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h i g h l i g h t s
� Developed a dispersion model algorithm for noise barriers in unstable meteorology.
� Account for the lofting of the plume above the height of the barrier.
� Simulate the entrainment of the elevated plume into the cavity behind the barrier.
� Model compared to field measurement data in Phoenix, Arizona, USA.
� Model predicted reductions similar, but slightly lower, than field measurements.
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a b s t r a c t

Studies based on field measurements, wind tunnel experiments, and controlled tracer gas releases
indicate that solid, roadside noise barriers can lead to reductions in downwind near-road air pollutant
concentrations. A tracer gas study showed that a solid barrier reduced pollutant concentrations as much
as 80% next to the barrier relative to an open area under unstable meteorological conditions, which
corresponds to typical daytime conditions when residents living or children going to school near
roadways are most likely to be exposed to traffic emissions. The data from this tracer gas study and a
wind tunnel simulation were used to develop a model to describe dispersion of traffic emissions near a
highway in the presence of a solid noise barrier. The model is used to interpret real-world data collected
during a field study conducted in a complex urban environment next to a large highway in Phoenix,
Arizona, USA. We show that the analysis of the data with the model yields useful information on the
emission factors and the mitigation impact of the barrier on near-road air quality. The estimated
emission factors for the four species, ultrafine particles, CO, NO2, and black carbon, are consistent with
data cited in the literature. The results suggest that the model accounted for reductions in pollutant
concentrations from a 4.5 m high noise barrier, ranging from 40% next to the barrier to 10% at 300 m from
the barrier.

Published by Elsevier Ltd.
1. Introduction

With a growing number of studies linking population exposures
to nearby traffic emissions with adverse health effects (e.g. sum-
mary by Health Effects Institute, 2010), interest has increased in
identifying methods to mitigate these impacts. One approach that
and Development, National
ngle Park, NC, USA.
uf).
has received recent attention is the use of roadway design to reduce
near-road pollution concentrations. The designs include roadside
noise barriers, roadside vegetation, and elevated or depressed
roadways (Baldauf et al., 2009). Field measurements have shown
that solid roadside noise barriers have the potential to reduce
downwind pollutant concentrations (Baldauf et al., 2008; Ning
et al., 2010; Hagler et al., 2012). Wind tunnel simulations (Heist
et al., 2009); computational fluid dynamics modeling (Hagler
et al., 2011); and tracer gas studies (Finn et al., 2010) also indi-
cated that solid roadside barriers represent practical mitigation
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methods that can result in substantial reductions in pollutant
concentrations caused by line source emissions, such as those from
traffic, relative to those in the absence of barriers.

Schulte et al. (2014) initially developed a semi-empirical
dispersion model to estimate the impact of solid barriers on
pollutant transport and dispersion using data from the tracer study
described by Finn et al. (2010). This paper uses amodified version of
the Schulte et al. (2014) model to interpret data from a field study
conducted in the vicinity of an urban highway in Phoenix, Arizona,
USA (Baldauf et al., 2016). The field study in Phoenix provides a
real-world evaluation of solid barrier effects, where we expect a
multitude of confounding factors that are absent in a controlled
tracer study. The Phoenix datawas collected during daytime using a
mobile platform thatmeasured concentrations of several pollutants
on the highway and at distances of up to 300m away from the road,
both with and without a solid barrier present. The reductions in
concentrations associated with the 4.5 m high noise barrier ranged
from 40% to 50% relative to concentrations measured along the
same stretch of highway in the absence of the barrier.
2. Modified barrier model

Wind tunnel observations (Heist et al., 2009) and computational
fluid dynamics modeling (Hagler et al., 2011) indicate that the
major effects of solid barriers on downwind pollutant concentra-
tions are: 1) pollutants emitted from the road become well-mixed
in a zone extending from the ground to the barrier height and this
mixing persists downwind over several barrier heights 2) turbulent
velocities are increased downwind of the barrier, and 3) the
pollutant plume is lofted above the top of the barrier, which results
in a concentration maximum above the top of the barrier.

