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ABSTRACT 
 

Air quality management strategies in the US are developed largely from estimates of 

emissions, some highly uncertain, rather than actual measurements.  Improved knowledge based 

on measurements of real-world emissions is needed to increase the effectiveness of these 

strategies.  Consequently, the objectives of this research were to (1) quantify relationships among 

urban emissions sources, land use, and demographics, (2) determine the spatial and temporal 

variability of emissions, and (3) evaluate the accuracy of official emissions estimates.   

These objectives guided three field campaigns that employed a unique mobile laboratory 

equipped to measure pollutant fluxes by eddy covariance.  The first campaign, conducted in 

Norfolk, Virginia, represented the first time fluxes of nitrogen oxides (NOx) were measured by 

eddy covariance in an urban environment.  Fluxes agreed to within 10% of estimates in the 

National Emissions Inventory (NEI), but were three times higher than those of an inventory used 

for air quality modeling and planning.  Additionally, measured fluxes were correlated with road 

density and increased development.  

The second campaign took place in the Tijuana-San Diego border region.  Distinct spatial 

differences in fluxes of carbon dioxide (CO2), NOx, and particles were revealed across four 

sampling locations with the lowest fluxes occurring in a residential neighborhood and the highest 

ones at a port of entry characterized by heavy motor vehicle traffic.  Additionally, observed 

emissions of NOx and carbon monoxide were significantly higher than those in emissions 

inventories, suggesting the need for further refinement of the inventories. 

The third campaign focused on emissions at a regional airport in Roanoke, Virginia.  NOx 

and particle number emissions indices (EIs) were calculated for aircraft, in terms of grams of 

pollutant emitted per kilogram of fuel burned.  Observed NOx EIs were ~20% lower than those 

in an international databank.  NOx EIs from takeoffs were significantly higher than those from
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taxiing, but relative differences for particle EIs were mixed.  Observed NOx fluxes at the airport 

agreed to within 25% of estimates derived from the NEI.   

The results of this research will provide greater knowledge of urban impacts to air quality 

and will improve associated management strategies through increased accuracy of official 

emissions estimates.   
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Chapter 1: Characterization of Urban Air Pollutant Emissions by Eddy 

Covariance using a Mobile Flux Laboratory 

1. Introduction 

According to the World Health Organization, air pollution is estimated to cause 

approximately two million premature deaths per year worldwide, accounting for nearly 4% of all 

deaths annually [1-2].  In fact, more people are killed by traffic-related air pollution than by 

traffic accidents [3].  Given these startling facts, it is not surprising that studies analyzing urban 

areas within the US have demonstrated an inextricable link between increases in ambient 

particulate matter (PM) and the subsequent increase in morbidity and mortality [4-5].  And, 

impacts from air pollution are not confined to health; fiscal and environmental damages are also 

evident.  One study, based on 2002 emissions and economic figures, estimates the gross annual 

damages of air pollution in the US to be a minimum of $74.3 billion or 0.7% of the gross 

domestic product (with damages from urban air pollution representing 73% of the total).  The 

vast majority of these damages are attributed to adverse human health effects; however, ancillary 

losses are also significant.  These losses include damages due to reduced visibility ($2.7 billion), 

reduced agricultural and timber yields ($2 billion), and premature depreciation of man-made 

materials ($100 million) [6].  Furthermore, as a result of elevated levels of greenhouse gases 

such as carbon dioxide, global temperatures are expected to rise over the next century by 1-6 °C 

(~2-11 °F) [7].  These warming trends may have dramatic effects on our planet, causing sea 

levels to rise, altering animal habitats due to a redistribution of trees and plants, and creating 

climate variability leading to abnormal rainfall patterns.  More arid conditions may lead to 

increased wildfires, while more humid conditions intensify warming effects and may result in 

higher concentrations of pests like mosquitoes and pine beetles [8]. 

In an effort to curb the damaging impacts from air pollution, the US employs stringent air 

quality management strategies.  For example, as a result of the 1990 Clean Air Act (CAA) 

amendments, the US Environmental Protection Agency (EPA) estimates that in 2010 alone, the 

reductions in fine particle and ozone pollution prevented more than 160,000 premature deaths as 

well as 13 million lost work days [9].  Yet, these strategies are developed largely from emissions 

estimates with low confidence associated with some categories of air pollutants (e.g., area, or 

non-point, source emissions). Area sources include many varied, individual activities such as 

automobile paint shops, dry cleaning facilities, gas stations, residential solvent use, landfills, and 
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water and wastewater treatment facilities [10].  Ultimately, the uncertainties associated with 

these emissions estimates inadvertently diminish the usefulness and cost-effectiveness of the 

very management strategies they help to produce.  Improving the accuracy of these estimates 

may lead to improved economic welfare, as one EPA report suggests [9], because better 

emissions estimates will lead to more effective strategies and cleaner air, which promotes better 

health and productivity as well as savings on air pollution-related medical expenses.    

2. Research Objectives 

Through the use of a unique mobile laboratory coupled with a technique known as eddy 

covariance, this research offers a novel approach to target and measure emissions in specific 

urban environments and improve the awareness of anthropogenic contributions to air pollutant 

emissions with respect to space and time.  Specific research objectives are to:  

1. Quantify relationships among urban air pollutant emissions, land use, and demographics 

2. Determine the spatial and temporal variability of emissions at a finer scale than has been 
achieved previously 

3. Compare measured emissions to official estimates to evaluate their accuracy 

These objectives motivated the design of three field campaigns in which the mobile eddy 

covariance laboratory was used to make the first-ever measurements of certain pollutants in 

urban areas.  The first field campaign was conducted in Norfolk, Virginia, whose air quality 

occasionally violates the national standards for ozone and particulate matter.  The second took 

place at the US-Mexico border, a highly polluted region where improved understanding of 

emissions will contribute to binational efforts to improve air quality.  The third study focused on 

emissions from regional airport operations and their subsequent impact to air quality in the 

surrounding neighborhoods of Roanoke, Virginia.  The results from these three field campaigns 

are presented in Chapters 2-4, respectively.  

3. Literature Review 

3.1. General Health and Environmental Effects of Air Pollution 

Table 1-1 summarizes the sources and effects of several common air pollutants targeted 

in this research.  Since certain concentrations of these pollutants are known to be harmful and 

costly, the EPA is obligated under the CAA to establish and enforce National Ambient Air 

Quality Standards (40 CFR Part 50).  These standards are subdivided into primary and secondary 
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standards.  Primary standards establish restrictions on air pollutant concentrations to protect 

human health, paying special attention to sensitive populations.  Secondary standards restrict air 

pollutant concentrations to protect public welfare, including safeguarding against decreased 

visibility and damage to our nation’s flora, fauna, and infrastructure [11-12].  Although the 

negative impacts of air pollution are well understood and mitigation efforts are in place, 

limitations in the ability to accurately estimate air pollutant emissions in the US can compromise 

effective air quality management strategies and inadvertently jeopardize human health and the 

environment. 

Table 1-1. Common air pollutants and their associated health and environmental effects.   

Pollutant Primary emissions sources Health effects Environmental effects 

Carbon 
monoxide 

(CO) 

On-road vehicles and non-road 
equipment. 

Reduces oxygen delivery to the body.  
High levels can impair vision, reduce 
dexterity, or cause death. 

Similar effects on animals. 

Nitrogen 
oxides 
(NOx) 

On-road vehicles, non-road 
equipment, electricity 
generation, and fossil fuel 
combustion.   

Short-term NO2 exposures can cause 
adverse respiratory effects including 
airway inflammation in healthy 
people and increased respiratory 
symptoms in people with asthma. 

NO2 absorbs visible light reducing 
visibility.  Reacts in the presence 
of sunlight to form ozone.  Curbs 
growth in plants and reacts to form 
nitric acid, which contributes to 
acid deposition and corrodes metal 
surfaces. 

Particulate 
matter 
(PM) 

Primary PM is emitted directly 
from a source, such as unpaved 
roads.  Secondary PM forms in 
atmospheric reactions with SO2, 
NOx, and organic compounds.   

Particle sizes are directly linked to 
their potential for causing health 
problems.  PM2.5 (<2.5 µm in 
diameter) poses the greatest problem, 
as it can infiltrate deep into lungs. 

Fine particles are the major cause 
of haze and reduced visibility in 
many parts of the U.S. 

3.2. Air Quality Management and Emissions Inventories 

A fundamental activity within EPA’s approach to air quality management is the 

inventorying of emissions.  An emissions inventory is a compilation of the amount of pollutants 

discharged into the atmosphere by various sources.  Accurate inventories are fundamental to 

developing strategies aimed at controlling emissions from these sources in order to protect 

human health and the environment.  And, while the National Emissions Inventory (NEI) – which 

is generally based on annual averages – is capable of conveying broad understandings by 

comparing the relative contributions from different pollutant source categories, certain 

shortcomings exist when attempting to estimate emissions on finer temporal and spatial scales 

(e.g., hourly emissions in a neighborhood) [13].  In fact, independent estimates suggest the 

official emissions inventory may under or overestimate emissions by a factor of three or more 
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[14-18], thereby potentially endangering human health or appropriating scarce taxpayer dollars 

on unnecessary management practices.   

In their comprehensive and critical review of air emissions inventories in North America, 

Miller et al. describe numerous limitations to the methods used to arrive at current national 

inventories.  The main limitation of most source emission estimates is that they are based on a 

small number of measurements that do not adequately represent the full range of realistic 

processes and practices [13].  In fact, a 2001 report from the U.S. General Accounting Office 

(GAO) recommended improvements to the EPA’s oversight of emissions reporting from area 

sources.  According to the EPA, area sources are defined as sources that emit less than 10 tons of 

a single air pollutant per year, or less than 25 tons annually of a combination of pollutants.  The 

GAO report documented that only 4% of emissions determinations were derived from direct 

measurements, while the remaining 96% were founded on estimates [19].  Additionally, the 

National Research Council has recommended the need for continued independent verification of 

emissions inventories through direct measurement to verify official estimates and diminish 

uncertainties [20]. 

Although uncertainties exist in the NEI, some air pollutants present more uncertainty than 

others.  For example, SO2 emissions from coal-fired power plants are monitored continuously, 

providing accurate spatial and temporal data.  Other pollutants and emissions sources are not as 

easily obtained, thereby reducing the confidence in these estimates [13].  Not surprisingly, air 

quality management goals focus on the major sources of air pollution with their well-

characterized emissions (e.g., electrical utilities and automobiles).  Regulatory efforts achieve 

reductions of well-characterized emissions that, in turn, diminish the influence of these major 

emissions sources and cause other less-precise source categories to achieve a greater relative 

contribution to the NEI [13].  One such category expected to increase in prominence is area 

source emissions.  In total, there are 70 subcategories of area sources, including auto body paint 

shops, dry cleaning facilities, automobile filling stations, landfills, residential fuel combustion, 

residential solvent use, and public works facilities [10]. Though emissions from individual area 

sources are often negligible, their collective emissions can be significant, especially when a large 

number of individual area sources are condensed in urban areas [21].  
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3.3. Air Quality Differences across the US-Mexico Border 

A primary goal of this research is to characterize the spatial and temporal variability of 

emissions at the US-Mexico border.  Over the last three decades, the population in this region 

has grown by 80%, outpacing the growth rate observed for either country nationwide.  

Approximately 13 million people currently inhabit this region, with roughly 90% residing within 

15 pairs of “sister cities” on opposite sides of the international border.  Furthermore, projections 

suggest that the border population will likely double by 2020 [22-23].   

Growth, combined with stark gradients in development and economic conditions, 

contributes to evidence that emissions and air quality differ in sister cities directly across the 

border from one another.  Chow et al. [24] discovered that average cross-border transport of 

PM10 was three times higher for southerly advection from Mexicali (a border city in the Mexican 

state of Baja California) into the US than for northerly flow from Calexico (in California) into 

Mexico.  PM10 mass concentrations in Mexicali were also found to be nearly double those 

measured in Calexico.  Mendoza et al. [25] found that PM2.5 levels in Mexicali were influenced 

principally by local anthropogenic sources during the fall and by regional sources of aged 

polluted air from Southern California during the spring.  Kelly et al. [26] investigated black 

carbon (BC), the sooty component of particles, and particle-bound polycyclic aromatic 

hydrocarbons (PAH) emission factors during roadside sampling in the sister cities of 

Mexicali/Calexico and Juarez/El Paso and found that average BC concentrations were highest at 

Mexican locations and that emission factors for buses were higher in the Mexican cities 

compared with those from El Paso.     

These previous studies have steadily advanced the collective understanding of air quality 

in the border region; yet, relatively less is known about cross-border emissions and air quality in 

the westernmost sister cities of Tijuana in Mexico and San Diego in the US.  Targeting this 

specific area and subsequently characterizing the variability of its emissions will improve the 

overall state of knowledge and enable more effective air quality management in the region. 

3.4. Impact to Air Quality from Aircraft Emissions and Airport Operations 

In addition to characterizing emissions at the US-Mexico border, this research endeavors 

to understand the impacts to air quality as a result of emissions from commercial aircraft and 

related ground support equipment.  Recent studies indicate aircraft activities can impair air 

quality near major airports, contributing to elevated concentrations of pollutants such as NOx, 
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fine PM, and BC [27-31].  For example, during an observed takeoff event at Los Angeles 

International Airport, downwind particle count and NOx concentrations rose to 4.8 × 106 cm-3 

and 1045 ppb, respectively, two orders of magnitude higher than background levels [32].  These 

adverse conditions are not simply the result of operations at larger airports.  In fact, similar 

results were identified at a small, general aviation airport in Southern California [33].  While 

these studies have increased the awareness of aircraft operations and their effect on air quality, 

room exists to explore the influences of mid-sized regional airports, which are more likely to 

have residential development – and thus people exposed – nearby. 

3.5. Measuring Air Pollution: Flux and the Eddy Covariance Technique 

Emissions of air pollutants are transported upwards from the surface by turbulent 

dispersion.  Jacob [34] effectively describes this vertical pollutant flux as analogous to the 

transport of passengers on a train during rush hour.  The train is full in the direction of the city, 

but empty when returning to the suburbs.  Although the train experiences no net motion for a 

complete round trip, there is a net flow of passengers.  Similarly, air undergoes no net motion in 

the vertical direction, but turbulent eddies constantly move air parcels, including the pollutants 

they contain, up and down.  Rapid changes in vertical wind speed and pollutant concentrations 

can be measured and recorded using advanced instrumentation.  When these changes are coupled 

and averaged, pollutant flux is calculated in a technique known as eddy covariance.  A positive 

flux represents a net transfer of contaminants upward into the atmosphere (i.e., a source of 

pollutant emissions), whereas a negative flux represents a downward transfer or “sink” of 

pollutant emissions [35]. 

The flux (F) is calculated as the covariance between the vertical wind velocity (w) and 

gas or particle concentration (c), as shown in Eq. 1-1.  The primes denote the fluctuating 

component of each scalar, calculated as the instantaneous departure from the respective least-

squares regression lines for vertical wind velocity and concentration (represented by the angle 

brackets) over a 30-min time period.  The overbars indicate the mean over the same 30 minutes. 

 ])(][)([ 〉〈−〉〈−=′′= ctcwtwcwF  (Eq. 1-1) 

The use of eddy covariance has accelerated in recent years due to advances in the speed 

and accuracy of devices needed to successfully measure the rapidly changing conditions.  While 
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this technique has been extensively employed in the biogeosciences to measure fluxes, namely 

CO2, above forests, grasslands, crops, and other vegetative cover [35], it has not been applied to 

urban environments until more recently [36-41].  Unlike in vegetative areas where CO2 fluxes 

are normally negative during the day due to photosynthetic activity, the results from these urban 

studies demonstrate fluxes to be generally upward, meaning that these areas serve as net sources 

of pollutants rather than net sinks. 

4. Methods 

4.1. Instrumentation 

While previous studies demonstrate eddy covariance measurements can be successfully 

executed in urban areas, they – akin to the numerous biogeosciences studies – utilize stationary 

towers to measure flux.  Their contributions are invaluable to furthering air quality science and 

engineering; yet, while this setup enables tall measurement heights, it is constrained to a single 

location and requires infrastructure and consent that are often difficult to obtain.  This research 

overcomes these challenges by employing a mobile eddy covariance laboratory, thereby gaining 

the advantage of conducting measurements at numerous locations selected to emphasize certain 

types of land use and surface features favorable to the method.  Additionally, the mobile 

laboratory has the ability to measure a host of gaseous species and particulate properties. 

The mobile laboratory (Figure 1-1) is a modified news van, dubbed the Flux Laboratory 

for the Atmospheric Measurement of Emissions (FLAME).  Table 1-2 summarizes the air quality 

and meteorological parameters measured as well as the corresponding analyzers employed.  To 

aid in data collection, the FLAME is outfitted with a telescoping mast that extends 15 m above 

ground.  A sonic anemometer is mounted on a rotating boom at the top of the mast to measure 

wind velocity and temperature.  Conductive, Teflon tubing (TELEFLEX T1618-08) is also 

mounted on the boom to convey air to the instruments inside the FLAME1 at a flow rate of 

20 L min-1.  Because the sonic anemometer is positioned on top of the mast and rotated into the 

direction of the prevailing wind, errors in measured wind velocities caused by aerodynamic 

shadowing of components are minimized.  Additionally, a data logger (National Instruments 

Compact FieldPoint 2110) and computers within the command center of the FLAME are used to 

                                                 
1  In prior testing, sampling line losses with the 14-m long tubing used by the FLAME have been negligible. 
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continuously log and process data over the specified 30-minute intervals.  All instruments are 

secured in the vehicle’s rear compartment and powered using a 4.5-kW gasoline generator whose 

emissions originate at ground level, are blown downwind, and thus do not influence the 

measurements under typical sampling conditions. 

 
Figure 1-1.  (a) Mobile flux laboratory with anemometer and sample tubing deployed on fully 
extended mast.  (b) Instruments in the vehicle’s rear compartment.  (c) Command center. 

Table 1-2. Summary of measured air quality and meteorological parameters 

Property Method Instrument 

Wind velocity and 
temperature sonic anemometer Applied Technologies, Inc. K-Probe 

Carbon dioxide (CO2) infrared absorption Li-Cor 7000 

Nitrogen oxides (NOx) chemiluminescence Eco Physics CLD 88 Y 

Carbon monoxide (CO) infrared absorption Teledyne 300E 

Fine particulate matter light scattering TSI Dust Trak 8520 

Particle number condensation/optical 
detection 

TSI Ultrafine Condensation Particle 
Counter 3025A 

Particle surface area diffusion charging EcoChem DC 2000CE 

Polycyclic aromatic 
hydrocarbons (PAHs) photoionization EcoChem PAS 2000 

Black carbon (BC) optical absorption Magee Scientific microAeth AE51 

(a)

(b)

(c)
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4.2. Measurement Sites and Study Periods  

To support the previously stated research objectives, three major air sampling campaigns 

were conducted:  (1) Norfolk, Virginia metropolitan area in June 2008; (2) the border region 

between Tijuana, Mexico and San Diego, California in May/June 2010; and (3) the regional 

airport in Roanoke, Virginia, which included three separate sampling periods (July/August 2011, 

October/November 2011, and January/February 2012) in order to examine seasonal variations in 

air pollution.   

In general, site selection was based on many factors in order to capture a wide range of 

anthropogenic emissions.  These factors included land characteristics and uses, demographics, 

and traffic density and patterns.  To achieve accurate results, locations were chosen that enabled 

the FLAME’s tower to be at least twice the height of surrounding buildings and trees [42].   

4.3. Sampling Methodology 

As introduced in Section 3.5, pollutant flux measurements were carried out using the 

eddy covariance technique.  Covariance describes how two variables change together.  In the 

case of eddy covariance, the two variables of interest are vertical wind velocity (in the form of 

turbulent eddies) and pollutant concentrations.  These variables are sampled as rapidly as 10 Hz, 

and covariances are then calculated over 30-min intervals to determine the mean vertical flux of 

contaminants in the atmosphere. 

Sampling intervals of 30 min are customary when employing the eddy covariance 

technique [14, 40, 43-44].  This interval is typically chosen to balance between timeframes that 

are deemed too short or too long.  If the averaging interval is too short, contributions from 

certain pollutant sources can be missed by measuring devices, resulting in an underestimation of 

the measured flux.  Conversely, if the averaging interval is too long, unwanted contributions 

from slow winds with negligible turbulent exchange could be included, and flux variations over 

the course of a day may be masked [45-46].  

In order to accomplish the research objective aimed at understanding temporal variability 

of contaminant fluxes (Research Objective 2), sampling occurred each day for approximately 

10 h.  Accordingly, a typical day of measurements provided 20 separate, 30-min sampling 

intervals.  Sampling normally commenced at 8:00 a.m. and concluded by 6:00 p.m. (although a 

7:00 a.m. start was preferred during months when daylight savings time was not observed).  The 
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hours outside of this timeframe are characterized by very stable atmospheric conditions with 

little turbulent mixing, thus limiting the capacity of eddy covariance measurements.  

4.4. Data Quality Assurance and Control 

Measurements were subjected to standard post-processing and quality assurance 

procedures.  Instruments were calibrated in accordance with manufacturers’ recommendations 

prior to initiating measurements at each sampling location.   

Spikes in raw data were identified through both visual inspection as well as established 

statistical criteria [47-49] and replaced by linear interpolation of good data.  Additionally, in 

order to align the sonic anemometer's coordinate system with the local mean streamline winds, a 

planar-fit, three-dimensional coordinate rotation was applied [50].  A lag correction was also 

applied, with the lag established by maximizing the cross-correlation between vertical wind 

velocity and each pollutant’s concentration [51-52].    

A standard method of evaluating the quality of eddy covariance measurements is spectral 

analysis.  Ideally, eddy covariance would sample at sufficiently high frequencies to capture all 

fine-scale eddies and extend long enough to measure turbulent eddies out to lower frequencies 

where turbulent exchange is negligible [46].  Realistically, turbulent eddy signals can attenuate at 

high and low frequencies due to limitations imposed by instrumentation such as separation 

between inlet and analyzer and inherent response times [53-54].  Examination of the spectra and 

co-spectra aid in identifying weakened raw data samples caused by these instrument limitations.  

Consequently, spectra and co-spectra for temperature, vertical wind velocity, and concentrations 

of CO2, NOx, and particulate count were computed via the fast Fourier method and plotted 

against the normalized frequency as described in previous eddy covariance work [14, 40].  

Slopes in spectra and co-spectra that obey their respective power decay laws are indicators that 

the FLAME’s eddy covariance measurements are accurate.  In the event an analyzer’s response 

time was deemed insufficient, a correction factor was applied to account for the flux not detected 

at higher frequencies.  This factor was determined through spectral analysis of the heat flux, 

assuming spectral similarity between the pollutant and temperature fluctuations [55]. 

Stationarity of key atmospheric variables is also required to ensure the validity of 

calculated fluxes.  Conditions of stationarity imply the measurement height exceeds the blending 

height, meaning that the point of measurement is sufficiently high enough above ground for the 

surface characteristics to be considered homogeneous [40, 56-57].  Stationarity was determined 
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by calculating the difference between the average flux from a 30-min data set and the average of 

six consecutive 5-min sub-periods of the same 30-min period.  If the difference between the two 

averages was greater than 60%, stationarity criteria were not satisfied and the flux from that time 

period was excluded from further analysis [43].   

Although it is not feasible to accurately isolate and quantify uncertainties from eddy 

covariance data, on the basis of previous work dedicated to the estimation of such uncertainties 

[49, 54, 58-62], the systematic error in fluxes was likely ≤25%, with random error ≤20%.  

Although not ideal, this uncertainty is a vast improvement over the inaccuracies, discussed 

previously, inherent in current emissions estimates.  

4.5. Source-Receptor Relationship 

The connection between sources of emissions and what is measured at a particular 

sampling location is referred to as the source-receptor relationship.  A widely used model, known 

as the Flux-Source Area Model (FSAM), was used to visualize this relationship [63].  FSAM, 

which is an analytical solution of the advection-diffusion equation, creates “footprints” 

indicating the spatial area upwind of the FLAME responsible for influencing observations.  By 

incorporating key variables such as tower height and surface roughness height, FSAM estimates 

the probability that emissions from a specific area on the ground will contribute to the flux 

measured at a given sampling location.  Using geographic information system software, 

footprints were compared with upwind surface characteristics in order to quantify relationships 

between the two. 

5. Intellectual Merits and Broader Impacts 

The results of this research enhance the understanding of anthropogenic emissions by 

providing direct measurements of their vertical fluxes, including NOx, which has never been 

measured in an urban setting.  Additionally, this research characterizes emissions at the scale of 

hundreds of meters; a spatial scale never before attained and one that is important for 

comprehending personal exposure to air pollutants and nonlinearities in secondary pollutant 

formation (e.g., ozone and some particulate matter).  Results of this work also provide an 

independent, measurement-based verification of current emissions estimates where none has 

been available previously.    
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The broader impacts of this research include increasing the accuracy of emissions 

inventories used in air quality models, thus promoting more sensible, cost-effective air quality 

management strategies and associated health and economic welfare benefits.  Additionally, 

through the periodic use of schools and universities as field sites, this research increased 

students’ exposure to science and engineering and encouraged them to pursue these fields of 

study.  Furthermore, results were shared with members of the engineering community through 

collaborative meetings, conferences, and peer-reviewed journals.  Information was also 

transferred to local government officials who can subsequently utilize the direct measurements as 

a baseline for air pollution concentrations within their communities.  

