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Abstract: Close proximity to roadways has been associated with higher exposure to  

traffic-related air pollutants. However, analyses of the effects of season and meteorological 

parameters on horizontal gradient patterns of traffic-generated air pollutants still need to be 

elucidated. Our objectives were to: (1) determine effects of season on horizontal gradient 

patterns of polycyclic aromatic hydrocarbons (PAHs), total suspended particles (TSP), and 

PM2.5 near a heavily trafficked highway; and (2) examine the effect of day-of-the-week 

variations (weekday versus weekend) associated with traffic counts on measured  

airborne-contaminant levels. PAHs (Σ8
PAHs [MW 228–278]; gas + particulate), TSP and 

PM2.5 were monitored at nominal distances (50, 100, and 150 m) from the New Jersey 

Turnpike every 6 days for periods of 24 h, between September 2007 and September 2008. 

Seasonal variations in the horizontal gradient patterns of Σ8
PAHs were observed. In  

the summer, Σ8
PAHs declined significantly between 50–100 m from the highway  

(23% decrease), but not between the furthermost distances (100–150 m). An inverse 

pattern was observed in the winter: Σ8
PAHs declined between 100–150 m (26% decrease), 

but not between the closest distances. Σ8
PAHs and TSP, but not PM2.5, concentrations 
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measured on weekends were 12–37% lower than those on weekdays, respectively, 

corresponding to lower diesel traffic volume. This study suggests that people living in the 

close proximity to highways may be exposed to varying levels of Σ8
PAHs, TSP, and PM2.5 

depending on distance to highway, season, and day-of-the-week variations. 

Keywords: horizontal gradient; seasonal effects; nonvolatile PAHs; particulate matter; 

traffic emissions; day-of-the-week 

 

1. Introduction 

Exposure to traffic-related particulate matter (PM) has been associated with adverse health effects 

such as respiratory symptoms, decreased lung function, cardiopulmonary mortality, and cancer [1–3]. 

However, the uncertainties surrounding the precise physical and chemical components of PM, which 

are responsible for observed health risks, make it challenging to understand the causal relationships 

between PM exposure and health effects. Among numerous toxic chemical components of PM, 

polycyclic aromatic hydrocarbons (PAHs) have received particular attention because recent studies 

implicated that prenatal PAH exposure, specifically Σ8
PAHs (the sum of 8 nonvolatile PAHs;  

[MW 228–278]), were associated with respiratory symptoms, low birth weight, and deficits in 

neurodevelopment and cognition in young children [4–8].  

PAHs are semivolatile organic compounds, produced by the incomplete combustion of organic 

material. They are emitted from vehicles, fossil fuel and biomass burning, cigarette smoking and 

industrial activity [9]. Among the multiple sources of PAHs, motor vehicle exhaust is one of the 

largest ambient sources and contributes to 35% of the total atmospheric burden in U.S. cities [9]. 

Extensive studies have been conducted to characterize traffic-derived PAH emissions from different 

vehicle classes (diesel versus gasoline powered vehicles), in tunnels and urban settings [10,11]. 

However, studies that examine horizontal gradients of PAHs near a highway have been limited. Only a 

few studies have revealed that PAH concentrations vary spatially depending on proximity to a major 

roadway or traffic volume [12–15]. For example, Lee et al. reported that the sum of PAHs  

(gas + particle phase) measured near the traffic sources are approximately 5.3 and 8.3 times higher 

than those in urban and rural sites, respectively [12]. Similarly, Fisher et al. found that particle-bound 

PAH levels were two times higher in high-traffic areas compared to low-traffic areas [15]. More 

recently, Kojima et al. reported that the levels of particle-bound PAHs as well as 1-nitro-pyrene  

(1-NP) decrease within 150 m from the roadway [14]. Also, the heavier PAHs such as benzo[a]pyrene 

decrease more quickly than the lighter PAHs such as pyrene within 65 m downwind of the  

roadway [16]. 

In comparison, horizontal gradients of other traffic-related pollutants such as PM2.5, ultrafine 

particles (UFP), black carbon (BC), CO and NOx, near busy roadways/highways have been well 

described in many studies. Zhu et al. measured UFP and BC near highways in Los Angeles and  

found that UFP and BC concentrations decreased exponentially within 150 m downwind from  

highways [17,18]. Reoponen et al. also observed a very distinct concentration gradient of UFP, but not 

PM2.5, within 1600 m of highways in Cincinnati [19]. PM2.5 concentration was observed to decay to 
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background levels within 50 m, despite spatial homogeneity of PM2.5 due to the regionally and  

long-ranged transported contribution [20]. Several studies also highlight the importance of wind 

direction on horizontal gradients of traffic-related air pollutants. Hitchins et al. observed that UFP and 

PM2.5 levels decreased within 375 m from highway, for both parallel and downwind direction [21]. 

However, UFP and PM2.5 levels were not affected by distance when winds blew toward the highway. 

