissions of all HAPs. The term "actual emission" is the actual rate of emissions of a 

pollutant from an emissions unit as it enters the atmosphere. Reported emission 

activities must include annual routine emissions; excess emissions occurring during 

maintenance activities, including start-ups and shutdowns; and emissions resulting 

from upset conditions. For the ozone non-attainment areas, the inventory also 

includes typical weekday emissions that occur during the summer months. For CO 

non-attainment areas, the inventory shall also include typical weekday emissions that 

occur during the winter months. Emission calculations follow specified 

methodologies.  
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Table 6 

CAMS Sites Providing Comparison Date 

  

CAMS CAMS_lon CAMS_lat CO   SO2 H2S NOz NO NO2 NOy NOx O3 

PM-

2.5 

Rsltnt 

WSpeed 

Rsltnt 

WDirec 

SD Horiz 

WDirec 

Outdoor 

Temp 

C618 95.765 29.1488                       

C619 95.2014 29.3136                       

C84 95.3925 29.5202                       

C1016 95.4727 29.0436                       

C34 94.8563 29.263                          

C620 94.9463 29.4022                       

C8 
95.3261 29.9011                          

C15 95.1255 29.8025                        

C26 95.6738 30.0394                       

C408 95.4891 29.8341                    

C53 95.4991 29.6958                       

C411 95.3502 29.7527                    

C617 94.99 29.8213                       

C603 95.1811 29.7652                       

C1015 95.0781 29.7644                       

C1 95.2205 29.768                        

C403 95.2575 29.7338                           

C35 95.1286 29.6697                          

C45 95.0155 29.583                         

 

4
6
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Reports of air emissions events were accessed at the publicly accessible TCEQ 

website (Texas Commission on Environmental Quality [TCEQ], n.d.). Any events 

reported within the vicinity of the flight track, during flight time, were noted and 

included on the spatial plots of the flight path. Any emissions reported are noted and 

were considered in the analysis of the measured gases. 

Data Comparison - Ground Station and Aircraft 

Another aspect of this analysis was to compare the aircraft instrumentation 

measurements with ground station measurements as an exercise of measurement 

validity. The TCEQ has a number of Continuous Air Monitoring Station (CAMS) sites 

positioned in highly polluted areas that are equipped to measure concentrations of gases 

of interest. The parameters measured at each site vary according to their designation. 

Moody Tower, at the University of Houston, is another ground monitoring station that 

observes the parameters of interest and is located in the flight zone. The CAMS and 

Moody Tower parameters are listed in Table 6.  

For the purpose of this project, aircraft data that were within the 0.1 latitude and 

0.1 longitude radius of a CAMS or the Moody Tower instruments, were compared at 

the temporal instance that they overlapped. The altitude sensitive parameters compared 

were: NO, NOy, O3, wind direction and temperature.
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CHAPTER THREE 

Results and Analysis 

An overview of the HCHO observations collected in 2006 is presented in 

Figure 8.  In this figure the familiar ozone versus NOy relationship was used to 

highlight the non-photochemical nature of the highest HCHO mixing ratios observed.   

 

 

Figure 11. This plot shows the relationship observed between ozone and NOy for all of the Houston 

measurements collected during 2006.  The symbols are colored as a function of time of day with the 

cooler colors representing morning measurements and the warmer colors representing the afternoon 

measurements.  The symbol size is proportional to the concurrently measured HCHO concentration.  

Note that the highest HCHO concentrations were observed in the morning hours, often under 

conditions associated with fresh emissions (data population tending towards the lower right corner of 

the graph). 
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Flight Measurement and Analysis 

This analysis of the HCHO data focused on a select number of flights from the 

total, as examples of data collected. All flights were a TDEV flight plan, and are 

listed in Table 7.  

Table 7 

 Select Flights Analysed  

 

Date Time  Location  

30-Aug-06 08:58:37 - 11:05:29 Ship Channel 

30-Aug-06 14:12:24- 16:21:11 Ship Channel 

31-Aug-06 07:45:20 - 10:31:42 Ship Channel  

13-Sep-06 14:46:02 - 17:38:22 

Ship Channel, Texas City, 

Galveston, Freeport 

20-Sep-06 08:14:16 - 13:44:19 Texas City, Sweeny, Freeport 

 

There are a series of figures for each flight. The first figure is a spatial 

representation of the Aztec‟s flight track, with a color scale to represent HCHO parts 

per billion concentrations. The wind barbs on the flight tracks indicate the origin of 

wind direction to better identify the source of the pollutant. Point sources are 

represented by red circles. The TCEQ emission events are represented by black 

squares when there were reported instances, summarized in Table 7.  

The time series graphs that follow are meant to represent the two possible 

types of formaldehyde formation, primary and secondary. The first time series 

delineates HCHO along with CO (trace gas for primary emission from combustion), 

and SO2 (trace gas for primary emission from industrial sources) and NO which is 

correlated with O3 formation. The second time series graph delineates HCHO with O3 

(trace gas for secondary formation) and NO2 which is also correlated with O3 

formation. Both time series graphs also demonstrate aircraft altitude. 
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Regions that demonstrated notable emissions patterns are demarcated in a 

black rectangle, on the spatial and time series plots. Expanded graphs of the 

rectangular spaces are in the following section, with discussion of notable peaks and 

potential point sources of those emissions.  Roman numerals correspond to peaks in 

trace gases in the following time series graphs. The origin of primary emissions can 

be deduced from the point sources located in the trajectory of the wind bearing 

direction; potential point sources are encircled. These spatial regions are shown in the 

Google Earth Images. Continuous Air Monitoring Station (CAMS) are represented by 

black circles with a cross on the spatial plots.  The data comparison between ground 

stations and aircraft are illustrated their respective section.  

 

Table 8 

Air Emission Events During Flights Analyzed  

Date Time LON LAT Entity Type Sources Source Contaminant 

30-

Aug 

11:00AM 

-

11:30AM 29.720 95.254 

Valero 

Refining  Maint.  

1: Complex One, 

2:Complex One 

Regenerator, 3: Complex 

One Regenerator Stack 

Opacity and 

particulate 

matter did 

not exceed 

regulated 

limits 

13-

Sep 

11:25AM 

-09/21 

7:30AM 29.706 95.079 

Sunoco 

R&M     La 

Porte Plant Maint. 

1: B Flare, 2: 

B Line, 3: B 

Line 

no emissions  exceeding 

limits Permit 5572B 

 

2:00PM - 

09/16 

2PM 29.631 95.053 

Basell USA 

Bayport 

Plant  

Emissions 

event 

1: C-line 

Process 

2: West 

Marley 

Cooling 

Tower 

propane, 

propylene 

(propene) 

20-

Sep 

6:00AM-

6:40PM 29.855 94.909 

Mont 

Belvieu 

Fractionator 

Emissions 

event 

2: Mount 

Belvieu, 3: 

Pump 8-4 1: Flare 

CO, NO, 

propane, 

propylene 

(propene) 

 

 

7:00AM 

- 09/29 

3:00PM 29.742 95.128 

Stolthaven 

Terminal  Maint. 

1: Internal 

Floating 

Roof, 3: P 

Tank Farm 

2.Internal 

Floating 

Roof 

Storage 

Tank P-

40-1 

Vent 

Butyl 

acrylate 
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Figure 12. 08/30/06 AM flight track of HCHO concentrations. Box path, morning flight in the Ship 

Channel region 

 

In the morning of August 30, 2006 high formaldehyde mixing ratios were 

concentrated in the south eastern quadrant of the flight track, south of the ship 

channel. For the most part, winds on this day were northeasterly. The rectangular 

section showed the most relevant/interesting results, which will be discussed in more 

detail in the expanded graph. Overall, higher concentrations of HCHO were measured 

downwind of the major agglomeration of point sources. There was an emissions event 

reported on this day, during flight time that is represented by the black square.   