  



13 
 

References 

1.  World Health Organization. Air Quality and Health (Fact Sheet �o. 313).  August 2008 [cited 
2010 February 23]; Available from: http://www.who.int/mediacentre/factsheets/fs313/en/print. 
html. 

2.  U.S. Central Intelligence Agency. World Fact Book.  February 2010 [cited 2010 February 
23]; Available from: https://www.cia.gov/library/publications/the-world-factbook/geos/xx.html. 

3.  Künzli, N., et al., Public-Health Impact of Outdoor and Traffic-Related Air Pollution: A 

European Assessment. The Lancet, 2000. 356(9232): p. 795-801. 

4.  Dominici, F., et al., Revised Analyses of the �ational Morbidity, Mortality, and Air Pollution 

Study: Mortality among Residents of 90 Cities. Journal of Toxicology and Environmental Health, 
Part A: Current Issues, 2005. 68(13): p. 1071-1092. 

5.  Samet, J. and D. Krewski, Health Effects Associated with Exposure to Ambient Air Pollution. 
Journal of Toxicology & Environmental Health: Part A, 2007. 70(3/4): p. 227-242. 

6.  Muller, N.Z. and R. Mendelsohn, Measuring the Damages of Air Pollution in the United 

States. Journal of Environmental Economics and Management, 2007. 54(1): p. 1-14. 

7.  Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis, ed. 
J.T. Houghton. 2001, Cambridge; UK: Cambridge University Press. 

8.  Chanton, J. Global Warming & Rising Oceans.  2002  [cited 2010 March 18]; Available from: 
http://www.actionbioscience.org/environment/chanton.html. 

9.  US Environmental Protection Agency, The Benefits and Costs of the Clean Air Act from 1990 

to 2020 (Retrieved from http://www.epa.gov/air/sect812/prospective2.html on 4 March 2011). 
2011. 

10.  U.S. Environmental Protection Agency. Area Source Standards February 2010 [cited 2010 
March 1]; Available from: http://www.epa.gov/airtoxics/area/arearules.html. 

11.  Wark, K., Air Pollution: Its Origin and Control. 3rd ed. 1998, Menlo Park, CA: Addison-
Wesley. 

12.  U.S. Environmental Protection Agency. �ational Ambient Air Quality Standards (�aaqs).  
February 2010 [cited 2010 February 26]; Available from: http://www.epa.gov/air/criteria.html. 

13.  Miller, C.A., et al., Air Emission Inventories in �orth America: A Critical Assessment. 
Journal of the Air and Waste Management Association, 2006. 56(8): p. 1115-1129. 

14.  Moore, T.O., D.C. Doughty, and L.C. Marr, Demonstration of a Mobile Flux Laboratory for 

the Atmospheric Measurement of Emissions (FLAME) to Assess Emissions Inventories. Journal 
of Environmental Monitoring, 2009. 11(2): p. 259. 



14 
 

15.  Singer, B.C. and R.A. Harley, A Fuel-Based Inventory of Motor Vehicle Exhaust Emissions 

in the Los Angeles Area During Summer 1997. Atmospheric Environment, 2000. 34(11): p. 
1783-1795. 

16.  Fujita, E.M., et al., Comparison of Emission Inventory and Ambient Concentration Ratios of 

CO, �MOG, and �Ox in California's South Coast Air Basin. Journal of the Air & Waste 
Management Association, 1992. 42: p. 264-276. 

17.  Mobley, J.D. and S.H. Cadle, Innovative Methods for Emission Inventory Development and 

Evaluation: Workshop Summary. Journal of the Air & Waste Management Association, 2004. 
54(11): p. 1422–1439. 

18.  Marr, L.C., D.R. Black, and R.A. Harley, Formation of Photochemical Air Pollution in 

Central California: Development of a Revised Motor Vehicle Emission Inventory. J. Geophys. 
Res., 2002. 107(D6): p. 4047-4055. 

19.  U.S. General Accounting Office, Air Pollution:  EPA Should Improve Oversight of 

Emissions Reporting by Large Facilities 2001. p. 35. 

20.  National Research Council, Rethinking the Ozone Problem in Urban and Regional Air 

Pollution, ed. J.H. Seinfeld. 1991, Washington, D.C.: National Academy Press. 

21.  U.S. Environmental Protection Agency. Air Toxics Web Site: Pollutants and Sources.  
March 2009 [cited 2010 March 1]; Available from: http://www.epa.gov/ttn/atw/pollsour.html. 

22.  Border 2012: US-Mexico Environmental Program, State of the Border Region Indicators 

Report, EPA-160-R-06-001.  2006. 

23.  Border 2012: US-Mexico Environmental Program, A Mid-Course Refinement (2008-2012), 

EPA-909-R-08-003. 2008. 

24.  Chow, J.C., et al., Cross-Border Transport and Spatial Variability of Suspended Particles in 

Mexicali and California's Imperial Valley. Atmospheric Environment, 2000. 34(11): p. 1833-
1843. 

25.  Mendoza, A., E.I. Pardo, and A.A. Gutierrez, Chemical Characterization and Preliminary 

Source Contribution of Fine Particulate Matter in the Mexicali/Imperial Valley Border Area. 
Journal of the Air & Waste Management Association, 2010. 60(3): p. 258-270. 

26.  Kelly, K., et al., Black Carbon and Polycyclic Aromatic Hydrocarbon Emissions from 

Vehicles in the United States-Mexico Border Region: Pilot Study. Journal of the Air & Waste 
Management Association, 2006. 56(3): p. 285-293. 

27.  Carslaw, D.C., et al., Detecting and Quantifying Aircraft and Other on-Airport 

Contributions to Ambient �itrogen Oxides in the Vicinity of a Large International Airport. 
Atmospheric Environment, 2006. 40(28): p. 5424-5434. 



15 
 

28.  Farias, F. and H. ApSimon, Relative Contributions from Traffic and Aircraft �Ox Emissions 

to Exposure in West London. Environmental Modelling & Software, 2006. 21(4): p. 477-485. 

29.  Herndon, S.C., et al., Commercial Aircraft Engine Emissions Characterization of in-Use 

Aircraft at Hartsfield-Jackson Atlanta International Airport. Environmental Science & 
Technology, 2008. 42(6): p. 1877-1883. 

30.  Schürmann, G., et al., The Impact of �Ox, CO and VOC Emissions on the Air Quality of 

Zurich Airport. Atmospheric Environment, 2007. 41(1): p. 103-118. 

31.  Unal, A., et al., Airport Related Emissions and Impacts on Air Quality: Application to the 

Atlanta International Airport. Atmospheric Environment, 2005. 39(32): p. 5787-5798. 

32.  Westerdahl, D., et al., The Los Angeles International Airport as a Source of Ultrafine 

Particles and Other Pollutants to �earby Communities. Atmospheric Environment, 2008. 
42(13): p. 3143-3155. 

33.  Hu, S., et al., Aircraft Emission Impacts in a �eighborhood Adjacent to a General Aviation 

Airport in Southern California. Environmental Science & Technology, 2009. 43(21): p. 8039-
8045. 

34.  Jacob, D.J., Introduction to Atmospheric Chemistry. 1999, Princenton, NJ: Princeton 
University Press. 

35.  Baldocchi, D.D., Assessing the Eddy Covariance Technique for Evaluating Carbon Dioxide 

Exchange Rates of Ecosystems: Past, Present and Future. Global Change Biology, 2003. 9(4): p. 
479-492. 

36.  Nemitz, E., et al., Micrometeorological Measurements of the Urban Heat Budget and CO2 

Emissions on a City Scale. Environmental Science and Technology, 2002. 36(14): p. 3139-3146. 

37.  Soegaard, H. and L. Mller-Jensen, Towards a Spatial CO2 Budget of a Metropolitan Region 

Based on Textural Image Classification and Flux Measurements. Remote Sensing of 
Environment, 2003. 87(2-3): p. 283-294. 

38.  Walsh, C.J., et al., Fluxes of Atmospheric  Carbon Dioxide over a Suburban Area of 

Vancouver, in Fifth Symposium on the Urban Environment, 23-27 August 2004. 2004: 
Vancouver, Canada. 

39.  Moriwaki, R. and M. Kanda, Seasonal and Diurnal Fluxes of Radiation, Heat, Water Vapor, 

and Carbon Dioxide over a Suburban Area. Journal of Applied Meteorology, 2004. 43(11): p. 
1700-1710. 

40.  Velasco, E., et al., Measurements of CO2 Fluxes from the Mexico City Urban Landscape. 
Atmospheric Environment, 2005. 39(38): p. 7433-7446. 

41.  Grimmond, C.S.B., Progress in Measuring and Observing the Urban Atmosphere. 
Theoretical and Applied Climatology, 2006. 84(1): p. 3-22. 



16 
 

42.  Grimmond, C.S.B., et al., Local-Scale Fluxes of Carbon Dioxide in Urban Environments: 

Methodological Challenges and Results from Chicago. Environmental Pollution, 2002. 
116(Supplement 1): p. S243-S254. 

43.  Aubinet, M., et al., Estimates of the Annual �et Carbon and Water Exchange of Forests: 

The Euroflux Methodology. Advances in Ecological Research, 2000. 30: p. 113-175. 

44.  Baldocchi, D., et al., On Measuring �et Ecosystem Carbon Exchange over Tall Vegetation 

on Complex Terrain. Boundary-Layer Meteorology, 2000. 96(1/2): p. 257-291. 

45.  Burba, G. and D. Anderson, Introduction to the Eddy Covariance Method. 2008. 

46.  Wolf, A. and E.A. Laca, Cospectral Analysis of High Frequency Signal Loss in Eddy 

Covariance Measurements. Atmospheric Chemistry & Physics Discussions, 2007. 7(5): p. 
13151-13173. 

47.  Hojstrup, J., A Statistical Data Screening Procedure. Measurement Science and Technology, 
1993. 4(2): p. 153. 

48.  Schmid, H.P., et al., Measurements of CO2 and Energy Fluxes over a Mixed Hardwood 

Forest in the Mid-Western United States. Agricultural and Forest Meteorology, 2000. 103(4): p. 
357-374. 

49.  Vickers, D. and L. Mahrt, Quality Control and Flux Sampling Problems for Tower and 

Aircraft Data. Journal of Atmospheric & Oceanic Technology, 1997. 14(3): p. 512-526. 

50.  Wilczak, J.M., S.P. Oncley, and S.A. Stage, Sonic Anemometer Tilt Correction Algorithms. 
Boundary-Layer Meteorology, 2001. 99(1): p. 127-150. 

51.  Leuning, R.A.Y. and M.J. Judd, The Relative Merits of Open- and Closed-Path Analysers 

for Measurement of Eddy Fluxes. Global Change Biology, 1996. 2(3): p. 241-253. 

52.  Nemitz, E., et al., An Eddy-Covariance System for the Measurement of Surface/Atmosphere 

Exchange Fluxes of Submicron Aerosol Chemical Species - First Application above an Urban 

Area. Aerosol Science and Technology, 2008. 42(8): p. 636-657. 

53.  Moore, C.J., Frequency-Response Corrections for Eddy-Correlation Systems. Boundary-
Layer Meteorology, 1986. 37(1-2): p. 17-35. 

54.  Massman, W.J. and X. Lee, Eddy Covariance Flux Corrections and Uncertainties in Long-

Term Studies of Carbon and Energy Exchanges. Agricultural and Forest Meteorology, 2002. 
113(1-4): p. 121-144. 

55.  Damay, P.E., et al., Size-Resolved Eddy Covariance Measurements of Fine Particle Vertical 

Fluxes. Journal of Aerosol Science, 2009. 40(12): p. 1050-1058. 

56.  Lyons, T.J. and S. Halldin, Surface Heterogeneity and the Spatial Variation of Fluxes. 
Agricultural and Forest Meteorology, 2004. 121(3-4): p. 153-165. 



17 
 

57.  Cullen, N.J., K. Steffen, and P.D. Blanken, �onstationarity of Turbulent Heat Fluxes at 

Summit, Greenland. Boundary-Layer Meteorology, 2007. 122(2): p. 439-455. 

58.  Loescher, H.W., et al., Uncertainties in, and Interpretation of, Carbon Flux Estimates Using 

the Eddy Covariance Technique. Journal of Geophysical Research-Atmospheres, 2006. 
111(D21): p. D21S90. 

59.  Hollinger, D.Y. and A.D. Richardson, Uncertainty in Eddy Covariance Measurements and 

Its Application to Physiological Models. Tree Physiology, 2005. 25(7): p. 873-885. 

60.  Kruijt, B., et al., The Robustness of Eddy Correlation Fluxes for Amazon Rain Forest 

Conditions. Ecological Applications, 2004. 14(4): p. S101-S113. 

61.  Foken, T. and B. Wichura, Tools for Quality Assessment of Surface-Based Flux 

Measurements. Agricultural and Forest Meteorology, 1996. 78(1-2): p. 83-105. 

62.  Lenschow, D.H., J. Mann, and L. Kristensen, How Long Is Long Enough When Measuring 

Fluxes and Other Turbulence Statistics. Journal of Atmospheric and Oceanic Technology, 1994. 
11(3): p. 661-673. 

63.  Schmid, H.P., Source Areas for Scalars and Scalar Fluxes. Boundary-Layer Meteorology, 
1994. 67(3): p. 293-318. 
 
 



 

18 
 

Chapter 2: Comparing 1Ox Fluxes Measured by Eddy Covariance to Land 

Use and Demographics Data using Source Area Footprints 

1. Introduction 

A fundamental activity within the Environmental Protection Agency’s approach to air 

quality management is the inventorying of emissions to determine the amount of pollutants 

discharged into the atmosphere by various sources.  Accurate inventories are fundamental to 

developing sound management strategies aimed at controlling emissions from these sources in 

order to protect human health and the environment.  The National Emissions Inventory (NEI), 

derived principally from estimates, conveys broad understanding by comparing relative 

contributions from different pollutant source categories.  However, most of the data contained in 

the NEI has not been empirically validated, and the inventory’s temporal and spatial resolutions 

are limited [1].  In fact, independent studies suggest the official emissions inventory may under 

or overestimate emissions by a factor of three or more [2-6], thereby potentially leading to 

policies that endanger human health or spend scarce taxpayer dollars on unnecessary 

management practices.  Consequently, the objective of this research is to measure urban 

emissions and subsequently quantify relationships among measured surface-atmosphere 

exchange fluxes, land use characteristics, and demographic data (Research Objective 1).  This 

effort will not only improve our collective understanding of urban air quality, but also serve to 

potentially develop a complementary technique for inventorying emissions, thereby 

strengthening US air quality management strategies. 

This chapter provides a thorough discussion of specific methods utilized to meet the 

stated objective, with a focus on developing “footprints” to identify the upwind area responsible 

for the fluxes being measured (i.e., the source-receptor relationship) at a given sampling location.   

A widely used model is employed to produce a source probability distribution that is then 

incorporated with geographic information systems (GIS) software to visualize the footprints 

associated with fluxes measured at certain locations and under certain meteorological conditions.  

The GIS software analyzes the footprints in conjunction with additional layers of pertinent data 

to produce a database of measured fluxes as a function of land use, population density, 

socioeconomic status, and road density.  From this database, correlations are developed that 

provide insight into sources of emissions and that could serve as a basis for estimating urban 

emissions.   
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The methods described in this chapter were employed primarily to analyze surface-

atmosphere exchange fluxes of nitrogen oxides (NOx) measured at 16 sites in the Norfolk, 

Virginia area using the eddy covariance technique.  NOx is of particular concern because of its 

role in ozone and secondary aerosol formation and its impacts on health and visibility.  While a 

specific detailing of the magnitude and variability of NOx fluxes as well as their comparison to 

official emissions inventories is available in Appendix A [7], the results presented in this chapter 

are restricted to the relationship between NOx fluxes and land use/demographic characteristics.  

This chapter presents sufficient methodological detail so that other researchers may replicate 

these procedures. 

2. Methods 

2.1. Instrumentation 

Eddy covariance flux measurements for this study were obtained with a mobile 

laboratory, thereby gaining the advantage of being able to conduct measurements at numerous 

locations, which were selected to emphasize a variety of land uses and socioeconomic 

conditions.  The mobile laboratory was a modified television news van, dubbed the Flux 

Laboratory for the Atmospheric Measurement of Emissions (FLAME), with a mast that extended 

nearly 15 m above ground level.   

A sonic anemometer (Applied Technologies, Inc. K-Probe) was mounted to the top of the 

mast to measure three-dimensional wind velocity and temperature.  Conductive, 1.27-cm Teflon 

tubing (TELEFLEX T1618-08) was mounted on the boom to convey air down to the instruments 

inside the FLAME at a flow rate of 20 L min-1.  In prior testing, sampling line losses with the 

14-m long tubing used by the FLAME were found to be negligible [8].  NOx concentrations were 

measured by chemiluminescence (Eco Physics CLD 88Y), which was calibrated in accordance 

with manufacturers’ recommendations prior to sampling.  A data logger (National Instruments 

Compact FieldPoint 2110) and computers recorded output from the instruments at 10 Hz and 

processed the data over 30-min intervals.  Instruments were secured in the vehicle’s rear 

compartment and powered using a 4.5-kW gasoline generator whose emissions originated at 

ground level, were blown downwind, and thus did not influence the measurements under typical 

sampling conditions.   
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2.2. Field Campaign 

The field campaign took place in the greater Norfolk, Virginia area, which included parts 

of the surrounding cities of Chesapeake, Portsmouth, and Virginia Beach.  As illustrated in 

Figure 2-1, 16 sites were chosen to be approximately evenly spaced across a 12 km × 12 km area 

that coincided with the grid cell of highest emissions for the region in an inventory developed by 

the Visibility Improvement State and Tribal Association of the Southeast (VISTAS) regional 

planning organization for modeling air quality. The 16 sites encompassed various land uses and 

flat terrain with low building and tree heights (<10 m) favorable to the eddy covariance method.  

Sampling took place on Mondays through Thursdays for four weeks in June 2008.  Due 

to practical considerations and the challenge in measuring fluxes under very stable atmospheric 

conditions at nighttime, measurements typically began at 7:30 and ended at 17:30.  Weather 

during the campaign included generally clear skies with hot and humid conditions and daily high 

temperatures between 25 and 40 °C.  

 

Figure 2-1.  Map of the 16 sampling locations in the Norfolk, Virginia Metro Area.  
Locations were chosen to approximate the 12 km × 12 km grid cell of highest emissions 
for the region according to the VISTAS inventory.   
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2.3. Eddy Covariance Calculations 

The FLAME measures the vertical flux of contaminants in the atmosphere through the 

use of the eddy covariance technique.  Flux (F) is calculated as the covariance between the 

vertical wind velocity (w) and NOx concentration (c), as shown in Eq. 2-1.  The primes denote 

the fluctuating component of each scalar, calculated as the instantaneous departure from the 

respective least-squares regression lines for vertical wind velocity and concentration (represented 

by the angle brackets) over a 30-min time period.  The overbars indicate the mean over the same 

30-min period. 

 ])(][)([ 〉〈−〉〈−=′′= ctcwtwcwF  (Eq. 2-1) 

 

Measurements were subjected to standard post-processing and quality assurance and 

control procedures [9-11].  Spikes were identified through both visual inspection of the data as 

well as established statistical criteria and replaced by linear interpolation of good data.  In order 

to align the sonic anemometer's coordinate system with the local mean streamline winds, a 

planar-fit, three-dimensional coordinate rotation method was applied [12].  A lag correction was 

also applied, with the lag established by maximizing the cross-correlation between vertical wind 

velocity and each pollutant’s concentration [13-14].   

 A standard method of evaluating the quality of eddy covariance measurements is spectral 

analysis.  Spectra and co-spectra for temperature, vertical wind velocity, and NOx were 

computed via the fast Fourier method and plotted against the normalized frequency for a subset 

of 30-min periods [15-16].  The spectra and co-spectra for temperature and vertical wind velocity 

generally obeyed their respective power decay laws.  However, the spectra and co-spectra 

indicated that the NOx analyzer’s response time was 2 s; slower than the ideal of 1 s or faster for 

eddy covariance.  Consequently, NOx fluxes were multiplied by a factor of 1.12 to account for 

the flux not detected at higher frequencies.  This factor was determined through spectral analysis 

of the heat flux, assuming spectral similarity between NOx and temperature fluctuations [17]. 

Stationarity of key atmospheric variables is required to ensure the validity of calculated 

fluxes [16, 18].  Stationarity was determined by calculating the difference between the average 

flux from a 30-min data set and the average of six consecutive 5-min sub-periods of the same 30-

min period.  If the difference between the two averages was greater than 60%, stationarity 

criteria were not satisfied and the flux from that given time period was excluded from further 
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analysis [19].  In this campaign, the stationarity condition for NOx was achieved in 82% of the 

224 valid sampling periods. 

Although it is not feasible to accurately isolate and quantify uncertainties from eddy 

covariance data, on the basis of previous work dedicated to the estimation of such uncertainties 

[11, 20-25], the systematic error in fluxes is likely ≤25% and random error is ≤20%. 

2.4. Flux-Source Area Model 

The connection between measured fluxes and their corresponding sources is commonly 

referred to as the source-receptor relationship.  The relationship can be used to define a footprint 

or the area whose emissions have the greatest influence on fluxes measured at a particular 

location.  As fluxes were measured in 30-min periods, and meteorological conditions that 

influence the footprint may change from one period to the next, footprints must be determined 

for each period and each location.   In order to visualize this relationship, this research employed 

the widely used Flux-Source Area Model (FSAM) [26].  FSAM, which is an analytical solution 

of the advection-diffusion equation, offers a very simple, straightforward interface through a 

Microsoft Windows executable program available for download from the Atmospheric Science 

Program, Department of Geography, Indiana University [27].  The model provides two separate 

outputs:  footprint dimensions and a source probability distribution.  These outputs are calculated 

from three inputs:  the quotient of measurement height and surface roughness length (zm/z0), 

atmospheric stability (zm/L), and cross-wind turbulence intensity (σv/u*).  The individual terms 

(and typical units) associated with these inputs as well as the equations used to calculate them are 

described in further detail below. 

Measurement Height.  As the name implies, measurement height, zm (m), is the height 

above ground level at which measurements are taken (i.e., the height of the sampling tube inlet).  

For this research, zm corresponds to the height of the FLAME’s mast (~15 m).   

Friction Velocity.  Friction velocity, u* (m s-1), is a reference wind velocity reflecting the 

effects of surface roughness and wind velocity [28]; it is a measure of shear stress at the surface.  

Using surface kinematic momentum fluxes to represent surface stress [29], the friction velocity 

can be written as:  

 ( ) ( )[ ]4
1

22
* wvwuu ′′+′′=  (Eq. 2-2) 
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Here, u and v are horizontal wind velocities in the mean and crosswind directions, respectively, 

and w is the vertical wind velocity.  The primes denote the fluctuating component of the 

velocities, calculated as the instantaneous departure from their respective mean values over a 

30-min time period.  The overbars indicate the mean covariance over the same timeframe.  A 

planar-fit, three-dimensional coordinate rotation, as specified in Section 2.3., is applied prior to 

calculation of u*.   

Obukhov Length.  Obukhov length, L (m), describes the relationship between dynamic, 

thermal, and buoyant processes.  At heights below this length, shear (i.e., mechanical) forces 

dominate over buoyant forces in the production of turbulence [29].  The Obukhov length tends to 

become smaller during the day as the vertical heat flux increases.  Hence, this parameter is an 

indirect measure of atmospheric stability and is calculated by: 

 

 
wkg

u
L

v

v

′′
−

=
θ
θ3*  (Eq. 2-3) 

    
Here, g is gravitational acceleration (m s-2), u* is the friction velocity (m s-1), k is von Kármán's 

constant with a value of 0.40, w is the vertical wind velocity (m s-1), and θv is the virtual potential 

temperature (K), which is described in further detail below [30].  As with Eq. 2-2, the primes 

denote the fluctuating component of the scalars and the overbars indicate the mean covariance 

over the 30-min sampling period.    

θv is the theoretical potential temperature of dry air that would have the same density as 

moist air; it is the temperature of a parcel of dry air if it were brought adiabatically from its 

initial state to standard pressure [29].  Since the pressure of air at the measurement height used in 

this research is assumed to be equal to standard pressure, θv is equal to the surface temperature 

[31].  Thus, theoretical potential temperature can be defined as:  

 
 )61.01(

Lv
rrT −+=θ  (Eq. 2-4) 

 
where T is the surface temperature (K), r is the mixing ratio of water vapor, and rL is the mixing 

ratio of liquid water in the air, which is zero in this application, since measurements were not 

conducted during inclement weather.   
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 The Obukhov length is often coupled with measurement height to create a quotient 

known as the flux Richardson number, Rf, which is a dimensionless ratio relating the buoyant 

production of turbulence to the mechanical production of turbulence [31]: 

 
L

z
Rf m=  (Eq. 2-5) 

Rf is zero for neutral conditions, positive for stable conditions, and negative for unstable 

conditions.  Since data for this research was collected during daylight hours, unstable 

atmospheric conditions were prevalent due to turbulent mixing fueled by solar radiation.  Thus, 

values for Obukhov length and flux Richardson number are typically negative in this study.  

