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EXECUTIVE SUMMARY 

SEA-TAC AIRPORT SPATIAL NITROGEN DIOXIDE STUDY 

Previous air pollution modeling efforts and current facility expansion activities at 

Sea-Tac International Airport have raised concerns about elevated nitrogen dioxide (NO2) 

levels in the surrounding community.  The goals for this project were to 1) assess 

compliance with the 100 micrograms per cubic meter annual national ambient air quality 

standard (NAAQS) for NO2, 2) quantify any local concentration gradients, and 3) 

evaluate the impact of aircraft operations on local NO2 levels.   

The scope of this project included annual NO2 measurements throughout the 

community; samplers were located in areas near the north and south ends of the airport 

where aircraft operations would most likely affect ambient concentrations.  Three-week 

integrated NO2 measurements were continuously performed at 16 locations using 

Yanagisawa NO2 diffusion badges.  Additionally, Washington State Department of 

Ecology (WDOE) performed continuous nitrogen oxides (NOX) measurements using 

Federal Reference Method chemiluminescent analyzers and collected meteorological data 

at two of the sampling locations.   

Annual average NO2 measurements at all sites were well below the NAAQS.  

Consistent spatial concentration gradients were observed throughout the study. NO2 

levels decreased from east to west.  NO2 levels generally decreased with distance from 

both the airport runways and local freeways. 

Hourly NOX and meteorological data from WDOE monitoring stations were used 

to identify local source impacts by comparing measured NOX levels by wind direction.  

Because NOX is primarily emitted as nitric oxide (NO), concentration of this species 

varied more with wind direction than NO2.  Evidence of a small but discernable airport 

impact on NOX levels was observed near the south end of the airport; NOX levels near the 

north end were generally higher and dominated by freeway sources.  It was not possible, 



 

 

within the scope of this study, to precisely quantify the impact the airport has on 

community NO2 levels.  The airport impact is less than 13 g/m3 (7ppb).  This value was 

calculated by subtracting the background annual mean concentration (Site 9) from the 

annual concentration average of all sites near the airport.  However, motor vehicle traffic 

is responsible for some portion of this difference; the importance of airport vs. traffic 

sources is unknown. 

Overall, measurement results demonstrate that airport operations do not 

significantly affect local NO2 levels, aircraft emissions are not a dominant source.  

Concentrations throughout the community are not significantly higher than Seattle urban 

levels.  Seatac air quality is strongly influenced by regional pollutant levels and 

meteorological conditions. 
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CHAPTER 1: BACKGROUND 

Nitrogen dioxide (NO2) is one of six criteria pollutants regulated nationwide by 

the U.S. Environmental Protection Agency (EPA).  The national ambient air quality 

standard (NAAQS) for NO2 is an annual arithmetic mean of 53 parts per billion by 

volume (ppb), or 100 g/m3 (U.S. EPA, 1996 (1)).  Industrial and vehicular combustion 

sources can elevate ambient levels in metropolitan areas.  NO2 is a respiratory irritant and 

reacts photochemically to form ozone.  The following sections provide general 

information on NO2 as an air pollutant and specific background information pertaining to 

Seattle-Tacoma International  (Sea-Tac) Airport.  

ATMOSPHERIC NO2 FORMATION AND REACTIONS 

Nitric oxide (NO) is formed during high-temperature combustion from the 

oxidation of nitrogen present in combustion air.  Because the reverse reaction rate is very 

slow, any NO formed at elevated temperature remains upon cooling of the combustion 

gas.  Once in the atmosphere, NO reacts with oxidants including ozone or peroxide 

radicals to form NO2.  In the presence of sunlight, NO2 will break down to form NO and 

an oxygen radical (O).  Therefore, NO and NO2 are continuously cycled back and forth 

(Bunce, 1990).  Example equations representing these three processes are listed below: 

 

Photochemical smog generation requires that four factors are simultaneously 

present: nitrogen oxides (NOX), hydrocarbons, sunlight, and temperatures above 18 

degrees C.  The third reaction listed above is the key step in initiating the photochemical 
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smog formation process.  In the presence of hydrocarbons, the oxygen radical and an 

oxygen molecule will then combine to form ozone.  NO2 is partially responsible for the 

yellow/brownish color of smog; it is the only tropospheric gas with significant visible 

light absorption capacity.  Because automobiles and stationary sources emit NOX and 

hydrocarbons, photochemical smog is a problem in large metropolitan areas. 

NO2 HEALTH EFFECTS 

NO2 is a deep lung irritant at high concentrations.  Exposure levels exceeding 200 

ppm are associated with acute pulmonary edema and even death (Speizer et al., 1980).  

Morrow (1984) demonstrated appreciable respiratory health risk from low level 

extended NO2 exposures in animal toxicological studies.   

Epidemiological and controlled human exposure studies, however, have generally 

failed to yield conclusive associations between low level NO2 exposures and respiratory 

health effects.  Hackney et al. (1992) exposed high-risk adults to 0.3 ppm NO2 levels for 

4-hour sessions and did not demonstrate a significant decline in respiratory function 

compared to clean air exposures.  Koenig et al. (1985) compared the pulmonary response 

of subjects with asthma and healthy subjects exposed to 0.12 ppm NO2, finding no 

significant difference between the sensitive and healthy groups.  

Noy et al. (1990) suggest that repeated short term peak exposures cause more 

adverse health effects that longer exposures of lower elevated concentrations.  Indoor 

peak NO2 concentrations were measured as high as 2000g/m3  (1 ppm) from heating 

and cooking open combustion sources.  Speizer et al. (1980) found that children under the 

age of two living in households with gas stoves were more likely to experience 

respiratory illness than children living in electric stove households.  Twenty-four hour 

average NO2 levels were 4 to 7 times higher in gas-stove households; but were generally 

below 100 g/m3 (53 ppb).  Because of the potential for such a wide range of indoor 

exposure scenarios, measured personal NO2 exposure levels are more highly correlated 

with measured indoor levels that outdoor levels (Nakai et al., 1995).  Therefore, because 
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of such great variations in personal exposure, assessment of health effects from relatively 

lower outdoor levels is extremely difficult. 

SEA-TAC NO2 STUDY  

Washington State Department of Ecology (WDOE) conducted an emission 

inventory and dispersion study (WDOE, 1991) to determine the impact of airport 

operations on the ground level ambient air quality in the surrounding community.  The 

study was performed using the Federal Aviation Administration’s airport air quality 

model, Emissions and Dispersions Modeling System (EDMS).  The model was used both 

to perform an emission inventory for airport operations and to assess their impact on 

ground level air pollutant concentrations.   

Emission inventory results indicated that over 98 percent of airport NOX 

emissions were from aircraft; Table 1 lists emissions by source.  By this estimation, Sea-

Tac Airport accounts for 5 percent of the total NOX emitted in King County.   

Table 1.  Sea-Tac Airport annual NOX emissions 

 

Source 

NOX Emissions 

(MTPY)a 

Motor Vehiclesb 23.03 

Aircraft 1874 

Boilers 0.012 

Total 1897 

 aMetric tons per year 

 bIncluded six road sections surrounding airport or on property 

NO formation increases exponentially with increased engine temperature (Turns, 

1996).  Therefore aircraft emissions are highest during peak throttle modes.  EDMS 

estimated that approximately 90 percent of the total airport emissions are generated 

during aircraft takeoff and climb-out operating modes.  NO emissions during queue and 

taxi operating modes account for most of the remainder.  

EDMS was used to calculate ground-level NOX concentrations under worst case 

conditions.  Peak aircraft activity was used; aircraft were modeled as accelerating point 
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sources.  Three prevailing wind directions were modeled (0, 170, and 345 degrees); the 

following other meteorological parameters were assumed to represent worst case 

dispersion characteristics: 

 1 meter per second wind speed 

 40 degree Fahrenheit ambient temperature 

 Stability class E 

The highest one-hour average NOX prediction from the 345o wind direction was 

28 ppm, 100 meters south of the runways.  The worst-case hourly concentration from the 

0o wind direction was 12 ppm, occurring at Tyee Golf Course.  The worst-case hourly 

concentration from the 170o wind direction was estimated to be 19 ppm, occurring at 

154th Street, directly north of the runways. 

The percentages comprised by NO and NO2 were not estimated at these locations; 

the oxidation reaction time is unknown.  Therefore, WDOE conservatively reported 

ground level estimates as NO2.  The nighttime conditions represented in the dispersion 

model are not conducive to ozone formation; therefore NO oxidation is not likely to be 

rapid.   

While the estimation was known to be conservative, the extreme magnitude of 

predicted levels was obviously cause for concern and further investigation.  One 

recommendation of the study was to conduct a refined study to assess compliance with 

the NAAQS for NO2. 

Additional NO2 modeling efforts were conducted for the Sea-Tac Final 

Environmental Impact Statement  (FAA and Port of Seattle, 1996).  The FAA EDMS 

model was again used for emissions inventory and ground level pollution concentration 

estimation.  Estimated emissions were somewhat lower than WDOE’s study (1991) 

because of refined aircraft type and activity data.  For this effort, worst case NOX 

concentrations were estimated on an annual basis using 1994 operations data, allowing 

comparison with the NO2 NAAQS.  The annual NOX concentrations were predicted to be 

in excess of 130 and 230 ppb at the north and south ends of the runways, respectively.  

Predicted concentration contour isopleths showed rapidly diminishing concentrations 
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with distance from the airport runways.  NOX concentrations in communities near the 

runways were predicted to be slightly elevated.   

Currently, interest levels in airport air pollution contributions are high because of 

the airport expansion, including construction of a third runway.  Therefore, a spatial NO2 

study was initiated by the Port of Seattle and WDOE to investigate the impact of airport 

operations on local NO2 concentrations and to assess compliance with the annual EPA 

standard. 

