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ABSTRACT 
 

This study investigated atmospheric ozone, mercury, and biomass burning 

characteristics in south-central Texas. I examined the past twenty-three years of ground-

level O3 data and selected meteorological parameters in Houston, and found the 

frequency of southerly flow has increased by a factor of ~2.5 over the period 1990–2013, 

likely suppressing O3 photochemistry and leading to a “cleaner” Houston environment. 

The sea breeze was enhanced greatly from 1990 to 2013 due to increasing land surface 

temperatures, increased pressure gradients, and slightly stronger on-shore winds.  

 

Long-term continuous measurements of atmospheric mercury, meteorological 

parameters, and key trace gases were conducted in Houston, Texas under urban and 

coastal marine settings. At the urban site, gaseous elemental mercury (GEM) mean value 

was 185 ppqv and 165 ppqv at the coastal site. The urban site had a greater occurrence of 

high mercury events than the coastal site. A variable mercury diurnal pattern was found: 

At the urban site, GEM showed a maximum mixing ratio before sunrise and the 

minimum mixing ratio in late afternoon. At the coastal site, GEM decreased at night and 

reached its minimum before sunrise. The relationship between mercury species and 

meteorological factors was studied. The concurrence of GEM, CO2, CO, CH4, and SO2 

maximum values were striking.  

 

A prescribed grassland fire experiment was conducted employing in-situ field 

sampling combined with comprehensive pre-burn and post-burn sampling. The volatile 
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organic compounds (VOCs) exhibited a double peak feature in the flaming and 

smoldering stages. The emission of VOCs was associated primarily with the smoldering 

combustion stage and correlated better with CO than with CO2. The emission factors of 

CO2, CO, CH4, NO, CH3Cl, C2H6, C2H4, C3H8, C3H6, C6H6, and C7H8 accounted for 96% 

of the total species. Total gaseous mercury was released primarily during the smoldering 

phase, although the total amount released from the fire was small (0.015 kg). Overall, 

53,257 kg CO2 was emitted into the atmosphere during the fire and it accounted for 95% 

of all species emissions. The relationship between carbon emissions from the dry fuel 

(194 tons) and released from CO2 (14.5 tons) was found to be 7.5% for this event. 
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Chapter 1 

Introduction1 

 

1.1 Introduction 

Houston, the fourth largest city in United States, routinely experienced some of 

the highest ozone (O3) mixing ratios in the United States over the past several decades 

(Kleinman et al., 2002). Due to this it has been classified by the U.S. Environmental 

Protection Agency as a “severe” 8-hr O3 nonattainment area in 1997 and a “marginal” 8-

hr O3 nonattainment area in 2008. Houston experienced significant variability in both the 

peak O3 mixing ratios and the number of high O3 days (Lefer et al., 2010).  

Air pollution in the Houston area is a product of strong emissions coupled with 

specialized meteorological conditions (McGaughey et al., 2004). Automobiles and 

industrial sources along the Houston Ship Channel (HSC) area and in outlying areas of 

the city emit large amounts of highly reactive volatile organic compounds (HRVOCs) 

                                                        
1Material in this chapter was published as portions of the following articles: 

Liu, L., Talbot R., and Lan X., Influence of Climate Change and Meteorological Factors 

on Houston’s Air Pollution: Ozone a Case Study, Atmos., 6, 623-640, 2015. 

Liu L., Talbot R., Torres A., Lefer B., Lan X., and Flynn J., Comparison of Speciated 

Atmospheric Mercury at a Coastal and Urban Site, pending submission, 2016.  

Liu L., Talbot R., Lan X., Sive B., Lefer B., Flynn J., and Judd L., Emission Estimates of 

Trace Gases and Volatile Organic Compounds from a Prescribed Grassland Fire in 

Southeastern Texas, pending submission, 2016. 
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and nitrogen oxides (NO + NO2 = NOx) (Kim et al., 2011), which provide the ingredients 

necessary for ground-level O3 production in the presence of heat and sunlight.  

Meteorology also plays a critical role in O3 formation, which either dilutes 

pollutant emissions or allows them to accumulate, and it can also affect other key 

processes, such as chemical reaction rates (Ngan et al., 2007). Previous studies have 

shown that levels of O3 precursors are substantially elevated during post-frontal 

environments or in the presence of anti-cyclonic conditions where weak winds, clear 

skies, and subsidence dominates (Rappenglueck et al., 2008). In this study, we 

characterized various meteorological variables including temperature, wind speed, wind 

direction, and pressure for both high and low O3 events over the past 23 years (from 

January, 1990 to December, 2013). We want to have an in-depth understanding of the 

relationship between the climate/meteorology factors and O3 mixing ratios in the Houston 

area. Another critical question to answer is which is the key meteorology factor that 

influences concentration of ground-level O3 on a large time scale in the Houston area? 

 Another trace gas of interest in this study was mercury (Hg). Mercury is a 

pervasive and toxic environmental pollutant that exists in several chemical and physical 

forms that are distributed widely on Earth. The atmosphere serves as the major pathway 

for the release of mercury from reservoirs to the environment. Mercury in the atmosphere 

is then deposited to terrestrial systems or water bodies where it is converted to methylated 

mercury, the most toxic form of mercury, and can enter the food chain by 

bioaccumulation (Pirrone et al., 1996). Thus, to analyze the characteristics of atmospheric 

mercury with special emphasis on its sources, transport, and depositional mechanisms, it 
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is especially meaningful in areas where mercury-emitting facilities are highly 

concentrated. 

Understanding the atmospheric mercury budget in Houston is challenging. There 

are distinct industrial emissions, a special geographic pattern (close to the Gulf of 

Mexico), and complex meteorological conditions (Liu et al., 2015). A few atmospheric 

mercury measurements were conducted in Houston (Brooks et al., 2010), atop the 

University of Houston Moody Tower (MT). However, the previous research was limited 

to a single urban site. This study focuses on the comprehensive analysis of atmospheric 

mercury by investigating and comparing the factors that impact mercury mixing ratios 

under urban and coastal settings in the Houston area. This study contains continuous 16-

months of mercury measurements together with simultaneous meteorological parameters 

and key trace gases data. The aims of the study were to improve our understanding of 

mercury pollution under different environmental settings, to investigate high mercury 

events, and to help evaluate the regional mercury budget in the Houston area. 

Last, but not least, biomass burning is the largest global source of primary fine 

carbonaceous particles and the second largest source of numerous important atmospheric 

trace gases (Andreae and Merlet, 2001; Schultz et al., 1999). The open combustion of 

biomass is the key pathway by which humans directly affect the chemical and radiative 

properties of the atmosphere (Wooster et al., 2011). Trace gases emitted from biomass 

burning have a significant influence on the atmosphere (Akagi et al., 2011), especially in 

tropical and subtropical regions (Koppmann et al., 1997). For example, carbon monoxide 

(CO), methane (CH4), and volatile organic compounds (VOCs) affect the oxidation 

capacity of the troposphere by reacting with OH radicals (Crutzen and Andreae, 1990). 
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Nitric oxide (NO) and VOC emissions have led to the formation of tropospheric ozone 

(O3) and other photo oxidants. Biomass burning is also a major source of the methyl 

chloride (CH3Cl), methyl bromide (CH3Br), and a minor source of methyl iodide (CH3I), 

which potentially delivers halogens to the stratosphere and causes O3 depletion (Andreae 

et al., 1996). Therefore, there is an increasing need for information on comprehensive 

biomass-burning emissions of trace gases and aerosols. 

There are only a relatively small number of studies that have reported emissions 

from grassland and savanna fires (Wooster et al., 2011; Shirai et al., 2003). There are 

even fewer studies of emission of trace gases from domestic grassland and savanna fires 

in the United States (Koppmann et al., 2005; Sudo et al., 2007). Full fire-lifecycle 

emissions are seldom measured directly.  

Our experiment is unique because the sampling inlets were close (meters) to the 

controlled burn and we provided detailed in-situ measurements of trace gases and VOC 

emissions throughout the ignition, flaming, and smoldering phases of a prescribed 

grassland fire. Thus, this controlled experiment will add comprehensive and direct 

information of important trace gases and VOC emissions from biomass burning to our 

limited knowledge on this topic. 

The over-all goal of this study was to improve the current understanding of 

atmospheric ozone, mercury, and biomass burning in south-central Texas.  

1.2 References 

Akagi S.K., Yokelson R.J., Wiedinmyer C., Alvarado M.J., Reid J.S., Karl T., Crounse 

J.D., and Wennberg P.O., Emission factors for open and domestic biomass burning for 

use in atmospheric models, Atmos. Chem. Phys., 11, 4039-4072, 2011. 
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Chapter 2 

Influence of Climate Change and Meteorological Factors on Houston’s 

Air Pollution: Ozone a Case Study2 

 

 

2.1 Introduction 

 Houston, the fourth largest city in the United States, is located on the northern 

coastline of the Gulf of Mexico (Feagin et al., 1985). It routinely experiences some of the 

highest ozone (O3) mixing ratios in the United States over the past several decades 

(Kleinman et al., 2002). Due to this, Houston has been classified by the U.S. 

Environmental Protection Agency as a “severe” 8-h O3 nonattainment area in 1997 and a 

“marginal” 8-h O3 nonattainment area in 2008. Houston experienced significant 

variability in both the peak O3 mixing ratios and the number of high O3 days (Lefer et al., 

2010). Houston exceeds the 75 ppbv 8-h and 124 ppbv 1-h National Ambient Air Quality 

Standard (NAAQS) for ground-level O3 mixing ratios dozens of days a year over last two 

decades. 

The Texas Commission on Environmental Quality (TCEQ) treats the O3 mixing 

ratio at a given location as the sum of the background mixing ratio and the contribution 

from local O3 production (Gammon et al., 2005). Background O3 levels in eastern Texas 

are typically higher during late summer and early fall as northerly and easterly flows 

                                                        
2 Material in this chapter was published in: 

Liu, L., Talbot R., and Lan X., Influence of Climate Change and Meteorological Factors 

on Houston’s Air Pollution: Ozone a Case Study, Atmos., 6, 623-640, 2015. 
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associated with synoptic scale transport of O3-rich continental air to the region (Berlin et 

al., 2013). This increased regional background contributes to the frequency and severity 

of high-O3 episodes in Houston. 

Air pollution in the Houston area is a product of strong emissions coupled with 

specialized meteorological conditions (McGaughey et al., 2004). Automobiles and 

industrial sources along the Houston Ship Channel (HSC) area and in outlying areas of 

the city emit large amounts of highly reactive volatile organic compounds (HRVOCs) 

and nitrogen oxides (NO + NO2 = NOx) (Kim et al., 2011), which provides the 

ingredients necessary for ground-level O3 production in the presence of heat and sunlight 

(Seinfeld et al., 1998). 

More than 400 chemical manufacturing facilities and two of the four largest 

refineries in the U.S. reside in the Houston Ship-Channel area (Streutker et al., 2003). As 

a world-class city, the population of Houston increased 29% in the past two decades 

(Frank et al., 2006). This has led to increased vehicular traffic and associated NOx 

emissions (Glynis et al., 2005). Inevitably, this caused environmental problems, 

especially with regard to air pollution. Air pollution effects the health of human beings 

(Walker et al., 1982), impacts radiative transfer in the atmosphere (Varotsos et al., 2012), 

and how much solar ultraviolet radiation reaches the ground (Chubarova et al., 2004; 

Tzanis et al., 2009). Houston has moved from #7 to #6 in the rankings of the worst O3 in 

the U.S., which is based on the number of days with elevated pollution levels. As the air 

pollution conditions grew worse, researchers and policy makers are starting to pay 

attention to this topic. In 2000, the city of Houston started an emission reduction plan that 
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focused on reduction of NOx emissions from industry and motor vehicles. The National 

Oceanographic and Atmospheric Administration (NOAA) conducted two airborne studies 

in the Houston area; Texas Air Quality Study I 2000 and the Texas Air Quality Study 

II—the Gulf of Mexico Atmospheric Composition and Climate Study 2006. These 

studies involved both measurements and modeling to unravel the complexity of air 

pollution in Houston and especially to understand what was driving the unusually high O3 

production in the area.  

Meteorology also plays a critical role in O3 formation, which either dilutes 

pollutant emissions or allows them to accumulate, and it can also affect other key 

processes, such as chemical reaction rates (Cheng et al., 2007; Rappenglueck et al., 2008). 

Previous studies have shown that levels of O3 precursors are substantially elevated during 

post-frontal environments or in the presence of anti-cyclonic conditions where weak 

winds, clear skies, and subsidence dominates (Ngan et al., 2007). 

In this dissertation, we characterized various meteorological variables including 

temperature, wind speed, wind direction, and pressure for both high and low O3 events 

over the past 23 years (from January 1990 to December 2013). We obtained an in-depth 

understanding about the relationship between the climate/meteorology factors and O3 

mixing ratios in the Houston area. Because Houston is located (latitude 30°) near the 

northern coast of the Gulf of Mexico, it is known that ground-level O3 mixing ratios 

could be affected significantly by the land-sea breeze (Banta et al., 2005). 
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We choose four sites along the South-North direction in the Houston area. We 

mainly emphasized trends of ground-level O3 mixing ratios, background O3 mixing ratios, 

wind speed, wind direction, temperature, and pressure. A critical question to answer is, 

which is the key meteorology factor that influences concentration of ground-level O3 on a 

large time scale in the Houston area? 

2.2 Results and Discussion 

2.2.1 Background Ozone 

 Background O3 is the mixing ratio of O3 in the absence of direct influence by 

local anthropogenic emissions in an area. Currently, the 8-h O3 standard is 75 ppb (the 

84 ppb standard was changed in 2008), the ongoing reduction of 1-h and 8-h 

standards makes the level of background O3 more important. Background O3 levels 

vary with time of day, over months, and across large time spans of a decade or more. 

Changes in natural and anthropogenic sources during long-range atmospheric 

transport will ultimately influence local O3 levels. In the Houston area, background 

O3 mixing ratio trends are flat or decreasing, and vary greatly with transport patterns. 

For example, the flow of air from over the Gulf of Mexico may play an important role 

in the Houston background O3 levels. Carbon monoxide is an excellent anthropogenic 

tracer because it mostly comes from mobile combustion (Mao et al., 2012). Air masses 

with CO mixing ratios below the 25th percentile value are commonly considered 

background air (Mao et al., 2012). In this study, we used the 20th percentile of 

concurrently measured carbon monoxide (CO) and O3 to ascertain background O3 (Mao 

et al., 2010). These measurements were performed atop Moody Tower on the 
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University of Houston campus over the time period of January 2008 to January 2014. 

Figure 2.1 shows a time series of the background O3 mixing ratios in urban Houston. 

     

Figure 2.1. Monthly averaged background O3 mixing ratios measured atop 

Moody Tower on the University of Houston campus. 

 

Background O3 ranged between 15 ppbv and 45 ppbv, with an average of 30 ppbv 

and the highest values occurring in spring and lowest in June or July. During the summer 

there is strong southerly flow off the Gulf of Mexico bringing “cleaner” air inland. The 

overall trend-line shows that background O3 is fairly constant with a slight decrease of ~1 

ppbv over the past seven years. 

2.2.2 Exceedance Days of 1-h / 8-h Averaged O3 Mixing Ratio 

 

 We analyzed data from the four research sites around the urban Houston. 

According to the revised National Ambient Air Quality Standards (NAAQS) by the 

Environmental Protection Agency (EPA) in 2011, for ground-level O3 if there is at 

least one 1-h averaged surface O3 mixing ratio exceeding 124 ppbv or an 8-h average 

exceeding 75 ppbv, the day is regarded as an exceedance day. 

In Figure 2.2 we illustrate the number of exceedance days of 1-h and 8-h averaged 

Date 
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ground-level O3 for each year during the research period 1990 to 2013 for our four 

sites. The four sites’ number of exceedance days of 1-h O3 and 8-h O3 remained with 

wide year-to-year variations. The most northern sites (Aldine and Northwest Harris) 

have higher occurrences of exceedance days than the sites to the south (Clinton and 

Galveston). Surface O3 is a secondary product that is formed during transport, and 

under southerly winds the highest O3 would be expected in the northern part of the 

study area. 

 

Figure 2.2. Annually exceedance days of 1-h averaged (a) and 8-h averaged (b) O3 

mixing ratios during 1990–2014 for four sites. 

Year 
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The dashed lines on Figure 2.2 are the linear trend lines of the exceedance days 

over the 23 year period. The slopes of the 1-h and (8-h) trend lines are −0.69 year−1 (−1.5 

year−1) (Aldine), −0.50 year−1 (−1.0 h−1) (Northwest Harris), −0.60 year−1 (−0.90 year−1) 

(Clinton), and −0.39 year−1 (−1.8 year−1) (Galveston). From Figure 2.2, we noticed that 

around the year of 2000, the number of exceedance days at all sites dropped dramatically. 