 

 

 

Figure 13. Meteorological conditions on 08/31/06 AM measured on aircraft. 
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Figure 14. 8/30/2006 AM, primary emission tracers time series. General trends indicate SO2, NOy and 

HCHO peaks are temporally correlated, although there are instances, such as 9:30am where there is a 

significant anti-correlation between HCHO and CO and 10:30am where CO is elevated despite 

relatively lower levels of HCHO and SO2 

 

 

 

Figure 15. 8/30/2006 AM, secondary formation tracers. General trends indicate O3 and NO2 peaks are 

anti-correlated. Although O3 and HCHO peaks generally correlate, HCHO peaks are higher at some 

instances suggesting additional sources or mechanisms in effect.  
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Figure 16. Expanded section of 08/30/06 AM flight path. Circles indicate possible sources of primary 

formaldehyde emissions.   

 

The highest concentrations of HCHO in this flight reach 7 ppbV downwind of 

the Ship Channel. The emission event reported on this day was an instance of opacity 

as part of Valero Refining maintenance. They did not report any emissions to have 

exceeded regulated limits, and in any case, it is unlikely that this event had an impact 

since it occurred from 11:00am – 11:30am, close to landing time of the flight.  

 

 

Figure 17. Google Earth image of section of the Ship Channel region to illustrate some of the possible 

point sources.
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Figure 18. 08/30/06 AM, expanded section time series of primary emission tracers. CO, SO2 peaks (I-

VI) correlate with HCHO suggesting possible instances of primary emissions, while the high frequency 

activity under peak VIII suggest contribution of additional emissions and/or mechanisms.  

 

 

 

Figure 19. 08/30/06 AM – expanded section of secondary formation tracers. O3 mixing ratios do not strong 

correlation HCHO peaks in peaks I-VI. There is a stronger correlation in peaks VII-VIII suggesting photochemical 

formation in this location.  
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The August 30, AM flight is a good demonstration of potential primary 

sources in the more northern flight transects. In the expanded region, peaks I-III, VI 

and VIII demonstrate positive correlation of primary tracers SO2 and CO , while O3 

the secondary tracer, only becomes substantially correlated further downwind from 

the main assembly of point sources in the Ship Channel at points VII and VIII. Since 

there are no additional point sources in between these locations, this suggests 

secondary formation HCHO as it moved through the morning atmosphere from its 

first measurement at  approximately 9:45 until 10:15am. Since temperature and solar 

radiation were not yet very high, the mechanism may have been due to a combination 

of oxidation and photolysis reactions. Peaks IV and V show elevated levels of CO 

and relatively lower levels of SO2 which indicate HCHO sources were combustion 

processes.  The more southern points, VII and VIII are equal in magnitude at 7ppbV, 

however, peak VII has relatively little SO2 contribution, 3.69 ppbV, and consistent 

CO levels, while peak VIII has greater SO2 levels, around 12 ppbV and higher CO 

levels. This may be indicative of the difference of emissions sources at their 

respective locations. It is interesting to note that HCHO levels rose 0.56 ppbV in the 

same location, VIII, from time 10:19 to 10:40, when O3 levels also increased, 

demonstrating the speed of formation. 

 

Figure 20. Wind direction and wind speed measures on 08/30/06 PM from aircraft. 
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Figure 21. Relative humidity and temperature measures on 08/30/06 PM from aircraft. 

 

 

 

 
 

Figure 22. 08/30/06 PM flight track of HCHO concentrations; cross-plume transects in Ship Channel 

region  

 

 

In the afternoon of August 30, 2006 winds were consistently northeasterly. High 

formaldehyde mixing ratios were detected in the eastern section of the flight path, 

downwind of the major concentration of point sources in the ship channel. However, 

there were peaks of interest in trace gases along various points of the flight path. These 

peaks are represented in the following time series graphs.  The highest formaldehyde 

concentrations measured in this flight were 7.28 ppbV at peak VII.  
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Figure 23. 08/30 /06 PM primary emission tracers. Formaldehyde peaks II and III appear to occur 

slightly in between small peaks of SO2, though in line with CO peaks.  The highest concentrations 

measured during this flight, IV and V, may be representative of the same plume as they were measured 

downwind of one another. Interestingly, peak V correlates with small CO and SO2 peaks suggesting that 

the point sources located in between the two measurement locations may have contributed additional 

emissions. Peak VI shows a slight correlation with trace gases, while VII is more notably correlated.  

 

           

 

Figure 24.  08/30/06 PM - secondary formation tracers. O3 mixing ratios correlate with HCHO peaks, 

with the exception of VI, although this may be due to instrumentation malfunction. Interestingly, O3 

levels remain elevated despite corresponding reduced HCHO at peaks II, III  and VI, demonstrating  

mechanisms of afternoon photochemistry.  
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The August 30, PM demonstrates that in the afternoon atmosphere, sources and 

mechanisms of formation are not easily distinguished.  Small peaks II, III, VI were 

slightly correlated with SO2 and CO, though O3 levels remained at a relatively stable 

level, except in the case of peak VI where O3 levels increased at a steady level 

approaching the Ship Channel. However, since these were directly downwind of point 

sources, it is possible that peaks II, III and VI also represent some primary emissions of 

HCHO.  In peaks IV and V, HCHO concentration increased from 7.07 ppbV at 14:54 to 

7.16ppbV at 15:03. Although these two peaks followed the same plume trajectory, 

concentrations in peak V was likely enhanced by the point sources in between the two 

locations. This slight increase in HCHO concentrations correlated small SO2 and CO 

peaks, as well as a spike in NO2 measures and slight increase in O3 concentration. In 

this case, it is unclear which mechanisms contributed to the increase in HCHO, 

although it is possible there is a combination of both primary and secondary types of 

HCHO. The difference in peaks VII and VIII reflects their different contributing 

sources as the flight path moved north towards the ship channel. Although peak VII is 

higher in absolute value at 7.29 ppbV, peak VIII appears to have possible primary 

emissions of HCHO as indicated by the corresponding increase in CO and SO2.  This 

flight data suggests that even in conditions prone to elevated photochemical activity, 

there is evidence of primary emissions.  

In the morning of August 31, winds were variable, though primarily easterly. 

Highest concentrations of HCHO emissions were measured in the middle of the SOF 

box, downwind of the ship channel. The two areas of note, demarked by the black 

rectangles, will be discussed in expanded graphs, although they are represented by the 
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same rectangle in the following time series. HCHO concentrations reached 13 ppbV in 

the hot zone region, rectangle B.  

 

 
 

Figure 25.  08/31/06 AM flight track of HCHO concentrations; box pattern in Ship Channel region 

 

 

 

 

 

Figure 26. Meteorological measurements on 08/31/06 AM from aircraft. 
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Figure 27. 08/31/06 primary emission tracers time series. The trace gases all demonstrate the same 

temporal peaks in concentration. Peaks correspond to approximately the same spatial location as the 

flight transects cross the same region. This can be observed in the expanded spatial plot. 

 

 

 

 

Figure 28. 08/31/06 secondary formation tracers. The same pattern of peak concentrations is exhibited in 

the secondary gases. After peaks, O3 levels return to background levels.
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Figure 29. Expanded rectangle A of 08/31/06 AM flight path. Potential sources of primary emissions are 

encircled.  

 
 

 

                                       

Figure 30. Expanded rectangle B of 08/31/06 AM flight path. Potential sources of primary emissions are 

encircled. 
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Figure 31. 08/31/06 AM expanded primary emissions tracers, for sections A and B. Peaks I, II, IV and V 

clearly show simultaneous elevated levels of all trace gases, suggesting  major emission event(s). 