Standard Deviation of Horizontal Crosswind Velocity.  The standard deviation of the 

horizontal crosswind velocity, σv (m s-1), describes the variability in the horizontal crosswind, v, 

over a given 30-min sampling period.  σv is defined as: 

 

 

( )
1

)( 2

−
−

= ∑
n

vtv
v

σ
 

(Eq. 2-6) 

 
Here, v is the horizontal crosswind velocity (m s-1) following the application of a planar-fit, 

three-dimensional coordinate rotation, and n is the sample size, which is ~18,000 for a given 

30-min period when sampling at 10 Hz. 

Roughness Length.  Roughness length, z0 (m), is the height above the surface of the earth 

at which wind velocity, which decreases with decreasing height, is zero [29].  The roughness 

length is a representation of surface roughness elements and can range from 10-5 m for very 

smooth surfaces (e.g., ice) to 5-10 m for densely developed urban areas [31].  The logarithmic 

velocity profile under neutral atmospheric conditions (i.e., zm/L = 0) is given by:  
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(Eq. 2-7) 

 
Where ū is the mean horizontal wind velocity (m s-1) after coordinate rotation has been applied, 

u* is the friction velocity (m s-1), and k is von Kármán's constant.  In order for this relationship to 

be valid, zm ≥ z0.  Rearranging Eq. 2-7 yields: 
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(Eq. 2-8)

 

Eq. 2-8 is valid only when sampling under neutral atmospheric conditions.  Under non-neutral 

conditions, the following correction must be applied [32]: 
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(Eq. 2-9) 

where ψ is an influence function for momentum and is calculated as: 
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(Eq. 2-10)
 

Here, ф is the dimensionless wind shear and can be estimated as: 

 4
1

)1(
L

z
mγφ −=  for 0<

L

z
m  (unstable), 3.19=γ  (Eq. 2-11) 
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z
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L

z
m  (stable), 0.6=β  (Eq. 2-12) 

Eqs. 2-11 and 2-12 were derived from field data for the range │zm/L│< 2, but have been used 

successfully beyond that range under unstable conditions [32].  Integrating Eq. 2-10 for unstable 

conditions (zm/L < 0) yields: 
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For stable conditions (zm/L > 0): 
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m

L
−−=

β
ψ   (Eq. 2-14) 

 
For neutral conditions (zm/L = 0): 

 0=ψ  (Eq. 2-15) 



 

26 
 

Incorporating the influence function, ψ, into Eq. 2-9 for unstable conditions (zm/L < 0) yields: 
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 (Eq. 2-16) 
 

For stable conditions (zm/L > 0): 
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 (Eq. 2-17) 

Since atmospheric conditions were unstable during all flux measurements, Eq. 2-16 was used 

exclusively to calculate z0.  Computational software (e.g., Microsoft Excel Solver tool) can be 

used to solve this complex nonlinear equation.    

Once the required input terms (i.e., zm/z0, zm/L, and σv/u*) have been calculated and 

entered into FSAM, the model will prompt the user to enter a filename.  The resulting footprint 

dimensions are saved as a .txt file, with values presented in dimensionless form due to 

normalization by the roughness length.  By default, FSAM will write this file to the directory 

where the FSAM executable file is stored.  Figure 2-2 shows a screen capture of the footprint 

dimensions file for a given 30-min period while Figure 2-3 provides a representative footprint 

corresponding to the FSAM dimensional output. 

 
Figure 2-2.  Screen capture from FSAM displaying footprint dimensions for a given 30-min 
period.  Values have been divided by the roughness length and are dimensionless as a result.  
All possible percentiles of the source probability distribution are provided. 
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Figure 2-3.  Diagram of source area footprint corresponding to FSAM dimensional output. 

 
In addition to providing footprint dimensions, FSAM also produces a unique source 

probability distribution for each footprint by prompting the user for the roughness length, desired 

X and Y dimensions of individual pixels within the distribution array, and the “portion of effect” 

which represents the percent probability distribution rounded to the nearest 10%.  Thus, the 90th 

percentile of the source probability distribution is the maximum footprint size that can be 

computed with FSAM, as the 100th percentile footprint is infinite in size.  As with the footprint 

dimensions, the model will prompt the user to enter a filename and save the resulting array as a 

.txt file after all parameters have been entered.  Figure 2-4 depicts how to interpret the FSAM 

output array.  Columns align with the mean wind direction and correspond to the X dimension 

assigned in FSAM, while rows correspond to the Y dimension.  The sensor (i.e., FLAME) would be 

centered above the top row.  Each pixel covers a precise area (the X and Y dimensions previously 

specified by the user), and since the dimensions of a given footprint are constant, specifying smaller 

pixel dimensions will result in a greater resolution within the array.  Additionally, each pixel within 

the array is assigned a probability value, with the sum of all values equal to 1. The higher the value, 

the greater the influence an individual pixel has on the associated emissions measured by the sensor.  

a

e

d

x

sensor

wind

xd

 a:  distance from sensor to leading 
edge of source area  

 d:  maximum lateral half-width of the 
source area  

 e:  distance from sensor to trailing 
edge of source area 

 x:  distance from sensor to point of 
maximum influence 

 xd:  distance from sensor to point of 
maximum lateral width  
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Figure 2-4.  Correct orientation of an FSAM source probability distribution.  
The sum of all values within a source probability distribution is equal to one. 

 
It is important to note that the array in Figure 2-4 is for illustrative purposes only and is not 

indicative of the resolution required when interfacing with GIS software.  Each pixel in the 

example figure measures 50 m in both the X and Y dimensions.  In reality, FSAM users would 

need to create arrays with much smaller pixel dimensions (i.e., X and Y dimensions of 5 m or 

less) to have a sufficient resolution for creating high-quality footprints as described below. 

2.5. Visualizing FSAM Output Using GIS Software 

The source probability distribution created using FSAM must be further manipulated 

before the data set is compatible with GIS software (ESRI ArcMap v9.3 is the specific software 

used for this research).  In order to accurately visualize the source areas responsible for measured 

emissions, geographic coordinates must be assigned to each pixel.  This process is accomplished 

through the aid of a Visual Basic macro (see Appendix B), which works under the assumption 

that the probability value for a given pixel resides at a point in the center of that pixel.  Thus, 

knowing the coordinates of the sampling location and the origin of the mean horizontal wind, the 

macro uses trigonometric principles to create a comma-separated value file (.csv) of projected 

coordinates for all points within an array, while maintaining their associated probability values.   

1.42E-06 1.56E-04 2.62E-03 6.71E-03 2.62E-03 1.56E-04 1.42E-06

1.96E-03 1.48E-02 4.99E-02 7.48E-02 4.99E-02 1.48E-02 1.96E-03

8.04E-03 2.63E-02 5.35E-02 6.78E-02 5.35E-02 2.63E-02 8.04E-03

1.02E-02 2.26E-02 3.64E-02 4.27E-02 3.64E-02 2.26E-02 1.02E-02

9.75E-03 1.74E-02 2.47E-02 2.78E-02 2.47E-02 1.74E-02 9.75E-03

8.43E-03 1.32E-02 1.73E-02 1.89E-02 1.73E-02 1.32E-02 8.43E-03

6.99E-03 1.00E-02 1.24E-02 1.33E-02 1.24E-02 1.00E-02 6.99E-03

5.71E-03 7.65E-03 9.13E-03 9.68E-03 9.13E-03 7.65E-03 5.71E-03

wind

Y

sensor

X
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Once created, the .csv file must be converted into a shapefile (.shp) using ArcCatalog, an 

administrative application within ArcMap.  Shapefiles, recognizable by ArcMap, can then be 

projected and viewed, as illustrated in Figure 2-5a, thus beginning the transformation to a 

discernible footprint.  Next, through the use of an interpolation algorithm in ArcMap, the array of 

points is converted into a raster image (i.e., a rectangular grid comprised of thousands of pixels), 

as shown in Figure 2-5b.  The interpolation algorithm predicts values for all pixels within the 

raster image from the source probabilities assigned to nearby points.  Subsequently, using the 

intrinsic contour function in ArcMap, isolines are created that connect points of equal probability 

in the raster image (Figure 2-5c).  The isoline that best approximates the 90th percentile of the 

source probability distribution is then selected and exported as an independent .shp file to 

separate it from the surplus isolines (Figure 2-5d).  The selected isoline becomes the outline of 

the footprint and is then used to clip the raster image by creating a spatial subset of the original 

dataset contained within the confines of the footprint outline.  As shown in Figure 2-5e, the color 

of the resulting footprint can be modified based on probability values within each pixel of the 

raster image to emphasize areas within the footprint having a greater influence on measured 

emissions, represented in the figure by the lighter shading.   

 
Figure 2-5.  Evolution of an FSAM source probability distribution using ArcMap GIS software.  (a) Initial array of 
points created from FSAM output.  (b) Interpolation of points to a raster image.  (c) Creation of isolines of equal 
probability.  (d) Selection of the isoline equal to the footprint dimensions calculated using FSAM.  (e) Footprint in 
its final form showing the source probability distribution with lighter shading indicating areas of higher probability. 

2.6. Acquisition and Utilization of Supplemental GIS Data  

For this research, the ultimate goal associated with the creation of footprints in ArcMap 

was to determine if land use and demographic characteristics within these footprints were related 

a. b. c. d. e.
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to the surface-atmosphere exchange fluxes being measured at the sampling location.  In order to 

accomplish this, the acquisition of supporting GIS data was required.  Most public geospatial 

data of interest can be downloaded from federal and state government websites.  Unless stated 

otherwise, geospatial data for this research was obtained from the National Map Seamless Server 

provided by the US Geological Survey (USGS) [33].  Specific data layers required for this 

research are described below. 

Imagery.  Imagery is obtained through aerial or satellite photography and can be used to 

derive or validate important characteristics associated with urban sources of emissions, such as 

transportation networks or residential and industrial infrastructure (see Figure 2-6a).  Some 

imagery, like that utilized for the Norfolk, Virginia area (Figure 2-1), is collected using color-

infrared photography.  The use of color-infrared film gives scientists a means to better 

understand the health of the environment.  For example, healthy vegetation reflects a high level 

of near-infrared wavelengths and appears red in color-infrared film.  Thus, areas appearing red in 

the Norfolk, Virginia map indicate actively growing grass, brush, trees, etc.  Additionally, 

imagery files used in the conduct of this research have a minimum 1-m ground resolution with 

geographic coordinates referenced to the North American Datum of 1983 (NAD83).   

Transportation.  Given the significant impact of on-road mobile sources to urban air 

quality, evaluating transportation data within source area footprints is fundamental to 

understanding measured fluxes.  In fact, according to a 2008 nationwide inventory, mobile 

sources accounted for nearly 62% of the 16.2 million short tons of annual NOx emissions [34].  

Roadway and rail centerlines are available for download in .shp format with geographic 

coordinates referenced to NAD83.  These centerlines were used to calculate road and rail 

densities in terms of km of road/rail per km2 of footprint area (Figure 2-6b) and then plotted 

against measured NOx fluxes for analysis. 

Land Use/Land Cover.  Land cover refers to the vegetation and artificial structures 

covering the land [35].  Land cover data is available in 21 distinct classifications as a raster 

dataset from the USGS National Land Cover Database (NLCD) of 2001 at 30-m resolution with 

geographic coordinates referenced to NAD83.  Table 2-1 lists the classifications encountered 

most frequently in the course of this research, along with their definitions [36].  The percentage 



 

31 
 

of individual land covers within a given footprint was established (Figure 2-6c) and plotted 

against measured NOx fluxes for analysis. 

Table 2-1. Common NLCD 2001 Land Cover Classifications and Definitions. 

Open water Areas of open water, generally with <25% vegetative or soil cover. 

Developed,             
open space (OS) 

Areas with a mixture of some constructed materials, but mostly vegetation in 
the form of lawn grasses.  Impervious surfaces account for <20% of total 
cover.  Example: parks and golf courses. 

Developed,              
low intensity (LI) 

Areas with a mixture of constructed materials and vegetation. Impervious 
surfaces account for 20-49% of total cover.  Example: single-family homes. 

Developed,        
medium intensity (MI) 

Areas with a mixture of constructed materials and vegetation. Impervious 
surfaces account for 50-79% of total cover.  Example: single-family homes. 

Developed,             
high intensity (HI) 

Highly developed areas where people reside or work in high numbers.  
Impervious surfaces account for 80-100% of the total cover.               
Example: apartment complexes and commercial/industrial facilities.   

Pasture/hay Areas of grasses and legumes planted for livestock grazing or the production 
of seed or hay crops, typically on a perennial cycle.  Pasture/hay vegetation 
accounts for >20% of total vegetation. 

Cultivated crops Areas used to produce annual crops including woody crops such as orchards 
and vineyards.  Crops account for >20% of total vegetation. 

Emergent herbaceous 
wetlands 

Areas where forest or shrubs accounts for >20% of vegetative cover and the 
soil is periodically saturated with or covered with water. 

  

Census Data.  Census data provides demographic information about the nation’s people 

and economy.  Unlike the datasets previously described, census data is not available from the 

National Map Seamless Server.  Rather, census tracts for the greater Norfolk, Virginia area were 

obtained in .shp format from Esri, the developer of ArcMap GIS software [37].  The census 

tracts are created from the US Census Bureau’s Topologically Integrated Geographic Encoding 

and Referencing (TIGER) database and are provided with geographic coordinates referenced to 

NAD83.  A summary file of supporting demographic information containing basic information 

on people’s age, sex, race, etc. must also be downloaded from either Esri or the US Census 

Bureau, as this data is not incorporated into the census tracts.   

Given their relatively smaller size, footprints for a given sampling location were often 

contained within a single census tract.  Thus, unlike land cover and road/rail density which had 



 

32 
 

unique values for every distinct footprint, demographic data often remained unchanged 

throughout a given sampling day consisting of 20 periods of 30 min.  On rare occasion, 

footprints spanned more than one census tract.  In these cases, the metric of interest (e.g., 

average household income) was weighted by the fraction of the footprint that fell within each 

tract.  Census metrics were then plotted against the average measured NOx fluxes at each 

sampling location for analysis. 

 

 
Figure 2-6.  (a) Example footprint superimposed on satellite imagery when the mobile laboratory was parked at the 
sampling location indicated by the star. The outline shows the 90th percentile of the source probability distribution; 
the lighter shading indicates areas of higher probability. (b) Roads within the footprint used to calculate roadway 
density. (c) Land use within the footprint, with categories shown in the legend. 

3. Results and Discussion 

3.1. Footprint Characteristics 

During the month-long field campaign, 226 suitable data files were obtained, each 

representing a 30-min sampling period with NOx concentrations and meteorological data 

recorded at 10 Hz.  Of the original files, 184 valid files remained after meeting all quality control 

criteria.  These files were subsequently utilized to calculate fluxes of NOx as well as FSAM input 

a. b.

c.
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parameters as discussed in Sections 2.3 and 2.4, respectively  The performance of FSAM is 

sensitive to roughness length, and if it is large, the program can break down; a behavior 

documented in at least one previous study [38].  This sensitivity resulted in 66 otherwise valid 

sampling periods being excluded from further analysis, leaving 118 NOx flux measurements, 

each representing a 30-min period, for which valid footprints could be calculated.      

The 118 resulting footprints encompassed a mixture of roads and developed land uses.  

As illustrated in Figure 2-7, the land uses within the established footprints were generally 

representative of the entire 12 km × 12 km sampling area, with a few notable exceptions.  Not 

surprisingly, developed land dominated the urban area, but the footprints were biased towards 

medium-intensity development and, to a lesser extent, high-intensity development.  Additionally, 

open water and developed open space were underrepresented within the footprints.  

 
Figure 2-7.  Percentage of land use within calculated footprints (represented by the black 
squares) relative to entire 12 km × 12 km sampling area (red circles). 

 The 90th percentile footprint lengths extended 51 m to 1020 m in the upwind direction, 

depending on site characteristics and meteorological conditions during any specific 30-min 

period, with an average length of 312±182 m.  This limited distance is a result of the relatively 

low measurement height of 15 m coupled with the unstable atmospheric conditions encountered 

during daytime sampling, as illustrated in Figure 2-8.  The figure shows footprint lengths on the 
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ordinate with atmospheric stability (in terms of zm/L) on the abscissa.  Given that sampling 

occurred only during daytime hours, it is not surprising that the time periods associated with all 

118 footprints were defined by unstable atmospheric conditions.  As the Obukhov length, L, 

decreased in value, atmospheric stability moved towards neutrality; therefore, lower values of L 

resulted in more stable conditions and larger footprints.  This behavior is consistent with findings 

from previous eddy covariance studies [16, 39]. 

 
Figure 2-8.  Footprint length versus atmospheric stability.  Sampling periods were 
characterized by unstable conditions, but footprint lengths increased with increasing stability. 

Footprint lengths also exhibited clear diurnal variability, as illustrated in Figure 2-9.  

Although the data in the figure is taken from only one of the 16 sampling locations, the trend 

(represented by the fitted, second-degree polynomial line) is relatively indicative of the entire 

campaign.  Footprint lengths were shorter during midday when more intense solar radiation 

fueled increased turbulence and instability. 

 
Figure 2-9.  Diurnal behavior of footprint lengths. 
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3.2. Fluxes and Land Use 

NOx fluxes were correlated with road density and percentage of medium/high-intensity 

development, as shown in Figure 2-10.  The figure includes all 118 30-min flux periods for 

which valid footprints could be produced.  Fluxes were correlated with both medium-intensity 

development and high-intensity development separately, with similar slopes, so the two were 

combined.  While the coefficients of determination (R2) were not high (0.26 and 0.12, 

respectively), the p-values were ≤0.0001 in both cases.  Road density and medium/high-intensity 

development were only weakly correlated with each other (R2=0.05).  Additionally, in a multiple 

linear regression of NOx flux against both road density and medium/high-intensity development, 

the adjusted R2 increased to 0.31. 

These results agree with the current understanding of NOx sources.  Motor vehicles, both 

gasoline- and diesel-powered, are thought to be responsible for approximately half of total NOx 

emissions, while stationary point and area (non-point) sources are responsible for the other half.  

Road density, of course, is indicative of vehicle activity.  Non-vehicular sources such as natural 

gas combustion for cooking and heating, lawn and gardening equipment, industrial facilities, and 

small-scale power generation are also likely to be present in developed areas. 

 
Figure 2-10.  NOx fluxes during each 30-min period versus road density and intensity of development in the 
corresponding footprint (p≤0.0001 in both cases). 

Fluxes were not correlated with other land use categories within the 12 km × 12 km 

sampling area: open water (hypothesized to be a proxy for boating activity), open space, low-

intensity development, barren land, evergreen forest, pasture/hay, cultivated crops, or woodlands. 
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Only six of the 118 footprints intersected railroad tracks (three at Sampling Location 1 and three 

at Sampling Location 13), and there was no correlation between fluxes and railroad density in 

this limited data set.  Average fluxes at each site were positively correlated with the fraction of 

heavy industrial facilities in the area but not with household income, population density, or the 

fraction of medium industrial facilities in the area. 

Although not explicitly quantified in previous literature, there are uncertainties inherent 

in estimating the source-receptor relationship using FSAM.  By design, FSAM is a simple model 

that allows for an efficient two-dimensional estimation of the source area by adopting several 

key assumptions, including homogeneous horizontal flow and uniform surface roughness 

characteristics.  The quality of the footprint calculations is not only limited by deviations from 

these ideal conditions, but also by uncertainties associated with the measured input parameters 

discussed previously in Section 2.4.  In reality, the footprint associated with a given 30-min flux 

measurement is not static; rather, it shifts with the wind and evolves throughout the sampling 

period [38, 40-41]. Ultimately, these shortcomings must be considered when interpreting results, 

especially in a diverse urban environment where spatial heterogeneities can diminish the 

accuracy of FSAM, possibly rendering the source areas predicted by the model suggestive at 

best.  Additionally, FSAM footprints are only capable of representing 90% of the source area, 

further amplifying the uncertainties associated with quantifying relationships among urban air 

pollutant emissions, land use, and demographics.  It is possible that these relationships could be 

strengthened through more precise representation of the source area derived using computational 

fluid dynamics or other methods.    

4. Conclusions 

NOx concentrations and surface-atmosphere exchange fluxes were measured across 

16 sampling locations within a 12 km × 12 km area in the greater Norfolk, Virginia region, 

representing the first time that NOx fluxes have been measured by eddy covariance in an urban 

environment.  While Appendix A offers a thorough analysis and discussion of the spatial and 

diurnal variability of these fluxes, as well as their comparison to emissions inventories used for 

air quality modeling, the emphasis of this chapter was to document the methods used to develop 

source area footprints using FSAM and integrate them with geospatial data to identify land use 

and demographic characteristics that may be predictors of fluxes.  The analysis subsequently 
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confirmed that both motor vehicles and non-road sources associated with increased development 

are responsible for NOx emissions.  

Although the ultimate objective of this research was met by quantifying definite 

relationships under specific sampling conditions, the potential to subsequently develop a simple, 

complementary approach for estimating emissions in an urban area is not supported by these 

results.  The inability to accurately predict NOx emissions because of low R2 values, the lack of 

correlation with the majority of land use and demographic categories within the sampling area, 

the highly variable footprint lengths, and the inherent uncertainties associated with FSAM and 

the eddy covariance method all combine to make for an impractical endeavor.  On a constructive 

note, the methods developed to create footprints using GIS software represent a significant 

advancement in visualizing and comprehending the source-receptor relationship.    
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Chapter 3: Characterization of CO2, 1Ox, and Particle Emissions in the 

Tijuana-San Diego Border Region by Eddy Covariance 

Abstract 

The US-Mexico border region is a demographically and economically dynamic area 

where air pollutant emissions are not well characterized.  To improve knowledge of the sources 

and variability of emissions in this region, surface-atmosphere exchange fluxes of carbon dioxide 

(CO2), nitrogen oxides (NOx), and particle number were measured via eddy covariance at three 

locations in Tijuana and one in San Diego.  Average weekday (8:30-18:30) CO2 fluxes ranged 

from 0.34 mg m-2 s-1 in a suburban residential area to 0.54 mg m-2 s-1 at an international port of 

entry adjacent to heavy traffic.  Average weekday NOx fluxes were similar at all locations, 

around 2.0 µg m-2 s-1.  Average weekday particle number fluxes ranged from 0.8 × 109 m-2 s-1 in 

the suburban residential area to 2.9 × 109 m-2 s-1 at the port of entry.  Variability in 

concentrations and fluxes among sites could be ascribed to differing land use patterns 

surrounding them, in addition to daily differences in meteorology and chemistry.  Fluxes did not 

exhibit diurnal patterns.  CO2 and NOx fluxes were similar in magnitude to those observed in 

other urban studies, while particle number fluxes were higher, likely due to differences in tower 

height and size range of particle counters employed as well as the possibility that vehicles and 

industries in the border region are more polluting than those encountered in study areas with 

stricter emissions controls.  Observed CO/NOx ratios were similar to those in the official 

emissions inventory for Tijuana.  Observed fluxes of NOx were 2-17 times higher than emissions 

in two separate inventories for the area.  

1. Introduction 

Over the last three decades, the population in the US-Mexico border region has grown by 

80%, outpacing the growth rate observed for either country nationwide.  Approximately 

13 million people currently inhabit this region, with roughly 90% residing within 15 pairs of 

“sister cities” on opposite sides of the international border.  Furthermore, projections suggest that 

the border population will likely double by 2020 [1-2]. 

This growth, combined with stark gradients in development and economic conditions 

across the border, contributes to evidence that emissions and air quality in the border region 

differ from those in other areas within the US and Mexico.  Zavala et al. [3] found that on-road 

vehicles in Mexicali, a border city in the Mexican state of Baja California, were more polluting 
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than those in Mexico City and Austin, Texas, likely due to differences in vehicle age; the 

Mexicali fleet was over seven years older on average.  Mendoza et al. [4] reported that 

concentrations of early-morning volatile organic compounds in Mexicali were more similar than 

expected to those in Mexico City [5], which has 20 times the population and 10 times as many 

vehicles.  Furthermore, a comparison of ambient CO and NOx concentrations between various 

border and non-border cities in Texas revealed much higher CO/NOx on-road mobile emission 

ratios in the border city of El Paso, largely due to a relatively older vehicle fleet [6]. 