After 2000, the number of exceedance days remained steady in the low single digits. We 

attribute a reduction in emissions for part of this transition to lower O3 mixing ratios in 

Houston. We divided the time period shown in Figure 2.2 into two stages: the first stage 

was 1990–2000 and the second stage was 2001–2013. We calculated the average number 

of exceedance days for each site during the two stages. As Table 2.1 shows, the average 

number of exceedance days at Aldine decreased from 12 to 2 (1-h) and from 35 to 11 (8-

h); at Clinton they decreased from 10 to 2 (1-h) and 20 to 8 (8-h); NW Harris they 

decreased from 9 to 1 (1-h) and 28 to 13 (8-h); at the Galveston site they decreased from 

6 to 1 (1-h) and from 29 to 8 (8-h). The average number of exceedance days during stage 

II was reduced to about one-fifth of the stage I for 1-h averaged O3, and reduced to half 

of its original value for the 8-h averaged O3. 

Table 2.1. Average Number of Exceedance Days per Site 1-h (8-h) 

Site 1990–2000 2001–2013 

Aldine 12 (35) 2 (11) 

Clinton 10 (20) 2 (8) 

NW Harris 9 (28) 1 (13) 

Galveston 6 (29) 1 (8) 
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2.2.3 Southerly Flow and Ground-Level O3 

 

We analyzed the long-term relationship between ground-level O3 mixing ratio and 

meteorological factors, including temperature, pressure, and wind speed. However, we 

did not find any significant relationships. The analyzed results can be found in the 

Supplementary Material (Figures S2.1. and Figure S2.2.). 

According to the research of Banta et al., 2005, summertime meteorological 

conditions in Houston involve interactions between sea-breeze circulation patterns. The 

sea-breeze cycle at 30° N latitude is at its maximum amplitude, and plays an especially 

strong role for atmospheric advection in the Houston area. There are two forms of sea 

breeze in Houston: (1) the superposition of large-scale flow with inertia-gravity wind 

oscillation; and (2) under suitable conditions of wind and temperature, the sea breeze can 

assume a frontal structure. Both of these can produce winds inland away from the shore. 

Banta et al., 2005 and Rappengluck et al., 2008 showed that under specialized conditions 

(e.g., timing, location, and the height to which pollutants mix), the pollutants that have 

been carried offshore by the land breeze can be brought back over land by the sea breeze. 

Southerly winds typically bring in “cleaner” marine air with lower precursors (e.g., NOx, 

CO, and hydrocarbons) and lower background levels of O3. 

Especially in the summer and fall seasons, the southerly flow can influence local 

air quality conditions. A common pattern found was, in the early morning, northerly 

winds push polluted air masses aloft in the Galveston area, which is located next to the 

Gulf of Mexico. Around noontime to the early afternoon, because of the increased solar 

radiation and the higher heat capacity of water, land temperatures increase faster than 

water temperatures, and the sea breeze (southerly flow) with relative “cleaner” air, which 
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originated over the Gulf of Mexico begins to appear over the city. According to our data 

analysis, in the late afternoon, especially during 2:00 p.m. ~ 5:00 p.m. in summer and fall 

seasons, the air temperature and the frequency of southerly flow reaches its peak. 

However, at night, air temperatures decrease dramatically because of the lack of solar 

radiation. Along with it, there is a disappearance of the sea breeze and northerly winds 

take over again (i.e., the land breeze). Local emissions trapped under a shallow nocturnal 

planetary boundary layer (PBL) accelerate the accumulation of pollutants in downtown 

Houston and the Houston-Ship-Channel areas. 

 

Figure 2.3. (A) 1-h and (B) 8-h exceedance days as a function of annual southerly flow 

hours per year at the Aldine site. 

Year 

Year 

A 

B 
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To further investigate the variations of southerly wind, we defined the range of 

wind directions for southerly flow as 160°–200° and only examined the wind data during 

March-October, the southerly flow season. We used meteorological data from the NOAA 

Climate Data Center, which provided one-hour averaged wind speed and wind direction. 

In order to get an in-depth understanding, we contrasted the two factors. The relationship 

between annually number of exceedance days and hours of southerly flow per year is 

depicted in Figure 2.3 (Aldine) and Figure 2.4 (Clinton). The anti-correlation between 

these two parameters is striking, and shows that the length of time per year Houston is 

under the influence of southerly flow has more than doubled from 1990 to 2013. The 

correlation coefficient between annually southerly flow hours and annually number of 

exceedance days of 1-h averaged (8-h averaged) in Aldine site are −0.63 (−0.72), for 

Clinton site are −0.56 (−0.51). All of them pass the significant test (p < 0.05). The slope 

of the linear regression line for 1-h exceedance days at Aldine is −0.71 exceedances 

year−1 and −0.90 exceedances year−1 at Clinton. Conversely, the slope for Aldine is +56.6 

year−1 and +16.8 year−1 for Clinton. Similar relationships for the two other sites can be 

found in the Supplementary Material (Figures S2.3 and S2.4). The Clinton site is near 

downtown Houston and the ship channel area where many refineries and petrochemical 

industrial plants are located. In addition, the slope of southerly flow hours is more than 

three time greater at Aldine than at Clinton. These nearby sources and reduced dilution 

likely supplied more O3 precursor compounds to this site and slowed the trend in 

decreased O3. 
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Figure 2.4. (A) 1-h and (B) 8-h exceedance days as a function of annual southerly flow 

hours per year at the Clinton site. 

 

We propose that the increased flow of “cleaner” air is diluting the dirty Houston 

air, lowering the mixing ratios of NOx, O3, and precursor hydrocarbons. It also would 

advect the polluted air away from Houston. Both of these processes would lead to a lower 

potential to produce O3 in the Houston area. The significantly increased southerly flow 

together with lower emissions is leading to a “cleaner” O3 environment. The general 

correspondence between increased exceedance days and decreased southerly flow hours 

Year 

Year 

A 

B 
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give credence to our hypothesis. For example, the 8-h peak value was 55 with the 

corresponding low in southerly flow hours of 500 (Figure 2.3). 

2.2.4 Contrasting Southerly Flow Frequencies  

 

We have documented increased southerly flow hours from 1990 to 2013, and now 

will examine this in terms of southerly flow days and averaged daily southerly flow 

hours. Around the year 2000, there was a decrease in the number of exceedance days; 

they dropped dramatically and decreased by a factor of three on average. After 2000 the 

number of exceedance days decreased to single digits, meanwhile southerly flow hours 

increased steadily by a factor of two. Based on the changes, we divided the time series 

into two stages: 1990–2000 and 2001–2013. In each stage, we choose two sample years 

when most of the data were close to the trend-line and with good representatives. We 

choose 1995 and 1996 for stage I, and 2010 and 2011 for stage II. The data of the sample 

years were averaged to better compare the southerly flow between the two stages. We 

compared Aldine site located north of the urban Houston area and the Galveston site 

close to the Gulf of Mexico (Figure 2.5). Southerly flow mainly occurs in summer and 

fall season when the sea surface temperature has the largest gradients with land 

temperature. We examined the data from March–October to cover the period of southerly 

flow conditions. It was apparent at both sites that annually southerly flow hours have 

increased dramatically, by as much as a factor of 2–3. The inland sites experienced 

greater increases in southerly flow hours than the Galveston site. Both of the two sites 

had the strongest southerly flow in May, June, and July. In 2010 and 2011, the Aldine site 

had the strongest southerly flow in April and June, slightly earlier in the year. 
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In Galveston, 65% of the southerly flow occurred in summertime, specifically, in 

June, July, and August. Annually southerly flow hours in June (from 200 to 350), August 

(from 120 to 380), and October (from 60 to 200) increased the most, increasing by a 

factor of 2.5 on the average. In the summer season, southerly flow dominates in 

Galveston. 

 
 

Figure 2.5. Total southerly flow average hours in 1995–1996 (black) and 2010–2011 

(red) at Aldine (a) and Galveston (b). 

 

Figure 2.6 shows that from March to October, total southerly flow days in 2010 

and 2011 happened more frequently than that in 1995 and 1996. For both sites, the 

southerly flow days increase in each month during two sample periods. At the Aldine 

site, total southerly flow days increased most in March and October, in March, the 

southerly flow days increased from 13 days to 20 days, and in October, increased from 6 

days to 22 days, it is an increase more than a factor of three. At the Galveston site, most 

increase occurred in October, from 9 days to 20 days, increasing by a factor of two. 
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Figure 2.6.  Days  with  southerly  flow  at  Aldine  (a)  and  Galveston  (b)  average  over 

1995–1996 (dark green) and 2010–2011 (light green). 

 

To better understand the southerly flow occurrences at the Aldine and Galveston 

sites, we analyzed the daily southerly flow hours for the two locations (Figures 2.7 and 

Figure 2.8). It increased in each month between the two sample periods for both sites. At 

the Aldine site, especially in April (increase from 6 to 15), May (increase from 7 to 11), 

and June (increase from 5 to 13), daily southerly flow hours increase by a factor of two in 

average contrasting the two periods. For the Galveston site, most increases occur in April 

(increase from 5 to 9), August (increase from 6 to 12), and September (increase from 2 to 

7). The results for the other sites are presented in the Supplementary Material (Figures 

S2.5 and S2.6). It is interesting to find out that the daily southerly flow hours have 

increased the most in the spring and fall seasons at the Aldine and Galveston sites. These 

are the type of trends we would expect with a warming climate (Timmermann et al., 

1999). 
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Figure 2.7. Daily southerly flow hours at Aldine during 1995–1996 (a) and 2010–2011 

(b). 

 

 
Figure 2.8. Daily southerly flow hours at Galveston during 1995–1996 (a) and 2010–

2011 (b). 

 

 In order to  get  a  better  understanding  of  the  variation  in  wind  direction  

over  past  decades, we constructed wind rose graphs for the Houston area. Because there 

are not sufficient meteorological data to cover the 23 years research time period in the O3 

sites, we used the meteorological data from the nearest NCEP monitoring site, and 

detailed site information, available in the experimental section. The hourly wind speed 

and wind direction data are available from National Center for Environmental Protection 
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(NCEP). We choose four sites: George Bush Airport (north), Galveston (southeast), 

William Hobby Airport (near downtown) and David Wayne Hooks Memorial Airport 

(north). Figure 2.9 shows the wind rose for the George Bush Airport site. The other three 

sites can be found in the Supporting Materials (Figures S2.7 – S2.9). We define the 

frequency of wind direction based on the formula 𝑔 =
f

c+∑ 𝑓16
𝑛=1

 (Fryberger et al., 1979), 

where g is the frequency of wind direction N, f is the number of occurrences of the wind 

direction N for this period and c is the static wind frequency. We choose March to 

October during 1990~2013 as the time period when southerly flow is most active. Then, 

the time period was divided into five time intervals and the average for each was 

calculated. In the rose graph of 1990–1994, general wind directions were from the north 

(25%), and south and southeast (40%). Wind speeds were generally between 4 and 6 m/s 

(65%). During 1995–1999 and 2000–2004, major wind directions shifted to the south and 

southeast. The highest wind speed (8–10 m/s) occurred in the direction of 130°–165°.  

 During the period 2005–2009, major wind directions were distributed among 

160°–195° (32%), which is southerly wind. Wind speeds were in the range of 6–8 m/s 

(24%) and 13% fell into the range of 8–10 m/s. The frequency and wind speed of the 

southerly flow increased in contrast to the previous three time intervals. The last interval 

of 2010–2013, 60% of the wind directions accumulated between 130° and 195°. 

Specifically, for the directions from 160° to 180°, 30% of the wind speeds were 

distributed among 6–10 m/s with 5% being in excess of 10 m/s. In summary, the strength 

of the sea breeze system intensified. 
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Figure 2.9. Wind speed and direction as a function of time for George Bush Airport site. 

 

1990-1994 1995-1999 

2000-2004 2005-2009 

2010-2013 Wind Speed, m/s 
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2.2.5 Why an Increase in Southerly Flow? 

 

2.2.5.1 LST / SST Difference 

 

 Both the frequency and wind speed of southerly flow has increased in the most 

recent two decades, especially during 2000–2013 in the Houston area. As we mentioned 

previously, the sea breeze usually occurs in the afternoon because of the heat capacity of 

water is larger than that of soil (Noborio et al., 1996), which contributes to the 

temperature differences between land and ocean. To investigate how temperature 

differences impact southerly flow, we compared land and sea temperatures for the past 

twenty-three years. Southerly flow occurs mostly from March to October, so we 

examined hourly land and sea surface temperature data from our study sites. The sea 

surface temperature (SST) using data from two buoy sites located at the western Gulf of 

Mexico operated by NOAA National Data Buoy Center. 

 We used monthly averaged land/sea surface temperature difference in our 

analysis. We choose the hourly land surface temperature data during 2:00 p.m.–5:00 p.m. 

(local time) from 1 March to 31 October during 1990–2012, we firstly averaged hourly 

LST data to get the daily data for each site. Then we averaged the four land sites’ daily 

data, which is the land surface temperature data for a day. We repeated the processes for 

each day from March to October during 1990–2012. For the SST, the research time 

period and the method of analysis was the same as for LST. At last, daily LST data was 

subtracted by daily SST data, then, I calculated the monthly averaged temperature 

difference between LST and SST. 

 Figure 2.10 depicts the temperature difference between LST and SST. The largest 

differences occurred in May and June and these are shown individually in the supporting 
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information (Figure S2.10). Before the year of 1998, the amplitude of temperature 

difference between the LST-SST was −8 °C to 2 °C, however, a change occurred on 

September 1998. After the change point, during 1999 to 2012, the amplitude increased to 

24 °C (−12 °C to 12 °C), with a high pronounced variability with an unknown cause. The 

increased variability was not caused by changing out of the measurement devices at any 

of our study sites. We divided the time period into two stages, the first stage during 

1990–1998 and the second stage during 1999–2012. We calculated out the average 

temperature difference between land and sea for each stage, during 1990–1998, the 

number was −1.2 °C and during 1999–2012, the average temperature difference was 0.4 

°C, an increase of 1.6 °C. The regression trend-line increased from −2 °C to 2 °C during 

1990–2013. 

 

Figure 2.10. Time series of land surface temperature (LST) minus sea surface 

temperature (SST) for the Houston area. 

 

 For the trend of southerly flow wind speed, as shown in Figure 2.11., we analyzed 

the four land meteorological sites’ wind speed data with wind directions between 160° 

and 200° and the southerly flow wind speed data were selected from the time period of 

2:00 p.m.–5:00 p.m. (local time) from March to October during 1990–2012. After we 

Date 
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averaged the four sites’ daily southerly flow wind speed data (average spatially), we 

calculated average monthly southerly flow wind speeds. The trend line shows monthly 

average southerly flow wind speed increased by 0.3 m/s from 1990 to 2012. The peak 

value of the monthly average southerly flow wind speed was 5.8 m/s, which occurred in 

June of 2012. In summary, the frequency of the southerly flow is intensified and the wind 

speed of the southerly flow was stable or increased slightly over the last two decades in 

the Houston area. 

 

Figure 2.11. Time series of the monthly averaged wind speed of southerly flow for the 

Houston area. 

 

2.2.5.2 Large Scale Atmospheric Circulation 
 

 To ascertain what processes caused increased southerly flow in the Houston area, 

we examined the mean sea-level pressure maps for March–October 1995–1996 and 

2010–2011. The data were obtained from the National Center for Environmental 

Prediction and are shown in Figure 2.12. We define the ranges between 120° W–50° W 

and 50° N–20° S. Comparison of the two time periods indicates that the land surface 

pressure in Houston during 1995 and 1996 was 1015.5 hPa, during 2010 and 2011 it 

Date 



27 
 

decreased to 1014.5 hPa. The surface pressure over the Gulf of Mexico, especially around 

the Houston area, was 1013.5 hPa during 1995 and 1996 and 1015.5 hPa during 2010 and 

2011. The terrestrial high-pressure system, which located over Louisiana decreased from 

1017.5 hPa to 1016.5 hPa. In summary, surface pressure over the Gulf of Mexico 

increased while surface pressure over Houston decreased. This pressure difference 

between land and the Gulf of Mexico probably contributes to increased southerly flow 

around the Houston area. According to a previous study, eastward displacement of the 

Bermuda High in 2010 and 2011 may be responsible for reduced summertime O3 along  

the U.S. east coast during the past decade (Lai et al., 2012). 

Figure 2.12.  National Center for Environmental Prediction (NCEP) reanalysis mean sea-

level pressure for March-October in 1995 and 1996 and 2010 and 2011. 