Schulte et al. (2014) developed a semi-empirical dispersion
model that incorporated some of the observed effects induced by
barriers on dispersion. Themodel assumes that the pollutant is well
mixed below the height of the wall. This assumption coupled with
the increase in turbulence by the wall provided an adequate
description of the data from thewind tunnel (Heist et al., 2009) and
tracer studies Finn et al. (2010) during near neutral conditions.
However, the model overestimated concentrations close to the
barrier under unstable conditions.

In this paper, we modify the model of Schulte et al. (2014) to
reduce the overestimation close to the barrier. First, we loft the
plume maximum above the wall as observed in the wind tunnel.
Second, we reduce the entrainment of the elevated plume into the
wake of the wall through a function that depends on stability
characterized by the Monin-Obukhov length.

The model is based on the Gaussian plume formulation for the
concentration C(x,z) from an infinite line source:

Cðx; zÞ ¼ Cmax

"
exp

 
� 1
2

�
z� hp
sz

�2
!

þ exp

 
� 1
2

�
zþ hp
sz

�2
!#

(1)

where hp is the effective plume height. Equation (1) defines the
profile of the concentration above the well mixed region that ex-
tends below the wall height, hw. Below hw, the concentration is well
mixed and is denoted by Cs,

Cs ¼ fmCðx; z ¼ hwÞ; (2)

where hw is the wall height, and fm is an entrainment coefficient we
will parameterize later.

We compute Cmax by conserving the horizontal flux of material:
0
B@UwCshw þ Ue

Z∞
hw

Cðx; zÞdz

1
CAcos q ¼ q; (3)

Where q is the emission rate of the line source, Uw is the velocity in
the well mixed region, which is taken to be the value at z¼ hw, Ue is
the effective transport velocity of the plume material above the
wall height and q is the angle between the mean wind and the
normal to the line source. Note that sz in Equation (1) is evaluated
at x/cosq, where x is the perpendicular distance of the receptor from
the line source. The vertical spread,sz, and the effective velocity, Ue,
are estimated using the formulations described in Schulte et al.
(2014).

The first term on the left hand side of Equation (2) is the mass
being transported below the wall, and the second term is the mass
transported above the wall. Substituting Equations (1) and (2) into
(3) yields the expression for Cmax,

Cmax ¼ q
.�

cos q
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hwUwfm
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where erf is the error function, and

p1 ¼
�
hw � hpffiffiffi

2
p

sz

�
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�
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2
p

sz

�
: (5)

Then, Cs, the ground-level concentration can be calculated from
Equation (2) once the entrainment factor, fm, is specified.

In Schulte et al. (2014), we took fm ¼ 1 in Equation (2), and the
plume height, hp ¼ hw, which implies that the plume concentration
decreases above the wall. In the modified model, we loft the plume
above the wall by taking hp ¼ hw þ sz/2, where the plume prop-
erties correspond to the modified micrometeorology after the wall.
We now allow fm to be small next to the wall to reduce the wall’s
mixing effect during unstable conditions. The entrainment factor is
parameterized as

fm ¼ fc þ ð1� fcÞð1� expð�x=LsÞÞ; (6)

where the entrainment factor, fc, at x¼ 0 is taken to be a function of
the Monin-Obukhov length, LMO,

fc ¼ expð � Ls=jLMOjÞ; (7)

Equation (6) is designed to allow the entrainment factor to
approach unity over a length scale, Ls ¼ 10hw. The factor, fc, ensures
that the entrainment into the cavity behind the wall decreases as
jLMOj decreases: the entrainment decreases as the surface layer
becomes more unstable.

We account for the effect of the finite length of the source using
the approximation described in Venkatram and Horst (2006). In
applying themodel to a highway, we assume that the center of each
lane is a line source, and the traffic flow is distributed equally
among the lanes.
3. Evaluation with Idaho Falls field study

The set of parameterizations described here were obtained by
comparing model estimates to observations made in the Idaho Falls
tracer experiment, details of which are described in Finn et al.
(2010). In brief, the field study was conducted in 2008 near
NOAA’s Grid 3 diffusion grid at the Department of Energy’s Idaho
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National Laboratory (INL). A 90 m long by 6 m high straw bale stack
represented a roadway barrier for the primary experiment. The
“roadway” was an access track through the sagebrush adjacent to
the barrier. The primary and reference control experiments both
had a 54 m long (9H) SF6 tracer line source release positioned 1 m
above ground level (AGL) representing pollution sources from a
roadway. In the primary experiment, the line sourcewas positioned
1 m upwind of the 6 m high barrier with a gridded array of bag
samplers downwind of the line source and barrier for measuring
mean 15-min concentrations. The control experiments (conducted
at an adjacent location and simultaneous to the primary) include
identical source and concentration sampling but without the bar-
rier in the array.