Collaborators at U of H analyzed collected canisters of VOC samples in three locations on this flight, as 

indicated by the arrows.  

 

         

Figure 32. 08/31/06 AM expanded secondary formation tracers. Ozone levels are elevated throughout the 

measurement period, and they also demonstrate spikes at peaks II, IV and V. Interestingly, there seems to 

be an anti-correlation at peaks I and III.   
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Figure 33.Hysplit backward trajectories from aircraft altitude. Trajectories are helpful in circumstances 

of variable winds.  

 

 
 

Figure 34.Google Earth image of Hysplit backward trajectories from aircraft altitude. These trajectories 

can be helpful in determining the exact source (s) of measured emissions.  

 

The Hysplit backward trajectories illustrated in Figure 32 and Figure 33, provide a 

guide to begin the process of identifying the primary culprits of measured emissions.
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                   On August 31, AM Peaks I and III are correlated with primary emission 

tracers and anti correlated with O3, suggesting primary emissions and possible 

oxidation mechanisms leading to the anti-correlation.  Peak I was spatially distal, and 

had its own potential contributing sources. Correlation with CO and lack of SO2 

suggests that peak III may have been of combustion origin. The three largest peaks, II, 

IV and V were all measured in the same spatial location. The high levels of HCHO 

observed, correlate with the primary species NOy, SO2 and CO suggesting a primary 

source of HCHO.  Though the O3 peaks that correlate with these peaks are relatively 

short lived, they do reach levels as high as 191 ppbV.  This may be evidence of rapid 

oxidation of HCHC with precursors present in the morning atmosphere, or relatively 

weak photolysis. U of H analyzed a number of VOC canisters from certain locations 

during this flight and calculated ratios of gases.  HCHO/CO ratios were several times 

greater than background levels and previous traffic-related ratios. Canisters showed 

relatively modest ethylene and propylene mixing ratios compared to HCHO, which is 

indicative of primary emissions.  

Table 9. 

Results of Trace Gases Ratios During Canister Samplings 

 Plume Background I Background II 

HCHC/CO 0.023 0.0031 0.0041 

HCHC/NO2 0.29 6.48 1.72 

HCHO/SO2 0.42 0.29 0.85 

HCHO/Ethelyne 0.00128 0.00038 0.0019 

HCHO/Propelyene 0.0043 0.0003 0.00036 

Ratios are given in ppbV/ppbV except for ratios with Ethylene and Propylene which are given in 

ppbV/ppbV.  
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Figure 35. 09/13/06 PM flight track of HCHO concentrations. Cross-Plume Transects in Ship Channel, 

Texas City, Freeport and Sweeny Texas Regions 

 

In the afternoon of September 13, 2006 winds were variable although mostly 

northerly within the Ship Channel, with instances of northwesterly and southeasterly 

winds. The highest formaldehyde mixing ratios, up to 14 ppbV, were located near the 

Gulf of Mexico Region. There were two emission events reported during the time of 

this flight in the Ship Channel region. The reported emissions will be compared to 

those detected in an attempt to assess the influence of such events. Sections A and B 

present the most relevant trace gas activity.     

 

.  

Figure 36.Meteorological measurements on 09/13/06 PM from aircraft. 
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Figure 37.  09/13/06 AM primary trace emissions. There is a range of activity in this flight, with regions 

of correlation and anti-correlation that vary with the region of measurement. Sections A and B will be 

discussed in their respective expanded section.  

 

 

 

                         

Figure 38.  09/13/06 PM secondary formation trace gases. Ozone appears to be both correlated and anti-

correlated with HCHO. Sections A and B will be discussed in their respective expanded sections. As the 

elevated levels of HCHO do not correlate with O3 ,  or any of the primary emission tracers in Figure 36  

there appears to have been an instrument failure.  
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Figure 39. 09/13/06 PM , expanded section  A of flight track of HCHO concentrations 

 

The principle activity in this region is downwind of the Ship Channel. There are 

four HCHO peaks of note, and interestingly, they are all within the vicinity of a reported 

emission event.  The more northern event was a Flare, as a maintenance operation at 

Sunoco R & M La Porte Plant that lasted from 11:25am that day until 7:30am on 09/21. 

Sunoco reported no emissions to have exceeded permit 5572B. The second more 

southerly event, was a C-line Process from Basell USA‟s West Marley Tower that lasted 

from 2:00pm that day until 2:00pm on 09/16. The reported contaminants were propane 

and propylene (propene). As discussed, these VOCs  are precursors to HCHO and O3. 

However, since the winds were slightly variable, it is difficult to determine the source of 

detected emissions. Nevertheless, possible sources are encircled. 
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Figure 40.  09/13/06 PM primary emissions tracers, expanded time series A. All HCHO peaks, with the 

exception of IV, show positive correlation with primary tracers in this section. There is interesting 

activity in between peaks II and III where all primary tracers are elevated but HCHO is not.  

 
 

 

 

Figure 41.  09/13/06 PM secondary formation tracers, expanded time series A.  HCHO peaks II, III and 

IV show evidence of correlation with O3,  however, the temporal coordination suggests there may be 

additional mechanisms occurring at this point. Contribution of  propelyne and propene compounds may 

have had an effect. 
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Figure 42. . Backward Hysplit trajectories from points with emission peaks of interest. Letters do not 

correspond to time series graph.  

 
 

 
 

Figure 43. Google Earth image  of Hysplit trajectories from aircraft altitude. Trajectories can be traced 

back to better identify contributing point sources.  
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Figure 44. 09/13/06 PM  expanded flight track B of HCHO concentrations  

 

This instance of elevated HCHO concentrations is within proximity of another 

set of point sources, as well as being downwind of the majority within the Ship 

Channel. This suggests that measurements here may have had a multitude of sources. 

Point sources that likely contributed the majority of emissions detected in the area are 

encircled.   

Observations of expanded Section A on September 13, PM indicate a general 

correlation of all trace gases. Of note, peak I is correlated with increased CO and SO2 

levels, with no corresponding increase in O3 levels indicating possible primary 

emissions. The space in between peaks II and III at approximately 15:30, shows 

relatively stable HCHO emissions and peaks of NOy SO2 and CO, suggesting those 

gases may have contributed to the photochemical reactions leading to the O3 peak at 

120 ppbV. The air  

VI 
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Figure 45.  09/13/06 PM primary emissions tracers, expanded section B. There is a steady increase in 

HCHO to peak at 14.08 ppbV at the same time as there are peaks in NOy and SO2. Interestingly, CO 

appears to be anti-correlated at this point, which suggests that the principle contributors to this peak were 

industrial and not combustive in origin.  

 

 

 

Figure 46.  09/13/06  secondary formation tracers, expanded section B. There is an inconsistent 

relationship between O3and HCHO levels in this section. They appear to be approximately coordinated, 

with periods of anti-correlation. However, since the increase in HCHO concentration is not directly 

related, this suggests there were additional mechanisms or sources of the detected HCHO.  

VI 

VI 
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Figure 47.  Backward trajectory at point of elevated concentration (VI). Due to the variable winds during 

this section of the flight, particularly close to the coast, this trajectory originated from a different source 

that the majority of levels detected at this location.   

 

 

 
 

Figure 48. Google Earth image of Hyplit backward trajectory at an aircraft altitude. this peak appears to 

have been influenced by an air mass from a relatively distant location, perhaps shifted winds from the 

Ship Channel or even biogenic in origin.
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Figure 49. HCHO/CO and HCHO/SO2 ratios for 09/13/06 PM. The temporal variation of the peaks is 

indicative of the contributing source of emissions to HCHO levels observed at the time. In this case, the 

signature tracers appear to be indicative of mobile and industrial activity within the measured plume.  