 

2.3. Experimental 

 For the ground-level O3 mixing ratio data, along a south to north transect, we 

chose four CAMS (continuous ambient monitoring station) sites, which are operated by 

1995 & 1996 2010 & 2011 
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the Texas Commission on Environmental Quality (TCEQ); they are CAMS 1034 

Galveston, CAMS 403 Clinton Ave., CAMS 08 Aldine and CAMS 26 Northwest Harris. 

The time period for the ground-level O3 mixing ratio begins 1 January, 1990 and ends 31 

December, 2013. The format of the O3 data was one-hour averages. 

 The spatial distribution of our study sites is given in Figure 2.13. For the 

meteorological data, because of insufficient data to cover the 23 years’ research time 

period in the sites by TCEQ, we choose four meteorological monitoring sites closest to 

the O3 sites. These sites are operated by the NOAA National Climatic Data Center. In 

correspondence with the TCEQ O3 sites, the meteorology sites are at Galveston 

(29°16′32.24″ N and 94°50′9.46″ W), William Hobby Airport (29°39′14.79″ N and 

95°16′35.81″ W) (Clinton O3 site), George Bush Intercontinental Airport (29°59′27.13″ 

N and 95°20′12.70″ W) (Aldine O3 site), and David Wayne Hooks Memorial Airport 

(30° 3′31.68″ N and 95°33′2.49″ W) (Northwest Harris O3 site). The time period for the 

meteorology data cover the same time period  with  ground-level  O3  mixing  ratio  data,  

which  begins 1 January  1990  and  ends 31 December 2013. The format of the data was 

one-hour averages. We analyzed the meteorological factors as local temperature, wind 

direction, wind speed, pressure, atmospheric circulation, and the land-sea breeze. The 

procedures for the O3 and CO analysis are provided in (Lan et al., 2014). Sea-level 

pressure was provided by the NCEP/NCAR reanalysis datasets. 
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Figure 2.13. Spatial distribution of study sites. 

 

To the land/sea surface temperature difference, the land surface temperature data 

is offered by NOAA meteorological sites we choose along the south to north direction 

(Figure 2.12). We choose two buoy sites (27°54′25″ N and 95°21′10″ W, 26°5′29″ N and 

93°45′29″ W) operated by NOAA located in the Gulf of Mexico, which offer the sea 

surface temperature data. 
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2.4. Conclusions 

 Houston is located close to the Gulf of Mexico and at latitude of 30° N. It is home 

to a large amount of petroleum industries, which produce and emit chemical precursors 

for the production of ground-level O3. Because of the critical role meteorology plays in 

controlling ground-level O3 mixing ratios, we examined it with regard to the rapidly 

decreasing number of annual O3 exceedances in Houston. Background O3 mixing ratios 

in Houston are flat or decreasing slightly around 30 ppbv. The exceedance days of 1-h/8-

h averaged O3 mixing ratio decrease dramatically from tens of days to only a couple of 

days annually. A rapid shift occurred around 2000. 

Southerly flow has been increasing in the Houston area since at least 1990. Both 

the frequency and the wind speed of the southerly flow have increased. During 

2010~2013, 60% of the wind direction was concentrated in the range of 130°–195°, 

which is south wind or southeast wind, from the Gulf of Mexico. The cause for increased 

southerly flow is an increase of nearly 3 °C in LST compared to the SST of the ocean. 

The net temperature difference between LST and SST increased by a factor of four in 

May and by a factor of two in June. Before 1999, the range between the maximum and 

minimum was 12 °C, however, between 1999 and 2012, the range increased to 20 °C, 

with a pronounced increase in variability. We suspect that this is a worldwide 

phenomenon. 
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Figure S2.1. Monthly Averaged Ground-Level Ozone Mixing Ratio vs Temperature data 

at the Aldine site. 
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Figure S2.2. Monthly Averaged Ground-Level Ozone Mixing Ratio vs Temperature data 

in Clinton site. 

 
 

Figure S2.3. 1-hr and 8-hr exceedance days as a function of annual southerly flow hours 

per year at the Galveston site.  

Year 

Year 

Date 



35 
 

 

 
 

 

Figure S2.4. 1-hr and 8-hr exceedance days as a function of annual southerly flow hours 

per year at the Northwest Harris site. 
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Figure S2.5. Days with southerly flow at the Northwest Harris site. 
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Figure S2.6.  Days with southerly flow at the Clinton site. 

 

 

 

 

 
 

Figure S2.7. Wind speed and direction as a function of time in Clinton. 
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Figure S2.8. Wind speed and direction as a function of time in Northwest Harris. 

 

 
Figure S2.9. Wind speed and direction as a function of time in Galveston. 
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Figure S2.10.  LST – SST Temperature Difference in May (top) and June (bottom). 
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Chapter 3 

Comparison of Speciated Atmospheric Mercury at a Coastal and Urban 

Site3 

 

 

3.1 Introduction 

 Mercury (Hg) is a pervasive and toxic environmental pollutant that exists in 

several chemical and physical forms that are distributed widely on Earth. The atmosphere 

serves as the major pathway for the release of mercury from reservoirs to the 

environment. Mercury is emitted to the atmosphere from a variety of anthropogenic 

sources (e.g., smelting, coal combustion, waste treatment, cement production), and 

natural sources (e.g., volcanoes, wild fires) (Pirrone et al., 2001; Sprovieri et al., 2010). 

Mercury in the atmosphere is then deposited to terrestrial systems or water bodies where 

it is converted to methylated mercury, the most toxic form of mercury that can enter the 

food chain by bioaccumulation (Pirrone et al., 1996). Thus, to analyze the characteristics 

of atmospheric mercury with special emphasis on its sources, transport and depositional 

mechanisms, is especially meaningful in areas where mercury emitting facilities are 

highly concentrated. 

                                                        
3 Material in this chapter to be published: 

Liu L., Talbot R., Torres A., Lefer B., Lan X., and Flynn J., Comparison of Speciated 

Atmospheric Mercury at a Coastal and Urban Site, pending submission, 2016.  
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 Atmospheric mercury exists in three chemical forms, gaseous elemental mercury 

(GEM = Hgo), reactive gaseous mercury (RGM = HgCl2+HgBr2+HgOBr+…) and 

particular bound mercury (PBM = Hgp) (Zhu et al., 2012). The chemical composition of 

RGM has recently been challenged (Jaffe et al., 2014), producing greater uncertainty in 

understanding atmospheric mercury. The lifetime of GEM in the atmosphere is 6–12 

months, that of PBM in the lower troposphere is 2–5 days (Keeler et al., 1995), while the 

lifetime of RGM is even shorter, only 1–3 hours (Skov et al., 2006). RGM and PBM are 

removed rapidly from the atmosphere due to their water solubility and high rates of dry 

deposition (Schroeder and Munthe, 1998; Skov et al., 2006; Keeler et al., 1995). GEM 

reportedly comprises > 95% of the global atmospheric mercury pool (Gabriel et al., 

2005), and GEM can be oxidized to RGM under the presence of hydroxyl radicals, 

halogen atoms, and nitrate radicals (Laurier et  al., 2003; Holmes et al., 2006; Nair et al., 

2011). RGM can also be converted to PBM under special conditions. New research may 

lead to refinements in these chemical transformations.  

Valente et al., (2007) found that the Northern Hemisphere GEM background level 

is 168 ppqv, RGM mean mixing ratio is 3-5 ppqv, and PBM ranges between 3 and 35 

ppqv. However, local mercury sources, meteorology, and topography patterns impact 

mercury cycling in the atmosphere as demonstrated in previous multiple-sites studies 

(Lan et al., 2014; Cheng et al., 2014; Gabriel et al., 2005; Rutter et al., 2007; Mao and 

Talbot, 2012). A recent study reported mercury species diurnal patterns in rural sites 

across the United States Atmospheric Mercury Network: the maximum mixing ratio took 

place around solar noon and the minimum shown up just before sunrise (Lan et al., 2012). 

Mao and Talbot (2012) found this cycle is driven by re-volatilization following 



42 
 

deposition. Meanwhile, studies in urban areas of United States found higher mixing ratios 

of GEM, RGM and more complex diurnal patterns (Gabriel et al., 2005; Nair et al., 

2011), which were probably impacted by local anthropogenic emissions, boundary layer 

dynamics, dry/wet deposition, and photochemical reactions (Engle et al., 2010; Nair et 

al., 2011). On the other hand, the ocean is a significant source of GEM, reactive bromine, 

sea salt, and halogen radicals, which can oxidize GEM to RGM and PBM (Malcolm et 

al., 2003, Cheng et al., 2014). Thus, it is significant to research the impacts of marine air 

on atmospheric mercury cycling in coastal environments and contrast it with the mercury 

measurements at an urban site. 

Understanding the atmospheric mercury budget in Houston is challenging. There 

are distinct industrial emissions, a special geographic pattern (close to the Gulf of 

Mexico), and complex meteorological conditions (Liu et al., 2015; Banta et al., 2005; 

Brooks et al., 2010). Data from the National Atmospheric Deposition Program indicates 

that mercury concentrations in precipitation in the Gulf of Mexico area are the highest in 

the United States (Ren et al., 2014). A few atmospheric mercury measurements were 

conducted in Houston (Brooks et al., 2010; Lan et al., 2014), atop the University of 

Houston MT. However, the previous research was limited to a single urban site. This 

study focuses on the comprehensive analysis of atmospheric mercury, investigating, and 

comparing the factors that impacted mercury mixing ratios under urban and coastal 

settings in the Houston area. Our data contains continuous 16-months of mercury 

measurements together with simultaneous meteorological parameters and key trace gases 

data. The aims of the study were to improve the understanding of mercury pollution 

under different environmental settings, to investigate high mercury events, and to help 
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evaluate the regional mercury budget in the Houston area. 

3.2 Methodology 

3.2.1 Sampling Area 

According to 2011 United States EPA National Emissions Inventory (NEI), 

southeastern Texas and Louisiana encompasses an area with one of the highest mercury 

emissions from oil and gas facilities, power plants, and waste management facilities in 

the United States. As Figure 3.1 shows, the Freestone Electric Station and Limestone 

Generation Station, which locate north of Houston, emit 1200 kg mercury per year. The 

WA Parish plant, one of the largest coal-fired electrical power plants in the United States, 

locate 60 km southwest of downtown Houston, emits 250 kg mercury per year. In 

summarize, nearly half of Texas mercury emitting facilities are accumulated in the 

Houston-Galveston area and an even larger number if you include the surrounding 

counties, making Houston an ideal location for mercury measurements and investigations 

of its cycling. 

As shown in Figure 3.2, the continuous observations of GEM, RGM, and PBM were 

conducted at two observatory sites: atop the University of Houston Moody Tower 

(29.71oN, 95.34oW) from March 22, 2012 to June 6, 2013 and at the University of 

Houston Coastal Center (29.23°N, 95.15°W) from July 26, 2012 to June 6, 2013. The MT 

building is an urban site located inside the inner loop of the city. The 70 m height of this 

site is unique because it makes it less sensitive to local activities. The MT site locates 2-4 

km away from major freeways, 35 km west of Galveston Bay, 70 km northwest of the 

Gulf of Mexico, and 25 km west-southwest of the Houston Ship-Channel area, where 

approximately more than 400 chemical manufacturing facilities and two of the four 
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largest refineries in the U.S. reside (Lan et al., 2014). The CC is a ground level coastal 

site locates in central Galveston County, approximately 22 km northwest of the Gulf of 

Mexico, 53 km southeast of the MT site, west of the Texas City industrial refinery area, 

and south of the Houston Ship-Channel area. Both sites are downwind from large 

emission sources, making them ideal for air quality studies. 

 

Figure 3.1. Facility emission sources around Houston from 2011 NEI mercury facility 

data. 
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Figure 3.2. Locations of the UH Moody Tower and Coastal Center monitoring station, 

along with large point sources of mercury in the Houston region, based on the US EPA 

2011 national Emission Inventory. Red polygon is the Houston Ship-Channel area. 

 

3.2.2 Measurements 

Mercury measurements at MT and CC sites were conducted on a continuous 24 

hr/day 7 day/week basis with 5-min time resolution of GEM and 2-hr time resolution of 

RGM and PBM. A Tekran 2537A-1130-1135 Atmospheric Mercury Speciation System 

was utilized at both air-monitoring facilities. This system is a combination of three 

separate units. Model 2537A is a mercury vapor analyzer, which can be used on its own 

to provide total gaseous mercury (TGM = GEM + RGM), however when in use as part of 

the speciation system it provides mixing ratios of GEM. The model 1130 Mercury 

Speciation Unit measures RGM mixing ratios and Model 1135 Particulate Mercury Unit 

provides PBM mixing ratios. 

The Model 2537A employs a Cold Vapor Atomic Fluorescence 
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Spectrophotometry (CVSFS) for GEM detection with a detection limit of <0.1 ng/m3 and 

a range of 0.1-2000 ng/m3. Model 1130 Mercury Speciation Unit has an active sampling 

element of a potassium chloride coated thermally on a re-generable quartz denuder. The 

denuder captures RGM while allowing GEM to pass through freely. When the sampling 

phase is complete, the denuder is desorbed by heating it. Upon its release from the 

denuder surface, the 2537A quantitates the RGM released. The particulate mercury unit, 

Model 1135, provides mixing ratios of PBM for particulate matter (PM) <2.5 µm. The 

fine particles are then trapped on a quartz particulate filter, and released with each 

desorption cycle. As this particulate trap is heated to 900 ºC, the PBM is desorbed 

allowing the 2537A Model to quantitate the GEM released. 

The Tekran system employed an internal permeation tube calibration (±5% 

reproducibility) that was verified every six months using syringe injection from the 

headspace of a thermoelectrically cooled GEM reservoir (Tekran model 2505). Standard 

additions of GEM were conducted using the internal permeation source in the Tekran. 

The Tekran 2537A-1130-1135 Atmospheric Mercury Speciation System outputs ng/m3 

(10-9 g/m3) for GEM and pg/m3 (10-12 g/m3) for RGM and PBM that are converted to 

atmospheric mixing ratios in parts per quadrillion by volume (ppqv) (1 ng/m3 = 112 ppqv 

and 1 pg/m3 = 0.112 ppqv).       

In contrast to others (i.e., Lyman et al., 2010), we did not observed apparent loss of 

GEM with enhanced O3 levels of up to ~150 ppbv (Figure S3.1; S3.2).  This gives us 

confidence that our results are meaningful and useful for analysis without apparent 

artifacts. 

Continuous measurements of key trace gases (CO, CO2, O3, CH4, NOx, and SO2) and 



47 
 

meteorological parameters were conducted, making it possible to better identify mercury 

plume signatures from various sources in Houston-Galveston area. Meteorological 

parameters (time resolution = 5 min) measured at MT included temperature, relative 

humidity, pressure, precipitation, planetary boundary layer height, wind speed, and 

direction. At CC, temperature, relative humidity, pressure, precipitation, wind speed, and 

direction were monitored. Carbon monoxide and ozone mixing ratios were measured at 

both sites by the Thermo CO analyzer and the Thermo Ozone UV photometric analyzer 

with 5-min resolution. At the MT site, SO2 was measured during August 19, 2012~June 

6, 2013 with a Thermo 43C instrument. Nitric oxide and nitrogen dioxide were measured 

by TE NO-NO2-NOx analyzer during March 22, 2012~November 15, 2012. The time 

resolution of SO2, NO, NO2, and NOx were averaged to 5-min. A LICOR LI-7000 

analyzer were employed to measure carbon dioxide during March 22, 2012~October 21, 

2012. The Picarro G2132-i instrument measured CH4 mixing ratios during June 4, 

2012~January 1, 2013. Both instruments calibration were checked monthly with Scott 

Marrin ±1% NIST certified standards. 

3.3 Results 

3.3.1 General Characteristics 

The complete time series of GEM, RGM, and PBM at the MT and CC sites are 

presented in Figure 3.3. The distributions of GEM, RGM, and PBM at both sites were 

characterized by significant variabilities throughout the sampling period. At MT, the 

GEM mean mixing ratio was 185 ppqv (GEM median value = 178 ppqv) (Table 3.1), 

which was 17 ppqv higher than the Northern Hemisphere background level of 168 ppqv 

(Valente et al., 2007). RGM mean value was 0.72 ppqv (RGM median value = 0.39 ppqv) 
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and PBM mean value equaled 0.71 ppqv (PBM median value = 0.38 ppqv). RGM and 

PBM mean mixing ratios were 6 times higher than the NH background level (0.112 ppqv). 