This study was designed to quantify annual NO2 concentrations spatially in the 

areas with the greatest potential impact from aircraft operations.  Sixteen passive sampler 

locations were selected including seven in both of the communities to the north and south 

of the airport, one at the airport boundary directly west of the runways, and one west of 

the airport in Normandy Park for a non-impacted background site.  Three-week ambient 

NO2 concentration averages were measured at each location for one year.  Additionally, 

WDOE installed and operated two air pollution monitoring stations measuring NO, NO2, 

and meteorological parameters on a real time basis.  The 16 sampling locations are 

displayed in Figure 1.  



 

 

6 

 

Figure 1.  Seatac NO2 sampling location map 
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CHAPTER 2: METHODS 

This chapter provides background information on both the NO2 passive sampling 

and sampler site selection methods, and describes how they were applied in this study.  

Specific sampling and analysis procedures are provided in Appendix A.  

NO2 PASSIVE SAMPLING 

Gaseous molecular diffusion is a mass-transfer process that is driven by the 

presence of a concentration gradient.  On an overall basis, molecules migrate towards 

areas of lower concentration.  The rate of mass transfer (m) is proportional to the 

diffusion coefficient specific to the gas mixture (D), the cross sectional area of the 

diffusion path (A), and the concentration gradient across the diffusion path (dC/dx) 

(Treybal, 1980):   

 

 Palmes et al. (1973) originally harnessed this process to measure air pollution by 

developing the diffusion, or passive sampling technique.  Passive samplers rely solely on 

molecular diffusion of gases and therefore require no power for air movement.  This 

characteristic is beneficial for industrial hygiene personal sampling or community air 

sampling where power access is inconvenient or unavailable.  

The original passive sampler design consisted of a long, hollow tube open at one 

end and containing a pollutant collection medium at the other.  The tube serves as a 

diffusion path; through which there is no bulk movement of air.  The concentration at the 

open end is equal to the ambient air concentration.  The collection medium removes 

essentially all of the pollutant from the air at the closed end of the tube, creating a 

concentration gradient across the path length equal in magnitude to the ambient 

m A D
dC

dx
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concentration.  As demonstrated by Fick’s Law, this concentration gradient is constant 

across the path length.  With knowledge of the pollutant mass collection rate, tube 

dimensions, and gaseous diffusion coefficient, the gradient magnitude, or ambient 

concentration, is easily determined. 

Palmes et al. (1976) developed a diffusion sampler to measure NO2 using 

triethanol amine (TEA) as the absorbing reagent.  TEA was selected because it captures 

NO2 very efficiently, has a high viscosity and low vapor pressure making it stable on 

coated surfaces, and forms a very stable complex with NO2 enabling considerable storage 

periods between sampling and analysis.  The original design used TEA coated stainless 

steel screens fixed within the closed end of a sampler tube. 

Yanagisawa and Nishimura (1982) developed a badge-type NO2 diffusion 

sampler ideal for industrial hygiene and ambient measurement applications; this 

technology was used in this study.  Open tube samplers must have long path lengths to 

minimize wind effects on the sampling rate; therefore long exposures at high 

concentration levels are required to collect detectable pollutant mass.  Tube samplers can 

also be awkward to wear while working for personal exposure measurements.  The badge 

design eliminates both these drawbacks by using a short filter diffusion barrier instead of 

long air diffusion path.  The filter barrier suppresses wind effects on the mass transfer 

rate without impeding molecular diffusion.  The badge is small, lightweight, and can be 

easily worn for personal sampling or mounted for area sampling.  The design is depicted 

in Figure 2. 

The badge sampler consists of five layers of hydrophobic fiber filter as a diffusion barrier 

and a cellulose fiber filter doped with TEA to absorb NO2.  The hydrophobic fiber filter 

barrier prevents TEA from diffusing to the surface; its small pore size (5 m average) 

inhibits bulk air movement within the diffusion path.  The filter badge has a high cross-

sectional area to length ratio, yielding far greater sensitivity than previous techniques (66 

ppb-hr) and enabling sampling durations of less than one day (Treitman, 1990).  

Measurement accuracy is reported as  20 percent (Yanagisawa and Nishimura, 1982).  
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Collected NO2 mass is quantified by extracting the TEA coated filter in azodye-forming 

reagent and analyzing colorimetrically (Saltzman, 1954). 
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Figure 2.  Yanagisawa NO2 Badge (Yanagisawa and Nishimura, 1982) 

Yanigisawa NO2 badges have previously been used successfully for ambient 

spatial studies (Norris, 1994).  The sampling technique used by Norris was employed for 

the Sea-Tac study; this consists of mounting the Yanagisawa badges within a shelter for 

protection from precipitation and direct wind.  The shelter is simply a short tube, sealed 

at the top and open at the bottom (Figure 3).  The dimensions are such that the shelter 

itself will not induce an additional diffusion path; ambient air will easily mix within the 

shelter.   

Standard operating procedures followed in performing NO2 sampling throughout 

the Sea-Tac study are documented in Appendix A. 

One critical component in obtaining accurate results from the badge samples in 

the determination of the overall badge mass transfer coefficient, KOG.  KOG is defined as 

the NO2 diffusivity, D, divided by the badge path length, x; it has units of cm/s.  This 

parameter can be thought of as an effective air sampling rate.  Thus, for C= C – Co, 

where Co = 0 at the absorption surface, the mass transfer rate can be calculated as: 
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Figure 3.  Badge shelter schematic (Norris, 1994) 
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While KOG can be estimated by measuring the diffusion path length and using 

published values for the diffusivity of NO2 in air, it is more accurate to determine a value 

through experimentation.  Mass transfer rates have been shown to vary based on 

sampling conditions.  

Mass flux is proportional to the ambient NO2 concentration when the air boundary 

layer thickness adjacent to the badge is consistent; however, variations in wind speed will 

affect boundary layer conditions.  With large wind velocities, the boundary layer 

thickness is essentially zero; as wind speed drops the boundary layer increases to a 

practical limit in still air.  Therefore, the NO2 mass transfer rate is affected by wind 

speed.  Overall NO2 mass transfer rates vary significantly between wind speeds of zero 

and 0.3 m/s, and vary only slightly at wind speeds above 0.3 m/s (Lee, et al., 1992).  

Experimentally determined KOG values as a function of wind speed (constant humidity of 

60 percent) are listed below in Table 2. 

Table 2.  Wind speed effects on KOG (Lee et al., 1992) 

Wind Speed 

(m/s) 

Avg. KOG 

(cm/s) 

0 0.09 

0.3 0.12 

3.0 0.15 

 

Yanagisawa and Nishimura (1982) demonstrated that mass transfer rates vary 

slightly with humidity.  Relative humidity (RH) levels of 40, 60, and 80 percent were 

tested; the highest KOG values were observed at 60 percent RH.  The observed variation 

in KOG was approximately 20 percent. 

Temperature also affects the sampling rate of TEA diffusive NO2 samplers 

beyond that which is explained theoretically by the change in diffusivity with temperature 

(Moschandreas, et al., 1990).  It is speculated that NO2 concentrations are underestimated 

m A K COG
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at temperatures below 50F because 1) moisture condensation in the diffusion barrier 

may effectively reduce the cross-sectional area or 2) TEA may be less effective at 

absorbing NO2 as a solid, below its freezing point at 70F. 

Because of these documented variations in the overall NO2 mass transfer rate of 

the badges, samples in this study were co-located with automated, Federal Reference 

Method (FRM) (EPA, 1996 (2)) NO2 analyzers throughout the duration of the project to 

quantify local KOG values.  NO2 monitoring stations at Seatac were not yet operable when 

the spatial study was initiated, therefore badge/analyzer co-location sampling was 

performed at the Beacon Hill Reservoir monitoring station operated by WDOE; these 

measurements were performed throughout the entire study duration.  Additionally, co-

located sampling was performed at two Seatac sites following startup of these monitoring 

stations.  The results of these co-located measurements were used to determine an 

appropriate badge KOG value for the study conditions.  This value was then used to 

calculate ambient NO2 concentrations at each of the badge sampling sites. 

SAMPLER SITE SELECTION 

When performing spatial community NO2 measurement studies, sampler site 

selection can significantly impact measured levels (Hewitt, 1991).  Urban street canyons 

with heavy motor vehicle traffic and intersections may yield exceedingly high 

concentrations, while residential or suburban locations with minimal traffic will have 

lower NO2 levels.  

The general objective in selecting passive sampling locations at Seatac was to 

encompass the communities north and south of the airport where the highest aircraft 

impact had been predicted.  Our goal was to identify any NO2 “hotspots” by sampling at 

a large number of locations.  Ideally, the sites would have been laid out in a systematic 

grid, however the lack of acceptable locations prohibited this approach.  WDOE 

generated a list of potential sites based on past sampling efforts and a canvassing of the 

community.  University of Washington worked with WDOE to narrow the list down to 
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the best sites that were spread as evenly as possible throughout the areas of concern.  

Additional sites were found to augment those originally proposed where necessary.  

Based upon the resources available, the number of passive sampling sites for the 

annual study was set at sixteen.  Seven sites were located in both the communities 

directly north (Sites 1 – 7) and south (Sites 10 – 16) of the airport.  Based on modeling of 

aircraft emissions (FAA and Port of Seattle, 1996), these areas were expected to have 

elevated NO2 concentrations.  Table 3 presents predicted concentrations at selected 

sample locations for 1994 airport operations.  These concentrations were obtained from 

NOX concentration isopleths; 0.020 ppm was added to each to account for the 

background NO2 level.   

Table 3.  Predicted concentrations for selected sites 

 

Site # 

Worst-case 

annual conc. 

(ppm)a 

Worst-case 

hourly conc. 