 

event reporting emissions of propane and propylene/propene may have had an impact 

on detected levels, though it is unfortunate they were not specifically measured on this 

day.There is a high probability that the VOCs would photolyze in the afternoon 

atmosphere, to form HCHO and/or O3. The second reported event, Sunoco flare, may 

have also affected measurement, though since these results were not explicitly reported, 

there is no way to determine this effect. Peak IV, appears to be an instance of secondary 

formation since it is correlated with increasing levels of O3 and there are no 

corresponding primary emissions. Furthermore, peak IV is further downwind of the 

main sources, giving it more time to have undergone reactions.  Backward Hysplit 

trajectories illustrated in Figure 41 and Figure 42 provide an indication of possible 

contributing point sources to select peaks between I and VI.  

Peak VI, from expanded section B showed the highest mixing ratio measured 

during this flight at 14 ppbV. The activity around the time of this peak is unusual. 

HCHO concentrations show a general trend of increase from approximately 16:46 to 

peak at 17:09. The fluctuations observed in this region may be due to a number of 
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factors such as, directly adjacent point sources, downwind mixing of Ship Channel 

emissions with and without influence from secondary formation processes, peak 

enhancement from emissions from along the coast with possible influences from 

biogenic sources or upwind contribution from the Ship Channel in the variable winds. 

This is reflected in the backward trajectory illustrated in Figures 46 and Figure 47. 

Corresponding peaks of NOy and SO2 with HCHO peak enhancement suggest there 

may have been primary industrial emissions in the coastline air mass. Furthermore, O3 

levels are anti-correlated at some points in the gradual increase, reflecting the 

complexity of causal identification. This particular peak, VI, is further demonstrated in 

the ratio graph, Figure 48 where SO2 contribution is evident at approximately 17:00.  

 

Figure 50. Meteorological conditions on 08/31/06 AM from aircraft. 
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Figure 51. 09/20/06 flight track of HCHO concentrations, cross-plume transects, in Texas City, Freeport, 

Sweeny and Chocolate Bayou Regions. 

 

In the morning of September 20, 2006 winds were consistently easterly 

throughout most of the flight. The highest formaldehyde mixing ratios, up to 12 ppbV, 

were detected southwest of the Ship Channel. There was one emission event reported 

during the time of this flight in the Ship Channel region. The Stolthaven Houston 

Terminal reported vents from their internal floating roofs as part of maintenance from 

7:00 am to 3:00 pm on 09/29. The reported contaminant was the VOC butyl acrylate. 

However, the influence of this event, if any, was likely contained to the region in the 

flight path downwind from the Stolthaven Terminal. This is may have been the case in 

the most northerly transect/leg of the flight. There was a concentration of interesting 

trace gas activity in the region enclosed by the rectangle that will be discussed in the 

expanded section.      

IX 

X 

 



 76 

.  

 

Figure 52. 09/20/06 primary emission tracers. On the whole, there was a general positive correlation 

between the gases. Formaldehyde peaks IX and X show positive correlation with CO and SO2. These 

areas are both downwind (with X being closer) of the Ship Channel and the emissions event, suggesting a 

contribution of that source.  

 

 

 

Figure 53. 09/20/06 secondary formation tracers. There were periods of correlation and anti-correlation 

between O3 and HCHO concentrations.  Formaldehyde peaks IX and X show strong positive correlation 

with O3 downwind of the Ship Channel suggesting that influence of secondary formation mechanisms on 

the mixing ratios measured.  
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Figure 54. 09/20/06 flight path of HCHO concentrations, expanded section, Texas City. 

 

The most notable emissions detected in the Texas City region were all 

concentrated in one region, downwind from the same location. In fact, the points I, III-

VII were at the same spatial location, though this could not be well illustrated on the 

figure. The flight path made several transects around the same area in an effort to 

pinpoint the source. The possible contributing point sources are encircled. 

On September 20, peaks IX and X may have been influenced by the air 

emissions event at the Stolthaven Terminal which released butyl acrylate. This radical 

has been observed to react with OH radicals and produce butyl glyoxolate (Blanco & 

Teruel, 2008). The HCHO concentrations measured at peaks XI and X may have had 

both primary and secondary sources since there is correlation with all measures of trace 

gases. 
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Figure 55. 09/20/06 primary emission tracers, expanded section. Although concentrations were not very 

high, the strong correlations at each peak are significant as they denote the possible primary emissions 

from a source in the spatial vicinity.  HCHO peaks maintain approximately equal values demonstrating 

the particular emissions of the source. 

 

 

Figure 56. 09/20/06 secondary formation tracer, expanded section. The correlation between HCHO and 

O3 peaks appears to be temporally delayed in this section, suggesting either rapid formation of HCHO in 

the morning atmosphere or an external contributor to O3 at the more distant spatial position.  The 

elevated levels of O3 between peaks VI and VIII downwind of the point of interest suggest 

photochemical or oxidative processes.  
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Figure 57. HCHO/CO and HCHO/SO ratios for 09/20/06. The peaks with arrows designate possible 

instances of primary formaldehyde emission.  

 

Concentration of correlated primary emissions tracers, CO, SO2 and NOy, 

measurements in the same location at peaks I-VI, with correlation of temporally 

delayed O3, suggests that there may have been fast acting mechanisms, converting 

aldehydes to ozone. The wind barbs in that location indicate the source of measured 

contaminants were probably from point sources directly under the flight path. 

Downwind from the collection of sources at point VIII, measured O3 emissions 

approximately, 10ppbV indicating the influence of oxidative mechanisms. However, 

this increase is concurrent with peaks of SO2, CO and NOy suggesting possible 

existence of both types of HCHO. 

As illustrated in the Hysplit forward trajectories, emissions from Houston are 

transported back inland and by 24 hours approach several major metropolises. The 

land-sea breeze effect is apparent in this simulation. The emissions measured at select 

locations during the flight, are likely to have undergone several transformations 
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Figure 58. NOAA Hysplit 24-hour forward trajectories from points of elevated HCHO concentrations 

from EDAS meteorological data.  

 

 
 

Figure 59. Hysplit 24 hour forward trajectories from peaks of interest. 
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Figure 60. NOAA Hysplit 24 hour forward trajectory from certain elevated measured of HCHO, EDAS 

meteorological data.   

 

 

Figure 61. Google image of Hysplit 24-hour forward trajectory of specific peaks of interest. 
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depending on the meteorological conditions and the composition of the atmosphere.  

Nocturnal chemistry as well as influence from marine air would also factor into the 

resulting concentrations of contaminants what would reach other cities in Texas. These 

wide ranging effects are not only relevant for populaces, but also for their water-

systems and ecology that support them. Several lines of research focus on 

measurement of formaldehyde as it undergoes transformations in the atmosphere. 

These are sited in the discussion.   

Data Comparison  

The data comparison was part of a vertical profiling procedure from the BIAS 

HARC study objectives, for data verification as well as to determine atmospheric 

compositions, the planetary boundary layer and to ensure instruments were functioning 

properly. Although the vertical profiles are not analyzed in the current study, the 

following data comparison section simply illustrates how data verification procedures 

were undertaken and initial deductions about the comparison relationships based on 

current understanding of vertical mixing in the PBL. General expectations were that 

low altitude and late afternoon measures in the same air-flow trajectory would show the 

best agreement since in at low altitudes, aircraft and ground station are proximally 

located, and in the late afternoon, the atmosphere is no longer stably-stratified, but is 

well mixed enough to show even concentrations throughout. Of course, given the 

method of comparison, it is possible that slight shifts in winds or distal location would 

lead the ground station to measure an air-mass with a slightly different composition 

than the aircraft.  
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a. b.  

 

c.  

d.  e.  