At the CC, the GEM mean value was 165 ppqv (GEM median value = 163 ppqv) (Table 

3.1), lower than the GEM NH background level and higher than those measured at other 

coastal sites located in the northern United States (e.g., 139 ppqv, Sigler et al., 2009). The 

mean value of RGM was 0.75 ppqv (RGM median value = 0.23 ppqv), PBM mean 

mixing ratio was 0.58 ppqv (PBM median value = 0.24 ppqv). Both RGM and PBM 

mean mixing ratios measured at the CC were higher than the NH background levels by a 

factor of 4. According to Lan et al., 2012, GEM mixing ratios ranged between 148 and 

226 ppqv at 11 different United States Atmospheric Mercury Network (AMNet) sites, the 

GEM mean values measured in Houston belong to this range, but GEM mixing ratios 

measured at MT are higher than those monitored at the CC. An impressive feature of the 

mercury measured at both sites is the frequent occurrence of large mercury events, 

especially at MT. 
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Figure 3.3. The complete time series of GEM, RGM, and PBM at the MT (a) and CC (b) 

sites. 

 

Figure 3.4a depicts the frequency of TGM mixing-ratio intervals at MT, 7.3% 

were in the range between 80 and 150 ppqv, which represents the TGM mixing ratios 

below the NH background level. Most of the TGM mixing ratios (75.4%) were 

distributed between 150 and 200 ppqv, close to the NH background level, 16% exceeded 

200 ppqv. At CC (Figure 3.4b), 6.7% of the TGM mixing ratios were under 80 ppqv, 30% 

were distributed in the range of 80 ~ 150 ppqv. A large portion of the TGM (51.4%) was 

Date 

Date 
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distributed in the range of 150 ~ 200 ppqv, only 8% of the TGM mixing ratios exceeded 

200 ppqv. In summary, the CC site exhibited a higher occurrence of low mercury events 

and MT site showed a higher frequency of high mercury events. 

 
Figure 3.4. Total gaseous mercury mixing-ratio intervals at MT (a) and CC (b) sites. 

 

3.3.2 Seasonal and Monthly Variations 

GEM, RGM, and PBM measured at MT and CC showed distinct monthly and 

seasonal variations during the study period. Figure 3.5 depicts the variations of the 

monthly median GEM (Figure 3.5a), RGM and PBM (Figure 3.5b). As Figure 3.5a 

shows, monthly median GEM at MT oscillated around 178 ppqv. In March and April 

2012, the median values were as high as 200 ppqv decreased to 150 ppqv in May, then 

Unit: ppqv 

Unit: ppqv 
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increased again to 180 ppqv in the following months.  

      

Figure 3.5. Monthly medians of GEM, RGM, and PBM at MT and CC sites. 

At the CC, except the extremely high GEM value (260 ppqv) that occurred in 

September 2012, the other months’ GEM median values were lower than those measured 

at MT, especially in March, April, and May in 2013. The GEM median values measured 

at the CC oscillated around 162 ppqv. In Figure 3.5b, RGM, and PBM monthly median 

values experienced dramatic oscillations at both sites. For RGM at MT, the highest 

monthly median value was 1.6 ppqv in March 2012, it was more than a double of the 

mean RGM (0.72 ppqv) at the same site. RGM median value decreased to 0.63 ppqv in 

April 2012 and showed a decreasing trend along the following months with slight 

variations. For monthly median RGM at the CC, it varied around 0.5 ppqv, lower than 

that measured at the MT site, except in March 2012 and April 2013, when RGM was as 

high as 1.58 ppqv, two times higher than the other months. We suspect that is due to the 

more active photochemical reaction from GEM to RGM in spring season under the 

presence of abundant marine halogen compounds under the coastal environment, mercury 
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probably would be rapidly cycled (Malcolm et al., 2003; Sigler et al., 2009; Lan et al., 

2012; Obrist et al., 2011). The monthly median PBM mixing ratio at MT ranged between 

0.2 ppqv and 0.6 ppqv throughout the sampling period, and ranged between 0.1 ppqv and 

0.8 ppqv at CC. The PBM oscillation at the CC was more dramatic than that at MT and 

the average monthly median PBM value was 0.25 ppqv lower than that at MT, it was 

likely due to the impact from local Hg emission sources considering the short lifetime of 

PBM. 

Table 3.1 depicts the seasonal characteristics of GEM, RGM, and PBM at the MT 

and CC sites. The GEM mixing ratio at MT ranges between 81 ppqv and 27,326 ppqv, 

the mean mixing ratio was 184 ppqv, median value was 178 ppqv, which exceeded the 

Northern Hemisphere background level. Over the five seasons GEM mixing ratio values 

showed small differences. At the CC site, GEM mixing ratios show distinct variations 

between each season. The highest GEM mean value (198 ppqv) occurred in 2012 fall, 

and the lowest mean value (114 ppqv) was seen in 2013 spring. For RGM and PBM: the 

low RGM value (0.29 ppqv/0.03 ppqv) occurred in winter (2012) at both sites which is 

probably because of the lower photochemical reaction rate from GEM to RGM. On the 

other hand, the mean/median RGM value was extremely high (1.09 ppqv/0.89 ppqv) in 

2013 spring at  the CC, which was two times higher than the average, meanwhile, the 

mean/median GEM value (113 ppqv/124 ppqv) measured at the same site in the same 

season is 30% lower than the average values. A more detailed analysis is available in the 

Discussion section. The 2012 summer met with the lowest median/mean PBM mixing 

ratios for both sites, however, relatively higher PBM values occurred in winter and spring. 

We attribute this phenomenon to the higher southerly flow wind speed together with 
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more active agricultural biomass burning activities from Mexico and Central America in 

the winter and early spring seasons (Ren et al., 2014). To summarize, the seasonal 

median values of RGM and PBM measured at MT is higher than those measured at CC, 

this phenomenon highly reflects that RGM and PBM are easily affected by the local 

mercury emissions due to their short lifetime (Obrist et al., 2011). 

Table 3.1. Statistical summary of GEM, RGM, and PBM measurements at the MT and 

CC sites 

 

 
 

 

3.3.3 Diurnal Patterns 

 

Mercury mixing ratios measured at MT and CC exhibited pronounced diurnal 

patterns as seen in Figure 3.6. At MT (Figure 3.6a), GEM started to increase from 

midnight (06:00 UTC time) and accumulated overnight, the maximum GEM value, 

which was as high as 220 ppqv, shown up right before the sunrise (12:00 UTC time). It 

was then followed by a sharp decrease after sunrise (14:00 UTC time) and a more gradual 

decrease in the following hours. The daily minimum mixing ratio occurred in the late 
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afternoon which was as low as 176 ppqv. Similar urban diurnal patterns shown up in 

other urban cities which were demonstrated by previous studies: Detroit, United States 

(Liu et al., 2007), Nanjing, China (Zhu et al., 2012) and Chongqing, China (Yang et al., 

2009). The mechanism of the typical urban GEM diurnal pattern is highly related with 

the lower nocturnal boundary height and stagnant condition in the Houston urban area 

(Banta et al., 2005; Liu et al., 2015). Mercury emissions emitted from anthropogenic 

activities thus accumulated and reached maximum values before the sunrise until the 

stable condition was broken by the morning increase in vertical turbulent motions. The 

RGM diurnal pattern at MT showed distinct variations as well, it started to increase at 

noon (17:00 UTC time) and reached its maximum value (3.0 ppqv) in the late afternoon 

(00:00 UTC time), then followed by a decrease at nighttime and the diurnal minimum 

(0.3 ppqv) in the morning. Due to the short lifetime of RGM, the increase of RGM in the 

afternoon is well related with the increase of temperature and solar radiation which 

contributes to the intensifying photochemical activity, meanwhile the lower RGM at 

night was probably due to deposition mechanisms (Nair et al., 2011).   

As shown in Figure 3.6b, the CC site had diurnal mercury patterns that showed 

obvious differences with the urban area. For example, GEM exhibited a steady decrease 

at night and reached its minimum mixing ratio (140 ppqv) before the sunrise (11:00 UTC 

time), then it slowly increased after the sunrise and reached its maximum (175 ppqv) in 

the late morning (16:00 UTC time). This pattern is typical for rural areas and has been 

summarized  previously  (Lan et al., 2012; Ren et al., 2014; Nair et al., 2011; Zhu et al., 

2012; Mao et al., 2012). The RGM and PBM diurnal patterns showed small variations 

and the RGM level overall was higher than in the urban environment. 



55 
 

      
 

Figure 3.6. Diurnal variations of GEM, RGM, and PBM at the MT (a) and CC (b) sites. 

 

3.3.4 Seasonal Patterns 

 

In 2012 spring, 2012 summer, 2012 fall, 2012 winter, and 2013 spring, the MT 

site GEM seasonal diurnal variation (Figure 3.7a) showed gradually increasing trend 

starting around  midnight (06:00 UTC time) and lasting 6-8 to reach the maximum values 

right before sunrise, then followed by the gradual decrease after the sunrise and reached 

the minimum mixing ratio at early nighttime (00:00-03:00 UTC time). The average 

amplitude of the five seasons diurnal cycle was ~50 ppqv (180 ppqv - 230 ppqv). The 

Time 

Time 
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largest amplitude occurred in 2012 fall, which is probably because the highest GEM 

mixing ratio occurred in October 2012. We noticed that the GEM diurnal peak occurred 

at 06:30 local time in the summer season, earlier than the other three seasons (fall: 08:00 

local time; winter: 11:00 local time; spring: 09:30 local time). This is correlated with the 

time when significant PBL height increase commenced.   

The CC site GEM seasonal diurnal variation (Figure 3.7b) in 2012 summer, 2012 

fall, 2012 winter, and 2013 spring showed a large difference compared to MT. The 

average amplitude of the four seasons was 40 ppqv (160 ppqv - 200 ppqv for summer, 

fall, winter; 100 ppqv - 140 ppqv for 2013 spring), lower and smoother than those 

measured at MT. This diurnal pattern is typical when compared with other rural areas. An 

interesting point is the special diurnal pattern was in 2013 spring, the GEM mixing ratio 

was 40% lower than the other three seasons and the diurnal peak time took place before 

sunrise. After analyzing the wind pattern in spring 2013, we found the frequency of 

southerly flow was intensified by 25%, which likely diluted the GEM mixing ratios at the 

CC site and inhibited inflow of polluted urban air. 

The seasonal diurnal variation patterns of RGM at MT (Figure 3.7c) started to 

increase significantly in the late morning and reached  maximum values in the afternoon 

around 15:00 local time, then gradually decreased from the late afternoon until the 

midnight (03:00 local time). The largest amplitude occurred in summer (0.5 ppqv~2.4 

ppqv), followed by spring (0.4 ppqv~1.4 ppqv), fall (0.4 ppqv~1.2 ppqv) and winter (0.2 

ppqv~0.6 ppqv). The peak mixing ratio values ordered as summer (2.7 ppqv), spring (1.4 

ppqv), fall (1.0 ppqv), and winter (0.7 ppqv). This emphasis the important roles of 

temperature and solar radiation in RGM cycling (i.e., photochemistry and  re-volatilize 
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mechanisms). The seasonal diurnal pattern of PBM at MT site (Figure 3.7e) did not show 

significant variations, the average amplitude was 0.2 ppqv (0.4 ppqv ~0.6 ppqv) with 

small standard deviations. In general, the amplitudes of PBM are smaller than those of 

RGM. This is  similar to the other sites (AMNet) (Lan et al., 2012) distributed across the 

United States.  

The CC RGM seasonal diurnal variation patterns (Figure 3.7d) showed 

differences compared with those at MT. RGM in summer, fall and winter increased 

significantly in the early morning hours and reached their maximum values in the 

afternoon around local time 15:00, then gradually decreased from local time 03:00. 

However, in spring, the high RGM period was shifted to midnight (22:00 local time). It 

lasted 8 until reaching the maximum value in the early morning  (06:00 local time). Due 

to the intensified air flow in spring, the RGM peak took place when urban air was mixed 

with marine air at CC. We hypothesize it was possible that a low nocturnal boundary 

layer and mixing of urban air containing nightime radicals such as NO3 produced 

enhanced RGM. This clearly needs to be explored further in more detailed studies. 

The largest diurnal RGM amplitude was in summer (0.1 ppqv~1.0 ppqv), 

followed by spring (0.8 ppqv~1.6 ppqv), fall (0.4 ppqv~1.1 ppqv), and winter (0.6 

ppqv~1.1 ppqv). The CC site is usually impacted by the air flow from the Gulf of Mexico, 

which is cleaner than air over land  (Liu et al., 2015). The coastal PBM diurnal pattern 

(Figure 3.7f) in each season did not show significant variations, the average amplitude 

was 0.2 ppqv (0.4 ppqv ~0.6 ppqv) with tiny standard deviations. In summary, the 

amplitude of the PBM diurnal cycle was much smaller than those of RGM, and RGM 

does not appear to be enhanced in the marine boundary as shown by Ren et al., 2014 at 
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another site along the Gulf Coast.  

 

Figure 3.7. Seasonal diurnal variations of GEM, RGM, and PBM at the MT and CC sites. 

3.4 Discussion 

3.4.1 Relationship with Meteorological Parameters 

 

Rain events typically remove the RGM and PBM species from the middle-to-

lower troposphere due to the solubility characteristics of RGM and PBM (Brooks et al., 

2010; Ren et al., 2014). Houston experiences thunderstorms or rain events quite often 

especially in the summer season (Brooks et al., 2010). Understanding the relationship 

between precipitation and RGM and PBM mixing ratios has importance for mercury 

cycling. Depicted in Figure 3.8 are the relationships between the precipitation and the 
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RGM, PBM mixing ratios (during rain events only) at MT (Figure 3.8a) and CC sites 

(Figure 3.8b). The highest RGM and PBM mixing ratios took place when precipitation 

was minimal, and lower RGM/PBM levels when it was wet. In Figure 3.8a, the slopes of 

precipitation and RGM/PBM was -0.04/-0.03, r2 = 0.7 at the urban site. RGM/PBM was -

0.01/-0.02, r2 = 0.58/0.63 at the coastal center (Figure 3.8b).  All values passed the 

significance test at P <0.05. 

 

Figure 3.8. Relationship between precipitation, RGM, and PBM. 

A comprehensive analysis was conducted to determine which meteorological 

factors impacted mercury mixing ratios. Figure S3.5~S3.7 demonstrated the relationship 

between temperature and GEM at both sites. The diurnal patterns of meteorological 

parameters were analyzed in representative seasons: 2012 spring (Figure 3.9a), 2012 

summer (Figure 3.9b), and 2012 fall (Figure 3.9c). The GEM mixing ratios started to 

increase before the sunrise, meanwhile the boundary layer height and the wind speed 

reached their minimum values (PBL: 200 ~ 400 m; WS: 3 ~ 4 m/s) around 12:00 UTC 

and contributed to the diurnal maximum GEM mixing ratio. After sunrise, along with the 



60 
 

increase of temperature, wind speed, and boundary layer height, the more active vertical 

and horizontal turbulence diluted the mercury species and caused lower GEM mixing 

ratios. The relationship depicted in Figure 3.9d identifies the striking anti-correlation 

between boundary layer height and mercury mixing ratios with a slope of -0.32 with R2 = 

0.64, P < 0. 05 at MT. 

 

Figure 3.9. Seasonal diurnal variations of mercury versus meteorological factors. 

 

3.4.2 Relationship with Winds 

 

Rose plots unveil the relationship between wind and mercury mixing ratios during 

the measurement period and are displayed in Figure 3.10. Figure 3.10a shows the wind 

direction and GEM mixing ratios at the MT site. GEM above 250 ppqv were mainly 

associated with winds originated from the northeast and southeast, where there is an 

abundance of urban and industrial emission sources (Houston Ship-channel and Houston-

Galveston refinery area). Figure 3.10b illustrates the MT site wind direction and RGM 

mixing ratios. RGM mixing ratios between 2-8 ppqv are predominantly associated with 
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southeast winds. Mixing ratios of 1.5-2 ppqv related with south to southeast winds. 

Northeast winds related with PBM (Figure 3.10c) mixing ratios from 2-3 ppqv, and 1.5-2 

ppqv along with east to southeasterly winds.  

For the CC site, as seen in Figure 3.10d, winds originated from the Gulf of Mexico 

associated with GEM mixing ratios below 250 ppqv. GEM above 200 ppqv are 

predominantly impacted by north or northeast winds. This direction also brings in air 

with GEM above 500 ppqv. Figure 3.10e and Figure 3.10f describe the relationship 

between wind direction and RGM/PBM mixing ratios. Both species mostly impacted by 

winds originated from the south or southeastern directions. RGM levels above 1.5 ppqv, 

especially 1.5 to 4 ppqv, are associated with air from Gulf of Mexico, however, most of 

the high RGM levels (6-8 ppqv) originated from the northeastern direction. The 

Northeasterly winds were also associated with the high PBM mixing ratios over 3 ppqv. 
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Figure 3.10. Complete mercury species versus wind direction for the MT and CC sites. 