Consistent with Hitchins’s work, Reoponen et al., also found a steeper gradient of UFP when winds 

were blowing away from the highway than blowing parallel to the highway [19].  

Motor vehicle combustion emissions include not only combustion emissions but also non-combustion 

emissions such as re-suspended road dust, tire debris, and brake wear. Non-combustion emissions may 

play an important to role in determining roadside total suspended particles (TSP) concentrations, 

which are comprised of 80% PM10 [22]. Measurements of larger particles induced by non-combustion 

traffic emissions may improve the assessment of exposure to air pollutants near roadways/highways.  

To our knowledge, there is only one study that has examined the seasonal horizontal gradients of 

PAHs near the roadway, and they collected one sample in the summer and one sample in the winter [14]. 

However, it is difficult to characterize the seasonal gradient patterns of PAHs from traffic emissions 

without extensive data collection. Here, we collected Σ8
PAHs, TSP, and PM2.5 on every 6 days for  

one year (2007–2008) at three different distances (50, 100 and 150 m) from the New Jersey Turnpike. 

Our objectives were to: (1) determine effects of season on horizontal gradient patterns of PAHs  

(Σ8
PAHs [MW 228–278]; gas + particulate phase), TSP, and PM2.5 near a heavily trafficked highway 

through extensive monitoring; and (2) examine the effect of day-of-the-week variations on measured 

levels of air pollutants.  

2. Methods 

2.1. Sampling Location 

Traffic-related PAHs, TSP, and PM2.5 were monitored for one year in the immediate vicinity of the 

New Jersey Turnpike (NJTPK) (latitude/longitude: +40.817/−74.044) (Figure 1). The NJTPK is a 

major highway in the U.S. connecting the metropolitan areas of New York and Philadelphia with as 

many as ~700,000 vehicles transiting this highway per day. The sampling location was considered to 

be a representative monitoring site for traffic-related air pollutants as no other anthropogenic emission 

sources are present within 800 m of the sampling site. In addition, the land on both the upwind and 

downwind sides of the highway is open flat marshlands. Therefore, we expect measurements from this 

sampling location to be strongly affected by traffic-related emissions, assuming that the contribution  

of other anthropogenic source emissions (residential heating, wood burning, industrial sources, etc.)  

is minimal. 

Three secured sampling sites were selected in a south-eastern direction from the NJTPK at 

increasing distances of 50, 100, and 150 m from the center lane of the six-lane NJTPK. A maximum 

distance of 150 m was chosen based on many studies that have indicated PM concentrations to decline 

markedly within 150 m from major roadways [17,21,23]. Scaffolding platforms holding air quality 

monitoring equipment were installed at the three sites at highway level. 
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Figure 1. Sampling site at 50, 100 and 150 m from the centerline of New Jersey  

turnpike respectively.  

 

 
 

2.2. Ambient Air Sampling 

The paired PAHs, TSP and PM2.5 samples were collected at the three sites simultaneously for 24 h 

(8:00 a.m. to 8:00 a.m. on the next day) on every sixth day starting 21 September 2007 and ending on 

21 September 2008. Samples were retrieved immediately after samplings to avoid any evaporative 

losses of PAHs. At each site, sampling was performed at a height of 1.9 m above the platform and at 

least 2 m away from any obstruction. 

Particulate-phase PAHs and TSP were collected on glass fiber filters (GFF; 20 × 25 cm, pore size 

0.7 µm) and gas-phase PAHs were collected on two series of polyurethane foam (PUF) plugs  

(9.85 × 10 cm) by using Hi-vol. samplers (TE-PNY1123, Tisch Environmental, Inc., OH). Prior to 

sampling, GFF filters were prebaked at 550 °C for 24 h to eliminate organic species; PUF plugs were 

extracted with acetone and petroleum ether for 24 h and then dried in a vacuum desiccator and sealed 

in glass jars. Three Hi-vol. samplers were operated at a flow rate of 0.6~0.8 m3/min, yielding 

individual sample volumes of 900~1200 m3. A digital manometer was used to measure differential 

pressure (inches in H2O) as well as temperature and atmospheric pressure before and after each 

sampling for the flow meter conversions. After sampling, GFF and PUF samples were wrapped in 

aluminum foil and stored in baked clean glass jars, respectively, and stored in a freezer at −20 °C until 

extraction and analysis. 