In addition to differences between border and non-border cities, there are also differences 

in sister cities directly across the border from one another.  Chow et al. [7] discovered that 

average cross-border transport of PM10 was three times higher for advection from Mexicali into 

the US than for flow from Calexico, California into Mexico.  PM10 mass concentrations in 

Mexicali were also found to be nearly double those measured in Calexico.  Mendoza et al. [8] 

found that PM2.5 levels in Mexicali were influenced principally by local anthropogenic sources 

during the fall and by regional sources of aged polluted air from Southern California during the 

spring.  Kelly et al. [9] investigated black carbon (BC) and particle-bound polycyclic aromatic 

hydrocarbons emission factors during roadside sampling in the sister cities of Mexicali/Calexico 

and Juarez/El Paso and found that average BC concentrations were highest at Mexican locations 

and that emission factors for buses were higher in the Mexican cities than those in El Paso.   

These previous studies have steadily advanced the collective understanding of air quality 

in the border region, yet, relatively less is known about cross-border emissions and air quality in 

the westernmost sister cities of Tijuana in Mexico and San Diego in the US.  As with other pairs 

of border cities, the most problematic criteria pollutants in Tijuana and San Diego are ozone and 

particulate matter.  Ozone and PM10 concentrations in this region often exceed their respective 

binational standards of 0.08 ppm and 50 µg m-3 [1].  With respect to the California state 

standards for these pollutants, the San Diego air basin is classified as a non-attainment area [10].   

The Tijuana/San Diego relationship is unique to the border region, in part, due to the 

extreme economic contrast between the two cities.  The disparity between average earnings in 

San Diego and Tijuana is as high as 6:1 [11], compared to a ratio of less than 2:1 in the Texas 

border region [12].  Moreover, despite recent improvements to Tijuana’s deficient infrastructure, 

considerable dissimilarity in investments between the two cities also exists [11].   
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The objective of this research was to characterize the spatial and temporal variability in 

anthropogenic emissions of carbon dioxide (CO2), nitrogen oxides (NOx), and particle number in 

this distinct region of the US-Mexico border.  This study was conducted as part of the Cal-Mex 

2010 field campaign, whose goal was to gain insight into air pollutant emissions and their 

impacts in the California-Mexico border region as a complement to the larger CalNex2010 study 

of air quality and climate change.  Previous work has demonstrated the successful use of eddy 

covariance to measure surface-atmosphere exchange fluxes in urban locations such as Chicago, 

Tokyo, Edinburgh, and Mexico City [13-16], and this technique was applied at four sites in 

Tijuana and San Diego.  Measurements provided insight into sources of emissions and served as 

a point of comparison for current emissions inventories.  Improving the overall state of 

knowledge about pollutant concentrations and emissions will enable more effective air quality 

management in the region. 

2. Methods 

2.1. Instrumentation 

Eddy covariance flux measurements are typically conducted on towers at fixed sites.  

While this setup enables tall measurement heights, it is constrained to a single location and 

requires infrastructure and consent that can be difficult to obtain.  This study overcame these 

challenges by employing a mobile laboratory with a telescoping mast as the eddy covariance 

platform, thereby gaining the advantage of being able to conduct measurements at numerous 

locations, which could be selected to emphasize certain types of land use and surface features 

favorable to the method.  The mobile eddy covariance laboratory is a modified television news 

van, dubbed the Flux Laboratory for the Atmospheric Measurement of Emissions (FLAME), 

with a mast extending nearly 15 m above ground level.  A sonic anemometer is mounted on a 

rotating boom at the top of the mast to measure wind velocity and temperature.  Conductive, 

1.27-cm Teflon tubing (TELEFLEX T1618-08) is also mounted on the boom to convey air down 

to the instruments inside the FLAME at a flow rate of 20 L min-1.  Because the anemometer is 

positioned on top of the mast and rotated into the direction of the prevailing wind, errors in 

measured wind velocities caused by aerodynamic shadowing of components are minimized.       

Table 3-1 summarizes the air quality and meteorological parameters measured during the 

research campaign as well as the corresponding methods and instruments used.  Since the 

particle number concentrations encountered in ambient air may exceed the instrument’s 
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measurement range, sample flow to the particle counter was diluted by a factor of 10 with 

filtered, particle-free air, and measured values were subsequently increased by the same factor.  

The FLAME also hosted measurements of other species such as carbon monoxide (CO) by 

infrared absorption (Teledyne 300E), but the time response of these was not fast enough to allow 

calculation of fluxes by eddy covariance.  A data logger (National Instruments Compact 

FieldPoint 2110) and computers recorded output from all analyzers at 10 Hz and processed the 

data over 30-min intervals.  All instruments were secured in the vehicle’s rear compartment and 

powered using a 4.5-kW gasoline generator whose emissions originated at ground level, were 

blown downwind, and thus did not influence the measurements under typical conditions. 

Table 3-1.  Summary of measured air quality and meteorological parameters. 

Property Method Instrument 

Wind velocity and 
temperature sonic anemometer Applied Technologies, Inc. K-Probe 

Carbon dioxide (CO2) infrared absorption Li-Cor 7000 

Nitrogen oxides (NOx) chemiluminescence Eco Physics CLD 88 Y 

Particle number condensation/optical 
detection 

TSI Ultrafine Condensation Particle 
Counter 3025A 

 

Instruments were calibrated in accordance with manufacturers’ recommendations prior to 

initiating measurements at each sampling location.  In prior testing, sampling line losses with the 

14-m long tubing used by the FLAME have been found to be negligible [17]. 

2.2. Measurement Sites and Sampling Periods 

Sampling took place at four locations, three in Mexico and one in the US.  They 

encompassed an international port of entry, a park adjacent to a highway and commercial 

activities, and a residential suburban neighborhood, as shown in Table 3-2.  Selection of the 

sampling locations was based on many factors including topography, land use, traffic density, 

educational outreach opportunities, and site security.  For optimization of the eddy covariance 

method, locations were selected to allow the FLAME’s mast to extend to at least twice the height 

of surrounding buildings and trees [13].  

Measurements were acquired for 30 days, beginning on 21 May and extending through 

23 June 2010; however, due to errors discovered in the anemometer data, fluxes measured at El 

Trompo were excluded from further analysis.  Average daily high temperatures were ~22 °C, and 
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precipitation was negligible.  Prevailing winds during the daytime were mainly westerly and 

northwesterly.  Sampling occurred each day for approximately 10 hr, typically commencing by 

8:30 and concluding by 18:30 local time.  Accordingly, with 30-min sampling intervals, a single 

day of measurements produced 20 separate sampling periods.  For practical considerations, and 

due to the challenges in applying eddy covariance during stable atmospheric conditions at 

nighttime, measurements were not conducted overnight.  

Table 3-2.  Sampling locations in San Diego and Tijuana. 

Location Description Coordinates 
Prevailing 

Winds 
Dates 

Otay Mesa 
One of two Ports of Entry in 
San Diego; adjacent land use 
mainly industrial/commercial 

32°33.13' N 
116°56.28' W W 21-27 May 2010 

Parque Morelos 
Urban park in Tijuana near 
multilane highway; adjacent 
land use mainly commercial 

32°29.88' N 
116°56.51' W NW 29 May - 6 June 

2010 

Universidad 
Tecnológica de 
Tijuana (UTT) 

Suburban, public university 
in Tijuana; adjacent land use 
mainly residential 

32°27.53' N 
116°49.66' W W 8-15 June 2010 

El Trompo 
Children's museum in 
Tijuana; ~600 m southeast 
of Parque Morelos location 

32°29.63' N 
116°56.28' W NW 17-23 June 2010 

 

2.3. Eddy Covariance Calculations 

The FLAME employs eddy covariance to measure the vertical flux of contaminants in the 

atmosphere.  The flux (F) is calculated as the covariance between the vertical wind velocity (w) 

and gas or particle concentration (c), as shown in Eq. 1.  The primes denote the fluctuating 

component of each scalar, calculated as the instantaneous departure from the respective least-

squares regression lines for vertical wind velocity and concentration (represented by the angle 

brackets) over a 30-min time period.  The overbars indicate the mean over the same 30 min. 

 ])(][)([ 〉〈−〉〈−=′′= ctcwtwcwF  (Eq. 3-1) 

Measurements were subjected to standard post-processing and quality assurance and 

control procedures.  Spikes were identified through both visual inspection of the data as well as 

established statistical criteria [18-20] and replaced by linear interpolation of good data.  On 

average, spikes occurred once every 25,000 data points (i.e., approximately once every 41 min) 

throughout the campaign.  In order to align the sonic anemometer's coordinate system with the 
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local mean streamline winds, a planar-fit, three-dimensional coordinate rotation method was 

applied [21].  A lag correction was also applied [22-23], with the lag established by maximizing 

the cross-correlation between vertical wind velocity and each pollutant’s concentration.  Time 

lags for CO2, NOx, and particle number were found to be 7, 10, and 12 s, respectively. 

Stationarity of key atmospheric variables is required to ensure the validity of calculated 

fluxes [15, 24].  Stationarity was determined by calculating the difference between the average 

flux from a 30-min data set and the average of six consecutive 5-min sub-periods of the same 30-

min period.  If the difference between the two averages was greater than 60%, stationarity 

criteria were not satisfied and the flux from that given time period was excluded from further 

analysis [25].  In this campaign, the stationarity condition was achieved in 85% of the 30-min 

periods for CO2, 88% for NOx, and 77% for particle number.  

Quality assurance also included spectral analysis, with spectra and co-spectra for 

temperature, vertical wind velocity, CO2, NOx, and particle number computed via Igor Pro’s 

Power Spectral Density and Cross Spectral Density functions with a segment length of 1024 and 

Hamming windowing.  Frequency-weighted spectra and co-spectra, normalized by the variance 

and flux respectively, were plotted against the dimensionless frequency, n(z-zd)/u, where n is the 

natural frequency, z – zd is the difference between the measurement height and the zero-plane 

displacement height (estimated to be 11.44 m in this study), and u is the mean wind velocity [15, 

17, 26].  The spectra of temperature and vertical wind velocity had slopes of -2/3, obeying the 

power decay law [27], but those of CO2, NOx, and particle number deviated from the expected 

slope at higher frequencies due to the analyzers’ slower response times.   

Figure 3-1a shows example spectra of temperature and NOx only, in the interest of 

conserving space.  The NOx spectrum begins to deviate from the expected slope at a normalized 

frequency f = 1 and turns to white noise above f = 2, which coincidentally corresponds to a 

natural frequency of 0.5 s-1, given the wind velocity of 2.82 m s-1 during this period.  According 

to the manufacturer, the response time of the NOx analyzer (including the molybdenum 

converter) is ~2 s, which agrees with the frequency at which the signal is lost.  The particle 

number spectrum, not shown, indicates loss above a natural frequency of 0.2 s-1, which agrees 

with the particle counter’s advertised response time of <5 s.  Figure 3-1b shows co-spectra of the 

“temperature flux” and the NOx flux.  The co-spectrum for temperature follows the expected -4/3 

slope [27], while that for NOx flattens out at higher frequencies, where the signal is lost. 
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Figure 3-1.  Example (a) spectra of temperature and NOx and (b) co-spectra of temperature 
and NOx.  They are frequency-weighted and plotted against the dimensionless frequency f.  
(c) Example cumulative integrals, normalized to the total, of the flux of temperature and NOx 
as a function of the natural frequency. 

Losses in NOx and particle fluxes at high frequency were corrected assuming spectral 

similarity, as has been demonstrated in detail for an Electrical Low-Pressure Impactor (ELPI) 

with a response time of 2.4 s [28].  Briefly, the integral of the raw co-spectrum is the flux, and 

the integral is calculated for temperature, which is assumed to be lossless, up to the attenuation 
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frequency.  Figure 3-1c shows the cumulative integral, normalized to the total, for temperature 

and NOx.  The ordinate shows what fraction of the total flux has been captured at frequencies up 

to the one of interest.  The cumulative integral stabilizes around 0.3 s-1 for NOx; no additional 

flux is detected at higher frequencies due to the analyzer’s slow response time.  The adjustment 

is based on the integral for temperature; the value of its normalized integral at the attenuation 

frequency is the fraction of flux that is actually captured by the slower analyzers.  Attenuation 

frequencies were determined by visual inspection of spectra and cumulative integrals such as 

those shown in Figure 3-1c, and were estimated to be 0.4 s-1 for NOx and 0.2 s-1 for particles.  

The ratio was 0.95±0.03 for NOx and 0.90±0.05 for particles, so correction factors of 1.05 and 

1.11 were applied to the measured NOx and particle fluxes, respectively.  The spectra and co-

spectra for CO2 closely resembled those of NOx in terms of attenuation at higher frequencies.  

This was due to an incorrect setting in the CO2 analyzer's data filtering, discovered after the 

campaign, which led to response times that fell short of the instrument’s capabilities. Therefore, 

the same correction factor applied to the measured NOx fluxes was also applied to CO2 fluxes.  

Although it is not feasible to accurately isolate and quantify uncertainties from eddy 

covariance data, on the basis of previous work dedicated to the estimation of such uncertainties 

[20, 29-34], the systematic error in fluxes is likely ≤25% and random error is ≤20%. 

2.4. Source Area Footprints 

The connection between sources and measured emissions at a given sampling location is 

commonly referred to as the source-receptor relationship.  In order to visualize this relationship, 

the widely used Flux-Source Area Model (FSAM) was employed [35].  By incorporating 

measured variables such as temperature, wind velocity, tower height, and surface roughness 

characteristics, FSAM estimates the probability that emissions from a specific area on the ground 

will contribute to the contaminant flux measured at a given sampling location.  

The footprints shown in Figure 3-2 represent the source areas at each site responsible for 

90% of the observed flux during a specific 30-min sampling period.  During other sampling 

periods, the footprints may shift in direction and size.  The red shading indicates the area within 

each footprint with the greatest influence on measured emissions.  During the field campaign, the 

footprints encompassed a mixture of roads and residential and commercial land uses.  Footprints 

typically extended up to 300 m in length.  This limited distance is a result of the relatively low 
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measurement height coupled with the unstable atmospheric conditions encountered during 

daytime sampling and is consistent with findings from previous eddy covariance studies [15, 36]. 

 
Figure 3-2.  Representative source area footprints superimposed on satellite imagery.  
The red star indicates the position of the mobile laboratory. 

 
3. Results 

3.1. Concentrations 

Table 3-3 summarizes the average daily concentrations of CO2, NOx, and particle number 

at each of the sampling locations.  Figures 3-3 to 3-5 show the 30-min average concentrations of 

these same parameters between 8:00 and 18:30 at the different sites.  The vertical axis range is 

identical in each figure to facilitate comparisons between locations.  Weekday 30-min time 

periods with three or more data points (each representing a single day) are shown with box plots 

where the whiskers represent the minima and maxima values, while periods with fewer than 

three valid points are depicted by individual asterisks.  Saturday and Sunday concentrations are 

presented by dotted and dashed lines.  Sunday concentrations are absent for Universidad 

Tecnológica de Tijuana (UTT), as this was a rest day for the month-long campaign.  

Table 3-3.  Average weekday and weekend CO2, NOx, and particle number concentrations (standard deviations of 
30-min averages).  

 CO2 (ppm)  1Ox (ppb)  Particle number (104 # cm-3) 

Location Weekday Saturday Sunday  Weekday Saturday Sunday  Weekday Saturday Sunday 

Otay 
Mesa 

394 
(3.6) 

393 
(1.3) 

394 
(0.7) 

 24.0 
(15.2) 

11.1 
(3.3) 

6.0 
(5.5) 

 4.5 
(2.1) 

2.9 
(1.4) 

2.7 
(2.7) 

Parque 
Morelos 

399 
(5.2) 

400 
(7.8) 

400 
(4.3) 

 18.7 
(10.9) 

23.1 
(11.7) 

9.7 
(4.9) 

 4.3 
(2.2) 

5.6 
(1.7) 

3.1 
(0.8) 

UTT 
401 
(8.4) 

396 
(1.4) 

N/A 
 17.6 

(13.2) 
8.1 

(2.2) 
N/A 

 2.3 
(1.2) 

1.0 
(0.2) 

N/A 

El 
Trompo 

399 
(5.9) 

400 
(5.7) 

399 
(6.3) 

 27.2 
(12.8) 

25.0 
(11.1) 

19.1 
(8.8) 

 2.7 
(0.8) 

4.3 
(1.0) 

3.1 
(1.4) 
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As illustrated in Figure 3-3, CO2 concentrations were consistent with global background 

levels, although average values for the three Mexican sampling locations were ~5 ppm higher 

than concentrations at Otay Mesa.   A diurnal pattern was evident at all locations, consistent with 

observations from other urban studies [13, 15, 37].  Elevated concentrations as high as 420 ppm 

occurred in the morning hours when vehicular activity was greatest and the atmosphere 

especially stable.  As the mixing height rose and diluted the boundary layer, CO2 concentrations 

at all sampling locations steadily decreased to ~390 ppm in the afternoon before increasing by 

~5 ppm by early evening due to rush hour traffic.  Not surprisingly, CO2 concentrations and 

diurnal trends at Parque Morelos and El Trompo were similar due to their close proximity to one 

another.  Both sites were adjacent to a multilane highway in a predominantly commercial, highly 

developed area of Tijuana.  Weekend CO2 concentrations at El Trompo resembled weekday 

averages, while CO2 concentrations at Parque Morelos were higher on Saturday morning.  

Concentrations at UTT were distinctly lower on Saturday in the morning and early evening, 

possibly due to decreased commuter traffic in this primarily residential area.   

 
Figure 3-3.  CO2 concentrations at each sampling location.  Asterisks indicate individual weekday 
measurements when fewer than three were valid. 
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NOx concentrations, shown in Figure 3-4, exhibited diurnal patterns similar to those of 

CO2.  The highest 30-min average concentration of 125 ppb was measured on a weekday 

morning at Otay Mesa, while the lowest of 2 ppb was measured at Parque Morelos on a Sunday 

afternoon.  The highest weekly average NOx concentration was observed at El Trompo, closest 

of the four sampling locations to a major highway, while the lowest was observed at UTT, a site 

in a residential area.  In general, with one exception at Otay Mesa, NOx concentrations remained 

well below the 1-hr US and Mexican air quality standards of 100 ppb and 210 ppb, respectively. 

 
Figure 3-4.  NOx concentrations at each sampling location.  Asterisks indicate individual weekday 
measurements when fewer than three were valid. 

Particle number concentrations are shown in Figure 3-5.  Particle numbers at the four 

sampling locations did not exhibit the same diurnal behavior as gaseous pollutants.  Rather than 

steadily decreasing throughout the day, particle number concentrations generally increased, 

probably because of photochemically driven secondary aerosol formation, as has been observed 

in other locations [38-40].  Although concentrations varied widely at the four sampling locations, 

their values peaked at similar times in the afternoon, typically coinciding with maximum solar 

radiation.  The average weekday concentration was highest at Otay Mesa, which was unique 
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among the sites because of the large numbers of vehicles idling in line at the international port of 

entry.  The average weekday concentration was similar at Parque Morelos, which offered the 

greatest potential for resuspended dust from its unpaved surfaces.  In contrast, average weekday 

concentrations were 37% lower at El Trompo, which was adjacent to a paved highway, while 

concentrations at UTT, which was in a residential area with fewer sources, were 48% lower.   

 

Figure 3-5.  Particle number concentrations at each sampling location.  Asterisks indicate individual 
weekday measurements when fewer than three were valid. 

3.2. Fluxes 

Table 3-4 summarizes the average daily fluxes of CO2, NOx, and particle number at each 

of the three valid sampling locations.  As explained in Section 2.2, errors in anemometer data 

prevented the calculation of fluxes at El Trompo.  Figures 3-6 to 3-8 show time series of fluxes 

between 8:00 and 18:30.  The figures have the same format as Figures 3-3 to 3-5, but also 

include a zero line to easily distinguish between positive (upward) and negative (downward) 

fluxes.  Overall, the vast majority of fluxes were positive, indicating that the areas surrounding 

each sampling location served mainly as sources of emissions during daylight hours. 
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Table 3-4.  Average weekday and weekend CO2, NOx, and particle number fluxes (standard deviations of 30-min 
averages).      

 
CO2 flux                                   

(mg m-2 s-1) 

 1Ox flux                                   

(µg m-2 s-1) 

 Particle number flux              

(109 # m-2 s-1) 

Location Weekday Saturday Sunday  Weekday Saturday Sunday  Weekday Saturday Sunday 

Otay 
Mesa 

0.54 
(0.25) 

0.67 
(0.33) 

0.34 
(0.16) 

 2.2 
(1.1) 

2.1 
(0.8) 

1.2 
(0.5) 

 2.9 
(3.0) 

2.1 
(2.0) 

2.7 
(3.1) 

Parque 
Morelos 

0.41 
(0.34) 

0.31 
(0.17) 

0.16 
(0.09) 

 2.2 
(1.9) 

1.8 
(1.1) 

0.8 
(0.5) 

 2.0 
(1.9) 

1.7 
(1.1) 

0.6 
(0.5) 

UTT 
0.34 

(0.18) 
0.47 

(0.13) 
N/A 

 1.8 
(1.0) 

1.9 
(0.6) 

N/A 
 0.8 

(0.5) 
0.6 

(0.2) 
N/A 

 

CO2 fluxes (Figure 3-6) ranged from -0.2 mg m-2 s-1 to 1.6 mg m-2 s-1 (30-min averages) 

throughout the campaign, with both the minimum and maximum values occurring at Otay Mesa.  

Unlike CO2 concentrations, fluxes did not exhibit a clear, consistent pattern throughout the day 

across the separate sampling locations.  A much longer measurement campaign might be able to 

discern a diurnal patter, if it exists.  Average weekday CO2 fluxes were highest at Otay Mesa, 

while those at Parque Morelos and UTT were ~20-40% lower (Table 3-4).  Although both Otay 

Mesa and Parque Morelos were in close proximity to highway traffic, the lower fluxes at Parque 

Morelos are likely due to uptake of CO2 by vegetation within the park.  Additionally, average 

CO2 fluxes at Parque Morelos were lower on the weekend than on weekdays.  This observation 

might seem counterintuitive at first, particularly since park usage was much higher on weekends; 

however, the findings are supported by daily wind patterns and the resulting source area 

footprints.  During weekend measurements, winds were primarily from the northwest, which 

resulted in source area footprints that largely excluded emissions from the nearby highway.  

During weekday sampling, winds occasionally originated from the west and southwest, thus 

amplifying the highway’s influence on measured fluxes.  At Otay Mesa, average CO2 fluxes 

were ~30% higher on Saturday relative to weekdays, likely due to increased motor vehicle 

congestion at the border crossing, and were lower on Sunday.  Average CO2 fluxes at UTT were 

~40% higher on Saturday than on weekdays.  The fact that this increase was most pronounced in 

the afternoon suggests the CO2 emissions were perhaps contributed by food vendors noted to be 

especially active in the vicinity of the mobile laboratory, or that they might have originated from 

residential sources such as combustion of liquefied petroleum gas. 
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Figure 3-6.  CO2 fluxes at each sampling location.  Asterisks indicate individual weekday measurements 
when fewer than three were valid. 

NOx fluxes (Figure 3-7) ranged from -0.9 µg m-2 s-1 at Otay Mesa to 6.6 µg m-2 s-1 at 

UTT.  In general, the magnitude of each 30-min NOx flux reflected the amount of vehicle traffic 

in the related footprints.  The average weekday NOx flux was highest at Parque Morelos and 

Otay Mesa and ~20% lower at UTT (Table 3-4).  At some sites, fluxes of both CO2 and NOx 

were lower on weekends, and at others, the relative weekday-weekend differences varied with 

the pollutant (e.g., NOx was unchanged on Saturdays compared to weekdays, while CO2 was 

higher).  A different mix of vehicular traffic on weekends, with relatively more gasoline-

powered vehicles and fewer diesel-powered ones [41] may have contributed to the contrast in 

day-of-week patterns between CO2 and NOx.  

Particle number fluxes (Figure 3-8) ranged from -3.5 × 109 m-2 s-1 to 12.2 × 109 m-2 s-1; 

the 30-min maximum and minimum values were observed at Otay Mesa.  The highest average 

particle flux was also measured at Otay Mesa (Table 3-4).  Here, there was a distinct increase in 

fluxes most afternoons.  Average weekday particle fluxes at Parque Morelos were ~30% lower 

relative to those at Otay Mesa.  Consistent with intersite trends for CO2 and NOx fluxes, the 

weekday average particle flux at UTT was the lowest of all sampling locations, ~70% lower than 

at Otay Mesa.  In general, lower particle fluxes were observed at all locations on weekends.  
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Figure 3-7.  NOx fluxes at each sampling location. Asterisks indicate individual weekday measurements 
when fewer than three were valid. 

 
Figure 3-8.  Particle number fluxes at each sampling location.  Asterisks indicate individual weekday 
measurements when fewer than three were valid. 
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Morelos.  Furthermore, with the exception of Otay Mesa on Saturday, correlations were stronger 

on weekends than on weekdays (as illustrated in Figure 3-9).  Sampling periods characterized by 

strong correlations suggest that emissions were dominated by a single, common source, most 

likely motor vehicles with a relatively constant ratio of gasoline- to diesel-powered engines.  