 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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The distance between MT and CC sites is only 53 km, however, due to the 

differences in environmental settings and local anthropogenic emission sources, the GEM 

monthly median values show significant divergence. As previously mentioned, at the CC 

site, extremely high monthly median GEM value (260 ppqv) was detected in September, 

2012, however, the other months’ GEM median values were lower than those measured 

at MT, and were especially low in April, 2013. A wind rose was constructed for GEM in 

these two extreme months. Based on Figure 3.11(a), the low GEM period was associated 

with winds from the southeast. Figure 3.11(b) shows that the high GEM period was 

consistent with major northerly winds from industrialized areas of Houston. To the north 

of the CC site, the Houston Ship-channel area, with over 400 oil and gas related facilities 

present and they are suspected have the high GEM emissions. In contrast, southeasterly 

winds brought cleaner air from the Gulf of Mexico to CC probably diluting the mixing 

ratios of GEM and kept the high-mercury air to the north of the site. These variations 

show the importance of anthropogenic emissions locally and the impact of a clean 

southerly flow on mercury levels at the coastal site. 

            

Figure 3.11. Wind rose for the low GEM period (a) and high GEM period (b) at CC site. 

(a) (b) 
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3.4.3 Relationship with Key Trace Gases 

 

 The MT site CO measurements have proven to be good indicators for long-range 

transport of pollution, biomass burning, or clean Gulf of Mexico air in Houston (Lefer et 

al., 2010). According to EPA 2011 National Emission Inventory, oil/petroleum/natural 

gas related facilities, coal-combustion electrical generating plants, landfills, and waste 

treatment facilities are major anthropogenic mercury emission sources. Stationary 

combustion source signatures are distinguishable by their high mixing ratios of SO2, NOx, 

and CO (Brooks et al., 2010). Coal-combustion power plant plumes show relatively 

strong enhancements in NOy, SO2, and CO2, while CO will typically be negligible 

(Ryerson et al., 2003). More substantial enhancements of SO2 are typically associated 

with coal- and oil-fired units, and are not frequently seen in natural-gas-fired units, the 

differences can help differentiate power plant emission source types (Ryerson et al., 

2003).  

 A comprehensive investigation of the relationships between mercury species and 

other key trace gases was conducted, which can provide abundant information on the 

mercury mixing ratios under two different environmental settings. The positively 

correlated relationships between mercury mixing ratios and key trace gases mixing ratios 

are contained in the supplementary material (Figure S3.3-Figure S3.4). Figure 3.12 

displays the seasonal diurnal variations of CO2, CO, NOx, CH4, SO2, O3, and GEM in 

representative seasons at the MT and CC sites. The most important feature was the co-

occurrence of GEM maximum values, and CO2, CO, CH4, SO2 peak values. Figure 3.12a 

exhibits the diurnal variations of the key trace gases and GEM in 2012 spring at MT. 

GEM, CO, and CO2 had similar diurnal patterns: the significant enhancements began at 
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04:00 LST and accumulated to the maximum values around 07:00 ~ 07:30 LST, then 

followed by sudden decreasing trends right after sunrise. The peak values of CO2, CO, 

and GEM were 430 ppmv, 230 ppbv, and 210 ppqv. NOx and O3 peaked simultaneously 

at 01:00 LST around midnight, which took place before the enhancements of CO2, CO, 

and GEM. Figure 3.12c depicts fall 2012 diurnal variation of selected key trace gases and 

GEM at the MT site. GEM, CO, CH4, SO2, and CO2 had similar diurnal patterns: the 

mixing ratio enhancements started at 04:00 ~ 05:00 local time and reached the maximum 

value at 07:00 ~ 07:30 LST. The peak time of SO2 was 09:00, 1-2 hours later than the 

other trace gases. The maximum values of CO2, CO, CH4, SO2, and GEM were 450 

ppmv, 330 ppbv, 2.5 ppmv, 0.4 ppbv, and 260 ppqv which were followed by sudden 

decreasing trends. NOx peaked at 01:00 LST at 38 ppbv, prior to the enhancements of 

CO2, CO, and GEM. The fall 2012 key traces gases together with GEM mixing ratios 

were highest in the five seasons. Seasonal diurnal patterns for the MT site are seen in 

Figure 3.12b (2012 summer), Figure 3.12d (2012 winter) and Figure 3.12e (2013 spring) 

together with Figure 3.12f (2012 summer) for the CC site. The common co-occurrence of 

GEM, CO, SO2, CH4, and CO2 peaks suggest similar sources for these species. Vehicular 

emissions are believed to be the primary source of NOx in urban areas (Frost et al., 2006). 

The different timing of NOx peaks with those of Hg suggests that vehicular emissions 

may not be a significant source of mercury species in the Houston area.  
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Figure 3.12. Seasonal diurnal variations of mercury versus trace gases at the MT and CC 

sites. 

 

3.4.4 High Mercury Events 

 

Except identifying Hg peaks at each air quality monitoring facility, key trace 

gases such as CO, CO2, and CH4 were also examined in this study. This allowed first-

order identification of signature footprints of the sources for each high mercury event. 

Plumes from petrochemical complexes are proven to be more difficult to identify only by 

trace gases since they are known to have enhanced tracer gases characteristic of the 

embedded power plants that supply electricity and heat to the facilities (Ryerson et al., 

2003). Typically the fuels utilized to fire refinery process heaters are those derived from 

processed petroleum with a higher Hg mixing ratios than other fuel products generally 
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sold to the public (Wilhelm et al., 2001). For these reasons, after identifying specific 

pollution plume signatures, wind data is necessary to determine the general direction of 

the emission sources to narrow down the emission source origin. Identifying the types of 

the power plant used in the facilities and combining this information with the known 

wind direction can provide an opportunity to pinpoint the facilities for each event. The 

combination of co-emitted tracer gasses and wind data can help identify high-Hg sources 

and determine their impact on Hg levels in southeast Texas.   

Here is an analysis of one of the highest mercury events that occurred on April, 

2013 at both the MT and CC sites. On April 6, 2013, 14:00 UTC time, the GEM mixing 

ratio was as high as 4500 ppqv at MT. Here we focus on the study period of 04/05/2013 

00:00 ~ 04/07/2013 00:00 UTC time with emphasis on meteorological factors and key 

traces gases. This high mercury event occurred with the wind direction of 180 ~ 220 

degrees, and relative high wind speed of 6 m/s (Figure 3.13a). Based on the 2011 EPA 

National Emission Inventory (Figure 3.2), the suspect mercury emission sources 

including the WA Parish plant located southwest of the MT site together with the 

petrochemical and refinery facilities in Texas City. Figure 3.13b displays the time series 

of boundary layer height, GEM mixing ratio, O3, NOx, CO, CO2, CH4, and SO2 mixing 

ratios. The most important feature was the co-occurrence of the GEM, CO, CO2, CH4, 

and SO2 peak values. The significant enhancements of GEM and the key trace gases 

began at 10:00 ~ 11:00 UTC time on April 6, 2013 and led to concomitant maximum 

values around 12:00 ~ 13:30 UTC. The peak values of CO2, CO, CH4, SO2, and GEM 

were 550 ppmv, 600 ppbv, 8.0 ppmv, 1.2 ppbv, and 4500 ppqv. NOx peaked at 01:00 

LST at 160 ppbv. The trace gases mixing ratios were tens to hundreds of times higher 
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than their normal ranges. An interesting point was the extremely low boundary layer 

height during the nighttime, only100 m. It was then followed by a sudden increase from 

100 m to 2000 m in just 3 hours after the sunrise. The co-occurrence feature of these 

plumes indicated that GEM, CO, CO2, CH4, and SO2 probably shared the same or related 

emission sources.  

On April 3, 2013, the GEM mixing ratio was as high as 2800 ppqv at the CC site. 

We analyzed the meteorological factors during the time period 04/02/2013 00:00 - 

04/05/2013 00:00 and found the high mercury event occurred at the CC site was in 

consistent with the wind direction between 10º and 50º (northerly or northeast wind), and 

wind speeds ~ 4 m/s (Figure 3.13c). Based on the 2011 EPA National Emission Inventory 

(Figure 3.2), the suspect mercury emission sources are oil and gas related facilities 

located in the Houston Ship-Channel area.  There are so many of them that it is 

impossible to identify single sources with our available data.                    
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Figure 3.13. Large mercury events single analysis of Hg versus meteorological factors 

and trace gases at MT and CC. 

 

3.5 Conclusions 

Continuous measurements and comprehensive analysis of GEM, RGM, and PBM 

were conducted under urban and coastal settings in Houston, Texas. This study provides 

an investigation of mercury characteristics in a city where industrial facilities are highly 

concentrated. Due to this, the urban setting’s GEM mean mixing ratios higher than the 

h
P

a
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Northern Hemisphere background level. RGM and PBM mean mixing ratios were 6 

times higher than the RGM and PBM background level (0.112 ppqv). Under the coastal 

setting, the mean mixing ratio of GEM was 165 ppqv, equal to the Northern Hemisphere 

background level however higher than the GEM measured in other coastal sites in the 

Northeast United States. The mean value of RGM measured at the CC site was 0.75 

ppqv, for PBM 0.58 ppqv. Both RGM and PBM mean mixing ratios were 4 times higher 

than the RGM and PBM Northern Hemisphere background level however lower than the 

MT. It is probably due to the coastal settings reduction of contaminations by diluting with 

cleaner air from the Gulf of Mexico. Consequently, the CC site had more frequencies of 

low mercury events than the MT site. 

The seasonal distribution of mercury was small in the Houston area. Seasonal GEM 

mixing ratios showed tiny differences at MT site but distinct variations at CC, which are 

probably because of the north and southeast air flows at this site. Lowest median RGM 

value occurred in 2012 winter at both sites, the 2012 summer exhibited the lowest 

median/mean PBM mixing ratios. The winter and spring seasons exhibited relatively 

higher PBM values. 

Mercury mixing ratios exhibited pronounced diurnal variations. At MT, GEM 

increased at midnight and accumulated overnight till reaching the maximum just before 

sunrise. Then it followed a gradual decrease in the following hours. The CC-diurnal-

pattern was different, as GEM exhibited a steady decrease at night and reached its 

minimum mixing ratio before the sunrise, it slowly increased after the sunrise and 

reached the maximum mixing ratio in the late morning. We also found the CC RGM peak 

took place under mixed conditions when urban air mixed with marine air which was 
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attributed by the intensified southerly flow. 

At the MT site, GEM of 100-250 ppqv was associated with winds from the south and 

southeast, where air mainly originated from the Gulf of Mexico with cleaner background 

levels. GEM levels above 250 ppqv were in consistent with winds originated mainly from 

the north or northeast, where air mases accumulated urban and industrial emissions. For 

the CC site, GEM levels above 200 ppqv were predominantly impacted by winds from 

the north or northeast.  

The relationships between mercury species and key trace gases were conducted, the 

co-occurrence of GEM, CO2, CO, CH4, SO2 maximum values at MT and GEM, CO peak 

at CC were striking. It reveals that GEM, CO, CO2, CH4, and SO2 probably shared the 

same or related emission sources. 

The future work is strongly warranted to quantify the emission sources combining 

modeling and observational work. We strongly suggest conducting ground measurements 

to quantify emission sources with our mobile laboratory. For a better understanding of 

these source signatures, future studies should include the measurements of 𝛿13C in CH4, 

as well as the sampling of oil and gas emissions under urban and coastal settings in 

southeastern Texas.  
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3.8 Supporting Materials 

 
 

Figure S3.1. Relationship between GEM/RGM and ozone mixing ratio at the Moody 

Tower site. 
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Figure S3.2. Relationship between GEM and ozone mixing ratio at the Coastal Center 

site. 
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Fiure S3.3. Relationship between GEM mixing ratio and CO mixing ratio at the Moody 

Tower site. 

 

 
Figure S3.4. Relationship between GEM mixing ratio and CO mixing ratio at the Coastal 

Center site. 
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Figure S3.5. The complete time series of GEM mixing ratio and temperature along with 

the 5 days moving averages at the Moody Tower site. 

 

 

 

 

                
 

 

Figure S3.6. The complete time series of GEM mixing ratio and temperature along with 

the 5 days moving averages at the Coastal Center site. 
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correlation between hourly average temperature and GEM_CC
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Figure S3.7. Relationship between hourly averaged GEM mixing ratio and temperature at 

the Coastal Center site. 
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Chapter 4 

Emission Estimates of Trace Gases and Volatile Organic Compounds 

From a Prescribed Grassland Fire in Southeastern Texas4 

 

 

4.1 Introduction 

Biomass burning is the largest global source of primary fine carbonaceous 

particles and the second largest source of numerous important atmospheric trace gases 

(Andreae and Merlet, 2001; Yokelson et al., 1999a; Shirai et al., 2003). The open 

combustion of biomass is the key pathway by which humans directly affect the chemical 

and radiative properties of the atmosphere (Wooster et al., 2011; Bowman et al., 2009). 

Particles formed and emitted from biomass burning, primarily black carbon and organics, 

play an important role in the Earth’s radiation balance and climate through their 

scattering and absorption properties (Ferek et al., 1998; Akagi et al., 2011; Andreae et al., 

1988). Trace gases emitted from biomass burning have significant influences on the 

atmosphere (Sudo and Akimoto, 2007; Akagi et al., 2011), especially in tropical and 

subtropical regions (Koppmann et al., 1997; Andreae et al., 1997). For example, carbon 

monoxide (CO), methane (CH4), and volatile organic compounds (VOCs) affect the 

oxidation capacity of the troposphere by reacting with OH radicals (Crutzen and 

                                                        
4 Material in this chapter to be published: 

Liu L., Talbot R., Lan X., Sive B., Lefer B., Flynn J., and Judd L., Emission Estimates of 

Trace Gases and Volatile Organic Compounds from a Prescribed Grassland Fire in 

Southeastern Texas, pending submission, 2016. 
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Andreae, 1990; Singh et al., 1995). Nitric oxide (NO) and VOC emissions lead to the 

formation of tropospheric ozone (O3) and other photo oxidants (Schultz et al., 1999). 

Biomass burning is also a major source of methyl chloride (CH3Cl), methyl bromide 

(CH3Br), and a minor source of methyl iodide (CH3I), which potentially delivers 

halogens to the stratosphere and causes O3 depletion (Andreae et al., 1996; Blake et al., 

1996). Trace gases from biomass burning, in particular NOx and SO2, are considerable 

sources of secondary aerosols (Alvarado and Prinn, 2009). Due to the long tropospheric 

lifetime of methane (CH4) and its large global warming potential, global biomass burning 

events have direct impacts on the global CH4 balance and climate change (Power et al., 

2013; Keywood et al., 2013). Therefore, there is an increasing need for comprehensive 

information on biomass burning and trace gas and aerosol emissions (Koppmann et al., 

2005; Goode and Yokelson, 1999). 

According to previous work (Crutzen and Andreae, 1990; Hao and Liu, 1994; 

Koppmann et al., 2005), grassland and savanna fires are the single largest source of 

biomass burning emissions globally. However, there are only a relatively small number 

of studies that have reported emissions from grassland and savanna fires (Hurst et al., 

1994a, 1994b; Wooster et al., 2011). There are even less studies of emission of trace 

gases from domestic grassland and savanna fires in the United States (Koppmann et al., 

2005). Trace gases originating from biomass burning show variations dependent on burnt 

fuel mass, moisture, fuel composition and different stages of the fire (Christian et al., 

2003; Freeborn et al., 2008; Andreae and Merlet, 2001; Burling et al., 2010). Full fire 

lifecycle emissions are seldom directly measured, except for laboratory studies under 

controlled conditions where the fuel load and compositions are typically known. Only a 
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few observations of the chemical evolution of individual biomass burning fires have been 

conducted previously (Yokelson et al., 2009; Hobbs et al., 2003; Goode et al., 2000). 

Our experiment is unique because the sampling inlets were close (meters) to the 

controlled burn and we provide detailed in-situ measurements of trace gases and VOC 

emissions throughout the ignition, flaming, and smoldering phases of a prescribed 

grassland fire. The pre-burn and post-burn vegetation samplings were also conducted to 

characterize the structure, composition and loading of combustible material within the 

burn unit. Thus, this controlled experiment will add comprehensive and direct 

information of important trace gases and VOC emissions from biomass burning to our 

limited knowledge on this topic, and act as a reference point for future airborne/ground 

grassland and savanna combustion measurements. 