PM2.5 samples were captured onto Teflon filters (diameter = 47 mm, pore size = 2.0 µm; Whatman), 

by a Well Impactor Ninety Six (WINS) impactor with a 2.5 µm cut-point (Partisol-FRM Model 2000, 

Thermo Electron Corporation, MA). Three PM2.5 samplers were operated at a sampling flow rate of 

16.7 L/min, resulting in a total sampled air volume of 24 m3 for each sample.  
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2.3. Sample Analysis 

Eight nonvolatile PAHs (PAHs with more than 4 rings: MW 228–278) were selected as target 

compounds due to their abundance in traffic emissions and their adverse health effects observed in 

young children [5–8,24–26]. The eight PAHs monitored in this study were: benz[a]anthracene (BaA), 

chrysene (Chry), benzo[b]fluoranthene (BbFA), benzo[k]fluoranthene (BkFA), benzo[a]pyrene (BaP), 

indeno[1,2,3-c,d]pyrene (IP), dibenz[a,h]anthracene (DahA), and benzo[ghi]perylene (BghiP). PAHs 

were analyzed as the sum of gas and particulate phase since nonvolatile PAHs predominately exist in 

the particulate phase [27]. Detailed analytical protocols employed for the measurement of PAHs have 

been reported elsewhere [28] and a brief summary is given here. Prior to Soxhlet extraction, the GFF 

and PUF samples were treated with a known amount of deuterated compounds (chrysene-d10, and 

perylene-d12) as a surrogated standard for the recovery corrections. Then, filters and PUFs soxhlet 

extractions were analyzed for total PAHs (gas + particulate). The sample extracts were reduced to  

0.5 mL by a rotary evaporator and cleaned via elution through alumina using hexane and a 2:1 mixture 

of DCM and hexane. The samples were then concentrated to approximately 200 µL under a gentle 

stream of high purity nitrogen and spiked with an internal standard made up of 2 deuterated 

compounds (anthracene-d10, and benz[a]anthracene-d10) prior to GC/MSD (Agilent 6890 N 

GC/5975MSD) analysis. A HP-5MS (30 m × 250 µm × 0.25 µm) capillary column (Agilent, Palo Alto, 

CA) was used with helium as a carrier gas. The temperature was programmed from 55 °C (1 min) to 

320 °C at 125 °C min−1. 1 µL of the sample was introduced to an injector set at pulsed splitless mode. 

PAHs were quantified by GC/MSD using selective ion monitoring (SIM) and the method of  

internal standards.  

The gravimetric analysis was performed for TSP and PM2.5 measurements by weighing the filters 

before and after sampling with a micro-balance at the Environmental and Occupational Health 

Sciences Institute (EOHSI), UMDNJ, NJ. The filters were equilibrated at a temperature of 20 °C and a 

relative humidity of 30–40% in the equilibrating room for 24 h before weighing.  

2.4. Meteorological Parameters 

The meteorological data during the sampling periods were simultaneously collected from Teterboro 

airport, which is the closest weather station to the sampling location [29]. Hourly wind speed, wind 

direction, ambient temperature, precipitation, and humidity data were averaged according to our 

concurrent 24 h sampling period. Seasons were defined by solstices and equinoxes: fall  

(20 September–20 December), winter (21 December–19 March), spring (20 March–20 June), and 

summer (20 June–21 September). Daily weather circumstances (i.e., sunny, cloudy, or foggy 

conditions) were also obtained from the weather website as well as field records on the sampling day. 

Information on mixing height was obtained every 3 h during the sampling periods from the NOAA AIR 

Resources Laboratory archive [30]. Temporal variations of the meteorological parameters are presented 

in Figure 2 and the average meteorological conditions for each season were also summarized in 

supporting information (Table 1). 
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Figure 2. Temporal variations of the relevant meteorological parameters and traffic counts 

throughout 1-yr sampling periods: (a) temperature (left) and wind speed (right); (b) mixing 

height (left) and relative humidity (right); and (c) gasoline, diesel and total traffic counts.  
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Table 1. Summary of metrological conditions in each season during the 1-yr long-term 

sampling periods (September 2007–September 2008). 

Season 
Temp. 
(°C) 

R.H.(%) Preci. (cm) 
W.S. 

(km/h) 
M.H. 
(m) 

Wind direction a 
Frequency (%) 
U D P 

Fall 
(n = 16) 

11.2 ±8.7 68.6 ± 10.7 0.52 ± 1.02 4.56 ± 3.63 384.3 ± 162.4 
5 

(31) 
5 

(31) 
6 

(38) 
Winter 
(n = 14) 

1.71 ±4.6 64.7 ± 15.6 0.45 ± 0.75 10.9 ± 9.40 488.3 ± 285.8 
3 

(21) 
4 

(29) 
7 

(50) 
Spring 

(n = 15) 
14.0 ±6.1 53.3 ± 15.5 0.14 ± 0.30 8.2 ±7.18 698.1 ± 271.8 

4 
(27) 

7 
(47) 

4 
(27) 

Summer 
(n = 14) 

22.6 ±1.8 65.6 ± 11.8 0.47 ± 0.98 5.92 ± 5.99 611.4 ± 192.3 
7 

(50) 
3 

(21) 
4 

(29) 
Note: Data presented as mean ± standard deviation. Temp. (Temperature), R.H. (Relative Humidity), 
Preci. (Precipitation), W.S. (Wind Speed), M.H. (Mixing Height). a frequency of the major wind 
direction: U (upwind) was defined if the major wind direction on each sampling day was from SS, 
SE, and EE; D (downwind) by NN, NW, and WW, and P (parallel) by NE and SW.  