Weaker correlations, in contrast, suggest that other sources with differing emission factors (e.g., 

food vendors and other stationary sources) were more prevalent.  In the case of Otay Mesa, it is 

possible that differences in fleet mix and driving conditions, mentioned previously, were partly 

responsible for the dissimilarity. 

Table 3-5.  Linear correlation coefficients between CO2, NOx, and particle number fluxes.   

 CO2 and 1Ox  CO2 and particle number  1Ox and particle number 

Location Weekday Saturday Sunday  Weekday Saturday Sunday  Weekday Saturday Sunday 

Otay 
Mesa 0.56 0.70 0.68  0.45 -0.23 0.65  0.07 -0.35 0.41 

Parque 
Morelos 0.78 0.85 0.57  0.43 0.80 0.62  0.67 0.84 0.73 

UTT 0.27 0.87 N/A  -0.18 0.62 N/A  0.21 0.46 N/A 

 

 
Figure 3-9.  Diurnal profile of Saturday fluxes at Parque Morelos illustrating the strong correlation 
between CO2, NOx, and particle number 
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4. Discussion 

4.1. Spatial and Temporal Variability of Concentrations and Fluxes 

The large spatial variability of the measurements suggests that air quality in the border 

region cannot be characterized by measurements at a single site.  While average concentrations 

and fluxes of CO2 were fairly similar among the sites, those of particle number varied by as 

much as a factor of four.  As in most urbanized areas of the world, the proximity and density of 

motor vehicle traffic were indicators of air quality and emissions, but other sub-kilometer-scale 

land-use features also appeared to affect air quality and emissions.  Pollutant concentrations and 

fluxes were lowest at UTT, owing to its location in a suburban, residential area.  And, although 

Parque Morelos was located in a more urbanized area relative to UTT, the two sites’ average 

weekly CO2 and NOx fluxes were similar, likely due to uptake by vegetation within the park 

coupled with the added distance from the highway that served as a primary source of emissions.  

The sampling location at Otay Mesa was characterized by vehicles that were often idling and 

were otherwise slow-moving, thus producing emissions that differed from those measured at the 

other locations. 

Temporal patterns in concentrations and fluxes can be attributed mainly to patterns in 

anthropogenic activities and, in the case of particles, also to photochemical generation.  Weekday 

diurnal patterns of pollutant concentrations were consistent at all sampling locations, with 

elevated concentrations of CO2 and NOx occurring in the morning during rush hour traffic, then 

decreasing through the late morning and afternoon, coincident with a growing mixing depth, 

until rising slightly in the early evening, again due to increased traffic.  Particle trends were also 

consistent, but unlike the gaseous pollutants, particle number concentrations generally peaked in 

the afternoons likely due to photochemically driven secondary aerosol formation.  Diurnal 

patterns of fluxes were difficult to discern with this limited data set.  Daily particle number 

fluxes were the most consistent, with highest values occurring at all locations in the afternoons.  

For this peak to be due to secondary aerosol formation, there would have to be a vertical gradient 

in this process spanning the measurement height of 15 m.  Volatilization of semi-volatile 

compounds from the warming ground surface in the afternoon could be a source of secondary 

aerosol precursors and could thus explain the observed phenomenon.  Regarding day-of-week 

differences, all locations experienced lower values on Sunday, consistent with findings from 

other studies [41-43].  At some sites, concentrations were higher on weekends compared to 



 

58 
 

weekdays, while the reverse was true for fluxes.  The spatial scale captured by measurements of 

pollutant concentrations is much larger than that for measurements of fluxes and includes 

influences from beyond areas immediately surrounding the site, while flux is simply the 

exchange of pollutants measured in a relatively small footprint.    

4.2. Comparison of Measured Fluxes to Previous Studies 

Net fluxes were predominantly positive (i.e., upwards) and similar in magnitude to 

previous eddy covariance measurements of CO2, NOx, and particles in other urban areas [15, 23, 

37, 44-45].  For CO2, average daytime fluxes ranged from 0.16 mg m-2 s-1 at Parque Morelos on 

Sunday to 0.67 mg m-2 s-1 at Otay Mesa on Saturday, with a combined average of 0.40 mg m-2 s-1 

across all valid sampling locations over the entire study.  CO2 fluxes measured in Münster, 

Germany were similar, with weekday values in the summertime ranging from 0.17 mg m-2 s-1 to 

0.49 mg m-2 s-1 [46], while a study in Helsinki, Finland reported average CO2 emissions in spring 

and summer to be 0.21 mg m-2 s-1 and 0.24 mg m-2  s-1, respectively [47].  Velasco et al. [15] 

found higher average CO2 fluxes in Mexico City, ranging from ~0.40 to 0.85 mg m-2 s-1 during 

the same 10-hr sampling period observed throughout this field campaign.  Numerically, Tijuana 

falls in between Helsinki and Mexico City, consistent with what might be expected from 

population and vehicle densities in the three cities.  These types of measurements could be 

helpful in estimating greenhouse gas emissions and verifying that localities are meeting targets 

for reductions in such emissions. 

Average daytime NOx fluxes ranged from 0.8 µg m-2 s-1 at Parque Morelos on Sunday to 

2.2 µg m-2 s-1 at Parque Morelos and Otay Mesa on weekdays, with a combined average of 

1.8 µg m-2 s-1 for the entire study.  These values are comparable to yet-to-be-published 

observations from Norfolk, Virginia, where daytime fluxes, averaged across 13 sampling 

locations in a 12 km × 12 km urban area, ranged from 1.5 µg m-2 s-1 to 5.7 µg m-2 s-1 during 

weekday sampling [48].  By contrast, a study of a forest located in the northeastern US, with 

minimal anthropogenic influences, reported average NOx fluxes as downward, with values as 

large as -0.3 µg m-2 s-1 [49].  In Greenland, NOx fluxes, thought to be caused by nitrate 

photolysis within the snowpack, reached an average of 4 × 10-4 µg m-2 s-1 [50], three orders of 

magnitude smaller than observed during this study. 

Particle number fluxes in the Tijuana-San Diego border region were higher than those 

reported in the literature for other urban areas.  Average daytime particle number fluxes ranged 
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from 0.6 × 109 m-2 s-1 on Saturday at UTT to 2.9 × 109 m-2 s-1 during weekdays at Otay Mesa, 

with a combined campaign average of 1.6 × 109  m-2 s-1.  By comparison, typical particle number 

fluxes in Boulder, Colorado ranged from less than 0.1 × 109 m-2 s-1 in the early morning to 

0.4 × 109 m-2 s-1 during the day [23], while those measured in Edinburgh, Scotland ranged from 

0.1 × 109 m-2 s-1 to 0.9 × 109 m-2 s-1 [51].  Additionally, a study in Helsinki, Finland reported 

weekday daytime median particle fluxes ranging from 0.1 × 109 m-2 s-1 to 0.8 × 109 m-2  s-1, with 

highest values noted in the direction of road traffic [52].  One explanation for the observation of 

higher particle fluxes in this study is the use of an ultrafine particle counter with a larger size 

range.  The particle counters utilized in Helsinki, Edinburgh, and Boulder had minimum size 

detection limits of 6 nm, 11 nm, and 35 nm, respectively, compared to 3 nm for this study.  A 

recent study conducted in Rome, Italy showed that particles between 4 and 10 nm in diameter 

accounted for ~28% of the total concentration of particles between 4 and 70 nm [53].  A second 

explanation for the higher particle fluxes measured in this study may stem from the lower tower 

height (15 m vs. ≥31 m for the other studies).  As particles are transported upward from the 

surface, coagulation may reduce the number of particles detected at increased measurement 

heights.  Furthermore, Tijuana’s vehicle fleet and industrial facilities are likely to be more 

polluting than those in Helsinki, Edinburgh, and Boulder, all of which are located in developed 

countries where stricter emissions controls lead to cleaner exhaust.  Differences between 

developing and developed countries are probably magnified with particles compared to CO2, 

because CO2 emissions stem from fossil fuel combustion and cannot easily be reduced with 

engineering controls.   

4.3. Comparison of Observations to Emissions Inventories 

A common approach to validating emissions inventories is to compare observed ratios of 

pollutant concentrations to those in the inventories, and eddy covariance enables further 

evaluation of inventories by direct comparison of measured fluxes with those contained in 

inventories.  The Mexican government has produced an official inventory for Tijuana for 2005, 

which was developed by multiple stakeholders including the US Environmental Protection 

Agency (EPA) and Mexico’s Instituto Nacional de Ecología.  The inventory has been spatially 

allocated at 0.5-km resolution to facilitate comparison with fluxes measured in this research.   

Additionally, the EPA has developed a preliminary gridded (4 km × 4 km) inventory for 

modeling the CalNex 2010 study.  It is based on a combination of data from 2005 and 2008 for 
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California and from 1999 for Mexico, projected forward to 2010.  The two inventories were 

generated using different methodologies (i.e., estimation procedures and input data), so they are 

not expected to agree perfectly. 

Figure 3-10 compares CO/NOx ratios observed during the field campaign before 10:00, 

when emissions were fresh, with ratios from the two emissions inventories.  At each site, hourly 

emissions were extracted from corresponding grid cells of the inventories on days corresponding 

to the measurements.  The observations and the official inventory for Tijuana agreed to within 

15% at all sites except Otay Mesa.  One reason for the disparity at Otay Mesa may be that grid 

cells for the site represented only the portion of the community south of the border within the 

Tijuana Municipality; the observed ratio was measured on the northern side of the border.   

Agreement with the EPA inventory was not as good, particularly at UTT, where the observed 

ratio was more than twice as high as that in the inventory.  Data used to produce this inventory 

on the Mexican side of the border were known to have poor spatial resolution.   

  

Figure 3-10.  Molar ratios of CO/NOx at each site: observed concentrations in the 
morning and emissions in the two inventories (EI).    

Figure 3-11 compares NOx fluxes observed on weekdays with those calculated from the 

two emissions inventories.  When averaged over the hours for which measurements were 

available, observed NOx fluxes were 1.4 times higher than those in the Tijuana inventory at Otay 

Mesa but within the variability of the observations.  They were nine times higher at Parque 

Morelos and 17 times higher at UTT.  Observations were 2-4 times higher than the EPA 

inventory, depending on the site.  It is not clear if these differences indicate that the inventories 

underestimate NOx emissions, a conclusion that is not unprecedented [54-56], or that comparing 
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measurements over the small eddy covariance footprint to estimates over the larger grid cells is 

fraught by spatial heterogeneities or other factors.  

With respect to spatial variability, average weekday NOx emissions in the Tijuana 

inventory differed by a factor of 4.5 between Parque Morelos and UTT and by less than 2% in 

the EPA inventory.  Flux measurements suggested that emissions were lower at UTT.  In the 

Tijuana inventory, emissions corresponding to Otay Mesa were at least 50% higher than those at 

the other three sites, but in the EPA inventory, they were 30% lower.  Furthermore, measured 

fluxes demonstrated much greater variability in time than did those in the inventory.  Measured 

weekday NOx fluxes exhibited no clear diurnal pattern, yet peak values were ~5 times higher on 

average than daily minima across the three sites.   In the Tijuana inventory, hourly emissions 

varied by less than 20% during the daytime, and in the EPA inventory, emissions were lowest at 

8:00 and then increased gradually by ~40% throughout the day until reaching a peak at 17:00. 

 

Figure 3-11.  Fluxes of NOx at each site: observed by eddy covariance and 
emissions in the two inventories.    

Emissions inventories of CO2 are only beginning to be developed.  Take, for example, the 

one for the state of Baja California, produced by the Centro Mario Molino for the year 2005 [57].  

Per capita CO2 emissions from motor vehicles, residential and service activities, industrial 

combustion, and cement manufacturing are estimated to be 2935 kg yr-1.  This sum excludes 

emissions from electricity generation, maritime activities, and air transport because these sources 

are not expected to impact ground-level emissions in Tijuana.  The city’s electricity is generated 

by a power plant in Rosarito.  Scaled to the population and area of Tijuana, the average CO2 flux 
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corresponding to the inventory is 0.19 mg m-2 s-1.  This value falls within the range of fluxes 

observed in Tijuana during the Cal-Mex study.  It is at the lower end, but there is considerable 

uncertainty in making the comparison because of the assumptions required to extrapolate from 

fluxes measured at a handful of sites in a particular city over 30 days to a statewide, annual 

estimate of emissions.  Nevertheless, the measurements and inventory agree to within an order of 

magnitude at the very least.  Comparisons for particle number could not be assessed since there 

are no inventories containing this parameter. 

5. Conclusions 

This research examined the variability of concentrations and emissions of CO2, NOx, and 

particle number in the Tijuana-San Diego border region through direct measurements at four 

sampling locations: Otay Mesa in the US and Parque Morelos, UTT, and El Trompo in Mexico.  

Pollutants exhibited expected diurnal patterns, with CO2 concentrations consistent with global 

background levels and NOx concentrations remaining below national air quality standards.  

Characteristic of other eddy covariance studies in urban areas, fluxes were largely positive, 

signifying that the surrounding area upwind of each sampling location served mainly as a source 

of emissions.  Distinct spatial differences were revealed across the sampling locations.  Average 

weekday CO2 fluxes ranged from 0.34 mg m-2 s-1 at UTT to 0.54 mg m-2 s-1 at Otay Mesa.  

Average weekday NOx fluxes were similar at all three locations, around 2.0 µg m-2 s-1.  Average 

weekday particle number fluxes ranged from 0.8 × 109 m-2 s-1 at UTT to 2.9 × 109 m-2 s-1 at Otay 

Mesa.  Sampling locations also exhibited inconsistencies in diurnal and weekday-weekend 

trends, exemplifying the temporal diversity of source activities within this border region.   

CO2 and NOx fluxes were similar to those observed in other urban studies, while particle 

number fluxes were higher than others reported, possibly due to differences in the size range of 

particle counters employed and tower heights, as well as the likelihood that vehicles and 

industrial facilities in the border region are more polluting than those encountered in study areas 

with stricter emissions controls.  Additionally, comparing observed values to those estimated in 

two separate emissions inventories suggest that they may underestimate emissions of NOx and 

that further evaluation of the accuracy of the inventories is needed. 
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Chapter 4: Characterization of CO2, 1Ox, and Particle Emissions from 

Aircraft and Support Activities at a Regional Airport 

Abstract 

Air quality near regional airports is of concern because they often have runway lengths 

capable of accommodating larger aircraft akin to major airports without the associated zoning 

restrictions intended to limit adjacent residential development.  Consequently, the potential for 

exposure of nearby residents to emissions associated with airport operations may be larger at 

regional airports compared to major ones.  The goal of this research was to quantify emissions 

from aircraft and associated support activities at regional airports.  Concentrations of carbon 

dioxide (CO2), nitrogen oxides (NOx), particle number, and black carbon (BC) were measured 

adjacent to the airfield and passenger terminal at the Roanoke Regional Airport in Roanoke, 

Virginia.  From these measurements, emissions indices (EIs) for NOx and particle number were 

calculated for commonly encountered aircraft.  Observed NOx EIs for jet-powered aircraft were 

generally lower than values provided in an international emissions databank for both taxi and 

takeoff engine settings.  For taxi events, average NOx EIs ranged from 2.2 g (kg fuel)-1 for the 

Cessna 560 Citation (C560) to 4.0 g  (kg fuel)-1 for the De Havilland Canada Dash 8 (DHC8), 

while average values during takeoff were consistently higher and ranged from 8.9 g  (kg fuel)-1 

for the C560 to 20.7 g  (kg fuel)-1 for the McDonnell Douglas 83 (MD83).  Average particle 

number EIs during taxi ranged from 4.2 × 1016 (kg fuel)-1 for the MD83 to 6.9 × 1016 (kg fuel)-1 

for the DHC8, while average values during takeoff ranged from 1.5 × 1016 (kg fuel)-1 for the 

MD83 to 7.3 × 1016 (kg fuel)-1 for the DHC8.  Surface-atmosphere exchange fluxes of CO2, NOx, 

and particle number were also calculated via eddy covariance.  CO2, NOx, and particle number 

fluxes averaged 0.0 mg m-2 s-1
, 0.2 µg m-2 s-1, and 1.2 × 109 m-2 s-1, respectively, at the airfield, 

while they were consistently higher, 0.2 mg m-2 s-1, 0.4 µg m-2 s-1, and 3.9 × 109 m-2 s-1, 

respectively, at the terminal.  CO2 and NOx fluxes were lower in magnitude than those observed 

in other urban studies, while particle number fluxes were higher, likely due to differences in 

emissions sources.  Additionally, observed NOx fluxes agreed to within 25% of those estimated 

in the National Emissions Inventory for the airport.  

1.  Introduction 

Commercial air travel in the US has averaged an annual increase of 1.7% in passengers 

and 1.6% in departures since 1996 [1].  The Federal Aviation Administration predicts that air 
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travel will more than double in the next 20 years and that US airlines will service one billion 

passengers annually by 2021 [2].  This growth fuels continuing concerns about the health and 

environmental effects of aircraft emissions.  Aircraft engines produce carbon dioxide (CO2), 

water vapor, nitrogen oxides (NOx), carbon monoxide (CO), sulfur oxides, hydrocarbons (HC), 

particulate matter (PM), and other trace compounds.  These combustion products are responsible 

for both direct and indirect effects on radiative forcing that drives climate change [3]. 

More recently, research has also emphasized the degradation of air quality in the vicinity 

of airports due to effects from aircraft, auxiliary power units (APUs) which supply electrical 

power to an aircraft until the main engines are started, and related ground support equipment 

(GSE) activities (e.g., baggage handling, refueling, etc.).  Aircraft emissions are studied in terms 

of the landing and takeoff (LTO) cycle, which is based on four distinct periods of engine 

operation – approach, taxi/idle, takeoff, and climbout – occurring at an altitude no greater than 

915 m (3,000 ft) above ground level (AGL).  This altitude is considered to be representative of 

the atmospheric mixing height, above which emissions released from airport sources do not 

readily influence ground-level pollutant concentrations [4].   

The International Civil Aviation Organization (ICAO) [5] established a standard profile 

for the LTO cycle that assumes a 4-min duration at 30% engine thrust for approaches, while the 

operating time for taxi/idle, takeoff, and climbout are 26 min (7% thrust), 0.7 min (100% thrust), 

and 2.2 min (85% thrust), respectively.  The standard LTO cycle profile provides the basis for 

new jet engine certification, and results are maintained by ICAO in a comprehensive emissions 

databank [6].  The databank serves as a primary source for reporting the emissions indices of 

CO, NOx, and unburned HC for specific jet engines during the LTO cycle, in terms of grams of 

pollutant emitted per kilogram of fuel burned.  A similar databank for turboprop engines is 

maintained by the Swedish Defense Research Agency, but this data is not publicly disclosed.  

The indices, in turn, are widely used for modeling airport emissions.   

Previous studies (e.g., Popp et al. [7] and Herndon et al. [8]) have measured emissions 

from in-use aircraft at major airports and found that ICAO emissions indices were generally 

consistent with experimental findings.  On the contrary, a study by Schürmann et al. [9] revealed 

differences at Zurich Airport of up to a factor of two when comparing measurements to the 

ICAO indices, with higher real-world emissions for some engines and slightly lower ones for 

others.  Any deviation from the ICAO indices is typically thought to be the result of engine-to-
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engine variability, the effects of pollutant aging as the plume travels to the receptor, and engine 

thrust settings inconsistent with ICAO standards. 

Additional studies indicate aircraft and related GSE activities can impair air quality near 

major airports, contributing to elevated concentrations of PM, black carbon (BC), and NOx; the 

latter being a precursor to tropospheric ozone (O3) formation.  Unal et al. [10] modeled the 

impacts of operations at Hartsfield-Jackson Atlanta International Airport and found that the 

airport can produce localized increases of 56 ppb and 25 µg m-3 in O3 and fine PM2.5, 

respectively, with an average impact of 5 ppb and 4 µg m-3 over the Atlanta area.  These 

increments are substantial given that O3 and PM2.5 concentrations on polluted days in many 

urban areas hover around the National Ambient Air Quality Standards of 75 ppb and 35 µg m-3, 

respectively.  Carslaw et al. [11] detected NOx emissions 2.6 km from London Heathrow Airport 

and estimated that airport operations accounted for 27% of the measured NOx at the downwind 

airport boundary.  Westerdahl et al. [12] measured ultrafine particles (UFP), BC, and NOx in the 

vicinity of Los Angeles International Airport and observed a 12-fold increase in BC, a 100-fold 

increase in UFP, and a 134-fold increase in NOx when comparing concentrations measured 

immediately downwind of takeoffs, landings, and GSE operations to those measured upwind 

near the coast.   

These adverse conditions are not simply the result of operations at larger airports.  In fact, 

a similar situation was identified by Hu et al. [13] at a small, general aviation airport in Santa 

Monica, California, where peak concentrations for UFP and BC were measured 100 m 

downwind of jet departures and found to be 2.2 ×106 cm-3 and 30 µg m-3, respectively, 

significantly higher than background concentrations.   

While these studies have steadily advanced the collective understanding of aircraft 

operations and their effects on local air quality, there is little information about mid-sized 

regional airports.  Regional airports are of concern because they often have runway lengths 

capable of accommodating larger aircraft akin to major airports without the associated zoning 

restrictions intended to keep residential development at a distance.  Consequently, the potential 

for exposure of nearby residents to emissions associated with airport operations may be larger at 

regional airports compared to major ones.   

The objective of this research was to quantify emissions of CO2, NOx, and particles that 

result from in-use aircraft and associated activity at a regional airport.  This analysis included 
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characterization of the spatial variability of the emissions as well as their temporal variability, in 

terms of both diurnal and seasonal fluctuations.  Observed NOx and particle concentrations were 

translated into emission indices and, when possible, compared with the ICAO databank to 

validate its accuracy.  Additionally, surface-atmosphere exchange fluxes of CO2, NOx, and 

particle number were measured by eddy covariance, the first known application of this technique 

at an airport.  Results will provide the scientific basis for more effective air quality management 

regarding regional airports. 

2.  Methods 

2.1. Instrumentation 

This study employed a mobile eddy covariance laboratory, a modified television news 

van dubbed the Flux Laboratory for the Atmospheric Measurement of Emissions (FLAME), with 

a mast extending nearly 15 m above ground level.  A sonic anemometer is mounted on a rotating 

boom at the top of the mast to measure wind velocity and temperature.  Conductive, 1.27-cm 

Teflon tubing (TELEFLEX T1618-08) is also mounted on the boom to convey air down to the 

instruments inside the FLAME at a flow rate of 20 L min-1.  Because the sonic anemometer is 

positioned on top of the mast and rotated into the direction of the prevailing wind, errors in 

measured wind velocities caused by aerodynamic shadowing of components are minimized.  

Table 4-1 summarizes the air quality and meteorological parameters measured during the 

research campaign as well as the corresponding analyzers used to measure them.  Since the 

particle number concentrations encountered in ambient air occasionally exceeded the particle 

counter’s detection limit, sample flow to it was diluted by a factor of 10 with filtered, particle-

free air, and measured values were subsequently increased by the same factor.  Additionally, 

because eddy covariance requires fast time response, fluxes could be calculated for CO2, NOx, 

and particle number only.  A data logger (National Instruments Compact FieldPoint 2110) and 

computers recorded output from all analyzers at 10 Hz and processed the data over 30-min 

intervals.  All instruments were secured in the vehicle’s rear compartment and powered using a 

4.5-kW gasoline generator whose emissions originated at ground level, were blown downwind, 

and thus did not influence measurements under typical sampling conditions, as confirmed by 

footprint analysis for previous campaigns involving the FLAME [14-16]. 
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Table 4-1.  Summary of measured air quality and meteorological parameters. 

Property Method Instrument 

Wind velocity and 
temperature sonic anemometer Applied Technologies, Inc. K-Probe 

Carbon dioxide infrared absorption Li-Cor 7000 

Nitrogen oxides chemiluminescence Eco Physics CLD 88 Y 

Particle number condensation/optical 
detection 

TSI Ultrafine Condensation Particle 
Counter 3025A 

Black carbon optical absorption Magee Scientific microAeth AE51 

Instruments were calibrated in accordance with manufacturers’ recommendations prior to 

initiating measurements at each sampling location.  In prior testing, sampling line losses with the 

14-m long tubing used by the FLAME have been found to be negligible [17]. 

2.2. Measurement Sites and Sampling Periods 

Measurements took place at the Roanoke Regional Airport, the only full-service airport 

in western Virginia.  It is utilized primarily by regional affiliates operating commuter aircraft 

such as the Canadair Regional Jet (CRJ2), which has dual turbofan jet engines, and the twin-

engine turboprop De Havilland Canada Dash 8 (DHC8).  The airport supports more than 50 

scheduled airline flights arriving and departing daily, providing service to nine major cities, and 

boarding an average of ~321,000 passengers annually [18].  The airport features two intersecting 

runways, with its longest extending ~2,000 m (6,800 ft), making it well equipped to 

accommodate larger airliners, airfreight carriers, and a variety of military aircraft. 