4.2 Experimental and Methodology 

4.2.1 Experimental 

On January 30, 2013, a controlled burn experiment was conducted by the Texas 

Forest Service at University of Houston Coastal Center (UHCC), in which 0.63 km2 (155 

acres) of a grass field was burned. The UHCC is an environmental research center 

located 45 km southeast of the Houston downtown area and 22 km from the western 

shore of the Gulf Coast (Liu et al., 2015), that contains 300 acres of coastal tall-grass 

prairie consisting of a mixture of native grasses: big bluestem, little bluestem, and long-

spike tridens (Clements et al., 2007). The fire on UHCC’s prairie land was ideal for this 

research because the size of land used provided a large and long burn for a detailed 

analysis to be conducted. Pre-burn sampling was conducted on January 4, 2013. Post-

burn sampling was conducted on February 7, 2013. Forty-six destructive clip plots were 
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established on a systematic grid within the burn unit at 25 meter spacing. The biomass 

consumption for each vegetation category was determined by subtracting pre-burn 

loadings from post-burn loadings. The average fuel loading per unit in this fire 

experiment was 2.88 tons/acre.  Fuel moisture sampling was also conducted within 30 

minutes of ignition for each burn unit, the average moisture content of the fuel was 15%.  

 

                 

 

 

 

Figure 4.1. Example photographs of this controlled grassland fire 

and the mobile laboratory inlets. 

 



83 
 

 

The fire experiment was conducted under moderate wind conditions (average 

wind speed = 10 m/s, northwest wind) (Figure 4.1). Our mobile laboratory was parked at 

the downwind boarder of the burn and measured trace gases continuously before, during 

and after the burn (Figure 4.2). Total gaseous mercury (THg = Hg0 + GOM [gaseous 

oxidized mercury]), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), and 

nitrogen oxides (NO, NOy) measured by the mobile laboratory can provide important 

Figure 4.2. Map of the experimental setup. Blue box indicates the 

University of Houston Coastal Center. Red box indicates the burned area. 
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information on fresh biomass burning emissions. A Model 2537A mercury vapor 

analyzer was employing a Cold Vapor Atomic Fluorescence Spectrophotometry 

(CVSFS) for THg detection with a detection limit of <0.1 ng/m3 and a range of 0.1-2000 

ng/m3 with 2.5 min resolution (Lan et al., 2014). Instrument calibration was checked daily 

using the internal mercury permeation source. The internal standard was verified every 

month using a Tekran 2505 unit. Carbon dioxide was measured using a LI-COR LI-7000 

analyzer with time resolution of 1.0 ~ 1.5 second. Methane was measured with a Picarro 

G-2132i cavity ring-down instrument with 1.0 ~1.5 second resolution. Nitrogen oxides 

were measured with Thermo NO-NO2-NOx analyzer with 10-second resolution and blue 

light converter for NO2 (Luke et al., 2010). Standard for all trace gases were obtained 

from Scott-Marrin and were NIST certified to ±1%. 

Volatile organic compounds (VOCs) whole air samples were collected in 2-liter 

electro-polished, stainless steel canisters throughout each phase of the fire including pre-

burn, ignition, growth, full development, and decay for a total of 16 samples over a 120 

min period at the same location as the mobile lab. The canisters were analyzed using two 

analytical systems as described by Sive et al. (2005). The first system conducted analysis 

using a gas chromatography with flame ionization and electron capture detection (FID 

and ECD) in conjunction with mass spectrometry. The 2-GC, 1 GC-MS analytical system 

was used to quantity a suite of C2-C10 non-methane hydrocarbons, C1-C2 halocarbons, C1-

C5 alkyl nitrates, oxygenated volatile organic compounds, and reduced sulfur gases. The 

analysis was performed by cryogenic pre- concentration of a 1256 cm3 (STP) sample 

aliquot. The second system conducted analysis by means of gas chromatograph using 
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FID to quantify methane and carbon dioxide. A 5-cm3 (STP) aliquot sample was used to 

quantify CH4 and CO2.  Calibration used the methods described by Sive et al. (2005). 

4.2.2 Methodology  

Emission information is represented by two basic forms: emission ratios and 

emission factors (Andreae et al., 2001). Biomass burning emissions are commonly 

characterized by determining the emission ratio (Shirai et al., 2003): dividing the 

“excess” trace species concentrations measured in a fire plume by the “excess” 

concentration of a simultaneously measured reference gas, for example CO (a good 

reference tracer of smoldering combustion) or CO2 (reference tracer for flaming 

products). “Excess” indicates the ambient background concentrations must be subtracted 

from the values measured in the smoke (Andreae and Merlet, 2001). Meanwhile, for the 

VOCs measured by canisters, the emission ratio can be determined as the regression 

slope of the species versus the reference tracer. 

Emission factor is defined as the amount of a trace species compound released per 

amount of dry fuel consumed, in units of g/kg. To calculate this parameter, the carbon 

contents of the fuel burned and the carbon budgets are required, in the controlled fire 

experiment, those information are available.  

 
 

M[c] is the mass of carbon emitted, [C]biomass is the carbon concentration in the biomass 

burned. 
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Emission factor can also be calculated as: 

Emission Factorx = Emission Ratio(x/y)  

MWx

MWy
 Emission Factory 

 

ER(x/y) is the emission ratio of species x relative to the reference species y, MWx 

and MWy are the molecular weights of the species x and the reference tracer y, EFy is the 

emission factor of the reference tracer y.   

To determine the combustion status, quantify the relative amounts of flaming 

(complete combustion) and smoldering (incomplete combustion), combustion efficiency 

is a useful way. When CE > 90%, a fire is generally in the flaming phase, and when CE is 

less than 85%, it is in the smoldering phase (Ward and Hardy, 1991). The modified 

combustion efficiency is the simplified combustion efficiency, defined as: 

MCE = ΔCO2 / (ΔCO + ΔCO2) 

To better assess the impacts from biomass burning to atmospheric environment, 

the total emissions of each trace species in a single fire event is defined as (Koppmann et 

al., 2005): 

Total Emissions of species N = M*F*C*EF* S,   

M is the amount of fuel mass for combustion per unit area in kg/m2, F is the mass 

fraction of carbon in the fuel (54% in this experiment), C represents the combustion 

factor (fraction of that mass combusted during the coarse of a fire, in this experiment, pre 

/ post dry fuel mass = 90%), EF is the combustion averaged emission factor for species N 

in unit of g/kg, and S is the total burned area in this single fire experiment in unit of m2. 
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4.3 Results  

 

4.3.1 General Characteristics of Fire Emitted Trace Species 

 

 

Figure 4.3 depicts the time series of trace species, CO, CO2, CH4, NO, NOy, and THg, 

measured with the mobile lab in this grassland fire experiment. The background value of 

each trace species was also measured before the ignition (CO = 149 ppbv, CO2 = 391 

ppmv, CH4 = 1.88 ppmv, NO = 0.137 ppbv, NOy = 1.88 ppbv, and THg =145 ppqv). As 

an important greenhouse gas, CO2 is the main compound emitted from combustion of 

organic materials. The CO2 concentration began to increase at local time 15:09, and three 

minutes later (15:12), the peak value was detected as high as 11500 ppmv, twenty-seven 

Figure 4.3. Time series of trace species measured with the mobile laboratory. 

The THg peak is offset from the others due to the averaging time of the 

measurement. 
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times higher than the background value. CO2 then decreased to 800 ppmv at 15:16. 

Because of the co-occurrence with the high CO2 time period and the main plume time 

period (15:10-15:18), we conclude that most of the CO2 was emitted within the plume 

period. CH4 is an important greenhouse gas and biomass burning is its third largest source 

globally (IPCC, 2013). Starting from 15:09, the CH4 mixing ratio increased from its 

background value of 1.88 ppmv to 90 ppmv in four minutes, then decreased to 2 ppmv in 

the following five minutes with the decreasing rate of 0.29 ppmv/second. The CH4 peak 

time is one minute later than that of CO2, and the time period of high CH4 matches well 

with the plume time. As the good reference tracer of smoldering combustion, CO is well 

correlated with most gaseous compounds emitted during the smoldering stage. In our 

study, the CO mixing ratio starts to increase when the plume begins at 15:09, and reaches 

its peak at 500,000 ppbv, at 15:14. This peak time is one minute later than that of CH4. 

The CO mixing ratio decreased to the background level in the following eight minutes. 

Recent research has shown that emissions of Hg from fires can be significant 

(Wiedinmyer et al., 2007), however, the emission details has not been well studied. In 

this study, we measured the total gaseous mercury throughout the whole fire stages. We 

found the high Hg period correlated well with the plume time, THg concentration reaches 

its peak at local time 15:14, at 88,000 ppqv, and it was 600 times higher than its 

background value. THg mixing ratio then decreased to its background level within the 

following eight minutes. THg time series and peak time correlated well with that of CO. 

The peak time of NO and NOy are three minutes earlier than the THg peak time, and the 

co-occurrence with the peak time of CO2 is striking. The NOy peak value (40,000 ppbv) is 
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20,000 times higher than its background value and it took 13 minutes to decrease the NOy 

mixing ratio from its peak down to the background level.  

All trace species measured by the mobile laboratory showed single-peak 

characteristics and their peak times matched well with the fire plume time. However, as 

Figure 4.4 demonstrates, the VOCs show double peaks features in this fire experiment. 

The time series plots illustrate a primary spike in VOC signatures at local time 15:12 for 

all gases analyzed, with a secondary spike at time 15:22, except for CO2. These spikes 

correspond to multiple fire phases, causing the VOCs to become enhanced, then relaxed 

emissions, and then enhanced again at a second time during smoldering. This was 

different for CO2 since it is a minor product during the smoldering phase, in which the 

other VOCs become enhanced.  The most pronounced second peaks occurred for CH4, 

C2H6, n-C4H10, and n-C5H12. 

 

 

Figure 4.4. Times series of VOCs during different phases of the fire. 

 

Time 
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4.3.2 Emission Ratios 

 

As demonstrated in Table 4.1, CO2 evolved primarily in the flaming stage and CO 

is the reference species for the smoldering stage (Hurst et al., 1994), the fire stages were 

classified as flaming, smoldering, and total stage combustions based on the modified 

combustion efficiency. The excess mixing ratio of each measured trace species is plotted 

against ΔCO2 and ΔCO, the correlation is determined from the correlation coefficients 

(R2).  

For the VOC emission ratios (Table 4.1a), CH4 is well correlated with CO (0.81) 

and CO2 (0.89), it indicates that there are CH4 emissions during both flaming and 

smoldering stages, however, its emission ratio relative to CO is seven times higher than 

its emission ratio relative to CO2 (ppbv/ppbv). The CH4 emissions were primarily emitted 

during the smoldering stage in this fire. Volatile organic compounds CH3Cl, CH3I, C2H4, 

C2H2, n-C6H14, C6H6, 1-C4H8, and n-C8H18 are species highly correlated with CO and 

CO2 (R
2 > 0.95) through the fire, and their emission ratios with CO are at least 10 times 

higher than those with CO2, showing that these species are primarily emitted during the 

smoldering stage like CH4. For species like C2H6, C3H8, C3H6, i-C4H10, n-C4H10, i-C5H12, 

n-C5H12, C5H8, C7H8, C8H10, t-2-C4H8, 2,2,4-TMP, and m+p-Xylene, their correlation 

coefficients R2 with CO2 and CO distributed between 0.70 and 0.95, less correlated with 

CO or CO2 than the VOC species we listed previously, but their emission ratios relative 

to CO are at least 10 times higher than those with CO2 as well; they are primarily emitted 

during the smoldering stage like most VOCs. This result matches well with conclusions 

that the emission of hydrocarbons is associated with smoldering combustion and VOCs 

are better correlated with CO than with CO2 regard less of the vegetation type (Ferek et 
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al., 1998). Species have relative high emission ratios relative to CO2 and CO include 

CH4, C2H6, C2H4, C2H2, and C3H6. Bonsang et al. (1995) reported emission ratios of CH4 

relative to CO2 for grassland fires in the Ivory Coast varied between 0.0032 and 0.0046 in 

the flaming stage, which is similar to our results. The comparison between the emission 

ratios of this fire experiment and the emission ratios of other fire types and locations are 

available in the discussion section. 

 ∆Hg/∆CO values have been used to estimate mercury emissions, it is important to 

better characterize the ∆Hg/∆CO values under different temporal and spatial conditions 

to improve the accuracy of emission calculations. For the mobile laboratory 

measurements calculated emission ratios (Table 4.1b), the largest emission ratio of 

∆Hg/∆CO is 2.06E-07 (ppbv/ppbv) with a correlation coefficient R2 = 0.90 during the 

smoldering stage. It demonstrates that THg is primarily emitted during the smoldering 

stage of the fire.  

Biomass burning is an important source of the nitrogen species emitted to the 

atmosphere; the emissions are dependent on the nitrogen content of the fuel (Burling et 

al., 2010; Crounse et al., 2009). For NO and NOy, the largest emission ratio is ∆NO/∆CO 

in smoldering stage 0.0051 (ppbv/ppbv) with correlation coefficient R2 = 0.97, 

∆NOy/∆CO in smoldering stage 0.045 (ppbv/ppbv) with correlation coefficient R2 = 0.62.  
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Table 4.1a. Emission Ratios and Correlation Coefficients for Trace Gases and VOCs 

versus ΔCO and ΔCO2 

 

Species Versus CO2, ppbv/ppbv Versus CO, ppbv/ppbv 

Total Smoldering Flaming Total Smoldering Flaming 

ER R2 ER R2 ER R2 ER R2 ER R2 ER R2 

Methane (CH4) 0.0030 

 

0.89 0.0029 

 

0.91 0.0028 

 

0.94 0.0237 0.81 0.1895 

 

0.82 0.0211 

 

0.91 

Carbon 

Dioxide (CO2) 

******

******

****** 

***

***

*** 

******

******

****** 

***

***

*** 

******

******

****** 

***

***

*** 

8.1482 

 

0.99 69.3497 

 

0.97 7.7594 

 

0.99 

Chloromethane 

(CH3Cl) 

0.2612

357899

1 

 

0.98 5.2E-6 

 

 

0.87 2.5E-5 

 

0.99 0.0002 0.95 0.0003 

 

0.80 0.0002 

 

0.98 

Iodomethane 

(CH3I) 

0.3315

892791

7 

 

0.99 1.2E-7 

 

 

0.87 3.3E-7 

 

0.99 2.7E-6 0.98 8.8E-6 

 

0.91 2.5E-6 

 

0.99 

Ethane (C2H6) 2.4E-4 

 

0.88 4.7E-5 
 

0.31 2.1E-4 

 

0.94 0.0019 0.79 0.0033 

 

0.30 0.0016 

 

0.90 

Ethene (C2H4)   0.0017 

 

0.99 6.1E-4 

 

0.96 0.0017 

 

0.99 0.0141 0.99 0.0432 

 

0.95 0.0138 

 

0.99 

Ethyne (C2H2) 6.4E-4 

 

0.99 1.6E-4 

 

0.96 6.6E-4 

 

0.99 0.0053 0.97 0.0119 

 

0.95 0.0051 

 

0.99 

Propane (C3H8) 4.3E-5 

 

0.83 9.9E-6 

  

0.12 3.8E-5 

 

0.92 0.0003 0.75 0.0007 

 

0.01 0.0002 

 

0.88 

Propene (C3H6) 0.0003 

                                             

0.93                       0.0001 

 

0.97 0.0003 

 

0.99 0.0027 0.92 0.0076 

 

0.95 0.0025 

 

0.97 

i-Butane (i-

C4H10) 

3.19E-

6 

 

0.91 2.4E-6 

 

0.11 2.8E-6 

 

0.95 2.1E-5 0.80 0.0001 

 

0.01 2.1E-5 

 

0.92 

n-Butane (n-

C4H10) 

0.8999

981596

1 

 

0.80 7.4E-6 

 

0.29 7.1E-6 

 

 

0.90 6.2E-5 0.70 0.0005 

 

0.09 5.2E-5 

 

0.85 

i-Pentane (i-

C5H12) 

0.1555

732366

6 

0.92 2.3E-6 

 

0.19 1.3E-6 

 

0.95 1.1E-5 0.80 0.0001 

 

0.04 1.0E-5 

 

0.92 
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n-Pentane (n-

C5H12) 

3.5E-6 

 

0.69 2.1E-6 

 

0.27 3.1E-6 

 

0.91 2.7E-5 0.72 0.0001 

 

0.04 2.3E-5 

 

0.86 

Isoprene 

(C5H8) 

1.90E-

061235

7     

 

0.55 4.0E-6 

 

0.91 1.3E-7 

 

 

0.02 1.2E-4 0.61 0.0002 

 

0.89 4.8E-6 

 

0.08 

n-Hexane (n-

C6H14) 