2.5. Traffic Counts 

The 24-hour north and south bound traffic count, passing the sampling location between exit  

16W–18W was obtained from the NJTPK Transportation Authority and divided into three categories: 

gasoline, diesel, and total traffic counts. Vehicle counts of class 1–3 were summed as a surrogate for 

gasoline traffic counts and the sum of class 4–6 and class B2–3 vehicle counts was used as a surrogate 

for diesel traffic [31]. Total traffic count was primarily dominated by gasoline-powered cars (~85%) 

with a daily traffic density of 80,000 day−1 for gasoline powered cars and 12,000 day−1 for  

diesel powered trucks during the sampling periods. Temporal variations of daily traffic counts are 

presented in Figure 2. While diesel-powered vehicle volume were constant throughout the season, 

gasoline-powered vehicle and the total traffic volume increased significantly (10–12%) during the 

summer, when compared to the winter season (Figure 3).  

Figure 3. Seasonal variations in daily traffic volume. 
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2.6. Quality Control/Quality Assurance 

A calibration of flow rate was performed every three months and after maintenance was done on the 

motor for the Hi-vol. sampler using a digital manometer and a calibration device (TE 5040 PUF 

Calibration Kit, Tisch Environ. Inc., Cleveland, OH, USA). Regular field, laboratory filter and PUF 

blanks were analyzed for any background contamination during sampling and transportation of 

samples to the laboratory. The mean recoveries of each spiked surrogate standard were above 60% for 

all compounds. The limit of detection (LODs) for each PAHs, defined as three times the standard 

deviation of the field blanks in filter and PUF, ranged from 0.001 to 0.022 ng/m3 based on the average 

sampling volume of 910 m3. 

2.7. Statistical Analysis  

Due to the non-normal distribution of PAHs, nonparametric analyses were conducted. PAH levels 

were analyzed as the sum of eight nonvolatile PAHs (8
PAHs). Wilcoxon Singed-ranks test were 

performed to compare levels at varying distances (50–100 m and 100–150 m; samples were taken from 

the three sites on the same days) from the highway for the effects of season and wind direction on 

horizontal gradient patterns. For the analysis, concentrations measured on different days were averaged 

by consistency in the three major wind directions on the day of measurement; upwind (SS, SE and 

EE), parallel (NE and SW), and downwind (NN, NW and WW). The frequency of the major wind 

direction, stratified by season, was presented in Table 1.  

The effect of day-of-the-week variations on measured air pollutants and traffic counts were 

analyzed using the Mann-Whitney U test. Results were considered statistically significant if the  

p-value was less than 0.05. The data analysis was conducted using SPSS software (SPSS; Chicago, IL, 

version 17).  

3. Results  

3.1. Horizontal Gradient Patterns: Effects of Season 

The annual average 8
PAHs and TSP concentrations decreased significantly with increasing distance 

from the highway (Table 2, p < 0.05 and p < 0.001 for 8
PAHs and TSP, respectively; Wilcoxon  

Singed-ranks test). Spatial differences in 8
PAHs and TSP concentrations from 50 m to 150 m from the 

highway ranged between 37% and 31%, respectively. Similarly, all of the individual PAH compounds 

decreased significantly from 50 m to 150 m from the highway (20–44% concentration decreases for 

BaP and DahA, respectively). In comparison, PM2.5 concentrations were not significantly different 

between the farthermost distances (100–150 m; p > 0.05) and very little decrease (2%) was observed 

within 150 m of the highway. 

A distinct horizontal gradient pattern was observed for 8
PAHs when data were analyzed by season 

(summer versus winter). During the summer, the average 8
PAHs and TSP concentrations declined 

significantly between 50 and 100 m from the highway (Figure 4(a) and (b), 23% and 21% decrease for 

8
PAHs and TSP, respectively, p < 0.01; Wilcoxon Singed-ranks test). In the winter, 8

PAHs decreased 

only between 100 and 150 m from the highway (26% decrease) whereas average TSP concentrations 
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exhibited a persistently decreasing trend within 150 m of the highway (Figure 4(b)). A minimal yet 

significant decrease in PM2.5 concentrations was observed between 50 and 100 m from the highway in 

the winter (Figure 4(c), 4% decrease; p < 0.01), however, PM2.5 concentrations were not statistically 

different across all measured distances from the highway in the summer. 