(ppm)b 

1 0.05 - 

3 0.07 - 

5 0.12 19 

6 0.06 - 

11 0.07 - 

14 0.03 - 

16 0.13 12 
aFAA and Port of Seattle, 1996 
bWDOE, 1991 

Site 8 was located as close as possible to the runways at an airport viewing area, 

370 meters west of the westernmost runway.  Site 9 was located in Normandy Park 

approximately 2.5 km west of the runways.  This location is normally upwind and further 

away from local vehicle, airport, and other NOX emission sources; therefore, it was 

selected as a background site.   

Two sites, one north (Site 1) and one south (Site 16) of the runways, were 

selected by WDOE for FRM automated sampler sites.  These sites were selected because 

they lie within the areas predicted to have the highest concentrations.  These locations 

also served as passive sampler sites; the co-location of both types of samplers permitted 
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direct comparison of sampling methods.  Local badge mass transfer rates were 

determined based on co-location sample results. 

As previously stated, co-location sampling was also performed at Beacon Hill 

Reservoir.  The three-week passive sampling results at Beacon Hill were also used as a 

means for comparing Seatac measurement results with Seattle urban NO2 levels.  This 

site was determined to be representative of the Seattle area on an urban scale (Norris, 

1994).  

Sites were selected following rationale discussed in Appendix D of 40 CFR Part 

58 (EPA, 1996 (3)), titled “Network Design for State and Local Air Monitoring Stations 

(SLAMS), National Air Monitoring Stations (NAMS), and Photochemical Assessment 

Monitoring Stations (PAMS)”.  We followed the four basic objectives as outlined in 

SLAMS requirements: 

1) To determine highest concentrations expected to occur in the area covered by 

the network 

2) To determine representative concentrations in areas of high population density 

3) To determine the impact on ambient pollution levels of significant sources or 

source categories 

4) To determine general background concentration levels. 

For a given site, the concept of spatial scale is defined by EPA as the dimensions 

of the area in which the air concentrations are represented by measurements at the 

selected site.  The following scales are defined: 

1) Microscale – dimensions range from several meters up to about 100 meters 

2) Middle Scale – 100 meters to 0.5 km (several city blocks) 

3) Neighborhood Scale – 0.5 to 4.0 km (portion of a city) 

4) Urban Scale – 4 to 50 km (overall, citywide conditions). 

The monitoring objective of this study was to characterize NO2 concentrations, 

both in magnitude and spatial variability, within the Seatac community.  The primary 

consideration was to determine if areas existed that exceed the annual NAAQS of 100 

g/m3 (53 ppb).  The secondary consideration was to assess the potential impact of 

airport operations on the local concentrations.  With these goals in mind, sites were 
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selected to represent middle and/or neighborhood scales.  Extremely small measurement 

scales (microscale) are generally not appropriate for NO2 measurement sites because NO2 

is primarily formed in the atmosphere from the oxidation of NO.  This requires some 

reaction time and mixing with large air volumes; therefore small spatial scales are not as 

meaningful as with other pollutants.    

In so far as possible, specific placement of samplers adhered to the guidelines of 

Appendix E of 40 CFR Part 58, titled “Probe and Monitoring Path Siting Criteria for 

Ambient Air Quality Monitoring” (EPA, 1996 (4)).  This document details requirements 

of the location of the sampler with consideration of spacing from roadways, buildings, 

trees, or other obstacles as well as height of the inlet above the ground. 

Automotive sources can interfere with ambient NO2 measurements intended to 

represent neighborhood and urban scale concentrations.  Appendix E of 40 CFR Part 58 

specifies minimum distances between a sampling probe inlet and the edge of the nearest 

lane of traffic.  These distances are listed in Table 4 by roadway traffic volume.  These 

distances were used as a guideline for selecting passive sampling locations. 

Table 4.  Minimum distance between roadway edge and NO2 sampler 

Roadway average 

daily traffic 

(veh./day) 

Minimum 

distance 

(m) 

 10,000 10 

15,000 20 

20,000 30 

40,000 50 

70,000 100 

110,000 250 

 

Buildings and obstacles can restrict airflow to the sampler or possibly scavenge 

NO2.  Sampling locations should be selected so that any obstacles are at least twice as far 

away horizontally as the distance that the object extends vertically above the sampler.  

Trees obstruct wind flow and have surfaces that can adsorb NO2.  Sampling locations 

must be at least 10 meters from the drip line of trees.  
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Sampling probe inlet locations (badges, in this case) are required to be between 3 

and 15 meters above ground level.  Sites 1 and 16 were co-located with 

chemiluminescent analyzers; therefore, badge shelters were placed at the same height as 

analyzer probe inlets (4m) to ensure comparability between the two methods.  All other 

samplers were placed 3m above ground surface. 



 

 

 

 

CHAPTER 3: RESULTS 

Ambient NO2 levels were measured at the Seatac community passive sampling 

locations from January 2 through December 31, 1998.  Three-week integrated badge 

samples were collected continuously throughout the year at each site, for a total of 17 

sample periods.  

NO2 badge measurements were performed at two additional Seatac sites to 

examine the effects of sample height on badge measurement results.  These 

measurements were performed from March 5 to May 7 and from August 20 to October 

22, 1998.  

Additionally, continuous NOX and meteorological monitoring was performed by 

WDOE at Sites 1 and 16, and the Beacon Hill Reservoir monitoring site (BHR) located in 

Seattle.  The BHR monitoring site was operable throughout the duration of the study; 

continuous monitoring was performed at Sites 1 and 16 beginning in April and June, 

respectively.  Results from each of these study components are presented in the following 

sections. 

NO2 BADGE MEASUREMENT RESULTS 

Table 5 lists the location, annual mean, and standard deviation of the three-week 

integrated NO2 concentration measurements for each sample location.  The average 

annual mean NO2 concentration of all 16 sampling sites was 33 g/m3 (17 ppb).  The 

highest annual average concentration observed at any site was 41g/m3 (21 ppb) at Site 

3; the lowest was 22 g/m3 (11ppb) at Site 9.     

The highest measured three-week NO2 concentration was 49 g/m3 (26 ppb) at 

Site 14 from September 10 to October 1, 1998; the lowest was 12 g/m3 (6 ppb) at Site 9 

from May 28 to June 18, 1998.  All measurement results were less than half of the annual  
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Table 5. NO2 badge measurement results summary 

 

 

 

Site # 

 

 

Location 

Annual 

NO2 

Mean 

Conc. 

(g/m3) 

NO2 Meas. 

Std. Dev. 

(g/m3) 

1 150th St. / 26th Ave. S (analyzer co-location site) 39 5.2 

2 148th St. / 28th Ave. S 38 5.2 

3 146th St. / 146th Ave. S (Water Dept.) 41 5.3 

4 140th St. / 18th Ave. S (Sunset School) 30 5.2 

5 154th St. S (Port property) 38 5.6 

6 150th St. S (Port property Gate B-6) 28 5.5 

7 152nd St. / 6th Ave. S (Performing Arts parking) 33 5.4 

8 170th St. / 12th Ave. S (runway viewpoint) 34 7.0 

9 SW 174th St.(Normandy Park City Hall) 22 4.9 

10 192nd St. / 8th Ave. S (Prince of Peace Church) 30 5.8 

11 188th St. / 16th Ave. S (Avis) 33 5.7 

12 200th St. / 4th Ave S (Maywood School) 28 5.6 

13 28th Ave. S / 196th Pl. (Holiday Inn) 35 6.7 

14 188th St. / 28th Ave. S (Budget parking lot) 40 6.5 

15 3212 S. 189th Pl.  34 5.2 

16 Tyee Golf Course (analyzer co-location site) 30 5.7 

BHR Beacon Hill Reservoir, Seattle 38 5.4 

 

NAAQS of 100 g/m3 (53 ppb) (EPA,1996(1)).  Detailed results for each site are 

included in Appendix B.   

A two-way analysis of variance (ANOVA) test performed on the annual data set 

(17 sample periods) indicates that statistically significant variations (p<0.001) in NO2 

concentration occur with respect to both sample location and sample period. The 

variations in concentration at each site are therefore not merely due to random variations 

in measured concentrations.  Rather there are systematic differences in NO2 levels 

between the sites. Figure 4 presents the annual mean concentration at each site.  Figure 5 

shows the 95% confidence interval (CI) of the average concentration of all sites for each 

sample period; here the NO2 concentration fluctuation throughout the year is  
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Figure 4.  Spatial NO2 concentration data, annual mean by site 

Figure 5.  Spatial NO2 concentration data, spatial mean by sample period 
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evident.  The NO2 level was notably lower during sample periods 7 through 9, 

corresponding to the months of May and June. 

NO2 SPATIAL AND TEMPORAL CORRELATION TESTS 

Several correlation tests were performed to test for associations between various 

geographic parameters and annual NO2 levels at the 16 passive sampling sites.  In theory, 

NO2 concentrations should be higher near large sources and diminish with distance as the 

source plumes mix with ambient air.  Therefore, a simple correlation test between 

concentration at each site and distance from each site to a source should yield information 

on the impact of that source on ambient levels; a highly negative correlation value 

indicates that concentration declines with distance from the source.  Mean annual NO2 

concentration at the passive sampling locations was tested for correlation with distance 

from the runways, distance from the closest freeway, latitude, longitude, elevation, and 

traffic impact to assess the association of these parameters with NO2 levels.  The traffic 

impact parameter (TIP) was calculated for each site by selecting the nearest major road 

(non-residential) and the nearest freeway.  When more than one major road was present 

near a site, the one that yielded the greatest impact was used.  For each road, the traffic 

volume was multiplied by a distance decay function, e-x/100, where x equals the distance 

from the site to the road in meters; the freeway and road values were then added.  This 

decay function represents the dilution of a source impact with distance.  The parameter 

values for each site are tabulated in Appendix C. 

The Spearman non-parametric correlation test was used because correlations were 

not expected to be linear; this tests for a correlation in ordinal rankings.   The correlation 

test results are listed below in Table 6.  