 

Figure 62. Flight track plots analyzed in the current study and corresponding CAMS sites at ground 

level: a. 08/30/06 AM, b. 08/30/06 PM, c. 08/31/06 AM., d. 09/13/06 PM, e. 09/20/06 .  
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Figure 63. Data extraction method used to identify and extract the comparison data. The method 

involved selecting temporally coordinated aircraft data that was within 0.1 degree latitude and 0.1 degree 

longitude radius of a CAMS site. 

 

NO showed agreement at low altitudes near the surface, both early and late in 

the day.  However, few of the measurements taken at higher altitudes demonstrated 

agreement, which is consistent with the fast-acting surface mechanisms that remove 

NO before it is transported to higher atmospheric levels (Verver, 1998).   
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Figure 64. Comparison between the surface and aircraft measured NO concentrations for all flights. 

Symbols are color coded according to time of day, with red representing early morning and dark blue 

representing late afternoon. The sequence for time of day is: Red-orange-yellow-green-blue. The symbol 

size is proportional to the aircraft altitude, with a larger symbol representing a lower altitude. The 

relevant CAMS site number is indicated on the symbol. 

 

NOy had a limited data set since only some of the CAMS stations were 

equipped with the instrumentation. However, there does appear to be a general linear 

trend of agreement later in the day and early on at low altitudes. This relation is more 
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pronounced than with NO, especially at the Moody Tower locations. Since NOy is 

defined as the sum of NOx  (NO2 + NO) plus the compounds produced from the 

oxidation of NOx, it is possible that variability in measurement may have accounted for 

some of the scatter. 

 

 

 
 

Figure 65. Comparison between the surface and aircraft measured NOy for all flights. Symbols are color 

coded according to time of day, with red representing early morning and dark blue representing late 

afternoon. The sequence for time of day is: Red-orange-yellow-green-blue. The symbol size is 

proportional to the aircraft altitude, with a larger symbol representing a lower altitude. The relevant 

CAMS site number is indicated on the symbol.   

 

Ozone measures show a positive, linear correlation, with notable outliers at high 

altitudes. This indicates that O3 formation was generally uniform throughout the 

atmosphere as predicted by catalytic effects of mixing and higher-order chemistry near 
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the surface (Verver, 1998). The one low altitude outlier may have been due to shifting 

wind direction at the time of ground station overpass, which would present different 

concentrations to the aircraft and ground station.  

      

 

Figure 66. Comparison between surface and aircraft measured ozone for all flights. Symbols are color 

coded according to time of day, with red representing early morning and dark blue representing late 

afternoon. The sequence for time of day is: Red-orange-yellow-green-blue. The symbol size is 

proportional to the aircraft altitude, with a larger symbol representing a lower altitude. The relevant 

CAMS site number is indicated on the symbol.   
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Figure 67. Comparison between the surface and aircraft measured wind direction for all flights. Symbols 

are color coded according to time of day, with red representing early morning and dark blue representing 

late afternoon. The sequence for time of day is: Red-orange-yellow-green-blue. The symbol size is 

proportional to the aircraft altitude, with a larger symbol representing a lower altitude.  

 

 

 

Figure 68. Comparison between the surface and aircraft measured temperature for all flights. Symbols 

are color coded according to time of day, with red representing early morning and dark blue representing 

late afternoon. The sequence for time of day is: Red-orange-yellow-green-blue. The symbol size is 

proportional to the aircraft altitude, with a larger symbol representing a lower altitude.  



 89 

Wind direction measurements were also in general agreement, except at highest 

altitudes and in some cases where ground stations may have been measuring different 

air- masses.  Temperatures measured were generally correlated although there is a shift 

related to altitude and time of day. Many of the more notable outliers are during 

morning comparisons at high latitudes, most likely due to the stratified atmosphere.  

 

 

Figure 69. HCHO SCIAMACHY measurements for Gulf of Mexico region in September 2006 

(SCIAMACHY, 2008). 

 

As a satellite instrument, data from the SCIAMACHY is meant to exemplify 

additional methods of data verification and/or techniques to gather comprehensive data 

from all levels of the atmosphere. 
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CHAPTER FOUR 

Discussion  

Summary of Observations 

  The current analysis focused on a select number of TDEV flights conducted by 

BIAS on their instrumented Aztec to identify examples of possible primary HCHO 

emissions for the HARC project. The typical HCHO observed in the Houston area was 

2-5 ppbV, but on occasion, was up to 14 ppbV in the selected flights.  This was lower 

than some previous measurements that ranged from approximately 0.15- 47 ppbV at 

Moody Tower and other ground stations (Olaguer et al., 2008; Dasgupta et al., 2005).  

The highest concentrations were mostly detected south of the major collection of 

industrial point sources in the ship channel, or in some instances as a result of multiple 

source enhancements in southern regions close to the Gulf of Mexico. In general, the 

HCHO co-varied with ozone which can be expected since both are products of 

photochemistry. In addition to primary sources, the highest levels of morning 

formaldehyde may have been due to oxidation processes with accumulated night time 

emissions.  

In a number of instances, HCHO measurements were found to anti-correlate 

with O3 while co-varying with NOy and other primary species, suggesting that there 

was a source of primary HCHO.  This observation is significant since HCHO has been 

implicated as a possible source of odd-hydrogen free radicals in the source region that 

could facilitate the periodic very rapid ozone formation observed in this and previous 

studies (Olaguer et al, 2008). Background ozone levels were measured at between 40-
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50 ppbV, with peaks as high as 135.7 ppbV, which was the same difference between 

morning and afternoon measurements. Background O3 is usually measured at around 50 

ppbV but it can go up to 80 ppbV (Cowling et al., 2007). Since the new 8-hour standard 

has been set at 75 ppbV, background levels as high as 80 ppbV are unacceptable 

because of the health risks such levels pose to exposed life forms. 

As mentioned in the introduction, instances of primary emissions may or may 

not be the result of rapid secondary process formation of HCHO. BIAS researchers 

argue that from the perspective of a source of HCHO that can catalyze rapid ozone 

formation, the observed HCHO is primary whether it was emitted as HCHO or resulted 

from oxidation of alkenes.  Thus, all instances with evidence of temporally-defined 

primary HCHO emissions were designated primary in the current analysis. Connection 

to very rapid ozone formation from HRVOCs is also evidenced in the data presented. 

The comparison between ground stations and aircraft data yielded acceptable 

agreement within the parameters of gaseous atmospheric mixing. Ozone measures were 

generally positively correlated, NO showed slight agreement at lower concentrations 

and lower altitudes which broke down as altitude and time of day increased. The 

limited dataset of NOy comparison showed moderate positive correlation. Agreement 

between wind and temperature measurements was consistent with atmospheric 

characteristics, with an altitude-dependant relationship that was generally in agreement 

except for high-altitude outliers. 

Transformation and Transportation of Formaldehyde 

The presence of O3 and its precursors such as HCHO has more far-reaching 

implications that those measured directly at the source. The climate and industrial 
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mixture of CO, VOCs and NOy specific to Houston results in strong photochemical 

processes result in extensive reactions and often catalytic formation of secondary 

species such as PAN and additional O3 and carbonyls (Atkinson, 2000; Jenkin & 

Clemitshaw, 2000). These in turn may be photolyzed or oxidized by OH● into HCHO 

or PAN for example. HCHO results as an intermediary in the oxidation of a large array 

of VOCs, although only a small number are abundant and efficient HCHO producers in 

the polluted boundary layer, namely isoprene, ethene and propene (Dodge, 1990; Lee et 

al., 1998; Goldan et al., 2000).   These often also contribute to total OH● reactivity and 

so total VOC reactivity. Additionally, while they are undergoing oxidative degradation, 

the relatively volatile VOCs are transformed into higher boiling species that show a 

strong tendency to adhere to or form PM (Hofmann et al., 1997; Griffin et al., 1999; 

Matsunaga et al., 2009). This secondary organic aerosol, also activates atmospheric 

chemical feedback mechanisms, enhances cloud formation, and modifies the earth‟s 

rotational budget (Brasseur et al., 1998). These mechanisms are highly involved in the 

subsequent conversions and transportation of pollutants.  