Figure 4. Effects of season on horizontal gradients of: (a) 8
PAHs; (b) TSP; and (c) PM2.5. 
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Note: Wilcoxon Singed-ranks test conducted for the differences between distances. The white and 
black lines show individual observations, while the white and black areas show the  
distribution. The dotted line indicates the overall geometric mean and the thicker solid line shows 
the geometric mean concentration of air pollutants measured at three distances for each summer 
and winter. The decreases in median concentrations (indicated by %) between the closest 
distances were presented. Significance at * p < 0.05 and ** p < 0.01, 8

PAHnonvolatile includes  
benzo[a]anthracene (BaA), chrysene (Chry), benzo[b]fluoranthrene (BbFA), benzo[k]fluoranthrene 
(BkFA), benzo[a]pyrene (BaP), indeno[c,d]pyrene (IP), dibenz[a,h]anthracene (DahA), and 
benzo[ghi]perylene (BghiP).  
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Table 2. Atmospheric average concentrations of individual polycyclic aromatic hydrocarbons (PAHs) (gas + particulate phase), total 

suspended particles (TSP) and PM2.5 during sampling periods between September 2007 and September 2008 at increasing distance from 

the highway. 

Analyte Abbr. LOD 50 m (n = 56) 100 m (n = 56) a 50–100 m 150 m (n = 56) b 100–150 m 

  ng/m³ Median Avg ± SD Median Avg ± SD p Median Avg ± SD p 
Benz[a]anthracene BaA 0.001 0.09 0.12 ± 0.10 0.05 0.09 ± 0.08 *** 0.05 0.08 ± 0.08 *** 
Chrysene Chry 0.001 0.23 0.32 ± 0.21 0.19 0.24 ± 0.15 *** 0.16 0.21 ± 0.15 *** 
Benzo[b]fluoranthrene BbFA 0.001 0.16 0.21 ± 0.14 0.11 0.15 ± 0.11 *** 0.10 0.14 ± 0.10  
Benzo[k]fluoranthrene BkFA 0.002 0.13 0.18 ± 0.13 0.10 0.13 ± 0.09 *** 0.09 0.13 ± 0.10 * 
Benzo[a]pyrene BaP 0.001 0.12 0.18 ± 0.15 0.09 0.14 ± 0.11 *** 0.08 0.13 ± 0.13 *** 
Indeno[c,d]pyrene IP 0.010 0.23 0.33 ± 0.32 0.16 0.26 ± 0.27 *** 0.15 0.24 ± 0.26 *** 
Dibenz[a,h]anthracene DahA 0.022 0.05 0.10 ± 0.15 0.04 0.07 ± 0.08 *** 0.04 0.06 ± 0.06 ** 
Benzo[ghi]perylene BghiP 0.005 0.36 0.57 ± 0.60 0.23 0.47 ± 0.48 *** 0.23 0.41 ± 0.46 *** 
c 8

PAHs NA NA 1.40 2.00 ± 1.61 0.97 1.54 ± 1.29 *** 0.88 1.41 ± 1.29 *** 
TSP NA NA 45.5 51.7 ± 29.6 34.9 39.3 ± 23.2 *** 31.4 35.6 ± 22.2 *** 
PM2.5 NA NA 12.1 14.1 ± 7.5 11.8 13.7 ± 7.4 *** 11.9 13.5 ± 7.6  

Note: Data presented as median with arithmetric mean ± standard deviation; Unit expressed in ng/m3 for PAHs and µg/m3 for TSP and PM2.5;  
p-value a: Wilcoxon Singed-ranks testperformed between 50 m and 100 m; significance at * p < 0.05, ** p < 0.01, and *** p < 0.001; p-value b: Wilcoxon  
Singed-ranks test performed between 100 m and 150 m; significance at * p < 0.05, ** p < 0.01, and *** p < 0.001; c Σ8

PAHs: BaA, Chry, BbFA, BkFA, BaP, 
IP, DahA, and BghiP. 
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3.2. Effects of Wind Direction on the Horizontal Gradient Patterns 

The decreasing trend of 8
PAHs and TSP concentrations persisted within 100m from the highway 

regardless of wind directions (Figure 5(a) and (b), p < 0.05; Wilcoxon Singed-ranks test). The PM2.5 

concentration gradient was most susceptible to wind direction; however, reductions in PM2.5 

concentrations at increasing distance were minimal (Figure 5(c)).  

Upwind condition compared to downwind was characterized by the substantially higher 

temperature and relative humidity but lower mixing height (Figure 6; Kruskal-Wallis test). However, 

there were no significant differences in wind speed and total traffic counts by wind direction. 

Figure 5. Effects of wind direction on horizontal gradients of: (a) 8
PAHs; (b) TSP; and  

(c) PM2.5. 