0.1896

345999

132222

1 

0.97 8.8E-7 

 
 
 

0.31 1.1E-5 

 

0.99 3.5E-4 0.98 6.4E-5 

 

0.01 8.7E-5 

 

0.97 

Benzene 

(C6H6) 

0.0001 

 

0.98 3.6E-5 

 

0.96 0.0001 

 

0.99 0.0820 0.99 0.0025 

 

0.95 0.0008 

 

0.97 

Toluene (C7H8) 3.5E-5 

 

0.87 1.2E-5 

 

0.97 3.1E-5 

 

0.91 0.0165 0.88 0.0008 

 

0.97 0.0002 

 

0.87 

Cyclopentane 

(C5H10) 

1.0E-8 

 

0.07 

 

3.5E-7 

 

0.59 3.6E-8 

 

0.04 9.8E-8 

 

0.01 2.8E-5 

 

0.67 3.9E-7 

 

0.31 

Cyclohexane 

(C6H12) 

1.08E-

08 

 

0.02 5.33E-

07 

 

0.36 1.87E-

07 

 

0.04 4.82E-

07 

 

0.02 3.06E-

05 

 

0.29 1.68E-

06 

 

0.20 

Styrene (C8H8) 5.99E-

07 

 

0.12 1.51E-

6 

 

0.95 8.28E-

7 

 

0.01 1.39E-

06 

 

0.01 0.0001 

 

0.93 1.06E-

05 

 

0.21 

Ethylbenzene 

(C8H10) 

3.45E-

06 

 

0.84 1.83E-

06 

 

0.96 2.86E-

06 

 

0.79 2.55E-

05 

 

0.74 0.0001 

 

0.94 2.03E-

05 

 

0.72 

t-2-Butene (t-2-

C4H8) 

1.01E-

05 

 

0.95 

 

3.45E-

06 

 

0.97 9.30E-

06 

 

0.94 7.89E-

05 

 

0.89 0.0002 

 

0.95 6.97E-

05 

 

0.90 

1-Butene (1-

C4H8) 

5.51E-

05 

 

0.98 1.66E-

05 

 

0.96 5.36E-

05 

 

0.98 4.39E-

04 

 

0.95 0.0011 

 

0.95 0.0004 

 

0.96 

i-Butene (i-

C4H8) 

2.78E-

05 

 

0.96 8.40E-

06 

 

0.93 2.61E-

05 

 

0.96 0.0002 

 

0.92 0.0006 

 

0.95 0.0001 

 

0.93 

c-2-Butene (c-

2- C4H8) 

8.02E-

06 

 

0.96 2.15E-

06 

 

0.90 7.47E-

06 

 

0.95 6.28E-

05 

 

0.91 0.0001 

 

0.86 5.62E-

05 

 

0.91 

n-Heptane (n-

C7H16) 

5.32E-

07 

 

0.13 1.15E-

07 

 

0.09 2.03E-

07 

 

0.21 1.11E-

07 

 

0.01 8.74E-

06 

 

0.09 5.11E-

06 

 

0.15 
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n-Octane (n-

C8H18) 

2.5695

64132

E-06 

 

0.99 2.61E-

07 

 

0.24 2.58E-

06 

 

0.99 2.08E-

05 

 

0.98 9.86E-

06 

 

0.01 1.99E-

05 

 

0.98 

n-Nonane (n-

C9H20) 

8.09E-

08 

 

0.12 1.11E-

08 

 

0.02 8.78E-

08 

 

0.11 1.38E-

07 

 

0.01 1.68E-

06 

 

0.05 1.24E-

06 

 

0.21 

i-

Propylbenzene 

(i-C9H12) 

1.13E-

7 

 

0.71 9.89E-

08 

 

0.57 8.38E-

08 

 

0.60 7.83E-

07 

 

0.60 6.22E-

06 

 

0.50 5.58E-

07 

 

0.52 

n-

Propylbenzene 

(n-C9H12) 

1.85E-

07 

 

0.49 2.26E-

07 

 

0.70 9.03E-

08 

 

0.28 1.12E-

06 

 

0.36 1.37E-

05 

 

0.59 4.59E-

07 

 

0.18 

n-Decane (n-

C10H22) 

5.36E-

08 

 

0.11 1.43E-

06 

 

0.90 7.87E-

08 

 

0.11 1.44E-

07 

 

0.01 9.96E-

05 

 

0.88 9.98E-

07 

 

0.25 

o-Xylene 1.31E-

06 

 

0.71 5.64E-

07 

 

0.65 9.82E-

07 

 

0.60 9.16E-

06 

 

0.59 4.86E-

05 

 

0.78 6.56E-

06 

 

0.51 

2-Ethyltoluene 2.16E-

08 

 

0.09 2.91E-

07 

 

0.49 5.43E-

08 

 

0.04 1.06E-

07 

 

0.01 1.73E-

05 

 

0.41 5.84E-

07 

 

0.35 

3-Ethyltoluene 4.17E-

08 

 

0.11 3.09E-

07 

 

0.68 7.36E-

08 

 

0.04 1.32E-

07 

 

0.01 1.98E-

05 

 

0.61 8.68E-

07 

 

0.31 

4-Ethyltoluene 1.13E-

07 

 

0.12 2.01E-

07 

 

0.29 1.39E-

07 

 

0.01 2.10E-

07 

 

0.01 9.89E-

06 

 

0.20 1.84E-

06 

 

0.21 

1,3,5-TMB 6.60E-

9 

 

0.09 1.12E-

10 

0.01 2.27E-

09 

 

0.04 1.72E-

08 

 

0.01 1.89E-

07 

0.01 8.02E-

08 

 

0.14 

1,2,4-TMB 3.1E-7 

 

0.10 9.4E-7 

 

0.69 8.0E-7 

 

0.04 1.4E-6 

 

0.01 6.5E-5 

 

0.68 8.5E-6 

 

0.36 

1,2,3-TMB 6.2E-8 

 

0.10 4.9E-7 

 

0.56 1.3E-7 

 

0.04 2.4E-7 

 

0.02 3.7E-5 

 

0.60 1.5E-6 

 

0.33 

2,2,4-TMP 4.6E-6 

 

0.95 1.9E-6 

 

0.85 4.3E-6 

 

0.95 3.6E-5 

 

0.90 0.0001 

 

0.91 3.2E-5 

 

0.91 

m+p-Xylene 5.4E-6 

 

0.87 2.0E-6 

 

0.71 4.5E-6 

 

0.83 4.0E-5 

 

0.78 0.0001 

 

0.78 3.3E-5 

 

0.77 
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Table 4.1b. Emission Ratios and Correlation Coefficients for Trace Gases versus ΔCO 

and ΔCO2 (Mobile Laboratory Measurements) 

 
Species Versus CO2, ppbv/ppbv Versus CO, ppbv/ppbv 

Total Smoldering Flaming Total Smoldering Flaming 

ER R2 ER R2 ER R2 ER R2 ER R2 ER R2 

Methane 
(CH4) 

0.0072 0.80 0.0039 
 

0.93 0.0061 
 

0.72 1.22E-
01 

0.96 0.0767 
 

0.87 0.1313 
 

0.95 

Carbon 

Dioxide 
(CO2) 

1.0 1.0 1.0 1.0 1.0 1.0 16.7712 0.91 18.8494 

 

0.89 14.2981 

 

0.87 

Carbon 

Monoxide 

(CO) 

0.0596 0.91 0.0423 

 

0.89 0.0525 

 

0.87 1.0 1.0 1.0 1.0 1.0 1.0 

NitricOxide 
(NO) 

4.26E-
04 

0.19 0.0002 
 

0.90 4.81E-
06 

 

0.01 7.15E-
03 

0.15 0.0051 
 

0.97 0.0006 
 

0.04 

Total 
Reactive 

Nitrogen  

(NOy) 

2.22E-
03 

0.25 0.0020 
 

0.59 1.97E-
05 

 

0.01 3.73E-
02 

0.22 0.0451 
 

0.62 0.0024 
 

0.05 

Total 

Gaseous 

Mercury 
(THg)   

1.61E-

08 

0.14 8.99E-

09 

 
 

0.89 2.06E-

08 

 

0.45 2.69E-

07 

0.17 2.06E-

07 

 

0.90 2.25E-

07 

 

0.36 

 

4.3.3 Emission Factors and Total Emissions 

 

It is desirable to provide separate emission factors for flaming and smoldering 

combustion (Andreae et al., 2001). Many field studies have contributed to the database of 

emission ratios and emission factors, along with the relationship between the combustion 

stages (Wooster et al., 2011). However, because of uncertainties in emission factors, 

improvements in understanding of the emission factors are warranted (Freeborn et al., 

2009; Kaiser et al., 2009). In our controlled fire experiment, the advantage is, based on 

the pre-sampling and post-sampling, the fuel characteristics are known at the Texas 

coastal prairie. Calculated emission factors for each combustion stage are listed in Table 

4.2. The comparison between the emission factor of this fire experiment and those of 

other fires are available in the discussion section. 
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According to the definition of emission factor, there are 1747g CO2 emitted from 

the fire per kg dry fuel combusted. This accounts 90% of all species emission factors, and 

the CO2 emission factor during the flaming stage is 200 g/kg more than that from the 

smoldering stage. CO with a high emission factor of 104 g/kg through the whole fire 

stage and 3 g/kg more CO emitted during the smoldering stage. Emission factors of CO2, 

CO, CH4, NO, CH3Cl, C2H6, C2H4, C3H8, C3H6, C6H6, and C7H8 account for 96% of total 

trace species emission factors. VOC emission factors during the smoldering stage are 

higher than those during the flaming stage, except for CO2, n-C6H14 and n-C8H18.  Our 

estimate for THg (0.0005 g/kg) is identical to that of Biswas et al. (2007) for grassland 

fires.  

Different from previous biomass burning work, our field experiment is unique 

because the amount of fuel mass for combustion, the mass fraction of carbon in the fuel, 

the combustion factor, the combustion averaged emission factor, and total burning area 

are known. This makes it possible to calculate the total emissions of each species 

accurately during the fire instead of estimating the emissions as most previous work has 

done. As Table 4.3 demonstrates, 53, 257 kg of CO2 was emitted into the atmosphere and 

it accounts 95% of all trace species emissions in the fire. As the second largest emission 

species, 3,170 kg CO was emitted into the atmosphere. Other significant emissions 

ordered from highest to least as C6H6 (706 kg), C7H8 (177 kg), CH4 (146 kg), NO (108 

kg), C2H6 (35 kg), C2H4 (30 kg), C2H2 (14 kg), C3H8 (13 kg), and C3H6 (11 kg). This 

controlled fire experiment can play a role as reference data for future biomass burning 

measurements, especially for grassland or savanna fires, when the fuel information may 

not be available.  
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Table 4.2. Emission Factors of Trace Gases and VOCs 

 
Species                      UHCC Fire  Emission Factor, g/kg  

 Total Smoldering Flaming 

Methane (CH4) 4.8±0.7 5.9±0.9  4.7±0.5 

Carbon Dioxide (CO2) 1747±95 1617±65 1824±50 

Carbon Monoxide (CO) 104±15 112±15 109±12 

Nitric Oxide (NO) 3.57 3.65 2.44 

Total Gaseous Mercury (THg)   0.0005 0.0008 0.0003 

Chloromethane (CH3Cl) 0.07 0.09 0.02 

Iodomethane (CH3I) 0.007 0.008 0.006 

Ethane (C2H6) 1.17 1.31 0.83 

Ethene (C2H4)   0.99 1.61 0.80 

Ethyne (C2H2) 0.463 1.025 0.506 

Propane (C3H8) 0.443 0.101 0.051 

Propene (C3H6) 0.380 1.104 0.491 

Butane (C4H10) 0.0042 0.038 0.0049 

Pentane (C5H12) 0.0065 0.0402 0.0064 

Isoprene (C5H8) 0.0292 0.0626 0.0013 

n-Hexane (n-C6H14) 0.1118 0.0224 0.0291 

Benzene (C6H6) 23.177 0.936 0.2733 

Toluene (C7H8) 5.809 0.331 0.072 

Cyclopentane (C5H10) 2.55E-04 8.12E-03 1.09E-04 

Cyclohexane (C6H12) 1.56E-04 0.0104 0.0006 

Styrene (C8H8) 0.054 0.042 0.0006 

Ethylbenzene (C8H10) 0.0504 0.0106 0.0083 

t-2-Butene (t-2-C4H8) 0.028 0.041 0.02 

1-Butene (1-C4H8) 0.0915 0.2688 0.087 

i-Butene (i-C4H8) 0.0416 0.1344 0.0436 

c-2-Butene (c-2- C4H8) 0.0131 0.0224 0.0122 

n-Heptane (n-C7H16) 3.71E-03 3.61E-03 0.0019 

n-Octane (n-C8H18) 8.47E-03 4.56E-03 8.01E-03 

n-Nonane (n-C9H20) 6.65E-04 8.70E-04 5.98E-04 

i-Propylbenzene (i-C9H12) 3.56E-04 2.88E-03 2.62E-04 

n-Propylbenzene (n-C9H12) 4.46E-04 6.72E-03 2.15E-04 

n-Decane (n-C10H22) 7.91E-03 0.0568 0.0005 

o-Xylene 0.0039 0.0157 0.0027 

2-Ethyltoluene (2-C9H12) 4.45E-04 8.16E-03 2.80E-04 

3-Ethyltoluene (3-C9H12) 5.78E-04 8.87E-03 5.25E-04 

4-Ethyltoluene (4-C9H12) 8.03E-04 7.23E-03 6.78E-04 

1,3,5-TMB 7.58E-05 9.61E-05 3.74E-05 

1,2,4-TMB 6.37E-03 0.0315 4.23E-03 

1,2,3-TMB 1.07E-03 0.0163 8.39E-04 

2,2,4-TMP 0.0152 0.0456 0.0146 

m+p-Xylene 0.0231 0.0373 0.0012 
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Table 4.3. Total Emissions of Trace Gases and VOCs 

 

        
Species                 Emissions From UHCC Fire (kg) 

Methane (CH4) 146.3272 

 
Carbon Dioxide (CO2) 53257.0085 

 

Carbon Monoxide (CO) 3170.4229 
 

Nitric Oxide (NO) 108.8309 

 
Total Gaseous Mercury 

(THg)   

0.0152 

 

Chloromethane (CH3Cl) 2.1339 
 

Iodomethane (CH3I) 0.2134 

 
Ethane (C2H6) 35.6673 

 

Ethene (C2H4)   30.1800 
 

Ethyne (C2H2) 14.1145 

 
Propane (C3H8) 13.5048 

 
Propene (C3H6) 11.5842 

 

i-Butane (i-C4H10) 0.1280 
 

Pentane (C5H12) 0.1982 

 

Isoprene (C5H8) 0.8902 

 

n-Hexane (n-C6H14) 3.4082 
 

Benzene (C6H6) 706.5470 

 
Toluene (C7H8) 177.0864 

 

Cyclopentane (C5H10) 0.0078 
 

Cyclohexane (C6H12) 0.0048 

 
Styrene (C8H8) 1.6462 

 

Ethylbenzene (C8H10) 1.5364 
 

t-2-Butene (t-2-C4H8) 0.8536 

 

1-Butene (1-C4H8) 2.7894 

 

i-Butene (i-C4H8) 1.2682 
 

c-2-Butene (c-2- C4H8) 0.3994 

 
n-Heptane (n-C7H16) 0.1132 

 

n-Octane (n-C8H18) 0.2582 
 

n-Nonane (n-C9H20) 0.0203 
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i-Propylbenzene (i-C9H12) 0.0109 
 

n-Propylbenzene (n-C9H12) 0.0136 
 

n-Decane (n-C10H22) 0.2412 

 
o-Xylene 0.1189 

 

2-Ethyltoluene (2-C9H12) 0.0136 
 

3-Ethyltoluene (3-C9H12) 0.0176 

 
4-Ethyltoluene (4-C9H12) 0.0245 

 

1,3,5-TMB 0.0023 
 

1,2,4-TMB 0.1943 

 

1,2,3-TMB 0.0326 

 

2,2,4-TMP 0.4634 
 

m+p-Xylene 0.7012 

 

 

 

  4.3.4 Carbon Emissions 

 

Biomass burning plays an important role in the cycling of carbon in many 

ecosystems and represents a significant source of aerosols and trace gas emissions (Van 

der werf et al., 2003). The problem of quantifying direct carbon emissions from wildfire 

has received attention (French et al., 2004), and site-based to global-scale approaches to 

estimate carbon emissions from fire have been conducted in many regions and sites 

within North America (French et al., 2011). However, to study the impact of fire on 

atmospheric carbon, variations in vegetation structure, vegetation type, soil carbon, fuel 

moisture, and fire behavior need to be considered (French et al., 2004). Most frequently 

used methods in previous work was remote sensing and model estimates which have 

uncertainties. To the best of our knowledge, this is the first estimate of total carbon 

released during a wildfire in Texas based on in-situ measurements. Calculating total 

carbon emissions from biomass burning (Ct) is generally done by estimating the area 
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affected by fire along with the amount of fuel consumed during the fire, the fuel moisture 

and carbon content. 194 tons (1.94*E05 kg) of carbon emitted from the fuel in 

combustion, among them, 14.5 tons (1.45*E04 kg) of carbon released by CO2 emissions 

(Figure 4.5), it accounts 7.5% of the total carbon emissions (14.5 tons / 194 tons). 