Since spatial distribution of HCHO precursors is heterogeneous and 

formaldehyde only lasts 1.5-4 hrs in sunlight troposphere, the continental boundary 

layer concentration spans nearly 2 orders of magnitude (Grosjean, 1991; Fried, 1997) 

and provided a sensitive indicator of recent VOC oxidation. The column over Houston 

was observed to hold 60% of HCHO in lowest 1500 m of troposphere i.e. the lower 

mixed layer (Martin et al., 2004).  Vertical distribution show rapid decay above PBL 

(0.5-2.5km), indicative of surface HCHO precursor sources and a relatively short 

lifetime during summer conditions (Wert et al., 2003). However, many VOC precursors 

of HCHO have much longer atmospheric processes, and these precursors set up the 
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stage for HCHO formation wherever they are transported (Benning & Wahner, 1998), 

moreover, the products of HCHO reactions often have very long atmospheric lifetimes. 

The distribution of HCHO throughout the atmosphere governs which 

mechanisms then transform and/or transport this HCHO to distal spatial locations. Once 

present in the atmosphere, HCHO is subjected to physical and chemical transformations 

(Finlayson-Pitts & Pitts, 1986). Removal from atmosphere can be by chemical 

transformations, dry deposition, and vapor exchange across the air-water interface, 

scavenging of vapor and particles specifically: within-cloud scavenging, below-cloud 

scavenging, dilution with cloud droplet growth, evaporation followed by accumulation 

of aerosol particles aloft and precipitation-scavenging of accumulated particles (Lim et 

al., 1991).  

Báez, Padilla, Belmont (1993) measured concentrations of HCHO in rain 

fractions, throughout rain events at locations in Mexico City and Ranchero Viejo, a 

forested area within the same metrological influence as the city. The decrease during 

the early portion of convective precipitation rain event suggests a below cloud 

scavenging mechanism, while small variations observed during the latter part of rain 

event suggests within cloud scavenging. Henry‟s Law is an important parameter in 

predicting transport, behavior, and fate of organic compounds in the environment, also 

required to model air-water exchange of chemicals (Seyfioglu & Osabasi, 2007). 

H = Pg/Cw   or H
I
 = H/RT (using ideal gas law) 

Intriguingly, the ambient mixing ratio calculated from rainwater concentrations using 

Henry‟s Law, greatly underestimated the actual mixing ratio; 1.86 ppb calculated and 

24.8 ppb observed. It is possible that rapid formation mechanisms were at work in this 

atmosphere.   
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During the rainy season, advective winds, at 700-600 mb transported part of the 

air pollutants emitted in Mexico City to Ranchero Viejo, a near-by forested region 

(Báez, Padilla & Belmont, 1993). The relatively high concentrations measured in 

rainwater at Rancho Viejo indicate mesoscale transport of polluted air masses by trade 

winds to this site. High concentrations in air and rain water reflect anthropogenic 

emissions as atmospheric sources. This is supported by observations that per event 

HCHO deposition in Heraklion, Crete was 2-4 times higher when originating from 

Europe, Balkans or Turkey as opposed to Africa or marine locations (Economou & 

Mihalopoulos, 2002). Furthermore, when back trajectories and measured wind 

directions identified urban plumes as the origin, gas-phase HCHO were higher and 

volume-weighted mean rainwater concentrations were 1.5 times higher in Izmir, 

Turkey (Seyfioglu, Odabasi & Cetin, 2006). 

Economou and Mihalopoulos (2002) tested 66 rain samples in 2000 in 

Heraklion, Crete and found HCHO concentrations to vary between 0.42-11.14 μM. 

HCHO correlated with nitrate, ammonium, and non-sea salt sulfate as well as with 

formate at a near 1:1 ratio, indicating either common source or related rapid production. 

Seyfioglu, Odabasi and Cetin (2006) measured concentrations of HCHO in 27 rain 

samples taken in Izmir, Turkey, which ranged between 10 and 304 μg 1
-1

. Annual 

HCHO wet deposition was measured at 31.4 mg m
-2

 year 
-1

.The gradual decrease in 

concentrations throughout rainfall led them to deduce that washout, or below-cloud 

scavenging was the dominant mechanism. Theoretical calculations of Henry‟s Law 

constant from equilibrium rainwater concentrations indicated that HCHO in rain 

originated primarily from the gas phase. However, given the large discrepancies in 

calculated versus measured ambient mixing ratios observed by Báez, Padilla and 
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Belmont (1993), it is possible that Henry‟s Law calculations may not be entirely 

accurate, although this does not necessarily preclude the primary contribution of gas-

phased HCHO to rainwater.  

Seyfioglu, Odabasi and Cetin (2006) measured instances of wet and dry 

deposition of formaldehyde in Izmir, Turkey from 2003-4. Particle-phase HCHO fluxes 

measured with dry deposition plates indicated deposition of between 2-56 μg m
-2

 day 
-1

. 

Using these flux measures, particulate phase dry deposition velocities were calculated, 

yielding ambient particulate concentrations that ranged from 0.1-9.6 cm s
-1

.   

Using Henry‟s Law calculations, Seyfioglu and Osabasi (2007) took 

simultaneous gas and aqueous measures of HCHO flux, and observed positive modeled 

gas-phase agreement, indicating that atmospheric HCHO deposited to the lake that 

provided the aqueous samples. Rainout and washout are two major mechanisms that 

transfer pollutants into rainwater. While rainout (within-cloud) consists of nucleation, 

condensation, gas dissolution, washout (below-cloud) scavenges pollutants between 

cloud and earth surface (Pena et al., 2002).  Although concentrations in rain water are 

usually measured at 3 times that of surface waters, it is likely that this wet deposition is 

an important contributor to HCHO reservoirs in surface sea water (Economou & 

Mihalopoulos, 2002; Kieber et al., 1999). Although, direct particle-phase dry deposition 

may also be an important mechanism for transferring atmospheric HCHO to surface 

waters and land (Klippel & Warneck, 1980; Deandrade et al., 1993; Deandrade et al., 

1995; Liggio & McLaren, 2003).    

Particle/gas-phase distribution of HCHO is an important factor in determining 

its atmospheric fate, transport and transformation partly due to its control of the relative 

amounts of deposition (dry-wet deposition, air-water exchange). As reported by Lowe 
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and Schmidt (1983) dry and wet deposition recognized as an important sink at night. 

However, Seyfioglu, Odabasi and Cetin. (2006) found that although dry deposition was 

dominant in the dry season, wet deposition was dominant overall, at 83.7% of the total 

HCHO measured. In 2005, Odabasi and Seyfioglu researched phase partitioning of 

atmospheric formaldehyde in a suburban atmosphere. They found that HCHO was 

primarily associated with the gas phase. The particle phase ranged between 0.04-2 %, 

which is consistent with a study by Deandrade, Pinheiro and Andrade (1995) who 

measured HCHO particles at 0.03 % in a tunnel and bus station.  

Moreover, formaldehyde and other aldehydes serve as precursors for fine 

organic particulate matter that is formed through cloud and fog processes (Blando & 

Turpin, 1999). These organics undergo reactions once in the aqueous phase, to form 

sulfate aerosols and formic acid. This secondary aerosol formation can then lead 

additional far ranging transportation of pollutants.  