 8
P

A
H

s,
 n

g
/m

3
T

S
P

, µ
g

/m
3

P
M

2.
5,

 µ
g

/m
3

50 m   100 m    150 m    50 m   100 m   150 m m 50 m   100 m   150 m

Downwind                        Parallel                                Upwind                

** ** ** ** *

** ** ** ** **

** ** **

(a)

(b)

(c)

 
Note: Wilcoxon Singed-ranks test conducted for the differences between distances. The white and 
black lines show individual observations, while the white, gray and black areas show the 
distribution. The dotted line indicates the overall geometric mean and the thicker solid line shows 
the geometric mean concentration of air pollutants measured at three distances for downwind, 
parallel, and upwind. Significance at * p < 0.05 and ** p < 0.01, Downwind was defined if the 
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upwind by SS, SE, and EE. 8

PAHnonvolatile includes benz[a]anthracene (BaA), chrysene (Chry), 
benzo[b]fluoranthrene (BbFA), benzo[k]fluoranthrene (BkFA), benzo[a]pyrene (BaP), 
indeno[c,d]pyrene (IP), dibenz[a,h]anthracene (DahA), and benzo[ghi]perylene (BghiP).  
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Figure 6. Characteristics of meteorological parameters and traffic counts, stratified by 

wind direction: (a) temperature; (b) relative humidity; (c) wind speed; (d) mixing height; 

and (e) total traffic counts. 
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Note: Kruskal-Wallis test was performed to compare the meteorological parameters and total traffic 
counts by wind direction. The white lines show individual observations, while the white areas show 
the distribution. The dotted line indicates the overall geometric mean and the thicker solid line 
shows the geometric mean of the meteorological parameters and total traffic counts for downwind, 
parallel, and upwind condition. Significance at * p < 0.05 and ** p < 0.01, Downwind was defined 
if the major wind direction on each sampling day was from NN, NW, WW, parallel by NE and SW, 
and upwind by SS, SE, and EE. 8

PAHnonvolatile includes benz[a]anthracene (BaA), chrysene (Chry), 
benzo[b]fluoranthrene (BbFA), benzo[k]fluoranthrene (BkFA), benzo[a]pyrene (BaP), 
indeno[c,d]pyrene (IP), dibenz[a,h]anthracene (DahA), and benzo[ghi]perylene (BghiP). 

3.3. The Ratios among Pollutants: Effects of Distance 

The ratios of 8
PAHs to PM2.5 decreased significantly with increasing distance from the highway 

(Table 3; p < 0.01; Wilcoxon Signed-ranks test), while the ratios 8
PAHs to TSP did not vary 

significantly by distance (p > 0.05). In contrast, the ratios of PM2.5 to TSP increased significantly with 

increasing distance from the highway (p < 0.001). 
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Table 3. Variations of median ratio among pollutants by increasing distance from  

the highway. 

Ratio 
50 m 

(n = 56) 
100 m 

(n = 56) 
150 m 

(n = 56) 

b (50–100 m) 

p 

b (100–150 m) 

p 
a 8

PAHs/TSP 30.2 29.5 32.2 0.067 0.639 
a 8

PAHs/PM2.5 131.7 105.4 96.8 *** ** 
PM2.5/TSP 0.30 0.35 0.43 *** *** 

a Median ratio (×1000) presented; b Wilcoxon Singed-ranks test conducted for the differences 
between distances; Significance at * p < 0.05, ** p < 0.01, and *** p < 0.001. 

3.4. Day-of-the-Week Variations 

A significantly lower diesel traffic count, but not gasoline traffic count, was observed during 

weekends versus weekdays, representing only 35% of weekday diesel traffic counts (Table 4, p < 0.01, 

Mann-Whitney U test). 8
PAHs and TSP, but not PM2.5, concentrations measured on weekends were 

12–37% lower than those on weekdays, respectively, corresponding to lower diesel traffic volume. 

Table 4. Effects of day-of-the-week variations on traffic volume and traffic-generated air 

pollutant concentrations near the highway. 

Variables Weekdays (n = 40) Weekends (n = 16) WD/WK a 
Total traffic 95579 (95701 ± 9169) 82988 (83196 ± 7447) 1.2 ** 

Diesel 15505 (14996 ± 2242) 5461 (5345 ± 971) 2.8 ** 
Gasoline 79323 (80706 ± 8435) 77808 (77852 ± 7713) 1.0 
8

PAHs b 1.59 (2.21 ± 1.73) 1.00 (1.48 ± 1.18) 1.6 
TSP b 46.7 (56.3 ± 32.2) 41.2 (40.4 ± 17.7) 1.1 

PM2.5 
b
 12.1 (14.5 ± 7.49) 11.8 (13.2 ± 7.50) 1.0 

Note: WD/WK a is the ratio of the median levels of pollutant measured in weekdays to weekends; 
Data presented as median with (arithmetric mean ± standard deviation). Mann-Whitney U test 
performed for the differences between weekdays and weekends; ** p-value < 0.01; Unit expressed 
in ng/m3 for 8

PAHs and µg/m3 for TSP and PM2.5. 
b data presented air pollutant levels measured at 

50 m from the highway; 8
PAHs includes BaA, Chry, BbFA, BkFA, BaP, IP, DahA, and BghiP. 

3.5. Temporal Variations in PAHs, TSP and PM2.5 Concentrations 

Elevated 8
PAHs levels were observed in cold months (December-March) and occasional spikes 

were found in May, 2008 (Figure 7(a)). During spring season, the highest TSP concentration was 

observed due to the presence of pollen particles, as noted by yellow filter color at the time of takedown 

(Figure 7(b)). PM2.5 showed strong day-to-day variations throughout the sampling periods (Figure 7(c)). 