Figure 4-1 shows the position of the two sampling locations at the Roanoke airport.  The 

first sampling location was adjacent to the air traffic control tower in the center of the airfield 

~250 m (820 ft) from the centerline of the primary departure runway and ~120 m (400 ft) from 

the associated parallel taxiway.  The second measurement site was located in an overflow 

parking lot ~225 m (740 ft) from the nearside of the airport terminal.  While the measurement 

sites were selected primarily to isolate terminal activities from takeoff and climbout events, their 

specific locations were chosen to optimize transport of emissions to the FLAME, based on 

historical wind patterns.  Thus, conditions were such that plumes from individual aircraft were 

sampled relatively soon after exiting engines (i.e., ~1 min) and were clearly resolved against 

background levels.  In order to enhance the effectiveness of the eddy covariance method, 
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locations were also selected to allow the FLAME’s mast to extend to at least twice the height of 

upwind buildings and trees [19].    

 
Figure 4-1. Airport sampling locations with the relative position of Roanoke, Virginia depicted in the inset.  
Measurements were collected exclusively on days where winds originated primarily from the SW to NW for 
the airfield and from the NW for the terminal, thus transporting diluted aircraft exhaust from the runways, 
taxiways, and gates to the FLAME.  A large residential area is located ~400 m SE of the primary departure 
runway that is oriented in the NE/SW direction. 

In order to characterize the seasonal variability of pollutant concentrations and fluxes, 

measurements were carried out during summer, autumn, and winter.  Spring was excluded 

because of its similarity to autumn in terms of temperatures and winds.  During each season, 

measurements were conducted for four days at each location, for a total of 24 sampling days.  

Sampling took place only on days forecasted to have consistent and favorable meteorological 

conditions.  Table 4-2 summarizes the sampling dates and temperatures encountered during each 

season.  Sampling commenced at 8:00 and concluded at 18:00 local time during periods of 

daylight savings, and between 7:00 and 17:00 when daylight savings was not observed.  

Accordingly, with 30-min sampling intervals, a single day of 10-hr measurements produced 

20 separate sampling periods.  For practical considerations, and due to difficulties in applying 

eddy covariance during stable atmospheric conditions, measurements were not conducted at 

night.  
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Table 4-2.  Summary of seasonal sampling periods and temperature ranges. 

Season 
Dates Temperature (°C) 

Airfield Terminal Low Avg High 

Summer 

11 Jul 2011           
18 Jul 2011             
9 Aug 2011           

10 Aug 2011 

13 Jul 2011             
8 Aug 2011            

11 Aug 2011          
15 Aug 2011 

25.9 30.4 33.4 

Autumn 

14 Oct 2011     
21 Oct 2011     
24 Oct 2011     
27 Oct 2011 

10 Nov 2011     
11 Nov 2011     
30 Nov 2011     
2 Dec 2011 

9.7 13.7 16.8 

Winter 

13 Jan 2012     
29 Jan 2012     
30 Jan 2012     
13 Feb 2012 

18 Jan 2012     
11 Feb 2012         
12 Feb 2012     
17 Feb 2012 

0.3 4.0 7.6 

 

2.3. Eddy Covariance Calculations 

The FLAME employs eddy covariance to measure the vertical flux of contaminants in the 

atmosphere.  The flux (F) is calculated as the covariance between the vertical wind velocity (w) 

and gas or particle concentration (c), as shown in Eq. 1.  The primes denote the fluctuating 

component of each scalar, calculated as the instantaneous departure from the respective least-

squares regression lines for vertical wind velocity and concentration (represented by the angle 

brackets) over a 30-min time period.  The overbars indicate the mean over the same period. 

 ])(][)([ 〉〈−〉〈−=′′= ctcwtwcwF  (Eq. 4-1) 

 
Measurements were subjected to standard post-processing and quality assurance and 

control procedures.  Spikes were identified through both visual inspection of the data as well as 

established statistical criteria and replaced by linear interpolation of good data [20-22].  In order 

to align the sonic anemometer's coordinate system with the local mean streamline winds, a 

planar-fit, three-dimensional coordinate rotation method was applied [23].  A lag correction was 

also applied, with the lag established by maximizing the cross-correlation between vertical wind 

velocity and each pollutant’s concentration [24-25].  Time lags for CO2, NOx, and total particle 

number were found to be 7, 10, and 12 s, respectively. 
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Stationarity of key atmospheric variables is required to ensure the validity of calculated 

fluxes [26-27].  Stationarity was determined by calculating the difference between the average 

flux from a 30-min data set and the average of six consecutive 5-min sub-periods of the same 30-

min period.  If the difference between the two averages was greater than 60%, stationarity 

criteria were not satisfied and the flux from that given time period was excluded from further 

analysis [28].  In this campaign, the stationarity condition was achieved in 63% of the 30-min 

periods for CO2, 69% for NOx, and 63% for particle number. 

Quality assurance also included spectral analysis, with spectra and co-spectra for 

temperature, vertical wind velocity, CO2, NOx, and particle number computed via Igor Pro’s 

Power Spectral Density and Cross Spectral Density functions.  Frequency-weighted spectra and 

co-spectra, normalized by the variance and flux respectively, were plotted against dimensionless 

frequency, n(z-zd)/u, where n is the natural frequency, z – zd is the difference between the 

measurement height and zero-plane displacement height, and u is the mean wind velocity.  The 

spectra and co-spectra of temperature and vertical wind velocity had slopes of -2/3 and -4/3, 

obeying their respective power decay laws [29], but those of CO2, NOx, and particle number 

deviated from these slopes at higher frequencies due to the analyzers’ slower response times.   

Losses in NOx and particle fluxes at high frequency were corrected assuming spectral 

similarity with temperature, which is more easily measured at high frequency [14, 16].  Factors 

applied to the measured NOx fluxes ranged from 1.07 to 1.18, depending on the season, while 

those applied to particle fluxes ranged from 1.16 to 1.38.  The spectra and co-spectra for CO2 

closely resembled those of NOx in terms of attenuation at higher frequencies.  This was due to an 

incorrect setting in the CO2 analyzer's data filtering, discovered after the campaign, which led to 

response times that fell short of the instrument’s capabilities. Therefore, the same seasonal 

correction factors applied to the measured NOx fluxes were also applied to CO2 fluxes.  

Although it is not feasible to accurately isolate and quantify uncertainties from eddy 

covariance data, on the basis of previous work dedicated to the estimation of such uncertainties, 

the systematic error in fluxes is likely ≤25% and random error is ≤20% [22, 30-35].  

2.4. Emissions Ratios and Emissions Indices 

Emissions indices (EI) of NOx and particles in terms of grams of NOx or number of 

particles emitted per kilogram of fuel burned were calculated on the basis of concentrations 

measured in the plumes of individual aircraft during the LTO cycle.  The first step in this process 
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was to calculate the emissions ratios (ER) of NOx to CO2 using the following equation derived 

by Herndon et al. [8]:      

 
( ) ( )
( ) ( ) 2

x

a2e2

axex
NO CO

NO
COCO
NONO

ER
x ∆

∆
=

−

−
=  (Eq. 4-2) 

where the subscripts denote the ambient (a) background mixing ratios of CO2 and NOx and those 

associated with emissions (e) from jet engine exhaust.  The resulting quantity has units of moles 

of NOx per moles of CO2.  As illustrated in Figure 4-2, taxi and takeoff plumes from individual 

aircraft were clearly resolved against the background, making determination of ERs 

straightforward.  Although the duration of individual plumes was influenced by the horizontal 

wind speed, the majority lasted no more than 60 s before concentrations returned to background 

levels.  For calculation of ERs, each CO2 and NOx plume was identified through visual 

inspection, and the peak concentration was used to represent engine exhaust while the average of 

the 10-s period prior to the start of the plume was used to represent the ambient background. 

Once the ER for an individual exhaust plume had been calculated, it was then converted 

to an EI (g NOx as NO2 per kg jet fuel) using the following equation: 

 
44
46

CO
NO

EIEI
2

x
CONO 2x

×
∆

∆
×=  (Eq. 4-3) 

The value of the CO2 EI is ~3160 g CO2 per kg jet fuel.  This value, having been employed 

numerously in previous studies [e.g., 8, 36], makes the practical assumption that the carbon 

content in jet fuel is constant and that, upon combustion, all carbon in the fuel is converted 

completely to CO2.  Furthermore, as confirmed by the model results of Danilen et al. [37] and 

Weibring and Zellner [38], Eq. 3 is valid anywhere in the exhaust plume if equal dilution and 

negligible chemical losses are assumed for both NOx and CO2 on a timescale of ~100 s [39].   

 Calculation of particle number EIs differed slightly to account for the different units of 

measurement [36, 40]:   

 PM
TR

CO
PC

EIEI
2

2

CO2
COPC ⋅

⋅
×

∆
∆

×=  (Eq. 4-4)
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where ∆PC/∆CO2 represents the ER for the particle concentration, M is the molecular weight of 

CO2, R is the ideal gas constant, and P and T are ambient pressure and temperature.  Particle 

concentration ERs were calculated in the same fashion as previously described for CO2 and NOx.   

 
Figure 4-2. Example of aircraft exhaust plumes at 10-Hz resolution at the airfield.  Three 
taxi and takeoff plumes from individual aircraft were clearly resolved against the 
background during the 30-min period shown.   

3.  Results 

3.1. Concentrations 

Table 4-3 summarizes the average seasonal concentrations of CO2, NOx, particle number, 

and BC during sampling at both the airfield and terminal locations.  Figures 4-3 to 4-6 show the 

average concentrations of these same parameters at 30-min intervals between 7:00 and 18:00.  

The vertical axis range is identical for each individual pollutant to facilitate comparisons 

between seasons and locations.  Each time period (comprised of four separate data points, each 

representing a single day) is shown with box plots where the whiskers represent the minima and 

maxima values.  Average seasonal concentrations are presented by dashed lines. 

As illustrated in Figure 4-3, CO2 concentrations and seasonal variations were consistent 

with global trends [41].  Additionally, a diurnal pattern was evident at both sampling locations, 

although less pronounced during the winter, and consistent with observations from other studies 

in urban areas [19, 27, 42].  Higher CO2 concentrations, like those in excess of 460 ppm at the 
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airfield in autumn, are not the result of fleeting aircraft activity, but rather very stable 

atmospheric conditions.  These conditions typically occurred in the early morning hours and 

were followed by a steady decrease in concentrations as the mixing height rose and diluted the 

boundary layer.  During these stable periods, self-sampling of the mobile laboratory’s generator 

exhaust can be an issue, but horizontal winds speeds typically exceeded 1 m s-1, high enough to 

render self-sampling unlikely.   

Table 4-3.  Average gaseous and particle concentrations during summer (S), autumn (A), and winter (W) sampling.  
Standard deviations of 30-min averages are included in parentheses.  

 
CO2                       

(ppm) 

 1Ox                           

(ppb) 

 Particle number        

(104 # cm-3) 

 BC                              

(µg m-3) 

Location S A W  S A W  S A W  S A W 

Airfield 
378 
(14) 

396 
(16) 

401 
(5) 

 4.6 
(5.6) 

6.1 
(11.3) 

4.0 
(4.5) 

 0.6 
(0.5) 

2.6 
(1.6) 

3.7 
(2.5) 

 0.6 
(0.4) 

0.6 
(0.6) 

0.3 
(0.2) 

Terminal 
377 
(10) 

405 
(8) 

403 
(3) 

 4.8 
(4.2) 

5.6 
(9.9) 

2.7 
(1.8) 

 1.6 
(1.2) 

3.9 
(3.1) 

3.6 
(3.5) 

 0.7 
(0.4) 

0.4 
(0.3) 

0.3 
(0.2) 

Average CO2 concentrations during each season differed little between the two sampling 

locations, except during autumn, when the average concentration at the terminal was 9 ppm 

higher than at the airfield.  This difference was likely an artifact of the sampling schedule, which 

led to measurements at the airfield in October and at the terminal in November and December.  

Over this period of autumn, CO2 concentrations in the northern hemisphere usually rise as 

vegetation becomes dormant.    

NOx concentrations, shown in Figure 4-4, exhibited diurnal patterns similar to those of 

CO2.  The highest 30-min average concentration of 72 ppb was measured at the airfield during 

the especially stable conditions noted earlier, while average minimum concentrations were 

consistently below 1 ppb during all seasons at both locations.  Unlike CO2, no seasonal 

variations were evident.  Average concentrations remained well below the US air quality 

standard of 100 ppb for NO2 over a 1-hr average.  

Particle number concentrations are shown in Figure 4-5; average values ranged from 

0.15 × 104 cm-3 to 17.4 × 104 cm-3.  Unlike the gaseous species, particle number concentrations 

were highly variable in time and appeared more sensitive to upwind activity.  Concentrations 

were higher at the terminal during both summer and autumn, likely because emissions at the 

terminal were more persistent than those encountered at the airfield and included contributions 
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from GSEs and APUs.  In contrast, average winter concentrations were comparable between the 

airfield and terminal.  One possible explanation for this similarity involves the potential 

influence of reduced weekend operations.  At the terminal, two of the four winter sampling days 

occurred on the weekend, when there were 21% fewer takeoffs and landings relative to 

weekdays.  Another potential explanation for the similar winter concentrations was the 

construction of a new aircraft rescue and firefighting facility north of the primary departure 

runway and upwind of the airfield sampling location.  This construction activity, which included 

dump trucks delivering fill material, may have contributed to the higher concentrations.   

BC concentrations, shown in Figure 4-6, ranged from 0.01 µg m-3 during a period of 

inactivity at the terminal in winter to 3.6 µg m-3 during very stable atmospheric conditions at the 

airfield in autumn.  BC concentrations were more similar to those of CO2 and NOx than to those 

of particles, even though it is a component of them, especially at the airfield where most aircraft 

activity had little appreciable impact on BC levels.  Periods of sustained activity at the terminal 

appeared to influence BC concentrations only slightly relative to particle number concentrations.  

Clear spikes in airfield BC concentration were observed on two occasions when DHC8 

turboprop aircraft, parked adjacent to a maintenance hangar approximately 60 m (~200 ft) from 

the FLAME, started their engines and advanced the throttles for several minutes before departing 

the area, creating instantaneous peak BC concentrations in excess of 30 µg m-3.  No seasonal 

pattern was apparent in average BC concentrations. 
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Figure 4-3.  CO2 time series at the airfield and terminal by season. 
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Figure 4-4.  NOx time series at the airfield and terminal by season. 
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Figure 4-5.  Particle number time series at the airfield and terminal by season. 
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Figure 4-6.  BC time series at the airfield and terminal by season. 
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3.2. Aircraft Emissions Indices 

Over the course of 12 separate days of sampling at the airfield, 221 unambiguous taxi and 

takeoff events were captured for calculation of EIs.   Aircraft plume identification at the terminal 

was not feasible because of the frequent presence of other sources, such as APUs and GSEs.  Of 

the 221 events, over 80% were associated with five types of airframes.  From most to least 

recurrent, those aircraft were: the Canadair Regional Jet (CRJ2), the De Havilland Canada Dash 

8 (DHC8), the Embraer Jet 145 (ERJ145), the McDonnell Douglas 83 (MD83), and the Cessna 

560 Citation (C560).  Excluding the DHC8, which is powered by twin turboprop engines, all 

aircraft above are powered by twin turbofan jet engines.  The C560 is a small business jet while 

the others are commuter aircraft.     

Figure 4-7 shows the NOx and particle number EIs for both taxi (i.e., idle) and takeoff 

modes of these five most prevalent aircraft.  The vertical axis range for each pollutant is identical 

to facilitate comparisons between taxi and takeoff modes.  In the box plots, the whiskers 

represent the minimum and maximum values, excluding outliers.  Where available, EIs from the 

ICAO emissions databank are indicated with a red triangle.  The databank does not contain EIs 

for particle number, nor does it contain EIs for turboprop engines.  Average measured EIs 

associated with the five most common aircraft are also shown in Table 4-4, where the sample 

size for particle number EIs is occasionally lower than that for NOx because some plumes caused 

the particle counter to momentarily exceed its detection limit.  In these instances, particle 

concentrations were excluded from further analysis.    

The average observed NOx EI for jet-powered aircraft in Figure 4-7 was consistently less 

than ICAO values for both taxi and takeoff engine modes, with the exception of the C560 during 

taxi.  For taxi events, average observed values ranged from 2.2 g NOx (kg fuel)-1 for the C560, 

35% higher than the stated ICAO value, to 4.0 g NOx (kg fuel)-1 for the DHC8.  The CRJ2, 

ERJ145, and MD83 each averaged ~3.0 g NOx (kg fuel)-1 in taxi mode, ~20% lower than ICAO 

values.  During takeoffs, average observed NOx EI values were 3 to 7 times higher than their 

respective values during taxiing, depending on aircraft, and ranged from 8.9 g NOx (kg fuel)-1 for 

the C560 to 20.7 g NOx (kg fuel)-1 for the MD83.  Observed NOx values in takeoff mode were 

10% lower than ICAO values for the MD83, 20% lower for the CRJ2 and C560, and 30% lower 

for the ERJ145. 
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Average observed particle number EIs during taxi mode showed little variation among 

the different aircraft, ranging from 4.2 × 1016 particles (kg fuel)-1 for the MD83 to 6.9 × 1016 

particles (kg fuel)-1 for the DHC8.  Unlike NOx EIs where values in takeoff mode were 

consistently higher than taxi mode, relative differences for particle numbers were mixed.  

Average takeoff values ranged from 1.5 × 1016 particles (kg fuel)-1 for the MD83 to 7.2 × 1016 

particles (kg fuel)-1 for both the DHC8 and ERJ145.  Particle emissions for the DHC8 were only 

slightly higher (~6%) during takeoff mode, while they were nearly 30% higher for the ERJ145.  

Average takeoff values for the CRJ2 and C560 were 50% lower relative to taxi values, while the 

MD83 displayed the largest disparity between engine states, with observed particles emitted at a 

rate nearly three times lower during takeoff events.   

 

 
Figure 4-7.  NOx and particle number emissions indices for predominate aircraft at the Roanoke 
airport in both taxi and takeoff mode.  EIs from ICAO are included, where available. 

In most cases, BC concentrations in aircraft plumes were too noisy at 1-s resolution to 

allow for calculation of EIs.  However, clear spikes in BC concentrations were observed on two 

occasions when DHC8 aircraft, parked ~60 m from the mobile laboratory, provided several 

minutes of uninterrupted emissions, thus creating peaks easily distinguishable from the 

background.  The two events at the maintenance hangar had associated NOx EIs indicative of an 

engine in idle mode (i.e., 7% thrust setting), although the exact engine thrust was unknown.  The 

resulting BC EIs for this limited data set were 0.2 g BC (kg fuel)-1 and 0.5 g BC (kg fuel)-1.  
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While the sample size is small, the results are a valuable addition to the very limited database of 

in-use BC emissions from turboprop aircraft.     

Table 4-4.  Average measured EIs for the most prevalent aircraft at the Roanoke airport.  

Aircraft Engine Mode 

Observed 

1Ox EI       

(g kg-1) 

1Ox 

Sample 

size 

ICAO    

1Ox EI      

(g kg-1) 

Observed      

Particle 1o. EI         

(×1016 kg-1) 

Particle 1o. 

Sample  

size 

        
CRJ2 GE CF34-3B1    

Turbofan (x2) 
Taxi 3.14±0.82 49 3.72 5.41±3.22 33 

Takeoff 9.37±1.32 28 11.28 3.66±3.29 28 
        

DHC8 P&W PW123   
Turboprop (x2) 

Taxi 3.97±0.68 29 N/A 6.87±4.75 23 
Takeoff 10.26±3.92 16 N/A 7.27±5.89 15 

        
ERJ145 AE 3007A1 RR  

Turbofan (x2) 
Taxi 2.95±0.59 19 3.66 5.18±2.66 14 

Takeoff 12.59±2.10 14 19.01 7.16±4.59 14 
        

MD83 P&W JT8D–219 
Turbofan (x2) 

Taxi 3.06±0.34 9 3.88 4.23±2.73 4 
Takeoff 20.67±2.03 6 22.86 1.50±0.98 5 

        
C560 P&W JTD15-5   

Turbofan (x2) 
Taxi 2.23±0.54 6 1.66 6.05±3.45 5 

Takeoff 8.86±1.25 4 11.13 3.96±4.30 4 
         

3.3. Fluxes 

Figure 4-8 presents average seasonal fluxes of CO2, NOx, and particle number at the 

airfield and terminal and also includes the overall average at each location over three seasons.  

The overall average fluxes of CO2, NOx, and particle number for both locations combined were 

0.1±0.2 mg m-2 s-1, 0.3±0.5 µg m-2 s-1, and 2.6±5.7 × 109 m-2 s-1, respectively.  Fluxes did not 

appear to vary by season, at least within the uncertainties of the eddy covariance method.  

Therefore, in the interest of conserving space, Figure 4-9 illustrates the time series of fluxes 

combined over all three seasons rather than for each season individually.  The figure has the 

same format as Figures 4-3 to 4-6 with two slight modifications.  First, because a number of 

30-min periods failed to meet stationarity criteria, those with fewer than four valid data points 

are depicted by individual asterisks.  Secondly, Figure 4-9 also includes a zero line to easily 

distinguish between positive (upward) and negative (downward) fluxes.  Overall, the majority of 

fluxes were positive, indicating that the airfield and terminal served mainly as sources of 

emissions during daylight hours. 

CO2 fluxes ranged from -0.3 mg m-2 s-1 to 1.4 mg m-2 s-1 (30-min averages) throughout 

the campaign, with the minimum value occurring on the airfield during the summer and the 

maximum occurring at the terminal during the autumn.  Unlike CO2 concentrations, fluxes did 

not exhibit a diurnal pattern throughout the day at the two sampling locations, although a pattern 

might become evident in a much longer measurement campaign.  Rather, peak values were 
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associated with recorded aircraft activity.  The average CO2 flux was lower at the airfield than at 

the terminal likely due to less persistent aircraft activity as well as the uptake of CO2 by grass on 

the airfield.  Average CO2 fluxes on the airfield were lowest during autumn, when grass was 

actively growing and not stressed by the warm, dry conditions encountered during the summer.   

NOx fluxes ranged from -1.1 µg m-2 s-1 to 2.6 µg m-2 s-1 (30-min averages) throughout the 

study, with the minimum and maximum values both occurring on the airfield during the autumn.  

As with CO2, NOx fluxes were maximal during periods of higher-than-normal aircraft activity.  

Extreme negative values for NOx flux at both locations were also correlated with periods of 

increased aircraft activity.  At the airfield, the largest negative flux, measured on 21 Oct 2011 at 

13:00, resulted primarily from touch-and-go maneuvers by a U.S. Air Force C-40 transport 

aircraft (military version of the Boeing 737).  During this 30-min period, the C-40 periodically 

landed on the runway and subsequently took off without coming to a complete stop.  The engine 

mode for these maneuvers was indicative of a takeoff, with instantaneous NOx concentrations 

exceeding 200 ppb on several occasions.  The magnitude of the NOx emissions coupled with the 

frequency at which the C-40 was airborne during its maneuvers (i.e., elevated source of 

emissions) resulted in a period characterized by NOx deposition.  A downward NOx flux at the 

terminal was also observed on 11 Nov 2011 at 10:00 when aircraft were exclusively utilizing the 

far side of the terminal, parking in excess of 300 m from the mobile laboratory’s position.   

Particle number fluxes ranged from -7.2 × 109 m-2 s-1 to 46.4 × 109 m-2 s-1; the 30-min 

minimum and maximum values were observed at the terminal during the autumn and winter, 

respectively.  As with CO2 and NOx fluxes, the maximum fluxes of particles were associated 

with periods of increased aircraft activity.  The minimum value at the terminal occurred as a 

result of the same circumstances responsible for the minimum NOx described above, while the 

minimum on the airfield was associated with a period that included a helicopter idling upwind 

for an extended period with a revolving rotor on the adjacent helipad.   
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Figure 4-8.  Average seasonal and overall combined fluxes for CO2, NOx, and particle number at 
the airfield and terminal.  Standard deviations are indicated by the whiskers. 
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Figure 4-9.  Combined CO2, NOx, and particle number fluxes at the airfield and terminal.  Asterisks 
indicate periods when fewer than four daily measurements were valid. 
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4.  Discussion 

4.1. Spatial and Temporal Variability of Concentrations and Fluxes 

Diurnal patterns in CO2 and NOx concentrations appeared to be influenced mainly by 

atmospheric conditions, with elevated concentrations occurring in the early morning hours and 

then decreasing through day, coincident with a growing mixing depth.  In contrast, the daily 

behavior for particles and all fluxes can be attributed mainly to patterns in aircraft activity.  From 

a seasonal standpoint, NOx concentrations as well as fluxes for all constituents did not exhibit 

significant variability.  CO2 seasonal variations were consistent with global trends, and particle 

number concentrations were generally lower during warmer months, likely due to dilution 

caused by increased vertical mixing.   