In addition to these tests investigating spatial concentration gradients, temporal 

variations were also investigated to assess the control of regional pollution levels on local 

concentrations in the Seatac community.  Correlation tests were performed using 

concentration data by sample period to test the association between each Seatac sampling 

site and Beacon Hill Reservoir, the Seattle urban monitoring station.  The Spearman non-  
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Table 6.  NO2 spatial correlation test results 

 

Parameter 
Spearman 

Correlation Coef. 

Runway distance -0.30 

Freeway distance -0.42 

Latitude  0.28 

Longitude -0.73 

Elevation  0.72 

TIP  0.39 

 

parametric correlation coefficient values ranged from 0.39 to 0.84, averaging 0.61.  

Pearson linear correlation tests provided stronger correlation, ranging from 0.66 to 0.92 

and averaging 0.79.  

NO2 BADGE OVERALL MASS TRANSFER COEFFICIENT DETERMINATION 

As stated in Chapter 2, badge NO2 mass transfer rates were determined via co-

located badge and continuous analyzer measurements.  Co-located sampling was 

performed at the Beacon Hill Reservoir during all 17 sample periods.  Co-located 

sampling was performed at Seatac Sites 1 and 16 beginning with sample periods 6 and 

10, respectively.  

The range of KOG values observed was 0.094 to 0.131 cm/s.  The KOG mean and 

standard deviation for each measurement location are listed below in Table 7.  Detailed 

results are included in Appendix D. 

Table 7.  KOG measurement results 

 

Location 

KOG (cm/s) 

Mean Std. Dev. n 

Site 1 0.106 0.007 12 

Site 16 0.110 0.006 8 

BHR 0.119 0.005 17 

 

Variation in KOG with respect to location was tested by ANOVA (sample periods 

10 – 17); the mean KOG values vary significantly by sample location (p<0.001).    
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Therefore, a paired t-test was performed to test for difference in the mean KOG values of 

the Seatac sites only (1 and 16); the means are not significantly different (p=0.064).  

Therefore, the average of these two mean KOG values, 0.11 cm/s, was applied in 

calculating ambient NO2 concentrations for all badge samples collected at the 16 

sampling locations.  BHR sample concentrations were calculated using a KOG value of 

0.12 cm/s.  Figure 6 presents the 95 percent confidence intervals for the mean KOG values 

at each location; these data corroborate the ANOVA and paired t-test results.   

 

 

Figure 6.  95% CI for KOG at each site (cm/s) 

NO2 BADGE SAMPLING QUALITY ASSURANCE 

Several measures were taken to ensure the quality of the NO2 badge measurement 

results, including analysis of both field and analytical quality assurance samples.  Field 

quality assurance (QA) samples included duplicate samples, analyzer/badge co-location 
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samples, and field blanks.  Analytical quality assurance measures included replicate 

internal NO2 standard analyses and external certified standard analyses.   

Data completeness was exceptional.  Because of the nature of the study, samples 

were not in secure areas.  Significant sample loss was expected, however only two 

samples were lost due to vandalism (sample period 3 at Site 10, and sample period 14 at 

Site 4).  Sample collection did not begin at Site 16 until sample period 4.  All other 

sample results are complete and valid. 

Two field duplicate samples were collected during each sample period to assess 

measurement precision.  One duplicate measurement was consistently performed at Site 

1; the second duplicate was rotated throughout the southern sampling sites (9–16).  The 

relative mean difference (RMD) was calculated for each duplicate pair as follows: 

 

RMD values ranged from 0 to 6 percent, with an average of 2 percent.  Results for each 

duplicate pair are included in Appendix E. 

Analyzer/badge co-location sample results were used to assess measurement 

accuracy.  While the co-located samples were used to determine a single diffusion rate 

value (0.11 cm/s) that was used to calculate ambient air concentrations (or to “calibrate” 

the badges), individual results can still be used as a means of assessing badge accuracy.  

Badge error ranged from 0 to 14 percent (0 to 3.2 ppb1) with an average error of 5 percent 

(1 ppb).   The analyzer and badge co-location results are plotted in Figure 7; regression 

results are not significantly different than a line with a slope of one and intercept of zero.  

Results for each co-location sample are in Appendix E. 

Typically, two field blank samples were collected each sample period.  These 

samples were collected to quantify any sample contamination throughout sample 

                                                 
1 NO2 chemiluminescent analyzer data were reported as ppb, therefore co-location results 

are presented in ppb.  [ppb NO2 = g/m3 x (9.9x10-4) x (460 + Temp., deg. F)] 
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recovery, storage, and analysis.  In all blank samples, NO2 mass accumulation levels 

were consistent and below the detection capability of the method.   

Figure 7.  Analyzer/badge co-location results comparison; regression line with 95% CI 

boundaries. 

A standard curve was generated for each analysis session by preparing eight NO2 

standard concentration levels, bracketing extracted sample concentration values.  While 

the standard curves were extremely consistent each sample period, three additional 

standards were generated independently as an assessment of precision in standard 

preparation and analysis.  Replicate standards were consistently within 2 percent of each 

other. 

A certified external standard was obtained as a means of assessing analytical 

accuracy.  Once every two analytical sessions, the standard was diluted and analyzed 

with samples.  With the exception of the first analysis session, the external standard 

analytical error ranged from 0.5 to 2.2 percent; the average error was 1.2 percent.  The 
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analytical error from the first analysis was 8.5 percent, however it was noted during 

sample preparation that the standard might not have been accurately diluted.  

SAMPLER HEIGHT COMPARISON STUDY 

As indicated in Chapter 2, the NO2 badge sample shelters were mounted 3 meters 

above the ground surface.  This height was selected by WDOE to meet siting criteria 

specified in the FRM for ambient NO2 measurement probe siting (EPA, 1996 (4)).  The 

method requires a probe inlet height of at least 3 meters above the ground.  Although the 

passive measurement study did not employ this method, the intent was to demonstrate 

compliance with the NAAQS for NO2 throughout the Seatac community.  Therefore 3 

meters was selected as the appropriate badge placement height.   

During the study planning phase, a 1.5 meter measurement height was also 

considered.  For risk assessment purposes, EPA specifies concentration measurements be 

performed at 1.5 meters for consideration of health effects because it is a representative 

breathing height.   

Because there were compelling reasons in favor of both measurement heights, a 

small study was executed to test the hypothesis that no systematic difference exists in 

concentrations measured at 1.5 and 3 meters for a given location and sample period.  At 

two locations in the community north of the airport (17 and 20), samplers and badges 

were mounted at 1.5 and 3 meters.  Samples were collected during sample periods 4 

through 6, spanning the period from March 5 to May 7, 1998.   

Qualitatively, the results from this initial study indicated that measurements 

performed at 3 meters yielded higher NO2 concentration values than 1.5 meter 

measurements.  However, a paired t-test did not quite demonstrate a significant difference 

between the two sample heights (p = 0.052).  Therefore additional measurements were 

planned to increase the strength of the test.   

The second sample-height data collection effort was conducted during sample 

periods 12 through 14, between August 20 and October 22, 1998.  Again, measurements 

were performed at the original two locations, however two samplers, “a” and “b”, were 
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placed at each height to increase statistical power.  The combined results from both 

measurement periods are presented in Table 8. 

As shown in Table 3.4, 3-meter measurements consistently resulted in higher NO2 

concentration values (4 percent on average).  While this difference is small, the results of 

a paired t-test on the combined data set indicate a significant difference between the 

concentrations measured at the two heights (p < 0.001).  

Table 8.  Height comparison study results 

Measurement 

Location 

Sample 

Period 

1.5m Conc. 

(g/m3) 

3m Conc. 

(g/m3) 

17 4 35.6 38.5 

17 5 30.7 33.9 

17 6 30.7 30.3 

17a 12 33.3 35.1 

17b 12 33.4 35.0 

17a 13 36.9 39.4 

17b 13 36.4 37.1 

17a 14 35.6 36.5 

17b 14 36.2 37.9 

20 4 38.3 40.0 

20 5 35.6 35.8 

20 6 37.0 38.4 

20a 12 40.4 41.7 

20b 12 41.6 41.6 

20a 13 44.9 45.1 

20b 13 46.7 47.1 

20a 14 37.8 41.2 

20b 14 38.2 40.4 

 

There are two possible explanations for the observed difference in NO2 

concentration measurements at the two heights: 1) an actual concentration gradient exists 

above the ground surface because of NO2 dry deposition to the ground surface, and 2) 

there is a systematic effect of height above the ground surface on the NO2 badge 

diffusion rate because of variations in wind speed with height. 
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Pollutant concentration gradients exist near the ground surface because surfaces 

act as a sink through dry deposition.  Dry deposition is the phenomenon of mass transport 

of gases and particles from the atmosphere to surfaces in the absence of precipitation.  

The rate of dry deposition per unit area, or deposition flux, is proportional to the local 

concentration of the species and the deposition velocity (Seinfeld and Pandis, 1998).  Dry 

deposition for gases consists of three steps: 1) transport to the stagnant boundary layer via 

turbulent diffusion, 2) molecular diffusion across the boundary layer to the surface, and 

3) uptake at the surface.  Variables within each of these three processes affect the 

deposition velocity.  A typical deposition velocity for NO2 is 0.1 cm/s over land.   

One method for quantifying dry deposition flux is the gradient method (Seinfeld 

and Pandis, 1998), which relies on concentration gradient measurements and gradient-

transport theory to calculate the deposition velocity.  The following equation can be used 

to calculate deposition velocity, vd: 

where: 

=Von Karman Constant, 0.4, 

u* = friction velocity, 

z = height above the ground surface, 

 = stability-dependent temperature profile function, 

C = species concentration. 