Considering CO2 is the major trace species emission, we suspect that the largest mass of 

carbon is released via particles as black and organic carbon into the atmosphere.  

 
 

4.4 Discussion   

Emission ratios of species relative to CO from Texas field-based grassland fire are 

in contrast with emission ratios of airborne-based biomass burnings in Australia, Brazil, 

Africa, and Yucatan (Mexico) as demonstrated in Table 4.4. The CH4 emission ratio was 

largest in Brazil forest biomass burning (0.1240, probably due to the longer smoldering 

stage of the fire), and smallest in the Australia fire (0.0044). The CO2 emission ratio 

shows significant diversity among the six experiments: the emission ratio in Yucatan fires 

Figure 4.5. Time series of carbon emissions (C) via CO2.  
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was 13 ppbv/ppbv, followed by this Texas fire with 8 ppbv/ppbv, and the Brazil 1998 fire 

at 6.3 ppbv/ppbv. The other three fires had small emission ratios lower than 0.0001 

ppbv/ppbv. Except CH4 and CO2, the other species emission ratios are close to each other 

with small differences among the six fire experiments, which probably is because these 

species emissions only account small emissions during the fire regardless of the fire type 

and combustion efficiency. 

 

Table 4.4. Emission Ratios and Correlation Coefficients for Trace Gases and Volatile 

Organic Compounds Relative to CO of Different Fire Experiments 

 

 
Species UHCC 

ppbv/ppb

vground 

R2 Australia 

ppbv/ppbv 

Airborne 

R2 Brazil1994p

pbv/ppbvAi

rborne 

R2 Brazil1998 

ppbv/ppbvA

irborne 

R2 Africa 

ppbv/ppbv

Airborne 

R2 Yucatan 

ppbv/ppbv 

Airborne 

Methane (CH4) 0.0237 0.81 0.0044 0.78 0.1070 0.86 0.1240 0.90 0.0078 0.91 0.1104 

Carbon Dioxide 

(CO2) 

8.1483 

 

0.99 8.6E-05 0.97 3.7E-05 0.87 6.3217 0.43 6.2E-05 0.96 
13.0241 

Chloromethane 

(CH3Cl) 

0.0002 0.95 0.00038 0.89 0.00031 0.90 0.000116 0.05 0.00057 0.92 
- 

Iodomethane 

(CH3I) 

2.7E-06 0.98 2.8E-06 0.82 3.6E-06 0.60 1.4E-05 0.31 1.2E-06 0.70 
- 

Ethane (C2H6) 0.0019 0.79 0.0028 0.97 0.0085 0.84 0.0052 0.85 0.0052 0.96 0.0098 

Ethene (C2H4)   0.0141 0.99 0.0071 0.93 0.0171 0.95 0.0105 0.83 0.0083 0.78 0.0111 

Ethyne (C2H2) 0.0053 0.97 0.0029 0.96 0.0046 0.90 0.0024 0.63 0.0045 0.98 0.0029 

Propane (C3H8) 0.0003 0.75 0.00058 0.97 0.0016 0.79 0.0010 0.82 0.00097 0.94 0.0015 

Propene (C3H6) 0.0027 0.92 0.0016 0.86 0.0049 0.98 0.0039 0.87 0.001 0.56 0.0079 

i-Butane (i-C4H10) 2.1E-05 0.80 4.8E-05 0.96 6.7E-05 0.78 7.4E-05 0.82 4.3E-05 0.77 8.6E-05 

n-Butane (n-C4H10) 6.2E-05 0.70 0.0001 0.97 0.0002 0.70 0.0002 0.79 0.0002 0.88 0.0003 

i-Pentane (i-C5H12) 1.1E-05 0.80 6.5E-06 0.69 2.0E-05 0.57 3.1E-05 0.73 - - 3.4E-05 

n-Pentane (n-

C5H12) 

2.7E-05 0.72 2.8E-05 0.97 4.3E-05 0.84 5.8E-05 0.81 5.3E-05 0.80 
6.9E-05 

Isoprene (C5H8) 1.2E-04 0.61 - - - - 6.9E-05 0.73 - - - 

n-Hexane (n-C6H14) 3.5E-04 0.98 4.2E-05 0.89 - - - - - - - 

Benzene (C6H6) 0.0820 0.99 0.0008 0.97 0.0017 0.97 0.0014 0.89 0.0013 0.96 0.0034 

Toluene (C7H8) 0.0165 0.88 0.0003 0.93 0.0007 0.72 0.0009 0.81 0.0004 0.85 - 

Cyclopentane 

(C5H10) 

9.8E-08 

 

0.01 - - - - - - - - 
5.8E-06 

Ethylbenzene 

(C8H10) 

2.5E-05 

 

0.74 3.4E-05 0.85 4.2E-05 0.83 9.6E-05 0.70 2.6E-05 0.52 
- 

t-2-Butene (t-2-

C4H8) 

7.8E-05 

 

0.89 2.6E-05 0.52 0.0002 0.88 0.0002 0.89 - - 
2.5E-04 

1-Butene (1-C4H8) 4.3E-4 

 

0.95 0.0002 0.84 0.0007 0.75 0.0006 0.90 0.0001 0.54 
6.0E-04 

i-Butene (i-C4H8) 0.0002 

 

0.92 - - - - - - - - 
5.1E-04 

c-2-Butene (c-2- 

C4H8) 

6.3E-05 

 

0.91 2.2E-05 0.60 0.0002 0.87 0.0002 0.89 - - 
1.9E-04 

n-Heptane (n-

C7H16) 

1.1E-07 

 

0.01 1.7E-05 0.83 - - - - - - 
- 

m+p-Xylene 4.1E-05 

 

0.78 5.8E-05 0.81 6.9E-05 0.83 0.0001 0.72 4.0E-05 0.53 
 

Nitric Oxide (NO) 7.1E-03 0.15 - - - -         - - - - 0.0202 

Total Reactive 

Nitrogen  (NOy) 

3.7E-02 0.22 - - - - - - - - 

0.0453 
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The comparison of emission factors is presented in Table 4.5. Trace gases and 

VOCs measured from our field-based Texas grassland fire experiment is in contrast with 

measurements from various types of biomass burnings. CH4 emission factor in Texas 

grassland fire is 0.2 g/kg lower than Yucatan forest fire, but two times higher than the 

global average savanna and grassland fire emission factors (Akagi et al., 2011; Andreae 

et al., 2001). Without exception, CO2 emission factors are the largest and account for 

90% of the total emission factors in all fire events despite of fire type and locations. The 

CO emission factor together with most other trace species emission factors in the Texas 

fire experiment are larger than those emission factors from other biomass burnings, 

especially the C6H6 emission factor for the Texas fire being 100 times higher than for 

other fires. The reason for this is unclear, but it is not related to calibration. 

 

Table 4.5. Emission Factors for Trace Gases and Volatile Organic Compounds in 

Different Fire Experiments 

 

Species UH EF g/kg Savanna EF g/kg 
(Akagi) 

Grassland 
EF g/kg 

(Andreae) 

Yucatan Fire EF 
g/kg (Yokelson)  

Methane (CH4) 4.8±0.7 1.94±0.85 2.3±0.9 5.059 

Carbon Dioxide (CO2) 1747±95 1686±38 1613±95 1641 

Carbon Monoxide (CO) 104±15 63±17 65±20 80 

Nitric Oxide (NO) 4.57 3.90 3.90 1.733 

Total Gaseous Mercury (THg)   0.0005 - 0.001 - 

Chloromethane (CH3Cl) 0.07 0.055 0.075 - 

Iodomethane (CH3I) 0.007 5.06E-04 0.0005 - 

Ethane (C2H6) 1.17 0.66 0.32 0.844 

Ethene (C2H4)   0.99 0.82 0.79 0.889 

Ethyne (C2H2) 0.463 0.24 0.29 0.215 

Propane (C3H8) 0.443 0.10 0.09 0.192 

Propene (C3H6) 0.380 0.79 0.26 0.952 

Butane (C4H10) 0.0042 0.0043 0.006 0.042 

Pentane (C5H12) 0.0065 0.0022 0.005 0.014 

Isoprene (C5H8) 0.0292 0.039 0.020 - 

n-Hexane (n-C6H14) 0.1118 0.013 0.039 - 

Benzene (C6H6) 23.177 0.20 0.23 0.759 

Toluene (C7H8) 5.809 0.080 0.13 - 

Cyclopentane (C5H10) 2.52E-04 0.0019 0.032 0.0012 
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4.5 Conclusions 

 

In the past decades significant progress has been made in characterizing trace 

species emissions from biomass burning via ground and airborne methods. Selected 

atmospheric trace gases and VOCs emitted by a Texas coastal grassland fire were 

measured together with comprehensive pre-combustion and post-combustion sampling. 

Emission ratios, emission factors, and total emissions were determined for a large variety 

of species under smoldering and flaming stages. All trace species measured by the mobile 

laboratory show single-peak characteristics and their peak time matches well with the fire 

plume time, while the VOCs exhibited double peaks features with primary emissions 

associated with smoldering combustion stage. The emission factors of CO2, CO, CH4, 

NO, CH3Cl, C2H6, C2H4, C3H8, C3H6, C6H6, and C7H8 account for 96% of total trace 

species emission factors. Meanwhile, most of the VOC emission factors during the 

smoldering stage are higher than those during the flaming. For the emissions from this 

fire, 53,257 kg of CO2 was emitted into the atmosphere and it accounted 95% of all 

species emissions, on the other hand, total of 194 tons of carbon emitted from the fuel, 

among them, 14.5 tons of carbon released via CO2 emissions.We suspect that the largest 

Cyclohexane (C6H12) 1.56E-04 0.0035 - - 

Styrene (C8H8) 0.054 - 0.024 - 

Ethylbenzene (C8H10) 0.0504 0.006 0.013 - 

t-2-Butene (t-2-C4H8) 0.028 0.011 0.024 0.04 

1-Butene (1-C4H8) 0.0915 0.043 0.09 0.096 

i-Butene (i-C4H8) 0.0416 0.024 0.030 0.081 

c-2-Butene (c-2- C4H8) 0.0131 0.0084 0.021 0.03 

n-Heptane (n-C7H16) 3.71E-03 0.0070 0.05 - 

n-Octane (n-C8H18) 8.47E-03 - - - 

n-Nonane (n-C9H20) 6.65E-04 - - - 

i-Propylbenzene (i-C9H12) 3.57E-04 - - - 

n-Propylbenzene (n-C9H12) 4.46E-04 0.018 - - 

n-Decane (n-C10H22) 7.91E-03 - - - 

o-Xylene 0.0039 0.014 0.045 - 
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mass of carbon is released via the particulate phase into the atmosphere. The CO 

emission factor together with most other species emission factors in this Texas fire were 

larger than those from other biomass burnings, in-situ field measurement with less 

uncertainties compared with remote measuring methods is a possible reason. This 

controlled fire experiment in a coastal prairie area can serve as a reference for the future 

field or airborne biomass burning measurements, especially for grassland or savanna 

fires, when their fuel information may not be available.  
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Chapter 5 

Concluding Remarks 

 

 

 
We found that background O3 mixing ratios in Houston are flat or decreasing 

slightly around 30 ppbv. The exceedance days of 1-h/8-h averaged O3 mixing ratio 

decreased dramatically from tens of days to only a couple of days annually. A rapid shift 

occurred around 2000. Southerly flow has been increasing in the Houston area since at 

least 1990. Both the frequency and the wind speed of the southerly flow have increased. 

During 2010~2013, 60% of the wind direction was concentrated in the range of 130°–

195°, which is southerly winds or southeasterly winds, from the Gulf of Mexico. The 

cause for increased southerly flow is an increase of nearly 3 °C in LST compared to the 

SST of the ocean. The net temperature difference between LST and SST increased by a 

factor of four in May and by a factor of two in June. Before 1999, the range between the 

maximum and minimum was 12 °C, however, between 1999 and 2012, the range 

increased to 20 °C, with a pronounced increase in variability. 

 Our continuous measurements and comprehensive analysis of GEM, RGM, and 

PBM were conducted under urban and coastal settings in Houston, Texas. This study 

provides an investigation of mercury characteristics in a city where industrial facilities 

are highly concentrated. The urban setting’s GEM mean mixing ratios were higher than 

the Northern Hemisphere background level. RGM and PBM mean mixing ratios were 6 

times higher than the RGM and PBM background level (0.112 ppqv). Under the coastal 

setting, the mean mixing ratio of GEM was 165 ppqv, equal to the Northern Hemisphere 
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background level however higher than the GEM measured in other coastal sites in the 

Northeast United States. The mean value of RGM measured at CC site was 0.75 ppqv, for 

PBM 0.58 ppqv. Both RGM and PBM mean mixing ratios were 4 times higher than the 

RGM and PBM Northern Hemisphere background level however lower than at MT. It is 

probably due to the coastal settings reduction of contaminations by diluting with cleaner 

air from the Gulf of Mexico. Consequently, the CC site had a higher frequency of low 

mercury events than the MT site. The seasonal distribution of mercury was small in the 

Houston area. Seasonal GEM mixing ratios showed tiny differences at MT site but 

distinct variations at CC, which are probably because of the north and southeast air flows 

at this site. Mercury mixing ratios exhibited pronounced diurnal variations. At urban site, 

GEM increased at midnight and accumulated overnight until reaching the maximum right 

before sunrise. Then it followed a gradual decrease in the following hours. The coastal 

site diurnal pattern was different, as GEM exhibited a steady decrease at night and 

reached its minimum mixing ratio before the sunrise, it slowly increased after the sunrise 

and reached the maximum mixing ratio in the late morning. At the urban site, GEM of 

100-250 ppqv was associated with winds from the south and southeast, where air mainly 

originated from the Gulf of Mexico with cleaner background levels. GEM levels above 

250 ppqv were in consistent with winds originated mainly from the north or northeast, 

where air mases accumulated urban and industrial emissions. The relationships between 

mercury species and key trace gases were conducted, the co-occurrence of GEM, CO2, 

CO, CH4, SO2 maximum values at MT and GEM, CO peak at CC were striking. It 

unveils that GEM, CO, CO2, CH4, and SO2 probably shared the same or related emission 

sources. 
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Selected atmospheric trace gases and VOCs emitted by a Texas coastal grassland 

fire were measured together with comprehensive pre-combustion and post-combustion 

sampling. Emission ratios, emission factors, and total emissions were determined for a 

large variety of species under smoldering and flaming stages. All trace species measured 

by the mobile laboratory show single-peak characteristics and their peak time matches 

well with the fire plume time, while the VOCs exhibited double peaks features with 

primary emissions associated with smoldering combustion stage. The emission factors of 

CO2, CO, CH4, NO, CH3Cl, C2H6, C2H4, C3H8, C3H6, C6H6, and C7H8 account for 96% of 

total trace species emissions. Meanwhile, most of the VOC emission factors during the 

smoldering stage are higher than those during the flaming. For the emissions from this 

fire, 53,257 kg of CO2 was emitted into the atmosphere and it accounted 95% of all 

species emissions, on the other hand, total of 194 tons of carbon emitted from the fuel, 

among them, 14.5 tons of carbon released via CO2 emissions., We suspect that the largest 

mass of carbon is released via the particulate phase into the atmosphere. The CO 

emission factor together with most other species emission factors in this Texas fire were 

larger than those from other biomass burnings, in-situ field measurement with less 

uncertainties compared with remote measuring methods is a possible reason. This 

controlled fire experiment in a coastal prairie area can serve as a reference for the future 

field or airborne biomass burning measurements, especially for grassland or savanna 

fires, when their fuel information may not be available.  

The future work is strongly warranted to quantify the ozone and mercury emission 

sources combining modeling and observational work. I strongly suggest conducting 

ground measurements to quantify emission sources with our mobile laboratory. For a 
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better understanding of these source signatures, future studies should include the 

measurements of 𝛿13C in CH4, NO, NO2, and SO2 as well as the sampling of oil and gas 

emissions under urban and coastal settings in south-central Texas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