The spatial variability of concentration measurements at the Roanoke airport suggests 

that, with the exception of UFP concentration being slightly elevated at the terminal, air quality 

did not vary significantly between the two locations studied, despite the fact that average fluxes 

at the terminal were consistently higher than airfield fluxes.  When averaged over all seasons, 

CO2 flux was eight times higher at the airfield compared to the terminal, while NOx and particle 

number fluxes were only two and three times higher, respectively, at the airfield.  One possible 

explanation for the larger disparity between CO2 fluxes is the contribution of uptake by grass on 

the airfield during summer and autumn.   

4.2. Comparison of Measured Concentrations to Previous Airport Studies  

30-min average NOx concentrations at the Roanoke airport ranged from 0.3 to 72.4 ppb 

and were similar in magnitude to those previously reported by Schürmann et al. [9], who 

measured NO and NO2 at several locations adjacent to the Zurich International Airport terminal 

and found 30-min average NOx concentrations ranging from below 2 ppb to over 90 ppb.  

Westerdahl et al. [12] measured NOx at various locations adjacent to the airfield and terminal at 

the Los Angeles International Airport, and reported mean values ranging from 1.6 to 144.2 ppb 

(though published values are reported in ppm).   

Average particle number concentrations at the Roanoke airport were comparable in 

magnitude to previous measurements in other airport studies and were highly sensitive to aircraft 

activity in the upwind direction, ranging from 0.15 × 104 cm-3 to 17.4 × 104 cm-3, with an overall 

average of 2.7 × 104 cm-3.  Hsu et al. [43] noted similar behavior when measuring UFP 

concentrations at an airport in Warwick, Rhode Island, where they found peak concentrations 
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occurring when winds were directly upwind from the airport runway; departures of jet-engine 

aircraft adjacent to one sampling location had a maximal impact 1 min prior to takeoff, with 

concentrations ranging from 0.11 × 104 cm-3 to 7.0 × 104 cm-3.  Hu et al. [13] measured UFP 

concentrations at varying distances from the end of a departure runway at the small Santa 

Monica airport in California and found average concentrations ranging from 1.5 × 104 cm-3 to 

10.6 × 104 cm-3.  At Los Angeles International Airport, Westerdahl et al. [12]  observed periodic 

UFP peaks in downwind communities ranging from 2 × 104 cm-3 to 40 × 104 cm-3.   

BC concentrations measured during this study were lower than those observed at the Los 

Angeles International Airport but similar to those near the smaller Santa Monica Airport.  At the 

Roanoke airport, 30-min average concentrations ranged from 0.01 µg m-3 to over 3.5 µg m-3, 

with an overall average of around 0.5 µg m-3.  Westerdahl et al. [12] found BC concentrations at 

Los Angeles International Airport to vary significantly across four sampling locations with 

average values of 0.3 µg m-3 at a location upwind of aircraft activity, 3.8 µg m-3 near the 

passenger terminal, and 22.7 µg m-3 downwind of the runway and adjacent to a major freeway 

with heavy diesel traffic.  Hu et al. [13] measured average BC concentrations at four locations 

adjacent to the Santa Monica Airport ranging from 0.8 µg m-3 to 2.7 µg m-3, and, like the present 

study, found that airport activity from commuter aircraft did not significantly elevate average BC 

concentrations. 

4.3. Comparison of Measured Emissions Indices to Previous Studies  

Observed NOx EIs were generally lower than those in the ICAO databank, but trends in 

emissions with increased engine throttle were consistent.  Average observed values involving the 

five most frequently encountered aircraft at the Roanoke airport ranged from 2.2 to 4.0 g NOx 

(kg fuel)-1 for taxi events and from 8.9 to 20.7 g NOx (kg fuel)-1 for takeoffs.  These observations 

conform to results from many previous airport and aircraft studies investigating NOx emissions 

like those from Herndon et al. [8, 44], Popp et al. [7], Timko et al. [45], and Wormhoudt et al. 

[46].  Carslaw et al. [47] studied NOx emissions at London’s Heathrow Airport and also found 

reasonable agreement between observations and ICAO’s EIs for NOx, and differences of up to 

41% were attributed to aircraft operational factors such as takeoff weight and engine thrust 

settings.  And, while measured NOx emissions in the present study were at most 20% lower than 

ICAO values for taxi events with idle thrust settings, Schäfer et al. [48] measured NOx emissions 
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for idling aircraft at three major European airports and found them to be about 50% lower than 

ICAO values.  

 Particle number EIs at the Roanoke airport were also similar in magnitude to other values 

reported in the literature.  Average observed particle number EIs during taxi mode in this study 

ranged from 4.2 × 1016 to 6.9 × 1016 particles (kg fuel)-1.  Average observed values for takeoff 

events ranged from 1.5 × 1016 to 7.2 × 1016 particles (kg fuel)-1, with most aircraft experiencing a 

decrease in particle emissions during takeoff relative to values in taxi mode.  Hu et al. [13] 

measured particle emissions at a small airport in Santa Monica, California and, although only 

two suitable isolated peaks could be analyzed, they found particle number EIs for commuter 

aircraft to be roughly 5 × 1016 particles (kg fuel)-1.  In a comprehensive study of aircraft at 

Boston’s Logan Airport, Herndon et al. [40] used a condensation particle counter similar to the 

one employed in this present study and found average particle number EIs at idle to be 2.1 × 1016 

particles (kg fuel)-1 and those at takeoff to be 8.8 × 1015 particles (kg fuel)-1, indicating that total 

particle emissions, when compared to NOx emissions, do not produce as consistent a trend in EIs 

and are not controlled by the same engine conditions. 

 For the limited BC EI data observed in this study, the values of 0.2 and 0.5 g BC (kg 

fuel)-1 from the DHC8 turboprop engines are comparable to those measured for idling jet engines 

during the comprehensive Aircraft Particle Emissions eXperiment (APEX) [49].  APEX found 

that, in general, BC EIs were highest at takeoff and climbout and lowest during idle and 

approach modes; a finding that validates previous observations from Petzold and Döpelheuer 

[50].  Of the seven different jet engines studies in APEX, BC EIs at idle thrust settings ranged 

from 0.03 to 0.33 g BC (kg fuel)-1.  APEX also found that larger engines did not always produce 

the most BC and that older technologies and colder engine temperature contributed to higher EIs.   

4.4. Comparison of Measured Fluxes to Previous Studies 

Because this is the first known study to target airport emissions using eddy covariance, 

comparisons with previous work involving eddy covariance are limited to urban areas typically 

influenced by motor vehicle traffic.  Net fluxes of CO2 and NOx at the Roanoke airport were 

predominantly positive (i.e., upwards) yet generally lower in magnitude to flux measurements in 

studies from other urban areas.  This difference is expected given that the footprints associated 

with fluxes at the Roanoke airport do not contain dense development.  For CO2, average daytime 

seasonal fluxes ranged from 0.0 mg m-2 s-1 at the airfield in autumn to 0.3 mg m-2 s-1 at the 
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terminal in winter, with a combined average of 0.1 mg m-2 s-1 across both sampling locations 

over the entire study.  CO2 fluxes measured in Münster, Germany were slightly higher, with 

weekday summertime values ranging from 0.2 to 0.5 mg m-2 s-1 [51].  A study in Helsinki, 

Finland reported average seasonal CO2 emissions to be fairly consistent over an urban district at 

0.2 mg m-2 s-1, while fluxes measured over vegetative cover ranged from 0.2 mg m-2 s-1 in the 

winter to -0.1 mg m-2 s-1 in the summer [52].  Velasco et al. [27] found higher average CO2 

fluxes in Mexico City, ranging from ~0.4 to 0.8 mg m-2 s-1 during the same 10-hr sampling 

period observed in this study.  Finally, a study in the border cities of Tijuana, Mexico and San 

Diego, California measured average daytime fluxes ranging from 0.2 to 0.7 mg m-2 s-1, with a 

combined average of 0.4 mg m-2 s-1 over the entire study [16].  CO2 fluxes at the Roanoke airport 

are consistent in magnitude with what might be expected on the basis of population and vehicle 

densities in the aforementioned cities, especially when considering motor vehicles were not a 

significant factor in the current study. 

Average daytime seasonal NOx fluxes ranged from 0.1 µg m-2 s-1 at the airfield in both 

autumn and winter to 0.6 µg m-2 s-1 at the terminal in winter, with a combined average of 

0.3 µg m-2 s-1 for the entire study.  These values are lower than observations from Norfolk, 

Virginia, where daytime fluxes measured across 13 sampling locations in a 144 km2 urban area 

ranged from 1.5 to 5.7 µg m-2 s-1 during weekday sampling [14].  The Roanoke airport values are 

more similar to, albeit still lower than, observations in Tijuana-San Diego, where average 

daytime NOx fluxes ranged from 0.8 to 2.2 µg m-2 s-1, with a combined average of 1.8 µg m-2 s-1 

for the entire study [16].  By contrast, a study of a forest located in the northeastern US, with 

minimal anthropogenic influences, reported average NOx fluxes as downward, with values as 

large as -0.3 µg m-2 s-1 [53].  

Particle number fluxes at the Roanoke airport, like CO2 and NOx, were generally positive.  

However, unlike the gaseous species, particle number fluxes measured during this study were 

higher than other urban areas reported in the literature.  Average daytime seasonal particle 

number fluxes ranged from 0.5 × 109 m-2 s-1 at the airfield in summer to 6.3 × 109 m-2 s-1 at the 

terminal during winter, with a combined average of 2.6 × 109  m-2 s-1 for the entire study.  By 

comparison, typical particle number fluxes in Boulder, Colorado ranged from less than 0.1 × 109  

to 0.4 × 109 m-2 s-1 [25], while those measured in Edinburgh, Scotland ranged from 0.1 × 109 to 

0.9 × 109 m-2 s-1 [54].  Additionally, a study in Helsinki, Finland reported a range of weekday 
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daytime median particle fluxes from 0.1 × 109 to 0.8 × 109 m-2  s-1, with highest values noted in 

the direction of road traffic [55].  The particle fluxes in this study most closely resemble those 

measured in Tijuana-San Diego, where average daytime values ranged from 0.6 × 109 to 

2.9 × 109 m-2 s-1, with a combined average of 1.6 × 109  m-2 s-1 [16].  One explanation for the 

observation of higher particle fluxes is the fact that aircraft emit larger quantities of UFP than the 

vehicles prevalent in the other studies.  A study of aircraft emissions at a small airport in Santa 

Monica, California estimated that observed aircraft emissions were as much as 8 times and 100 

times higher than UFP emitted by heavy duty and light duty vehicles, respectively [13].  Another 

possible explanation is the use of an ultrafine particle counter in this study with a larger size 

range.  The particle counters utilized in Helsinki, Edinburgh, and Boulder had minimum size 

detection limits of 6 nm, 11 nm, and 35 nm, respectively, compared to 3 nm for this study and 

the study in Tijuana-San Diego.  Recent research conducted in Rome, Italy showed that particles 

between 4 and 10 nm in diameter accounted for ~28% of the total concentration of particles 

between 4 and 70 nm [56].  A second explanation for the higher particle fluxes measured in this 

study may stem from the lower tower height (15 m vs. ≥31 m for the Helsinki, Edinburgh, and 

Boulder studies).  As particles are transported upward from the surface, coagulation may reduce 

the number of particles detected at increased measurement heights.   

4.5. Comparison of Observations to the 1ational Emissions Inventory 

Measured NOx fluxes were compared to the 2008 National Emissions Inventory (NEI) 

developed by the U.S. Environmental Protection Agency (EPA) [57].  According to the 2008 

NEI, the Roanoke Regional Airport – like all airports in the inventory – is designated as a point 

source and includes estimates for all aircraft, GSE, and APU emissions emitted from the airport.  

In-flight emissions that generally occur above 915 m (3,000 ft) (i.e., outside the LTO cycle) are 

designated as non-point emissions and are detailed in the inventory on a per-state basis [58].  

The 2008 NEI, which provides the most recent emissions data available from the EPA, 

estimates that the Roanoke airport emits 53.6 tons of NOx per year.  This annual estimate was 

spatially averaged over the 3.66-km2 (904-acre) area occupied by the Roanoke airport, resulting 

in an area-averaged flux of 0.4 µg m-2 s-1.  The NOx flux measured by eddy covariance, averaged 

over all seasons and sampling locations, is 0.3 µg m-2 s-1, representing a 25% decrease from 

estimated emissions.  However, total landings and takeoffs in 2011 at the airport decreased 22% 

from a 2008 baseline [59].  When coupled with the precision and limitations of the eddy 
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covariance method, this comparison suggests that NOx estimates for the Roanoke airport in the 

NEI are reasonably accurate.  Comparisons for CO2, particle number, and BC could not be 

assessed since the inventory does not estimate emissions for these pollutants. 

The relative impact of NOx emissions from the Roanoke airport can be approximated 

from additional data from the 2008 inventory.  It estimates NOx emissions from on-road mobile 

sources within the City of Roanoke, Virginia to be 1,358 tons yr-1 while total NOx emissions are 

2,316 tons yr-1.  Thus, airport activities within the City of Roanoke are estimated to account for 

only 2% of total NOx emissions and produce 25 times less NOx emissions than all gasoline and 

diesel powered on-road vehicles [57]. 

5.  Conclusions 

This research examined air quality at the airfield and passenger terminal of a mid-sized 

regional airport and its contribution to emissions through the direct measurement of 

concentrations and vertical fluxes of CO2, NOx, BC, and particle number.  Gaseous pollutants 

exhibited expected diurnal and seasonal patterns, with CO2 concentrations consistent with global 

background levels and NOx concentrations remaining well below national air quality standards 

for NO2.  Characteristic of other eddy covariance studies in urban areas, fluxes were generally 

positive, signifying that the surrounding areas upwind of the passenger terminal and airfield 

served mainly as a source of emissions.  Spatial differences in CO2, NOx, and BC concentrations 

were negligible, while particle number concentrations were 30% higher at the airfield compared 

to the terminal.   

For the majority of aircraft sampled, observed NOx EIs were 20% lower, on average, than 

those in the ICAO databank for both taxi and takeoff engine settings.  Unlike NOx emissions, 

whose average values associated with takeoff thrust settings were significantly higher than those 

from aircraft with idle thrust settings, relative differences between the two engine modes for 

particle number EIs were mixed.  For both NOx and particle number EIs, emissions for turboprop 

aircraft, which are not reported in the ICAO databank, are consistent in magnitude with observed 

emissions from jet aircraft.   

Fluxes of CO2, NOx, and particle number at the airfield averaged 0.0 mg m-2 s-1
, 

0.2 µg m-2 s-1, and 1.2 × 109 m-2 s-1, respectively, and were consistently higher at the terminal: 

0.2 mg m-2 s-1, 0.4 µg m-2 s-1, and 3.9 × 109 m-2 s-1.  CO2 and NOx fluxes were lower than those 

observed in other urban studies, while particle number fluxes were higher, likely due to the 
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unique primary source of emissions studied in this case as well as differences in the particle 

counters and tower heights employed.   

The similarity between observed NOx fluxes and official estimates for the airport in the 

National Emissions Inventory add confidence to it.   
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Chapter 5: Conclusion 

A unique mobile eddy covariance system dubbed the Flux Laboratory for the 

Atmospheric Measurement of Emissions (FLAME) was employed in three independent field 

campaigns to gain a deeper understanding of anthropogenic air pollutant emissions in urban 

environments.  Specific research objectives were to:  

1. Quantify relationships among urban air pollutant emissions, land use, and demographics 

2. Determine the spatial and temporal variability of emissions at a small, neighborhood scale 

3. Compare measured emissions to official estimates to evaluate their accuracy 

The results of the three independent field campaigns, summarized below, validate the 

FLAME’s usefulness as a research platform and ability to successfully measure concentrations 

and fluxes of multiple pollutants in a variety of urban landscapes.  Ultimately, this research will 

contribute to the scientific basis to improve the national policies surrounding air quality 

management as well as provide communities with more accurate knowledge of urban impacts to 

air pollution. 

1. Comparing 1Ox Fluxes Measured by Eddy Covariance to Land Use and Demographics 

Data using Source Area Footprints 

The first field campaign involved the measurement of NOx concentrations and surface-

atmosphere exchange fluxes across 16 sampling locations within a 12 km × 12 km area in the 

greater Norfolk, Virginia region.  This work emphasized all specified research objectives and 

represented the first time that NOx fluxes were measured by eddy covariance in an urban 

environment.  Average daytime fluxes ranged from 1.5 to 5.7 µg m-2 s-1 and agreed to within 

10% with the National Emissions Inventory (NEI), but were three times higher than those in the 

corresponding grid cell of an emissions inventory developed for air quality modeling.  

Additionally, fluxes were correlated with road density and medium/high-intensity development.  

In a multiple linear regression of NOx flux against these combined land uses, the R2 value was 

0.31 with a p-value ≤0.0001, confirming that both motor vehicles and non-road sources 

associated with increased development are responsible for NOx emissions.  

Fluxes were not correlated with other land use categories, household income, or 

population density.  Consequently, although one of the primary objectives of this campaign was 

met by quantifying definite relationships under specific sampling conditions, the potential to 
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develop a simple, complementary approach for estimating emissions in an urban area was not 

supported by these results.  That being said, the methods developed as part of this research to 

create footprints using GIS software represent a significant advancement in visualizing and 

comprehending the source-receptor relationship. 

2. Characterization of CO2, 1Ox, and Particle Emissions in the Tijuana-San Diego Border 

Region by Eddy Covariance 

The second field campaign was conducted in the Tijuana-San Diego border region, a 

demographically and economically dynamic area where air pollutant emissions are not well 

characterized.  To improve knowledge of emissions in this region, and to support Research 

Objective 2, the spatial and temporal variability of CO2, NOx, and particle number concentrations 

and fluxes were examined at sampling locations encompassing an international port of entry, a 

park adjacent to a highway and commercial activities, and a residential suburban neighborhood.  

Pollutants exhibited expected diurnal patterns, with CO2 concentrations consistent with global 

background levels and NOx concentrations remaining below air quality standards.  Characteristic 

of other eddy covariance studies in urban areas, fluxes were largely positive, signifying that the 

surrounding area upwind of each sampling location served mainly as a source of emissions.  

Distinct spatial differences were revealed across the sampling locations.  Average weekday CO2 

fluxes ranged from 0.34 mg m-2 s-1 in the residential neighborhood to 0.54 mg m-2 s-1 at the port 

of entry.  Average weekday NOx fluxes were similar at all locations, around 2.0 µg m-2 s-1.  

Average weekday particle number fluxes ranged from 0.8 × 109 to 2.9 × 109 m-2 s-1 and were 

similar to CO2 fluxes in that the minimum and maximum values were observed at the 

neighborhood and the port of entry, respectively.  There was no clear diurnal and weekday-

weekend patterns in fluxes, exemplifying the temporal diversity of source activities in this border 

region.   

CO2 and NOx fluxes were similar to those observed in other urban studies, while particle 

number fluxes were higher than others reported, possibly due to differences in the size range of 

particle counters employed and tower heights, as well as the likelihood that vehicles and 

industrial facilities in the border region are more polluting than those encountered in study areas 

with stricter emissions controls.  Additionally, in support of Research Objective 3, observed 

emissions of CO and NOx were significantly higher than those estimated in two separate 

inventories, suggesting the need for further investigation of the accuracy of the inventories. 
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3. Characterization of CO2, 1Ox, and Particle Emissions from Aircraft and Support 

Activities at a Regional Airport 

The goal of the third field campaign was to improve knowledge of the sources and 

variability of emissions from aircraft and associated support activities at regional airports.  

Regional airports are capable of accommodating large aircraft without the associated zoning 

restrictions required of larger airports meant to limit adjacent residential development.  These 

characteristics can actually increase the potential for exposure of nearby residents to emissions 

associated with regional airport operations when compared to those at major facilities.  To 

accomplish this work, air quality was assessed at the airfield and passenger terminal of the 

Roanoke Regional Airport in Roanoke, Virginia through the direct measurement of 

concentrations and vertical fluxes of CO2, NOx, BC, and particle number.  Like the previous field 

campaign, this study was guided primarily by Research Objectives 2 and 3.  Gaseous pollutants 

at the airport exhibited expected diurnal and seasonal patterns, with CO2 concentrations 

consistent with global background levels and NOx concentrations remaining well below national 

air quality standards for NO2.  Spatial differences in CO2, NOx, and BC concentrations were 

negligible, while particle number concentrations were 30% higher at the airfield compared to the 

terminal.   

Concentration measurements also enabled the calculation of NOx and particle number 

emissions indices (EIs) for both taxi and takeoff engine settings, in terms of grams of pollutant 

emitted per kg of fuel burned.  The majority of observed NOx EIs were 20% lower, on average, 

for in-use aircraft when compared to experimentally determined values found in an international 

databank of EIs.  Unlike NOx emissions, where average values associated with takeoff thrust 

settings were significantly higher than those from aircraft with idle thrust settings, relative 

differences between the two engine modes for particle number EIs were mixed.  For both NOx 

and particle number EIs, emissions for turboprop aircraft, which are not reported in the databank, 

are consistent in magnitude with observed emissions from jet aircraft.   

Fluxes of CO2, NOx, and particle number at the airfield averaged 0.0 mg m-2 s-1
, 

0.2 µg m-2 s-1, and 1.2 × 109 m-2 s-1, respectively, and were higher at the terminal: 0.2 mg m-2 s-1, 

0.4 µg m-2 s-1, and 3.9 × 109 m-2 s-1.  CO2 and NOx fluxes were lower than those observed in other 

urban studies, while particle number fluxes were higher, likely due to the unique primary source 
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of emissions studied in this case as well as differences in the characteristics of particle counters 

and tower heights employed.   

Additionally, the observed NOx fluxes and official estimates for the airport in the 

National Emissions Inventory agree to within 25%, thus adding confidence to official estimates.   

4. Future Work 

Owing to its unparalleled mobility, the FLAME has proven it can successfully 

characterize the spatial and temporal variability of air pollutant emissions at fine scales and 

contribute original, empirical verification of emissions inventories.  Consequently, future work 

with the FLAME is warranted to continually improve the collective understanding of 

anthropogenic impacts to urban air quality, whose uncertainties potentially jeopardize the 

effectiveness of the air quality management strategies meant to mitigate human health and 

environmental effects.   

 Examples of future research with the FLAME may include, but are certainly not 

limited to: (1) investigating the exposure of urban populations to specific area sources such 

as automobile paint shops, dry cleaning facilities, gas stations, and landfills. where accuracy 

of emissions estimates remains highly uncertain; (2) targeting industries involved in 

emerging technologies such as carbon sequestration and waste-to-energy to characterize their 

emissions and better comprehend the subsequent air quality impacts; and (3) examining the 

emissions resulting from human activity at popular sporting events such as college football 

games and NASCAR races where attendance can exceed 100,000 spectators.  Regardless of 

how the FLAME is utilized in the future, it is important to maintain an educational 

component to the research in an effort to increase students’ exposure to science and 

engineering and encourage participation in these fields of study. 
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Appendix A: Comparison of 1Ox Fluxes Measured by Eddy Covariance to 

Emissions Inventories and Land Use 

Abstract 

Uncertainty in emission inventories remains a critical limitation of air quality modeling 

and management. Using eddy covariance, we measured neighborhood-scale fluxes of nitrogen 

oxides (NOx) at 16 sites in the Norfolk, Virginia area to estimate emissions, to evaluate official 

inventories, and to quantify relationships between emissions and land use. There was tremendous 

spatial and temporal variability in both concentrations and fluxes of NOx. Average daytime 

(7:30-17:30) fluxes ranged from 0.32 µg m-2 s-1 at a site near open water to 9.9 µg m-2 s-1 at a site 

dominated by vehicle traffic. Spatially averaged daytime NOx fluxes measured by eddy 

covariance agreed to within 10% with the National Emission Inventory (NEI) but were three 

times higher than those in the corresponding grid cell of an emission inventory developed for air 

quality modeling. These average fluxes were 4.1, 3.7, and 1.4 µg m-2 s-1, respectively. NOx 

fluxes were correlated with both road density and medium- plus high-intensity development, 

with adjusted R2 of 0.25 and 0.12, respectively. These results confirm that both motor vehicles 

and non-road sources associated with development are responsible for NOx emissions in urban 

areas. It is especially important to know NOx emissions accurately because in certain 

photochemical regimes, reducing NOx emissions can exacerbate secondary pollutant formation. 

1. Introduction 

Air pollution emission inventories are critical tools for improving air quality, but they are 

known to contain large uncertainties that can limit progress toward scientific and policymaking 

goals. Emissions from non-point sources are especially uncertain because of the dearth of 

methods for independently verifying them. To estimate such emissions, inventories rely on 

emission factors, but these are often based on measurements from a very small sample size and 

may not be representative of the population of sources. Independent estimates suggest that fine 

particulate matter inventories, for example, may be inaccurate by an order of magnitude [1]. 

A host of techniques has been used to evaluate or estimate emission inventories 

indirectly, including applying receptor models to observed concentrations [2], comparing air 

quality model predictions with atmospheric measurements [3-7] or satellite observations [8-9], 

comparing pollutant ratios within the inventory to ambient ones [10], conducting on-road studies 

for mobile sources [11], and applying inverse methods using three-dimensional air quality 
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models [12-13], to highlight a handful of the most recent work. However, none of these methods 

directly measures the flux of emissions to the atmosphere. 