This relationship was used to test the possibility that the NO2 concentration 

gradient observed in the height comparison study was a result of dry deposition to the 

ground surface.  Using the values listed below, the calculated deposition velocity is 0.2 

cm/s.  

u* = 0.1 m/s (5 percent of typical wind speed) 

z = 2.25 m (average height from study) 

 = 1 (for neutral conditions) 

C = 38 g/m3 (average concentration from height comparison study) 

C = 1.4 g/m3 (average concentration difference) 

dz = 1.5 m (measurement height difference) 

v
u z

C

C

zd 
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This value differs from the published value by only a factor of two, which could be 

accounted for by altering the assumed parameters.  Therefore it is certainly possible that 

the observed concentration difference is caused by a real gradient driven by NO2 dry 

deposition to the ground. 

Alternatively, the difference in measured concentration with height could be 

caused by a systematic difference in the badge diffusion rates with respect to height.  As 

discussed in Chapter 2, badge diffusion rates will vary with wind speed.  While the 

badges were placed within protective shelters, higher wind speeds will cause greater air 

movement within a shelter.  Therefore, if wind speeds are greater at 3 meters than at 1.5 

meters, badge diffusion rates may respond similarly. 

To test whether this phenomenon could be responsible for the observed 4 percent 

difference in concentrations measured at 1.5 and 3 meter sampling heights the theoretical 

wind speed difference was calculated.   

Wind speed variations with height were calculated using a simple “power law” 

function used in EPA dispersion modeling (Turner and Novak, 1978).  From a known 

wind speed at a reference height, the wind speed at another height can be calculated as 

follows: 

 

where:  Uz = wind speed at height z 

 Uzref = wind speed at reference height 

 z = arbitrary height 

 zref = reference height 

 p = wind profile exponent, a function of atmospheric stability  

 

A value of 0.15 was used for p; this represents a mid-range value (stability class D) for 

rural conditions.  Using a reference height of 10 meters and corresponding wind speed of 

3 meters per second (mid range value measured at Seatac), the calculated wind speeds at 

1.5 and 3 meters are 2.2 and 2.5 meters per second, respectively.  The air movement 
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behavior within the shelters is not known; for the purpose of this exercise it was assumed 

that badges are exposed to one tenth of the wind velocity outside the shelter. 

Lee et al. (1992) developed a regression model for KOG as a function of wind 

speed at 60 percent relative humidity: 

 

where WS = wind speed (m/s).  Using this relationship, and the wind speeds of 0.22 and 

0.25 meters per second, the 1.5 and 3 meter KOG values are 0.119 and 0.121 cm/s, 

respectively.  These values would account for nearly a 2 percent difference between the 

concentrations measured at the two heights.  The difference could be much larger or 

smaller depending on the wind speed assumptions.  Therefore, it is also possible that the 

4 percent concentration difference observed between the two heights is caused by varying 

badge diffusion rates.  

NITROGEN OXIDES/WIND DIRECTION ANALYSIS 

Hourly NO, NO2, and meteorological data were obtained from WDOE monitoring 

stations at Sites 1 and 16.  These short time-scale concentration data coupled with wind 

direction data provided the opportunity to analyze the effect of wind direction on NOX 

levels, and to compare results from the two locations, north and south of the airport.   

Three months of hourly data were used for this effort: July through September 

1998.  Mean measurement values for this period are listed in Table 9.  The data were 

grouped into 5 degree wind direction intervals (0-4, 5-9, etc.); average values for each 

wind direction were plotted radially.  

Table 9.  Wind direction study mean measurement values (July 1 – September 30, 1998) 

 

Location 

NO 

(ppb) 

NO2 

(ppb) 

Wind speed 

(m/s) 

Site 1 (N) 13 21 2.3 

Site 16 (S) 12 17 1.7 

  K WSOG   1471 9 621 1 015. . .
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A plot of observation frequency vs. wind direction for both sites, shown in Figure 

8, demonstrates that local topographic conditions cause some dissimilarity between the 

two sites.  For any given hours, north and south site wind directions may disagree by 

varying amounts.  In order to compare concentrations from the two sites for a given wind 

direction, it is important to ensure that the hourly data included from both sites are  
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Figure 8.  Observation frequency by wind direction. Hourly data (July – September 1998) 

from Sites 1 (North) and 16 (South) 
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consistent.  Otherwise the comparison would be confounded by temporal concentration 

differences.  Therefore, a single wind direction for each hour was selected, instead of 

using the wind directions of the corresponding sites.  The wind direction frequency data 

recorded at Site 16 (south of the runway) was consistent with annual windrose data 

previously compiled by WDOE from National Weather Service measurement data at Sea-

Tac Airport.  Therefore the Site 16 wind direction data were used as the common wind 

direction.  These data are most likely representative of the whole area, while the wind 

direction measurements performed at Site 1 are likely affected by local topography. 

Average concentration plots for NO and NO2 by wind direction are presented in 

Figure 9 and 10, respectively.  Average wind speed by wind direction is presented in 

Figure 11.  Average NO concentrations are noticeably higher from the eastern and 

southeastern wind directions, greater than 20 ppb and up to 70 ppb.  North and south 

measurement location plots are very similar; there are no dramatic differences in NO 

concentration by wind direction between the two sites.  As shown in Figure 1, Sites 1 and 

16 are almost directly north and south of the airport runways, respectively. 

NO2 averages are far more consistent by wind direction.  Wind directions from 

south and west cause higher NO2 levels at the north than at the south site.  When wind is 

from the north or east the two locations are approximately equal.   

A second technique was also used to analyzed impacts from various wind 

directions: the potential source contribution function (PSCF) (Hopke, 1997).  Instead of 

focussing on concentration averages, PSCF examines only extreme values. 

This technique was developed for use with a trajectory model that calculates air 

parcel back trajectories.  A study region is divided into an array of grid cells.  By using a 

trajectory model, it is possible to determine which grid cells an air parcel passes through 

prior to arriving at the receptor site.  With this approach, PSCF calculates the probability 

that an air parcel that passes through a specific cell has a high concentration upon arrival 

at the trajectory endpoint.  Therefore, grid cells containing significant sources can be 

isolated. 
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Figure 9.  Average NO concentration (ppb) by wind direction.  Hourly data (July – 

September 1998) from Sites 1 (North) and 16 (South) 
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Figure 10.  Average NO2 concentration (ppb) by wind direction. Hourly data (July – 

September 1998) from Sites 1 (North) and 16 (South) 
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Figure 11.  Average wind speed (m/s) by wind direction. Hourly data (July – September 

1998) from Sites 1 (North) and 16 (South) 
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For this study, the technique was simplified to analyze solely by wind direction 

sectors instead of using specific grid cells.  The function calculates the probability that an 

air parcel from a given wind direction will exceed the selected criterion.  Specifically, 

 

where: 

mi = number of data points from wind direction i where the value exceeds 

the criterion, 

ni = number of data points from wind direction i. 

 

Therefore, the PSCF value for any wind direction varies between zero and one. 

For this study, the criterion value selected to define an extreme value was twice 

the mean for the measurement period (July through September).  Because two 

measurement locations were compared, the combined mean of both locations was used.  

As with the average concentration plots, wind direction data from Site 16 was used for 

both sites.  PSCF was calculated for 10-degree wind direction intervals. 

PSCF analysis was performed for both concentration and mass flux of NO and 

NO2.  The resulting plots are presented in Figures 12 through 15.  PSCF concentration 

plots do not differ greatly from the average concentration plots; subtle differences do 

exist.  The NO concentration impact at the south site from the runway wind direction, 

north-northwest (NNW), is prominent.  PSCF analysis demonstrates more clearly that 

NO2 concentration impacts occur from the NNW and southeast wind directions at both 

sites.  PSCF analysis of NO mass flux clearly shows that Site 1 is most heavily impacted 

from wind directions ranging from the east to the south, while Site 16 shows a strong, 

narrowly defined impact from NNW.  Peak NO2 mass flux values at both sites are from 

NNW.  
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Figure 12.  NO concentration PSCF.  Criterion equals 2X combined mean (25 ppb). 
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Figure 13.  NO mass flux PSCF.  Criterion equals 2X combined mean (52 g/m2-s). 
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Figure 14.  NO2 concentration PSCF.  Criterion equals 2X combined mean (37 ppb). 
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Figure 15.  NO2 mass flux PSCF.  Criterion equals 2X combined mean (142 g/m2-s). 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 

NO2 BADGE SAMPLING EFFECTIVENESS FOR AMBIENT STUDY 

The Yanagisawa NO2 Badge was selected for this study because it offers a non-

labor intensive and inexpensive method for performing NO2 measurements.  These 

qualities make it ideal for spatial community studies requiring simultaneous NO2 

measurement at several locations.  There are drawbacks to this measurement technology, 

including the inability to capture short-term concentration variations or real-time data.  

Study goals must be considered when selecting measurement methods.  The two most 

important requirements for spatial measurements in this study were 1) the ability to 

measure accurate long-term concentration averages for NAAQS compliance assessment, 

and 2) adequate sensitivity to measure spatial and temporal concentration variations.  The 

NO2 badges proved successful in both respects. 

The single most important goal of this study was to measure annual NO2 

concentrations throughout areas of the Seatac community to assess compliance with the 

NAAQS.  This required several sampling sites because previous modeling efforts 

indicated that the airport, a local source, was potentially impacting local concentration 

levels.  Therefore, significant spatial variation was anticipated.  The NO2 badge 

measurements provided excellent accuracy for assessing compliance with the 53 ppb 

annual standard at each measurement location.  Measurement results for every 3-week 

sample period at all locations were below one-half the annual standard.   Therefore, a 

false determination of compliance in this study could occur only if badge measurement 

error consistently exceeded 100 percent.  The average badge measurement error was five 

percent.   