For example, PM2.5 concentrations over 30 µg/m3 were observed on 9/21/07, 11/14/07, 1/7/08, and 

2/5/08. On each of these sampling dates, the ambient weather condition was characterized by foggy air 

(indicated by “” symbol in Figure 7(c)), corresponding to lower mixing height and wind speed 

compared to non-foggy days (Table 5). On foggy days, the levels of 8
PAHs and PM2.5, but not TSP, 

were 1.5–2 times higher than those measured on non-foggy days. 
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Figure 7. Temporal variations of traffic related air pollutant levels at three during the 1-year 

sampling periods (September 2007–September 2008): (a) 8
PAHs; (b) TSP; and (c) PM2.5.  
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Note: Solid vertical lines indicate seasons (fall, winter, spring and summer). Occurrence of foggy 
days was indicated by . 8

PAHs includes BaA, Chry, BbFA, BkFA, BaP, IP, DahA, and BghiP. 
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Table 5. Effects of foggy days on meteorological parameters and air pollutant levels near 

the highway. 

Meteorological  
parameters/pollution 

Foggy days  
(n = 11) 

Non-foggy days  
(n = 45) 

FG/NFG a

Temperature (°C) 10.0 (11.9 ± 6.90) 15.0 (12.5 ± 9.91) 0.67 
Relative Humidity (%) 66.0 (69.6 ± 12.6) 61.5 (61.6 ± 14.5) 1.1 

Wind speed (m/s) 5.0 (5.18 ± 4.98) 6.0 (7.79 ± 7.38) 0.8 
Mixing height (m) 323 (322 ± 157) 585 (593 ± 250) 0.6 ** 

8
PAHs b 2.52 (2.78 ± 1.75) 1.33 (1.80 ± 1.54) 1.7 

TSP b 54.2 (53.2 ± 17.0) 43.1 (51.4 ± 32.1) 1.3 
PM2.5 

b
 20.1 (22.7 ± 7.66) 11.2 (12.2 ± 5.93) 1.8 ** 

Note: FG/NFG a is the ratio of the median levels of pollutant measured in foggy days to non-foggy 
days; Data presented as median with (arithmetric mean ± standard deviation); Mann-Whitney U 
test performed for the differences between foggy days and non-foggy days; ** p-value < 0.001; 
Unit expressed in ng/m3 for 8

PAHs and µg/m3 for TSP and PM2.5; 
b data presented air pollutant 

levels measured at 50 m from the highway; 8
PAHs includes BaA, Chry, BbFA, BkFA, BaP, IP, 

DahA, and BghiP. 

4. Discussion 

Our main objective was to determine the effects of season on horizontal gradients of traffic-

generated PAHs, TSP and PM2.5 concentrations within 150 m of the highway. We found that PAHs 

and TSP concentrations decreased substantially with increasing distance from the highway and the 

horizontal gradient patterns of 8
PAHs varied by season. Further, the levels of 8

PAHs and TSP, but not 

PM2.5, measured on weekdays were higher than those on weekends. 

The overall horizontal gradient patterns of 8
PAHs and TSP were similar, possibly due to the fact 

that particulate PAHs were measured in TSP. Additionally, they showed similar day-of-the-week 

variations with a good reflection of diesel traffic activity. Weekends compared to weekdays were 

associated with lower levels of 8
PAHs and TSP, corresponding to a 64% decrease in diesel traffic 

volume. High-speeded vehicles on highways can generate not only combustion emissions but also  

non-combustion emissions such as re-suspended road dust, tire debris, and brake wear. Assuming 

traffic counts are a proxy to re-suspension of road dust particles, and that diesel-powered vehicles have 

a greater impact on re-suspension of particles than gasoline-powered vehicles, three-fold higher diesel 

traffics during weekdays compared to weekends may be responsible for elevated levels of TSP as well 

as TSP-associated PAHs. Furthermore, the higher 8
PAHs concentrations may also be attributed to the 

higher amounts of PAHs in diesel fuels than in gasoline-based fuel, thus they can be emitted to a 

greater extent from diesel-powered trucks than gasoline-powered vehicles [12]. 

Distinct seasonal gradient patterns of 8
PAHs were observed in this study. A significant 

concentration decrease in 8
PAHs was only found between the closest distances (50–100 m) in the 

summer but between the furthermost distances (100–150 m) in the winter. The result indicates that 

8
PAHs may be transported further down from the highway in winter. Zhu and colleagues [32] also 

reported slower decay rates of UFP concentrations within 300 m of highways in winter than in 

summer, due to a weaker atmospheric dispersion effect in winter. Beyer et al. calculated travel 

distance of PAHs for summer and winter, as the function of temperature, chemical reaction with 
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atmospheric oxidants, and deposition/adsorption rate onto surface of existing particles. They reported 

that PAHs can travel up to six times farther in winter than in summer due to: (1) a reduced potential for 

chemical/photochemical reactions with ozone or OH radicals [33,34]; (2) a weaker dispersion/mixing 

condition; and (3) stronger adsorption onto particle surfaces at lower temperature [35]. In comparison, 

TSP concentration dissipated the most within 100 m of the highway regardless of season or wind 

direction, indicating that gravitational settling, rather than air dilution or deposition on surfaces due to 

diffusion and turbulence motion, is an important particle removal/loss process for TSP within this 

distance [17,36,37].  