Test 1 was conducted on October 9, 2008 from 1230 to 1530 h
Mountain Standard Time (MST) in neutral stability conditions. Test
2 was conducted on October 17, 2008 from 1300 to 1600 h MST in
unstable conditions. Test 3 was conducted on October 18, 2008
from 1600 to 1900 h MST in weakly stable conditions. Test 5 was
conducted on October 24, 2008 from 1800 to 2100 h MST in
moderate to strongly stable conditions. The model described in
Schulte et al. (2014) overestimated the concentrations during Test
2, conducted under unstable conditions.

Fig. 1 shows that the modified model reduces the problem with
overestimating maximum concentrations near the barrier under
unstable conditions. We realize that parameterizations in the
model do not represent explanations of the underlying physical
mechanisms. On the other hand, the empirical performance of the
model shown in Fig. 1 suggests that they might be useful in
modeling the impact of barriers under unstable conditions.
4. Evaluation with phoenix field study data

The field study was conducted along two highway segments
along Interstate-17 (I-17) in Phoenix, Arizona, USA over one month
covering October and November 2014 as described in detail by
Baldauf et al. (2016). One segment was located on the west side of
the highway and the other on the east side of the highway. Each
segment was approximately 2 km in length and 500 m in width.
The highway was at-grade with the surrounding terrain and con-
tained sections with and without noise barriers along the same
stretch of limited-access highway. The noise barriers along each
segment were approximately 4.5 m in height, less than 1 m in
thickness, approximately 3 m from the nearest travel lane of I-17,
and had an access road immediately behind the wall. The area
Fig. 1. The left panel is a scatter plot comparing modeled and measured tracer concentration
to 15-min averages from experiments when the surface layer was unstable. The right pane
downwind of the noise barriers was residential, while downwind of
the open section contained more commercial land use.

We focused on concentrations only when thewindwas from the
east and the sampling was performed on the west section of the
freeway. We did not have a sufficient number of simultaneous
meteorological and concentration measurements from the east
section sampling to obtain meaningful modeling results.

Fig. 2 shows an aerial view and a map of the sampling route of
the mobile monitoring vehicle in the west segment. This figure
highlights the portion of the route behind the barrier and along the
open section. The access road was parallel to I-17 except for the
southern end, as seen in the 0e200mNorth-South grid of the open
section in Fig. 2. At this end, the access road gradually increased in
distance away from the highway as it merges with the ramp coming
off I-17 and ending at the east-west cross-street. The majority of
this study area was also at-grade with the highway; however, the
elevation of the access road at the southern end had a gradual rise
in height above the level of I-17 to reach the elevation of the east-
west cross-street.

Air quality measurements consisted of black carbon (BC), ul-
trafine particles (UFP), nitrogen dioxide (NO2), and carbon mon-
oxide (CO) using mobile monitoring in the open section and behind
the 4.5 m solid noise barrier. An SUV also measured BC, UFP, NO2,
and CO at a fixed-site location in the open section for quality
assurance purposes. Sonic anemometers were placed at on a tower
at heights of 1.8, 2.7 and 3.7 m above ground at a fixed-site behind
the barrier. A fourth sonic anemometer was placed next to the SUV
at 3 m above ground to obtain wind flows in the open location.

Data from these sonic anemometers were used to construct
inputs to the model described in the previous section. Meteoro-
logical inputs for the no-barrier (open) concentration estimates
were derived from the 3 m high sonic next to the SUV. Data from
the 2.7 m sonic behind the barrier were used to compute concen-
trations downwind of the barrier using meteorological data
measured during the same period.