Secondly, adequate sensitivity was achieved to quantify spatial and temporal 

concentration variations.  Annual mean concentrations by site ranged from 22 g/m3 (Site 
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9, Normandy Park) to 41 g/m3 (Site 3, Water Dept.).  Temporally, the average 

concentration of all sites for each sample period also ranged from 22 g/m3 (sample 

period 9, June) to 41 g/m3 (sample period 13, September).  Measured NO2 

concentrations varied by 58 percent of the combined site annual mean (33 g/m3) both 

spatially and temporally.  Therefore, measurement errors averaging 5 percent did not 

prohibit quantification of variations that occurred with respect to both location and time. 

SAMPLER AND MONITORING STATION SITE SELECTION 

NO2 sampling sites were selected with the following three goals in mind: 

 Assess compliance with NAAQS throughout Seatac community  

 Determine the extent of local NO2 concentration variations 

 Locate areas of high concentration caused by aircraft operations, if any. 

In order to accomplish these goals, samplers were placed throughout the communities to 

the north and south of the airport, both directly adjacent to the airport and also at varying 

distances.  One sampler was also placed 2.5 kilometers west of the airport to measure 

background NO2 levels unaffected by airport and mobile sources.   

As previously stated in Chapter 2, samplers were placed in areas with expected 

high NO2 concentrations, based on spatial concentration contours generated by the 

EDMS model (FAA and Port of Seattle, 1996).  Table 10 presents a comparison of 

annual NO2 concentration model predictions and measurement results for selected sites 

with predicted high levels.  It is not surprising that predicted levels are much greater than 

actual levels, as the model includes conservative assumptions for operations and 

meteorological parameters.  Additionally, the highest actual concentrations do not occur 

closest to the runway ends, as predicted by EDMS.  

It is not possible to know whether locations with higher mean ambient NO2 

concentrations exist, or how much higher the concentrations at such sites might be.  

However, it is reasonable to assume that the range of annual concentrations observed is 
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representative of the variation that actually exists and that additional locations throughout 

the community would not have considerably higher or lower concentration levels.    

Table 10.  EDMS model prediction vs. measured value 

 

Site # 

EDMS predicted 

annual NO2 conc. 

(ppb) 

Measured annual 

NO2 conc. 

(ppb) 

1 50 20 

3 70 21 

5 120 19 

6 60 14 

11 70 17 

14 30 20 

16 130 15 

 

With respect to sampling height, three meters was the appropriate choice because 

it is consistent with NAAQS guidance and is conservative in the sense that it slightly 

overestimates the NO2 levels at breathing zone height (1.5m). 

Two sites were selected by WDOE to host FRM NO2 monitoring stations.  These 

sites, Site 1 and Site 16, are located directly north and south of the runways, respectively.  

Site 1 is located on vacant property owned by the Port; Site 16 is located on a golf course.  

These locations were selected because they fell in areas of expected high concentration 

and had adequate space available.  The monitoring stations employ chemiluminescent 

analyzers for real-time, continuous NO and NO2 measurement.  NO2 badge diffusion 

rates were also calculated based on measurements from the monitoring stations.   

Annual concentration means of all the sites were compared to determine the 

representativeness of Sites 1 and 16; Site 9 was not included because it is a background 

site outside of the Seatac community.  In ranking the remaining sites from 1 to 15 (lowest 

concentration to highest), Site 16 ranks 4th and Site 1 ranks 13th.  Each FRM site was 

compared to the 14 non-FRM sites by calculating the annual mean percent difference 

relative to the concentration at the FRM site.  The other sites ranged from 28 percent less 

than Site 1 (Sites 6 and 12) to 5 percent greater than Site 1 (Site 3); the average 
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concentration over all sites was 13 percent less than Site 1.  Compared to Site 16, the 

others ranged from 7 percent less to 37 percent greater; the average concentration of all 

sites was 14 percent greater that Site 16.  Site 1 is well located for measuring near worst-

case community exposure levels; however, NO2 levels are slightly higher just to the west 

at Site 3.  Site 16 reports below average results for the community. 

EDMS modeling efforts performed by WDOE (1991) included worst-case hourly 

concentration predictions north and south of the airport.  The worst-case hourly 

concentration prediction north of the airport at 154th Street (near Site 5) was 19 ppm; the 

worst-case concentration expected at Tyee Golf Course was 12 ppm, in the vicinity of 

Site 16.  Between July 1 and December 31, 1998, the highest measured NO2 hourly 

average at Site 16 was only 66 ppb (August 28 at 9:00 p.m.).  The highest measured 

hourly average north of the airport at Site 1 was 69 ppb (August 31 at 9:00 p.m.).  Both of 

these measurement times occurred during sample period 12.  The 3-week average NO2 

concentrations for Sites 1 and 16 were 21 and 19 ppb, respectively.  During sample 

period 12, the highest average concentration was 25 ppb, measured at Site 14.  The fact 

that this latter value is reasonably close to those for Sites 1 and 16 implies that we are 

measuring representative hourly values at these two sites. 

ASSESSMENT OF AIRPORT OPERATIONS IMPACT ON COMMUNITY NO2 

LEVELS 

Aircraft impacts are difficult to measure because of the nature of their operation; 

traveling both horizontally and vertically.  A significant portion of aircraft NOX 

emissions occur as planes climb; ground level effects from such emissions would not 

necessarily be close the airport.   Ideally, this type of study should be conducted near an 

airport that is well removed from other industrial and mobile combustion sources.  This 

would allow for an accurate assessment of airport NO2 contribution by performing 

upwind and downwind measurements.   

This study, however, was extremely confounded by additional NO2 sources 

including freeways, heavily trafficked roads, and numerous industrial sources throughout 
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the southern Seattle region.  Therefore, it was not possible, within the scope of this study, 

to precisely quantify the impact the airport has on community NO2 levels.  The airport 

impact is less than 13 g/m3 (7ppb).  This value was calculated by subtracting the 

background annual mean concentration (Site 9) from the annual concentration average of 

all sites near the airport.  However, motor vehicle traffic is responsible for some portion 

of this difference; the importance of airport vs. traffic sources is unknown.   

Attempts were made to investigate spatial pollutant concentration gradients and 

concentration variations with respect to wind direction, both of which could provide 

evidence of airport impacts.  Discussions of both spatial and wind direction analyses 

results are provided below. 

Of the spatial parameters tested for association with NO2 concentration variations 

(see Table 6), longitude showed the strongest correlation (-0.75).  NO2 concentration 

decreases from east to west across the study region.  This relationship is logical, because 

vehicular traffic is much greater on the east side of Seatac, particularly from Interstate 5 

and Highway 99.  Roadways on the west side of Seatac have smaller traffic volumes with 

local traffic only.  NO2 concentration is also strongly correlated with elevation.  This is 

the same spatial association just discussed because elevation generally decreases to the 

west, towards the Puget Sound.    

NO2 levels tend to decrease with distance from both freeways and also from the 

airport runways.  The correlation with freeway distance (-0.42) is slightly stronger than 

with runway distance (-0.30), but neither association is particularly strong.  This does, 

however, provide some evidence that both these sources impact local NO2 levels.  The 

traffic impact parameter is a more sophisticated means of assessing vehicle source 

impacts than simply using distance from a freeway.  This parameter accounts for non-

freeway traffic, is weighted by traffic volume, and assumes an exponential decay in 

concentration with respect to distance from the source.  Therefore, I would expect this 

correlation to be greater than the simple distance correlation; however it is not (=0.39).  

Nonetheless, this correlation provides additional evidence that automobile sources cause 

increased local NO2 concentrations. 
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As demonstrated by the Beacon Hill Reservoir temporal correlation tests, Seatac 

NO2 levels are highly affected by regional levels.  Seatac air quality is strongly 

influenced by regional pollutant levels and meteorological conditions.      

Wind direction NOX impact analyses at Sites 1 and 16 provided critical 

information for understanding Seatac ambient NO and NO2 source characteristics at the 

two sites.  NO concentration levels at these sites are strongly affected by wind direction.  

NO concentrations are high at both sites with eastern winds, however this wind direction 

is infrequent.  NO mass flux shows distinct differences between the two sites.  The 

greatest impacts at Site 1 appear to be from local traffic sources, including the 518 

freeway, while peak NO flux values at Site 16 only come from the direction of the airport 

runways.  The differences by wind direction and site demonstrate that NO at these sites is 

strongly controlled by local sources. 

As seen in Figure 10, NO2 concentrations are not highly sensitive to wind 

direction.  NO2 is less variable than NO, and is more controlled by regional levels than 

local sources.  This is because NO2 is primarily produced in the atmosphere by oxidation 

of directly emitted NO.  However, Site 1 does experience NO2 concentration peaks from 

the southeast (freeways).  Both sites show NO2 peaks from the NNW direction.  This is 

more evident when looking at NO2 flux.  While Site 16 shows stronger NO2 flux, both 

sites are impacted from the NNW direction.  This is potentially caused by sources upwind 

of both sites, specifically heavy industrial sources located in South Seattle. 

It is likely that aircraft emissions are partially responsible for the strong NO and 

NO2 peaks observed at Site 16 because the wind direction is focussed directly from the 

runways, and the levels exceed those observed at Site 1 from the same wind direction.  

However, these peaks do not cause a high time-averaged concentration at this site; rather 

it has one of the lowest annual mean NO2 concentrations.  Site 1 did not experience NO 

or NO2 peaks from the direction of the runways that were as great as observed at Site 16, 

but time averaged concentrations for both pollutants were higher.   This demonstrates that 

average concentration levels are more influenced by proximity to automobile sources 

than aircraft operation. 
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This study does not provide overwhelming evidence that the airport has a 

significant impact on Seatac community NO2 levels.  Both spatial data and wind direction 

analyses do demonstrate that automobile traffic impacts local NO2 concentrations.  While 

it is not possible to quantify the additional NO2 exposure directly resulting from aircraft, 

two firm conclusions can be made based on the results of this study: 

 Airport operations do not cause local NO2 levels significantly greater than in 

surrounding urban areas, and  

 Aircraft emissions are not a dominant NO2 source affecting local concentrations. 