Carboxylic acids are found in the atmosphere in a variety of phases. Gaseous 

formic and acetic acids are prevalent in the global troposphere where they nefariously 

contribute to precipitation acidity (Talbot et al., 1995; Talbot et al., 1996; Talbot et al., 

1997; Souza, Vasconcellos & Carvalho, 1999). Sources are both anthropogenic (fuel 

and biomass combustion, vehicle exhaust, and smoke stacks (Talbot et al., 1988) and 

biogenic (vegetative sources) in nature. Although, biogenic sources seem to be a more 

substantial source of formic acids (Talbot et al., 1990; Souza, Vasconcellos & 

Carvalho, 1999) anthropogenic sources have the potential to disrupt atmospheric 

balances.  Currently, the exact mechanisms that lead to organic acid formation in the 

atmosphere are not well defined; they are governed by complex ozone-olefin reactions. 

For the most part, more formic than acetic acid is formed through these processes in 
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conditions of high ambient temperature and solar irradiation (Granby, Christensen & 

Lohse, 1997; Grosjean, 1992; Khwaja, 1995) as exist in the Greater Houston Area. 

 Mass transportation for carbonyls is difficult to distinguish because they are 

reactive species and photochemical removal and formation can occur during 

transportation, as well as during direct emissions. The dominant removal processes for 

carbonyls is through chemical reactions with photolysis, while the dominant removal 

process for carboxylic acids is through dry and wet depositions. Meanwhile, due to 

their low reactivity and low molecular weight, carboxylic acids remain in atmosphere 

for a long time before reacting with other species and being removed (Talbot et al., 

1997). This characteristic results in a higher probability of wide ranging atmospheric 

transport.    

As mentioned, organic vapors can be sorbed (either absorbed or adsorbed) by 

suspended droplets within cloud and fog water and can take the form of suspended 

aerosols. Small organic acids (formic, acetic, oxalic) in gas and solution phase in the 

atmosphere, disappear rapidly from rain samples (Ayers et al., 1998), which suggests 

they are a useful energy source for micro-organisms and may affect microflora on plant 

surfaces and possibly surface wettability (Knoll & Schreiber, 2000). Furthermore, 

recent work in Japan has demonstrated the potential for the production of highly 

reactive hydroxyl radical in dew on leaf surfaces (Arakaki et al., 1999). Possible 

sources of this formation could be photolysis of nitrous acid (HONO) dissolved in dew 

after night-time reactions with NOx from aerosol, droplet or leaf surfaces (Lammel & 

Cape, 1996).  

Cape, Fowler and Davison (2003) investigated the ecological effects of SO2, F 

and other minor air pollutants. They found that while, regulation of traditional primary 
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pollutants has lead to reductions in some contaminations of proximal locations, 

measurement of exposure pattern suggests that effectively minimizing risk requires 

finely tuned contaminant regulation The influence of additional pollutants, in gas or 

particulate phase, is substantial enough to merit specificity. Potentially toxic organic 

compounds and heavy metals may be bioactive as gases and particles, but there is very 

limited research. Furthermore, organic pollutants are often soluble or suspended in the 

aqueous phase, and also present the possibility of phase exchange, and the role 

photolytic reactions on plants, soil and water surfaces. However, measuring aqueous 

solutions of volatile solutes is very tricky (Hofmann et al., 1997).  

The long and short term effects of such concentration in water and possibly 

forms of biota are not entirely clear. Much research remains to be done to determine if 

adverse health risks exist, some of which may be synergistic (Monosson, 2005). The 

effects of HCHO pollutions are multifarious, and indicate that even if models were 

adequately informed to properly predict actual levels, the models would have to be 

expanded and/or different models would be required to reflect all the possible outcomes 

of air contaminations.  

Regulations and Policy  

To summarize, the GHA is currently in non-attainment of NAAQS for ozone.  

Developing an effective policy to remedy this situation requires a deep understanding 

of the relevant chemicals and processes interacting in the environment. Since ozone is a 

secondary pollutant, reducing its concentrations in the atmosphere can only occur if its 

precursor compounds NOx and VOCs are appropriately regulated. The current study 

focused on the VOC formaldehyde, as a precursor that contributes substantially to 
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ozone formation in the Houston area. Once in the ambient air, the constituents of 

formaldehyde undergo photolysis and/or oxidative processes that transform them into a 

range of compounds and radical molecules such as OH, O and RCH, all of which lead 

to or catalyze ozone formation.  The current analysis proposes that policy measures 

adopted should best reflect the science-supported evidence for reduction of ozone 

formation.  

Environmental Economics  

 The field of environmental economics contributes to policy development by 

providing tools for analysis of environmental regulation. There are two main economic 

principles to consider when implementing policy initiatives, allocative efficiency of the 

initiative and its cost-effectiveness.  

It is important to determine if a proposed policy initiative to reduce ambient 

ozone is allocatively efficient, i.e. whether the marginal cost of abatement is equal to 

the marginal benefit at the level of abatement set by the policy (Callan & Thomas, 

2007). The major challenges in this endeavor are to quantify and monetize the costs and 

benefits associated with a given policy.  It is particularly challenging to quantify the 

benefits of ozone abatement, such as avoided sickness and property damage due to their 

lack of manifest monetary value, especially considering the range of possible factors of 

inclusion and the possible time adjustment of benefit valuation. Technical studies such 

as the current that gather additional information about the effects of HCHO in the 

ozone process, would be included in a comprehensive benefit-cost analysis comparing 

the marginal social benefit with the marginal social cost of abatement. 
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Regardless, of the allocative efficiency of the adopted policy, the initiative 

adopted should be implemented in a cost-effective manner. Cost-effectiveness refers to 

the implementation of the identified standard using the least amount of resources 

(minimum cost) to achieve an objective. The EPA‟s established method of calculating 

cost-effectiveness of a rule with nationwide applicability is to divide total cost of the 

rule by the total emission reductions. Methods that implement uniform standards such 

as a uniform reduction across all polluters most often not cost-effective, because they 

require all firms to reduce emissions equally even in the face of differing abatement 

costs across the firms. However, initiatives make use of market based tools to create 

financial incentives are much more effective. Two common types of market-based 

controls are pollution charges and tradable allowance systems (Callan & Thomas 

2007). Pollution charges are most often a type of corrective tax on products that 

contribute to negative externalities and take a number of forms, such as gasoline tax, 

Btu tax and carbon tax, each with their own advantages. Another method, the tradable 

allowance system, is a market where emissions permits can be traded between 

industries as the designated amount of allowable emissions.  The effectiveness of such 

a trading system for transboundary emissions depends on adhering to a reduced total 

level of emissions for each nation. Since large scale buy-in has not occurred, this 

system has had little success in actually reducing emissions, as in the European Union‟s 

“cap-and-trade” program. However, the theory of enforcing a standard and allowing 

trade of permits at market price holds much promise for cost-effective reduction of 

ozone emissions.  

Efforts to implement economically feasible standards can sometimes be 

complicated by government sanctions, which preclude cost-effectiveness. For instance, 
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the judicial decisions following the CAA declared that the economic and technical 

feasibility of attaining ambient air quality standards are not to be considered in setting 

or revising NAAQS, as the primary and secondary effects were priorities. However, 

analysis of economic and technical factors was permitted in the development of state 

implementation plans.  Thus, Texas can consider economic factors in its adoption of 

state-specific technical methods (Boxer & Dingell, 2008). As a result, the plan adopted 

by Texas will hopefully be relatively more cost-effective than it would have been were 

states barred from taking economic considerations into account when developing their 

plans. Further, we hope that the results of this study will contribute much needed 

scientific information that will help determine the costs and benefits associated with 

regulating ozone and its precursors. 

Closer to the Target   

There is much room for improvement in current regulations. Cowling et al. 