The overall horizontal gradient of PM2.5 within 150 m was very weak compared to 8
PAHs and TSP. 

The little spatial variations of PM2.5 and lack of day-of-the-week variations may indicate that the 

contribution of regional sources (i.e., coal-fired power plants, heating sources, residual oil combustion, 

and motor vehicles) and long-range transport of PM2.5 may outweigh the contribution of primary 

traffic emissions, masking the effects of the highway [38]. The lack of a concentration gradient in 

PM2.5 was also seen vertically in residential outdoor air in New York City (NYC) [39], supporting the 

idea of large contributions from long-range transported aerosols and regional sources in NYC and 

northeastern U.S. cities [38]. Significant decrease in ratios of 8PAHs to PM2.5 or increase in ratios of 

PM2.5 to TSP by increasing distance may further support this explanation. While it was not our main 

study objective, we observed several important factors affecting measured air pollutant levels. For one, 

occasional high 8
PAHs peaks were also observed on each of the high pollen days, corresponding to 

high TSP peaks (Figure 6). This might be due to increased adsorption capacity of particulate and 

gaseous PAHs onto a large surface area of pollen particles collected on TSP [40]. PM2.5 concentrations 

were not affected by the presence of dispersed pollen particles since pollen particles are generally 

greater than 40 µm in size. On the other hand, foggy days, concurrent with lower mixing heights and 

wind speed, were identified as an important parameter: under these conditions, the measured air 

pollutant levels may be even greater due to restrained mixing conditions. This can be also explained by 

the role of fog droplets. They can serve as an efficient carrier of particulate and gas-phase pollutants 

due to an enhanced particle scavenging effect through the nucleating and collision  

process [41,42], possibly resulting in higher levels of PM2.5 and 8
PAHs in foggy days. This was further 

supported by significant and moderate correlations between 8
PAHs and PM2.5 (Data not shown). 

As shown in many studies, the measured concentrations were expected to be higher for the 

downwind than for the upwind measurement [21]. Consistent with other studies, we also observed the 

higher levels of 8
PAHs, when wind blew from the highway. The results indicate that traffic emission is 

the major source of PAHs. Lower upwind 8
PAHs concentrations could also be attributed to the fact that 

most upwind samples (37%) were collected in the summer when 8
PAHs concentrations are expected to 

be lower due to: (1) reduced emission sources (e.g., heating emission sources) [34]; (2) elevated loss 

mechanisms by atmospheric photochemical/chemical reactions [33,34]; and (3) non-preferential 

particle phase partitioning at higher temperatures. Indeed, upwind compared to downwind conditions 

were associated with higher temperature and humidity, typically seen in summer. Similarly, we also 

found seasonal effect on TSP concentrations. Higher levels of TSP measured in upwind conditions 

may also be due to the elevated TSP concentrations in the summer (Figure 4(b)). In comparison, higher 

upwind PM2.5 concentrations, compared to downwind, are not likely to be explained by seasonal effect 

since PM2.5 concentrations were lower in the summer than in the winter. Higher upwind PM2.5 
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concentrations may imply that there are high background levels of PM2.5 from upwind, which may 

outweigh the highway contribution.  

We acknowledge several limitations to this study. A typical traffic tracer such as BC was not 

measured in this study. However, the use of PAH diagnostic ratios in this study identified traffic 

emission as a major PAH sources at this site (data not shown). Another limitation was the inability to 

monitor at a longer distance (i.e., 300 m) from the highway due to limited accessibility to power 

supply. This would have allowed us to better understand the horizontal gradients of highway-generated 

air pollutants especially during the winter when they could travel farther away from the highway. 

While most PAHs are mainly associated with fine particles [43], PAHs associated with PM2.5 were not 

measured in the study. Comparisons between PAHs associated with TSP and PM2.5 could give us a 

better understanding of size-dependence transportation of PAHs generated from the highway. 

5. Conclusions  

A strength of our study is that sampling was conducted at a secluded highway where traffic 

emissions are the major representative source of PAHs and TSP, and therefore the true effect of  

the highway can be seen within the sampling distance. We found that the ambient levels of  

highway-generated 8
PAHs, TSP and PM2.5 are a function of the proximity to the highway, variations in 

meteorological parameters, and day-of-the-week variations. Distinct seasonal gradient patterns of 

8
PAHs further highlight the importance of travel distance and the potential long-range transport of 

PAHs in winter.  
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