 

 



 

 

 

 

 

CHAPTER 5: SUGGESTIONS FOR FUTURE WORK 

In general, I feel that the Sea-Tac NO2 study was designed and executed in a 

comprehensive manner.  The important questions pertaining to Seatac community NO2 

levels were answered.  I do not recommend additional NO2 measurement efforts at this 

time to build upon the results of this study for the following two reasons: 1) there is no 

evidence of NO2 NAAQS exceedances, and 2) the density of NOX makes it difficult to 

observe source-driven concentration gradients.  However, there are additional study ideas 

that could shed light upon unresolved issues: 

 A similar study on a smaller scale could be performed after several years to document 

the effects of airport expansion and regional growth on Seatac NO2 levels.  Again, it 

may be difficult two separate the effects of increased traffic contributions and 

increased aircraft operations. 

 A similar study could be performed at an airport isolated from metropolitan pollution 

sources to measure true airport impacts on local concentrations.   
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APPENDIX A 

 STANDARD OPERATING PROCEDURE: AMBIENT NO2 MEASUREMENT 

USING YANAGISAWA DIFFUSION BADGES 

1.0 Introduction – Principles of NO2 Diffusion Sampling and Analysis  

 

Nitrogen oxides are formed during high-temperature combustion from the 

oxidation of nitrogen in the combustion air.  Typically, nitric oxide (NO) is 

formed in greater amounts that nitrogen dioxide (NO2), however NO will 

eventually react with ambient ozone to form atmospheric NO2.  Industrial and 

vehicular combustion sources can cause high ambient levels in metropolitan 

areas.  NO2 is a respiratory irritant and reacts photochemically with hydrocarbons 

to form ozone.   

The EPA’s federal reference method (FRM) for NO2 measurement (EPA, 1996) 

requires the use of a chemiluminescent analyzer and calibration system.  While 

this method provides accurate, real-time data, the equipment is costly and its 

operation is labor intensive.  This method is not well suited for spatial studies, 

where simultaneous measurements at multiple locations are necessary.   

NO2 diffusion sampling is a passive technique that relies on molecular diffusion 

to measure ambient NO2.  This method does not offer the accuracy or continuous 

measurement ability of the FRM, however it is an ideal option for studies with a 

large number of sample locations when integrated results are acceptable.  

Additionally, NO2 diffusion badges can be used to complement FRM studies by 

increasing the number of measurement locations.  Table 15 briefly lists 

advantages and disadvantages of using this passive sampling technique. 

Table 11.  Advantages and disadvantages of NO2 diffusion sampling 

Advantages Disadvantages 

Low cost Lower accuracy 

Ease of use Integrated sampling only 

No power required at sampling site No real-time data 

No sampler maintenance Wet chemical analysis required 

No air movement required  

Unobtrusive sampling apparatus  
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Palmes et al. (1973) originally developed the passive sampler air pollutant 

measurement technique.  Passive samplers rely solely on molecular diffusion of 

gases and therefore require no power for air pumps.  The molecular diffusion 

process behaves according to Fick’s Law (Treybal, 1980).  The rate of mass 

collected is proportional to the coefficient of diffusion for the gas mixture, the 

cross sectional area of the sampler, the inverse of the sampler path length, and the 

concentration gradient across the diffusion path.   

Palmes et al. (1976) developed a NO2 diffusion sampler using triethanol amine 

(TEA) as the adsorbing reagent.  TEA was selected because it captures NO2 very 

efficiently, has a high viscosity and low vapor pressure making it stable on coated 

surfaces, and forms a very stable complex with NO2 enabling considerable storage 

periods between sampling and analysis.  

Yanagisawa and Nishimura (1982) developed the badge-type NO2 diffusion 

sampler ideal for non-source applications.  Open tube samplers must have long 

path lengths to minimize wind effects on the sampling rate; therefore long 

exposures at high concentration levels are required to collect detectable pollutant 

mass.  The badge sampler consists of five layers of hydrophobic-fiber filter as a 

diffusion barrier and an absorbent sheet containing TEA.  The filter layers 

suppress wind effects on the mass transfer rate.  The filter badge has a high cross-

sectional area to length ratio, yielding far greater sensitivity than previous 

techniques (66 ppb-hr) and enabling sampling durations of less than one day 

(Treitman, 1990).  Measurement accuracy is reported as 20 percent.  Collected 

NO2 mass is quantified by extracting the reagent coated filter in azodye-forming 

reagent and analyzing colorimetrically (Saltzman, 1954).  Badge dimensions are 

presented in Figure 16.  

Further testing of wind and humidity effects was conducted on the NO2 filter 

badge (Lee, et al., 1992) because of the high sensitivity design.  Mass flux is 

proportional to the ambient NO2 concentration when the air boundary layer 

thickness is consistent; however, variations in wind speed will affect boundary 

layer conditions.  At large wind velocities, the boundary layer thickness is 

essentially zero; as wind speed drops the boundary layer increases to a practical 

limit in still air.  Therefore, measured NO2 concentrations are effected by wind 

speed.  Overall NO2 mass transfer rates varied significantly between wind speeds 

of zero and 0.3 m/s, and varied only slightly at wind speeds above 0.3 m/s.  Mass 

transfer rates increase slightly with increased humidity.   

Temperature also has an effect on the effective sampling rate of TEA diffusive 

NO2 samplers, beyond that which is explained theoretically by the change in 

diffusivity with temperature (Moschandreas, et al., 1990).  It is speculated that 

NO2 concentrations are underestimated at temperatures below 50F because 1)  
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Figure 16.  Yanagisawa NO2 Badge (Yanagisawa and Nishimura, 1982) 

moisture condensation in the diffusion barrier may effectively reduce the cross-

sectional area or 2) TEA may be less effective at absorbing NO2 as a solid, below 

its freezing point at 70F. 

 

 

2.0 Sample Collection – Field Measurements Using Yanagisawa NO2 Badge 

 

The Yanagisawa NO2 badge was developed for personal exposure measurement, 

however this SOP focuses on the application of this sampling method for fixed 

outdoor measurements.  A badge shelter was designed (Norris, 1994) to protect 

NO2 badges from precipitation and to minimize the effects wind speed variation 

on diffusion rate.   

2.1 Badge Shelter Design 

The shelters are simple to construct using 4-inch diameter ABS piping.  The pipe 

section is mounted vertically with a cap sealing the top end.  The NO2 badge can 

be clipped directly onto a 0.25-inch bolt fastened across the pipe diameter.  

Sampler dimensions are displayed in Figure 17.  The shelters can be easily  
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Figure 17.  Badge shelter schematic (Norris, 1994)
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mounted to 0.75-inch galvanized electrical conduit to elevate the sampler while 

minimizing airflow disturbances at the shelter opening. 

2.2 Badge Installation 

 

Ideally, all badges are installed within a 4-hour duration to minimize differences 

in sample exposure times (< 1% difference over three weeks).  Installation times 

are recorded on a data sheet (the installation time for one period is the recovery 

time for the previous period).  The foil pouch and zip-lock bag containing the 

badge is opened at the sampling site.  The badge is installed in the shelter using 

needle-nose pliers by holding the clip on the back of the badge, pressing the back 

of the badge against the sample shelter cross-bolt, and raising the badge into place 

on the bolt.  The badge is then rotated so it is oriented face down, towards the 

open end of the sample shelter.  The sampling duration is 21 days (this can vary 

depending upon the study purpose). 

2.3 Badge Recovery 

As mentioned above, badges are recovered within a 4-hour window.  The order of 

collection is held consistent between sampling periods.  The badge change-out 

time is recorded on the data sheet, along with any other comments about the 

condition of the sampler and badge or other observations at the sampling site. 

The badges are immediately sealed in the small zip-lock bag (supplied by the 

manufacturer).  The small bag is then placed within the foil pouch; the sample 

location and collection date is written in permanent ink on the foil pouch.  The 

foil pouch is sealed within a small zip-lock bag (one per sample).  All the double-

bagged samples are placed together in a one-gallon zip-lock bag.  This procedure 

ensures sample integrity throughout sample collection and storage.  

In the event that the badge gets wet during recovery, as much moisture as possible 

is removed before sealing samples. 

3.0 Sample Preparation and Analysis 

The procedures in this section are specific to analysis of NO2 badges that have 

been exposed to concentrations of approximately 40 g/m3 (20 ppb) for three 

weeks.  For varying exposure situations, sample extraction volumes and/or 

standard curve concentration values may require adjustment.  

3.1 NO2 Badge Preparation 

Badge disassembly is performed in a clean, dry environment devoid of any 

combustion sources.  Appropriate laboratory gloves are worn throughout the 
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process.  Sample bottles are clearly label and 50 mL-deionized water is added for 

each field sample for NO2 extraction.  Samples are removed from their sealed 

bags and disassembled one at a time.  Comments are noted about any samples 

with unsealed bags or that are in any way damaged.  The badges are easily pried 

open using a thin flathead screwdriver.  Forceps are used to remove the bundle of 

hydrophobic fiber filter from the badge backing and to peel off the TEA coated 

filter, immediately placing it in the sample bottle.  This recovery process is 

completed as quickly as possible for each badge to minimize additional NO2 

exposure.     

An azodye-forming reagent is prepared to enable colorimetric analysis of the NO2 

samples.  One liter is prepared in a volumetric flask according to the following 

procedure: 

1.  Add 10g sulfanilic acid to approximately 500 mL of de-ionized (DI) water 

2.  Add 100 mL of phosphoric acid and mix 

3.  Add 0.10g. of n-(naphthyl)-ethlenediamine dihydrochloride (NEDA) 

4.  Increase volume to 1 L with DI water 

5.  Add stirrer and seal off flask 

6.  Mix using magnetic stirrer until contents are dissolved (up to 3 hours) 

7.  Reagent should be 25-30 oC when used 

Dye reagent is added to each sample in an amount equal to the volume of 

extraction water (50 mL).   