Eddy covariance, widely used in the biogeosciences to measure surface-atmosphere 

exchange fluxes, can be employed as a powerful tool for validating emission inventories and 

identifying missing and/or erroneous components in them [14]. Previous work has demonstrated 

the successful use of eddy covariance towers to measure fluxes in urban locations such as 

Chicago, Mexico City, and Edinburgh [15-17]. Although towers enable elevated measurement 

heights, they are locked into a single location and require infrastructure and permissions that can 

be difficult to obtain. We have overcome this challenge by employing a van with a telescoping 

mast as the eddy covariance platform, thereby gaining the advantage of being able to conduct 

measurements anywhere that is accessible to vehicles and favorable topographically to the 

method. In a recent pilot study, we demonstrated this approach for measuring anthropogenic 

fluxes of carbon dioxide (CO2), nitrogen oxides (NOx), and fine particulate matter (PM2.5) [14]. 

The objective of this research is to determine the magnitude and spatial and temporal 

variability in air pollutant fluxes at the neighborhood scale for comparison to official emission 

inventories used for scientific and regulatory purposes. Using a mobile eddy covariance system, 

we measured surface-atmosphere exchange fluxes of NOx during a month-long field campaign in 

the Norfolk, Virginia area. NOx is of concern because of its role in ozone and secondary aerosol 

formation and impacts on health and visibility. We compared results with the Environmental 

Protection Agency’s (EPA) National Emission Inventory (NEI) and with a high-resolution 

gridded, hourly inventory developed for air quality modeling. These alternative estimates of 

emissions can provide insight into uncertainties in inventories and prioritize further development 

of inventorying methods.  

2. Methods 

2.1. Flux Measurements  

The mobile Flux Laboratory for the Atmospheric Measurement of Emissions (FLAME) 

is a customized television news van with a mast that extends to 15 m above ground. During the 

field campaign, a sonic anemometer (Applied Technologies SATI-3K) and conductive Teflon 

tubing, in which depositional losses have been shown to be negligible [14], were mounted on a 

rotating platform on top of the mast. We used a fast chemiluminescence analyzer to measure 
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NOx (Eco Physics CLD 88Y). We also measured CO2, but these data had to be discarded due to 

problems with calibration. 

Quality control and standard post-processing of the measurements included spike 

removal, lag correction, coordinate rotation by the planar fit method, linear detrending, and 

calculation of fluxes according to Eq. 1, 

 ''
xx CwF =  (Eq. A-1) 

where the flux Fx of species x is the time-averaged covariance between the instantaneous 

deviations of the vertical wind velocities w' and the concentrations Cx' from their means over the 

averaging period [17-18]. A positive flux represents net transfer upward into the atmosphere 

from the surface. Quality assurance of the calculated fluxes included spectral and co-spectral 

analyses and stationarity testing through comparison of a period’s 30-min flux and the average of 

six corresponding 5-min fluxes [15, 17, 19]. Differences of less than 60% were deemed to be 

indicative of periods of acceptable quality [17, 19-20]. 

Although it is impossible to quantify uncertainties accurately from eddy covariance data 

alone, on the basis of previous work dedicated to the estimation of such uncertainties [20-26], it 

is likely that the systematic error in fluxes is ≤25% and random error is ≤20%. Emissions from 

the FLAME’s gasoline-powered generator are carried downwind and, according to footprint 

calculations, should have minimal impact on the calculated fluxes. 

Footprints describing the source probability distribution, or the extent of the area 

responsible for a certain percentage of the measured fluxes, at each site were calculated using the 

Flux Area Source Model (FSAM) [27], an analytical solution of the advection-diffusion 

equation. The 90th percentile footprint lengths extended 51 m to 1020 m in the upwind direction, 

depending on site characteristics and meteorological conditions during any specific 30-min 

period.  Figure A-1a shows an example footprint at a site during a period with southerly wind. 
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Figure A-1. (a) Example footprint superimposed on satellite imagery when the mobile laboratory was parked at the 
sampling location indicated by the star. The outline shows the 90th percentile of the source probability distribution; 
the lighter shading indicates areas of higher probability. (b) Land use within the footprint, with categories shown in 
the legend. (c) Roads within the footprint used to calculate roadway density.  

 
2.2. Field Campaign  

The field campaign took place in Norfolk, Virginia, and also included parts of the 

surrounding cities of Chesapeake, Portsmouth, and Virginia Beach. The area is designated non-

attainment for ozone and often experiences high levels of PM2.5 during the summer. For eddy 

covariance, a uniform fetch is most desirable, but urban areas are spatially heterogeneous. To 

overcome this limitation, we followed the recommendation of Schmid et al. [28] to use multiple 

sites within an ecosystem in order to achieve higher spatial averaging power. Sixteen sites were 

chosen to be approximately evenly spaced across a 12 km × 12 km square that coincided with the 

grid cell of highest emissions in the region in an inventory developed by the Visibility 

Improvement State and Tribal Association of the Southeast (VISTAS) regional planning 
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organization for modeling air quality. The 16 sites encompassed residential/industrial, 

commercial, and open water land uses, as defined by the US Department of Agriculture. 

FigureA-1b shows land uses within an example footprint. Terrain in the immediate surroundings 

was flat with low building and tree heights (<10 m).  

Sampling took place on Mondays through Thursdays for four weeks in June 2008. Due to 

practical considerations and the challenge in measuring fluxes under very stable atmospheric 

conditions at nighttime, measurements began at 7:30 and ended at 17:30. Weather during the 

campaign was hot and humid with daily high temperatures of 25 to 40 °C. There was no 

precipitation, and skies were typically clear.  

2.3. Inventory and Land Use Data 

We compared fluxes with EPA’s NEI and with a gridded, hourly emission inventory used 

for air quality modeling. From the NEI, we extracted NOx emissions for the City of Norfolk in 

2005, the most recent year for which estimates were available at city- and county-level 

resolution, and adjusted them downward by 13% to account for the decrease in NOx emissions 

from all categories except fuel combustion by electrical utilities between 2005 and 2008, 

according to NEI estimates at the national level (which are available up through 2008). To 

convert emission rates to fluxes, we divided by the area of Norfolk, 139 m2. The gridded, hourly 

inventory was generated by the VISTAS regional planning organization using the Sparse Matrix 

Operator Kernel Emissions (SMOKE) model. From this inventory, we extracted hourly emission 

rates on weekdays in June from the 12 km × 12 km grid cell corresponding to the measurement 

sites in Norfolk. Because this inventory was created for the year 2002, we adjusted values 

downward by 19% to account for the decrease in NOx emissions between 2002 and 2008, 

according to the NEI. 

  Using JMP statistical software, we quantified relationships between measured fluxes and 

various aspects of land use and demographics around each site. Roadway distances, railroad 

distances, and land use were available at 30-m resolution or better (Figure A-1), and we 

calculated roadway and railroad density (km km-2) and percentage of each land use category 

present in individual 30-min footprints for comparison with 30-min fluxes. Income, population, 

and building occupancy class according to the Federal Emergency Management Agency (e.g., 

single family dwellings, hospitals, theaters, heavy industrial) were available at the census tract 

level, and we extracted these for each site for comparison with fluxes averaged over the entire 
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day. If footprints at a site spanned more than one census tract, we calculated an average metric 

weighted by the fraction of the footprint that fell in each tract. We deemed relationships to be 

significant if the p-value was less than 0.05. 

3. Results 

3.1. 1Ox Concentrations 

Pollutant concentrations, shown in Table 1, showed substantial spatial and temporal 

variability across the 12 km × 12 km area. The average daytime NOx concentration ranged from 

9 ppb at SL3 to 59 ppb at SL12. At SL1, the average was even higher, 62 ppb, but this statistic 

was skewed by a 30-min average of 361 ppb, which appeared to be an outlier and may have been 

due to the site’s location 200 m downwind of a large rail terminal. Results were not available at 

SL7, SL9, and SL11 due to excessive heat on certain days and/or data loss. Day-to-day 

variability accounted for 11% of intersite differences; this value was determined through linear 

regression of concentrations against those obtained at a fixed monitoring site in Norfolk by the 

Virginia Department of Environmental Quality. Therefore, most of the intersite differences can 

be attributed to spatial variability. For any given half-hour, the relative standard deviation of NOx 

concentrations across sites was 63%. Averaged across all sites, there was a clear diurnal pattern 

in which NOx was highest in the morning, ~100 ppb at 7:30, and stabilized at 20-30 ppb between 

9:30-17:30. 

3.2. 1Ox Fluxes 

Of the 226 periods containing valid raw data, 184 or 81% were of acceptable quality with 

respect to stationarity. As in previous work with the FLAME [14], slopes of frequency-weighted 

spectral and co-spectral plots were found to match theoretically expected values of -2/3 and -4/3 

[17, 20, 29], respectively. Fluxes represent net surface-atmosphere exchange, and values less 

than zero mean that emissions were exceeded by uptake at the surface. The only loss process for 

NOx was dry deposition, and, assuming a deposition velocity of 0.1 cm s-1 [30] and NOx 

concentration of 100 ppb, at the higher end of observations, this downward flux would have been 

at most 0.2 µg m-2 s-1, at least an order of magnitude lower than observed values in most cases, 

and therefore negligible. 

 



 

113 
 

Table A-1.  Daytime (7:30-17:30) average±standard deviation of 30-min NOx concentrations and fluxes. 

Site NOx (ppb) NOx flux   
(µg m-2 s-1) 

SL1 62±85 0.3±6.8 
SL2 25±16 3.2±2.6 
SL3 9±3 2.0±1.5 
SL4 24±16 3.4±4.8 
SL5 18±8 1.6±3.1 
SL6 25±8 5.7±2.4 
SL7 NA NA 
SL8 40±34 3.6±3.2 
SL9 NA NA 

SL10 46±11 8.5±3.5 
SL11 NA NA 
SL12 59±42 2.6±2.6 
SL13 53±10 9.9±5.4 
SL14 22±6 0.6±0.6 
SL15 26±15 2.8±1.8 
SL16 22±7 2.1±1.6 

 

As expected, average daytime NOx fluxes at all sites were positive (Table A-1), 

indicating that the areas were net sources to the atmosphere. Figure A-2 shows diurnal profiles of 

fluxes at all sites. Site-to-site differences were readily evident, but there was no discernable 

temporal pattern. Relative standard deviations across sites ranged from 51% to 142% for the 30-

min periods. The highest site-averaged fluxes of 9.9 and 8.5 µg m-2 s-1 occurred at SL13 and 

SL10, respectively. High fluxes at SL13 were probably due to motor vehicle emissions; this site 

was located at the intersection of major surface streets with adjacent strip malls, a large grocery 

store, and fast food restaurants. There was steady traffic throughout the day and a relatively high 

fraction of diesel-powered vehicles. Footprints extended as far as 400 m and fell over the grocery 

store parking lot and the busy four-lane road at different times of the day. The nearest point 

source was >2 km away, so its emissions likely had no influence on observed fluxes. SL10 was 

located 500 m southeast and often downwind of the intersection of a number of major highways 

in this area. Traffic in this location was typically very heavy due to the proximity of downtown 

Norfolk and industrial operations, and the frequency and fraction of diesel-powered vehicle 

traffic was especially high (>100 trucks per day). The site was also ~500 m to the east of a point 
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source which was responsible for 62 tons y-1 of NOx in 2005, according to the NEI. At this 

location, a combination of vehicle traffic and industrial activities was the likely source of NOx. 

The lowest average fluxes of 0.32 and 0.60 µg m-2 s-1 were found at SL1 and SL14, 

respectively. The two largest negative 30-min fluxes of the campaign were recorded at SL1 and 

may be due to this site’s proximity to a large body of water and golf course to the northwest. 

When winds were from this direction, deposition likely outweighed emissions. The large 

negative flux at 13:00 has been excluded from subsequent calculations. The site was also 

bounded by a rail yard to the south, whose associated emissions may have accounted for positive 

fluxes when winds were southerly. The next two largest negative 30-min fluxes of the campaign 

were observed at SL5, which was also at the water’s edge. The other site with low fluxes, SL14, 

was located in a mainly residential area where NOx-generating activities, such as diesel-powered 

vehicle traffic [31], were probably minimal. 

 
Figure A-2. Daytime NOx fluxes at each site. No valid measurements were obtained at SL7, SL9, and SL11. 

 
3.3. Fluxes v. Emission Inventory 

Figure A-3 compares NOx fluxes measured by eddy covariance (the average and standard 

error of those shown in Figure A-2) with those in the NEI for the City of Norfolk and those 

derived from a gridded, hourly emission inventory used for air quality modeling over the same 

12 km × 12 km area, all adjusted to the year 2008. Averaged over daytime hours, fluxes are 4.1, 

3.7, and 1.4 µg m-2 s-1 according to eddy covariance measurements, the NEI, and the gridded 

inventory, respectively. In the figure, fluxes from the NEI appear as a flat line because the 
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inventory provides a single annual estimate, with no further temporal resolution. The NEI and 

daytime eddy covariance fluxes agree to within 10% if we assume the NEI’s emissions to be 

evenly distributed over all hours and all seasons. Agreement is much poorer with the gridded 

emission inventory, from which fluxes were extracted for weekdays in June; integrated over the 

10 h for which measurements are available, eddy covariance fluxes are 3.0 times higher than 

those in the inventory. Additionally, the eddy covariance fluxes show much greater variability in 

time than do those in the inventory, which are low overnight until 9:00, rise sharply for the next 

two hours, and rise more gradually throughout the rest of the afternoon. 

 

Figure A-3. NOx fluxes measured by eddy covariance compared to those in the NEI and in a gridded emission 
inventory used for air quality modeling. 

3.4. Fluxes v. Land Use  

NOx fluxes were correlated with both road density and medium- plus high-intensity 

development, as shown in Figure A-4. The figure includes only a subset of the flux 

measurements, 118 out of 184 for which valid footprints could be calculated. While the 

coefficients of determination (R2) were not high, the p-values were 0.0001 or less in both cases. 

The adjusted R
2 were 0.25 and 0.12, respectively. Fluxes were correlated with both medium-

intensity development and high-intensity development separately, with similar slopes, so we 

combined the two. Medium-intensity development is defined as areas with a mixture of 

constructed materials and vegetation where impervious surfaces account for 50-79% of the total 

cover. These areas most commonly include single-family housing units. High-intensity 
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development is defined as areas where impervious surfaces account for at least 80% of the total 

cover. These areas commonly include apartment complexes and commercial/industrial buildings. 

Road density and medium- plus high-intensity development were only weakly correlated with 

each other (R2=0.05). In a multiple linear regression of NOx flux against both road density and 

percentage of medium- plus high-intensity development, the adjusted R2 increased to 0.31. 

 

Figure A-4. NOx fluxes during each 30-min period versus road density and intensity of development in the 
corresponding footprint (p≤0.0001 in both cases). 

Fluxes were not correlated with other land use categories: open water (hypothesized to be 

a proxy for boating activity), open space, low intensity development, barren land, evergreen 

forest, pasture/hay, cultivated crops, or woodlands. Only six of the 118 footprints intersected 

railroad tracks (three at SL1 and three at SL13), and there was no correlation between fluxes and 

railroad density in this limited data set. Average fluxes at each site were positively correlated 

with the fraction of heavy industrial facilities in the area but not with household income, 

population density, or the fraction of medium industrial facilities in the area. 

4. Discussion 

We found large spatial and diurnal variability in NOx concentrations and emissions across 

the 16 sampling sites located within a 12 km × 12 km area. The variability presents a challenge 

for modeling air quality at high spatial resolution (i.e., a few kilometers or less). Capturing fine 

spatial and temporal features in emissions will be needed in order to simulate atmospheric 

chemistry at the neighborhood scale. This level of accuracy could be important for reproducing 
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nonlinearities in ozone sensitivity to precursors [32] and predicting individuals’ exposure to air 

pollution. 

To our knowledge, this research represents the first time that NOx fluxes have been 

measured by eddy covariance in an urban area. The observation that net fluxes were mostly 

positive agrees with previous eddy covariance measurements of CO2, particles, and other 

pollutants showing that urban areas are sources of emissions [14, 17, 33-39]. In Norfolk, 30-min 

daytime fluxes, averaged across all sites, ranged from 1.5 µg m-2 s-1 to 5.7 µg m-2 s-1. In forests, 

where anthropogenic influences are minimal, average NOx fluxes have been found to be negative 

(i.e., downward), and the largest 30-min median values were -0.3 µg m-2 s-1 [40] and 

-0.08 µg m-2 s-1 [41], an order of magnitude smaller than observed in Norfolk in absolute terms. 

In Greenland, average NOx fluxes above the snowpack reached 4 × 10-4 µg m-2 s-1 [42], 

negligible relative to values observed in Norfolk; emissions were thought to be due to nitrate 

photolysis within the snowpack. 

Eddy covariance adds a relatively direct method to the suite of techniques available for 

estimation of emissions, but as with any method, it has limitations. Two uncertainties associated 

with the experimental approach bias the measured fluxes lower than actual emissions. First, 

fluxes represent net surface-atmosphere exchange and so incorporate losses due to deposition. 

Actual emissions will always be higher than the net flux. Second, the NOx analyzer’s response 

time of 1 s means that it missed turbulent transport associated with frequencies higher than 1 Hz. 

This loss has been estimated previously to be less than 20% for similar instrumentation [40-41]. 

Another limitation of this method is that that the lack of nighttime measurements precludes 

comparisons with inventories over a complete 24-h period. 

Historically, emission inventories have been shown to contain large uncertainties. 

Confidence in the accuracy of NOx emissions in the NEI is medium to high for point and mobile 

sources but low for area and biogenic sources [43]. According to the NEI for Norfolk, point 

sources, on-road vehicles, and area sources account for 20%, 5%, and 75% of total 

anthropogenic NOx emissions, respectively. The relatively good agreement between observed 

fluxes and the NEI, combined with confidence in the accuracy of point and mobile source 

emissions, suggests that the area source emission inventory is reasonably accurate. One caveat in 

this analysis is that observed fluxes are specific to summertime, weekday, daytime hours, while 

the NEI contains an average over all hours of the year. 
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NOx emissions in the grid cell of the inventory used for air quality modeling are three 

times lower than observed fluxes. Developing a gridded, hourly emission inventory for air 

quality modeling is a complex task that requires numerous inputs and processing steps. Point and 

area source emissions in this inventory were based on the 1999 NEI, projected forward to 2002, 

and mobile source emissions were developed using the MOBILE6 and NONROAD 2002 

models. There is some overlap in data sources between this gridded inventory and the 2002 NEI 

shown in Figure A-3; the reasons for the disagreement between the two are not known. On an 

annual statewide basis, the two inventories agree to within 5%, so discrepancies in this particular 

grid cell at this particular time may have arisen during spatial and temporal allocation of 

emissions. There may also be missing sources in the inventory in this area. If NOx emissions in 

the gridded, hourly inventory really are substantially lower than actual emissions, the 

discrepancy has serious repercussions for air quality modeling and decision-making based on 

those results.  There are also uncertainties in the timing of emissions during the day. Diurnal and 

weekly patterns in traffic counts have been shown to differ from diel patterns of on-road mobile 

source emissions in inventories [44], and these differences have important implications for 

understanding photochemical ozone formation [45] and probably for secondary aerosol 

formation, too. 

Direct measurements of NOx fluxes by eddy covariance add confidence to the accuracy 

of the NEI but raise questions about a gridded, hourly emission inventory used for air quality 

modeling. Results confirm that both motor vehicles and non-road sources associated with 

development are responsible for NOx emissions. It is especially important to know NOx 

emissions accurately because in certain photochemical regimes, reducing NOx emissions can 

actually exacerbate secondary pollutant formation. 
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Appendix B: Visual Basic code to convert an FSAM probability distribution 

array to spatially accurate data compatible with GIS software 

NOTE: This VB code is associated with an Excel .xlsm file arbitrarily 
named “FSAM_to_ArcMap_Macro.xlsm” with an active worksheet entitled 
“files”.  On the worksheet, the target FSAM array files are listed in 
Column A, mean wind direction for a given file is listed in Column B, 
and projected X,Y coordinates of the associated sampling location are 
listed in Columns C and D, respectively: 
 

 A B C D 
1 File name alpha (deg) xflame (m) yflame (m) 

2 1702_Array.txt 328.8 505,804.39 3,595,167.51 
 
 
Sub FSAM_to_ArcMap() 
 
    Dim FilePath, FSAMfile, GISfile As String 
    Dim FilesRowNumber As Integer 
    Dim a As Double 
    Dim xnpix, ynpix As Long 
    Dim xpix, ypix As Double 
    Dim xcoord, ycoord As Double 
    Dim xdist, ydist As Double 
    Dim x, y As Integer 
    Dim FSAMvalue As Double 
    Dim alpha, beta, gamma As Double 
    Dim xflame, yflame As Double 
    Dim z As Double 
    Dim NewBook As String 
     
    Application.ScreenUpdating = False 
         
    FilePath = (location of FSAM files) 
     
    'loop through FSAM array files (listed on Excel .xlsm worksheet) 
    For FilesRowNumber = (starting row) To (ending row) 
     
        'select the FSAM workbook and 'files' worksheet 
        Windows("FSAM_to_ArcMap_Macro.xlsm").Activate 
        Sheets("files").Select 
 
        'get FSAM file name, wind angle, and FLAME coordinates 
        FSAMfile = Cells(FilesRowNumber, 1) 
        alpha = Cells(FilesRowNumber, 2) 
        xflame = Cells(FilesRowNumber, 3) 
        yflame = Cells(FilesRowNumber, 4) 
         
         
 

'open the target FSAM array file in Excel 
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Workbooks.OpenText Filename:= FilePath & FSAMfile, 
Origin:=437, StartRow:=1, DataType:=xlDelimited, 
TextQualifier:= xlDoubleQuote, ConsecutiveDelimiter:=True, 
Tab:=False, Semicolon:=False, Comma:=False, Space:=True, 
Other:=False 

 
        'acquire key parameters from FSAM array  
        a = Cells(7, 2) 'acquires distance from sensor to leading edge 
        xnpix = Cells(9, 2) 'number of pixels in array columns 
        ynpix = Cells(9, 3) 'number of pixels in array rows 
        xpix = Cells(11, 3) 'size of individual pixel in X dimension 
        ypix = Cells(11, 2) 'size of individual pixel in Y dimension 
         
        'open a new file for writing output and get its name 
        Workbooks.Add 
        NewBook = ActiveWorkbook.Name 
         
        'loop through rows (Y dimension) 
        For y = 1 To ynpix 
         
            'loop through columns (X dimension) 
            For x = 1 To xnpix 
             
                'switch to the FSAM file 
                Windows(FSAMfile).Activate 
         
                'calculate distance from sampling location for each 

cell in x and y directions 
                xdist = (xnpix * xpix) - (0.5 * xnpix * xpix) - (xpix 

* 0.5) - (xpix * (x - 1)) 
                ydist = a + (ypix * 0.5) + (ypix * (y - 1)) 
 
                'calculate direct distance from sampling location for 

each cell 
                z = (xdist ^ 2 + ydist ^ 2) ^ 0.5 
                 
                'calculate angle (in radians) from wind vector for 

each cell 
                beta = Atn(xdist / ydist) 
                 
                'calculate gamma, which is the combined angle of the 

wind direction, alpha (in radians) and beta 
                gamma = (alpha * 3.14159265359 / 180) + beta 
                 
                'calculate specific x and y coordinates for each cell 
                xcoord = xflame + (z * Sin(gamma)) 
                ycoord = yflame + (z * Cos(gamma)) 
                 
                'get the FSAM value 
                FSAMvalue = Cells(y + 12, x + 1) 
                 
                'write xcoord, ycoord, and FSAMvalue to new book 
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                Windows(NewBook).Activate 
                Cells((y - 1) * xnpix + x, 1) = xcoord 
                Cells((y - 1) * xnpix + x, 2) = ycoord 
                Cells((y - 1) * xnpix + x, 3) = FSAMvalue 
                 
            Next x 
        Next y 
     
        'close FSAM file 
        Windows(FSAMfile).Activate 
        ActiveWindow.Close SaveChanges:=False 
         
        'add header info to GIS file 
        Windows(NewBook).Activate 
        Rows("1:1").Select 
        Selection.Insert Shift:=xlDown, 

CopyOrigin:=xlFormatFromLeftOrAbove 
        Range("A1").Select 
        ActiveCell.FormulaR1C1 = "X" 
        Range("B1").Select 
        ActiveCell.FormulaR1C1 = "Y" 
        Range("C1").Select 
        ActiveCell.FormulaR1C1 = "Z" 
        Range("C2").Select 
                         
        'make GIS file name 
        GISfile = Left(FSAMfile, Len(FSAMfile) - 4) & ".csv" 
         
        'save GIS file as comma-delimited file and close 
        ActiveWorkbook.SaveAs Filename:=FilePath & GISfile, 

FileFormat:=xlCSV, CreateBackup:=False 
        ActiveWindow.Close SaveChanges:=False 
         
    Next FilesRowNumber 
 
End Sub 
 

 
 