(2007) report that the Texas SIP has had some success, in that ethyne, CO, NOy, and 

HCHO all showed decreases in their mixing ratios from 2000 to 2006. However, SO2, 

ethene and propane all increased during this time, with ethene and propane emissions 

apparently underestimated by as much as factor of 10, in comparing aircraft and mobile 

van measurements with inventory reports. Given their intense reactivity and danger of 

their products, these VOCs represent a significant predicament. Furthermore, this 

underestimation may be indicative of many additional underestimated contaminants. 

More targeted and efficient modes of regulation may also be more effective at 

reducing the total amount of hazardous pollutants. Assuming the accuracy of event 

reports, Lei et al. (2004) conducted episodic simulations of emissions events to 
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characterize O3 formation using a regional chemical transport model and found a 70 

ppb RO2 peak at night, 80% of which was produced by alkene-NO3 and alkene-O3 

reactions. Consistently, Nam et al. (2006) modeled the impacts of events on ozone 

formation in Houston. They found that overall, ozone formation was directly related to 

magnitude although a small percentage (1.5%), would lead to a 10 ppbV increase in 

ozone, while 0.5% of emission events would lead to a projected increase of 70 ppbV.  

Although emissions from point sources are assumed to be continuous and 

constant, since most facilities operate 24 hours a day, 7 days a week, evidence from 

2003 in the GHA indicated several types of VOC and HRVOC emissions that were not 

constant and precursor/contributors to NAAQS exceedances for ozone (Allen et al., 

2004). Researchers found variability in HRVOC emissions to be significant, in the 

range of 100-1000 lb/hr daily, from both continuous emissions and discrete emission 

events.  

In conducive atmospheric conditions, time of day, and magnitudes, emissions 

events could lead to a 2-3 ppb increase in peak ozone concentrations per 1000 lb of 

additional HRVOC emissions, which could be magnified depending on the VOC to 

NOx ratio.  Furthermore, elevated concentrations of HRVOCs were observed in 

localized regions. Such regions are often associated with very rapid ozone formation, as 

observed during aircraft measurement. Allen et al. suggested that short-term limits on 

HRVOC emission variability would effectively decrease ozone enhancement conducive 

conditions.  
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Regional Transport  

In light of all the potential mechanisms at work in HCHO-VOC transport, 

effective reduction of O3 may be improved by consideration of those factors. In the late 

90‟s, the EPA formed the Ozone Transport Assessment Group (OTAG), which was 

designed to assess the Ozone Transport Rule in regulating NOx. This rule was applied 

across 37 states in the Eastern United States, through both the federal and state specific 

implementation strategies (Parker & Blodgett, 1999). Although this rule has met with a 

number of complications, such as pollutant influence from non-participant bordering 

states, this cross-regional approach to regulating ozone precursors is a great step 

towards effective science-based control strategies. Unfortunately, this type of approach 

is not currently in place for VOC emissions. OTAG‟s final recommendations stated that 

VOC controls are effective in reducing ozone locally and a most advantageous to urban 

non-attainment areas. However, considering that a great part of industrial facilities 

operate 24 hours a day, and that despite short atmospheric lifetimes, VOCs are 

transported cross-regionally, especially in more stable nocturnal atmospheric 

conditions. Thus, it may be worthwhile to consider including VOCs in the Ozone 

Transport Rule for ultimate reductions in ozone concentrations (EPA, 2003).  

Reactivity-Based Regulations  

Under section 183 (e) of the CAA, the EPA assessed the potential of VOC to 

contribute to ozone concentrations that would violate NAAQS. In 1995, the EPA 

initially divided the products that account for at least 80% of VOC emissions into 

distinct groups to be regulated in areas that violate NAAQS for ozone: architectural 

coatings, automobile refinishing coatings, petroleum canisters, and consumer products. 
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The EPA established control technique guidelines (CTG) for the majority of VOC 

sources, while some sources were assigned rules and others were not covered in control 

methods.  CTGs contain recommended emissions control strategies for VOCs in 

industrial use. However, since these guidelines are voluntary and unenforceable, they 

are not entirely effective at reducing VOC emissions. Recently, initiatives such as the 

reactivity-based rules for the most recent VOC product group, aerosol coatings, have 

begun to integrate scientific understanding in developing rules that can reduce ozone 

formation efficiently and in a cost-effective manner.   

In 1998, the state of California‟s Air Resources Board (CARB) was challenged 

to develop an alternative reactivity-based rule since mass-based limits were practically 

non-achievable and less effective in reducing ozone since reaching the mass-based 

limits required substitutions that would increase the ozone formation potential of 

products. CARB set a precedent by regulating aerosol coatings products and limiting of 

the most reactive VOCs. The purpose of rule was a reduction in ozone formed from 

aerosol coating emissions, although the absolute amount of VOCs emitted was not 

reduced. For example, seven times more ozone is formed per gram of toluene than per 

gram of propane (Carter, 2000). The aerosol coatings reactivity rule classifies VOCs 

using the MIR (maximum incremental reactivity) numerical scale (developed for 

California) that rates ozone-forming potential of the VOC. The EPA has since set 

national standards for the aerosol coating group, employing reactivity-based equivalent 

emissions reduction methods.  
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Improvement for Texas 

The regulation implemented by CARB is a fine example for Texas to emulate. 

In 2006, HARC commissioned PCA Inc. (Principle Component Analysis) to produce a 

feasibility assessment of such regulations for the TCEQ, in terms of Federal and State 

activity as well as the estimated VOC reductions expected with that option. The HARC 

PCA report suggests that the reactivity-based limits offer manufacturers more 

flexibility in reformulating products and moreover the amendments represent a cost-

savings relative to the estimated costs necessary to comply with regulations that require 

a mass-based reduction. Furthermore, industry already has access to technology 

required to manufacture a compliant product that meets consumer expectations. In light 

of these factors, the reactivity-based rules would invoke a negligible impact on 

consumer price, employment, business survival. This policy is progressive and shows 

promise of cost-effective, science-founded regulations in the future if limits are 

determined according to VOC reactivity. In a promising direction, the TCEQ created a 

HRVOC emissions cap and trade program for industrial point sources in the 

Houston/Galveston/Brazoria area, with a focus on a select group of ozone precursors 

based on atmospheric reactivity. Wang et al. (2007) conducted simulations that indicate 

that the program would not likely cause ozone concentrations to increase locally.  

 Future Directions and Implications  

There are a number of areas that warrant additional investigation in future 

studies. In terms of the current study‟s experimental design, assessing primary versus 

secondary HCHO sources would be aided by operationally defining peaks and instances 

of primary emissions, quantifying formation rates, and in this manner, perhaps 
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developing a methods to distinguish between instances of primary emissions versus 

rapid formation of HCHO. Furthermore, backward trajectories could be analyzed in 

depth to precisely identify the possible culprits of measured emissions.  

 Additional flights that investigate the PBL would help to better characterize the 

mixing heights and widths both during the day and at night. This type of research could 

then forecast episodes and help to form emissions control strategies such as possible 

cross-regional regulation given that ozone can be transported downwind several 

hundred kilometers from source region. Along the same lines, forward trajectories of 

plumes could be analyzed in more detail, integrating stack height, and facility type and 

emission rates, so as to predict the nature of downwind atmospheric composition. 

Elucidating the radical budget is critical to developing a better understanding of 

the formation processes of secondary species in the Houston area.  The results obtained 

from the current research and other ongoing projects, could be used to pattern further 

airborne measurements and would be helpful in designing more accurate models that 

would guide policy regulation. Ideally, these policies would account for the realities of 

production in that they would consider factors such as the relevant ratios of VOC to 

NOx in ozone formation, the effect of emissions magnitude variability, release at 

sensitive times of the day and the reactivity-potential of the specific VOC species being 

emitted. Finally, using the advantages of each mode of measurement, ground, mobile, 

aircraft, and GOME satellite, allows for the assembly of a comprehensive picture of the 

atmosphere and its processes.  
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