3.2 Standard Curve and Control Standard Preparation 

 

For each analysis, calibration standards are prepared at various NO2 

concentrations to generate an instrument calibration curve.  These calibration 

standards are prepared from primary standards, which are much more 

concentrated and can are preserved for repeated use.  The following procedures 

are used to prepare the standards. 

3.2.1 Primary Standard Preparation (1500 g NO2/mL) 

1.  Add approximately 500 mL DI water to a 1000 mL volumetric flask 

2.  Add one mL chloroform as a preservative  

3.  Using a calibrated analytical balance, weigh and add 2.25 grams crystalized 

sodium nitrite (NaNO2) to the flask.  Record mass to 4 decimal places  

4.  Bring up volume to 1000 mL with DI 

5.  Seal with stopper and parafilm; store refrigerated and in a non-transparent 

container to minimize light exposure (flask can be wrapped in aluminum 

foil) 
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6.  Repeat the steps above to prepare a second primary standard (standards A and 

B are both used to ensure procedural precision) 

 

3.2.2 Working Standard Preparation (15.00 g NO2/mL – prepared for each 

analysis session) 

 

1.  Add approximately 500 mL to a 1000 mL volumetric flask 

2.  Mix primary standard A by shaking 

3.  Add 10 mL primary standard A using volumetric pipette 

4.  Increase volume to 1000 mL and mix 

5.  Pour off 500 mL into a labeled sample container 

6.  Repeat to prepare working standard B 

 

3.2.3 Calibration Standard Preparation 

 

1.  Assemble 11 50 mL volumetric flasks 

2.  Add 0, 1, 2, 3, 4, 5, 6, and 7 mL of working standard A to 8 of the flasks (the 

corresponding concentrations will be approximately 0, 300, 600, 900, 

1200, 1500, 1800, and 2100 g/L, respectively) 

3.  Add 0, 3, and 5 mL of working standard B to prepare standard for precision 

check 

4.  Raise volume to 50 mL with DI water 

5.  Pour into labeled sample containers 

6.  Add 50 mL dye reagent to each standard 

 

3.2.4 External Control Standard Preparation 

 

A certified, external nitrite standard is diluted and analyzed to confirm the 

accuracy of the calibration standards.  Using a standard concentration of 1000 mg 

N-NO2 / L (3285 mg NO2/L), one mL is diluted to 2000 mL with DI water and 

mixed to prepare a concentration of 1642 g NO2/L.  A graduated cylinder or 

volumetric flask is used to transfer 50 mL to a sample container.  50 mL dye 

reagent is added. 

 

3.3 Sample Analysis 

 

Following addition of dye reagent, samples and standards are set aside for at least 

40 minutes to ensure full color development.  The spectrophotometer is warmed 

up according to manufacturer specifications and the wavelength is set to 545 nm.  

DI water is used to zero the spectrophotometer.  Standards are analyzed in 10 x 10 

mm cuvettes.  Each sample or standard is poured and read twice to ensure 

accurate results.  DI water is analyzed after approximately every 5 samples to 
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enable correction for analyzer drift.  All absorbance readings are recorded in the 

project log book.  

 

To correct for analyzer drift, average pre- and post DI water absorbance values 

are subtracted from all standard and sample absorbance readings.  A calibration 

curve is then generated by plotting concentration vs. absorbance for the “A” 

standards.  Linear regression analysis provides an equation relating sample 

absorbance values to the liquid NO2 concentrations; this relationship is used to 

calculate the liquid concentration of each sample. 

 

4.0 Quality Assurance Measures 

 

Two types of quality assurance samples are collected in the field: duplicate 

samples and field blanks.  Two of each are collected each sample period. 

Two duplicate NO2 badge measurements are performed each sample period; these 

sites have two badge shelters.  Duplicate samples are treated in the same manner 

as other samples.  These samples (and samplers) are identified by writing 

“Duplicate” next to the sample location number.  These samples enable 

assessment of sample measurement precision.   

Additionally, NO2 badges are co-located with Federal Reference Method 

chemiluminescent analyzers.  Overall badge diffusion rates are determined based 

on integrated analyzer results over the badge sampling duration.  This ensures the 

accurate diffusion rate is used in calculating sample ambient air concentrations 

from NO2 mass collection; diffusion rates can vary based on local conditions.  

Field blank samples (2 per period) are collected by removing two unused badges 

from their foil pouches and bags.  They are immediately recovered in the same 

manner as other samples.  These field blanks are used to assess sample 

contamination during sample recovery, storage, and analysis.   

Analytical quality assurance measures include replicate internal NO2 standard 

analyses and external certified standard analysis.  These procedures are described 

in Section 3.0.  Internal calibration standard replicates (A and B) should be within 

2 percent of each other; this represents the analytical precision.  External standard 

analysis results should be within 5 percent of the certified value; this represents 

the analytical accuracy. 

5.0 Calculation of NO2 Mass Collected and Ambient Air Concentration 
 

This section contains example calculations for each step in determining the 

ambient NO2 sample for each badge sample.   
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1.  Primary Standard Concentration: 

 

 

 

2.  Working Standard Concentration: 

 

 

3.  Calibration Standard Concentration (2100 g/L): 

 

 

4.  Sample Mass (Sample Period 5, Location 1): 

 From regression: g NO2/L = 2577  (abs) - 39.95 

 Absorbance = 0.587 

 Sample volume = 50 mL 

  

 

5.  Corresponding ambient Air concentration: 

 Exposure duration = 20.8 days 

 Overall badge diffusion rate = 0.11 cm/s 

 Badge cross-sectional area = 3.8 cm  2.6 cm 
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APPENDIX B:  NO2 MEASUREMENT DATA 
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Table 16.  NO2 Measurement Data by Sample Period 

[replace with page with table] 

 



 

 

 

 

APPENDIX C: SAMPLE LOCATION DATA 

Table 17.  Site Data 

Annual NO2 Dist. to Dist. to Dist. to

Average Elevation Runway Road Freeway

Site # (g/m
3
) deg. minutes deg. minutes (m) (m) (m) (m)

1 39 47 28.097 122 17.963 137 805 31.7 274

2 38 47 28.248 122 17.706 134 1030 32.6 499

3 41 47 28.215 122 18.257 131 772 191 257

4 30 47 28.706 122 18.447 94 1609 NA 885

5 38 47 27.985 122 18.428 110 306 40.2 177

6 28 47 28.154 122 19.004 82 708 27.4 193

7 33 47 28.014 122 19.619 98 1287 49.1 290

8 34 47 27.010 122 18.847 119 370 NA 531

9 22 47 26.760 122 20.640 34 2527 194 1609

10 30 47 25.940 122 19.356 107 1094 101 756

11 33 47 25.989 122 18.867 94 467 42.7 821

12 28 47 25.455 122 18.887 113 966 97.5 1706

13 35 47 25.606 122 17.771 128 982 49.1 982

14 40 47 26.060 122 17.722 101 885 72.2 1545

15 34 47 25.989 122 17.323 122 1368 11.0 1159

16 30 47 25.612 122 18.380 82 451 235 1577

Longitude (W)Latitude (N)

Location



 

 

 

 

APPENDIX D: NO2 BADGE KOG DATA 

 

 

Table 18.  Overall Diffusion Coefficient (KOG) Data 

 

 

 

Beacon Seatac N Seatac S

Sample Start End Hill Kog Kog Kog

Period Date Date (cm/s) (cm/s) (cm/s)

1 1/2/98 1/22/98 0.120

2 1/22/98 2/12/98 0.123

3 2/12/98 3/5/98 0.116

4 3/5/98 3/26/98 0.118

5 3/26/98 4/16/96 0.116

6 4/16/96 5/7/98 0.118 0.094

7 5/7/98 5/28/98 0.120 0.110

8 5/28/98 6/18/98 0.131 0.109

9 6/18/98 7/9/98 0.113 0.113

10 7/9/98 7/31/98 0.119 0.099 0.109

11 7/31/98 8/20/98 0.129 0.106 0.116

12 8/20/98 9/10/98 0.118 0.103 0.114

13 9/10/98 10/1/98 0.116 0.111 0.105

14 10/1/98 10/22/98 0.123 0.111 0.112

15 10/22/98 11/12/98 0.119 0.104 0.106

16 11/12/98 12/3/98 0.117 0.113 0.118

17 12/3/98 12/31/98 0.111 0.096 0.099



 

 

 

 

APPENDIX E: NO2 MEASUREMENT QUALITY ASSURANCE DATA 

 

 

Table 19.  NO2 Badge Accuracy Data 

Site Sample FRM Analyzer Badge Error Error Accuracy

# Period (ppb) (ppb) (ppb) (%) (%)

1 6 22.4 19.2 3.2 14 86

1 7 17.2 17.2 0.0 0 100

1 8 16.7 16.5 0.2 1 99

1 9 14.8 15.2 -0.4 -3 103

1 10 19.3 17.3 2.0 10 90

1 11 18.7 18.0 0.7 4 96

1 12 22.6 21.1 1.5 7 93

1 13 23.8 24.1 -0.3 -1 101

1 14 22.3 22.4 -0.1 0 100

1 15 23.2 22.0 1.2 5 95

1 16 21.3 22.0 -0.7 -3 103

1 17 22.8 19.9 2.9 13 87

16 10 15.1 15.0 0.1 1 99

16 11 15.7 16.7 -1.0 -6 106

16 12 18.1 18.8 -0.7 -4 104

16 13 20.4 19.5 0.9 4 96

16 14 16 16.3 -0.3 -2 102

16 15 17.8 17.2 0.6 3 97

16 16 14.4 15.5 -1.1 -8 108

16 17 16.3 14.7 1.6 10 90
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Table 20.  Duplicate NO2 Badge Sample Results 
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