The traffic flow information described in Baldauf et al. (2016)
was multiplied by an emission factor to derive the emission rate
estimates for the model. The values of the emission factors and the
effective background concentrations were uncertain. So, their
values were treated as parameters that provided the best fits be-
tween model estimates and concentrations measured behind the
barrier. We did not fit model estimates to concentrations down-
wind of the open section because, as reported in Baldauf et al.
(2016), the open section roads may have been impacted by
s at the 58 receptors on the receptor grid with a barrier. The concentrations correspond
l is the average of the maximums observed at each downwind distance.
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Fig. 2. Aerial view (a) and schematic map (b) of the Phoenix study area showing locations of mobile sampling route in the west section. The portion of the route behind the barrier
is shown in yellow while the portion in the open section is shown in blue. The on-road portion of the route in front of the barrier is shown in red and in front of the open section in
green on the schematic map. The “S” pin shows the location of the fixed-site SUV sampling platform, and the “M” pin the portable sampling tower. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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vehicular traffic on the arterial road to the south which supported
commercial land use. These traffic emissions likely contributed to
the open section measurement values, but could not be readily
included in the modeling described in this paper.

The data from the mobile monitor were assigned into bins of
distances to allow averaging of the concentrations measured in
each bin. The bins were 0e50 m, 50e90 m, 90e150 m, 150e250 m
and 250e350 m, which provided the spatial resolution required to
compare model estimates to observations close to the barrier, and
at the same time have sufficient data for deriving averages. The
analysis was performed with time periods that had simultaneous
measurements of concentrations, meteorology, and traffic flow.
This resulted in about 22 h of data for analysis.

The meteorological inputs were derived from 1 Hz data
averaged over 15-min intervals. Pollutant concentrations were
modeled for each of these intervals and then aggregated to
produce the average over the entire sampling period. The model
estimates correspond to the midpoints of these distance bins
used to aggregate the measured concentrations. Assuming that
the 15-min averaged concentrations represent independent
samples, we estimated the standard error in the mean as the
standard deviation of the 15-min averages in each bin divided by
the square root of the sample size (n ¼ 88). The standard errors
of the measured values were estimated as the standard deviation
of 15-min averaged concentrations derived from the sequence of
1-s sampled values, divided by the square root of the size of the
sample. However, unlike the modeled values, these samples are
distributed over the study region downwind of the highway. So,
in order to estimate the standard error of the measured mean in
each distance bin, we assumed that the ratio of the standard
error to the mean (coefficient of variation) of the entire set of 88
measured samples remained constant across the bins. This,
then allowed us to estimate the standard error of the measured
mean, corresponding to 88 samples, in each distance bin. The
95% confidence intervals of the means of the measured and
estimated concentrations were estimated by assuming that they
are log-normally distributed about the overall mean in each
distance bin.
5. Results and discussion

All pollutant measurements were compared to model estimates
for the Phoenix field study data. Fig. 3 compares the modeled BC
concentrations with observations. The left panel indicates that
observed BC concentrations downwind of the open section appear
to be impacted by sources not accounted for in the model: the
concentration gradient is relatively flat from 100 to 200 m. This
impact of emissions from the traffic to the south and downwind of
the open section is also evident in Figs. 4e6 corresponding to
concentrations of UFP, CO, and NO2.

We also see the effects of the data collected on the access road in
the 0e50 m zone from the road (corresponding to the 0e200 m
North-South section in Fig. 2). The measured concentrations in this
0e50 m distance from the road, downwind of the open section, are
close to those measured downwind of the barrier section. This
result is likely because more measurements occurred closer to the
outer edge of the 0e50 m bin and many of these measurements
were at elevations above the freeway. As shown in a study in Las
Vegas, Nevada, USA (Baldauf et al., 2013), near-road measurements
collected above the grade of the highway can be lower than a
corresponding at-grade measurement, especially for peak pollution
levels.

As expected, model results do not compare as well with obser-
vations in the open section as seen in the bottom left panel of the
figure because of the complexity of this portion of the sampling
route. The measured concentrations show relatively flat gradients
and are much higher than the modeled values at most distances
from the road likely due to traffic emissions from the road to the
south. In the 0e50 m zone from the road, the modeled concen-
trations are higher than the measurements presumably because a
fraction of the measurements correspond to further distances from
the road and collection at elevations above the highway.

Figs. 3e6 show that the model provides good descriptions of the
concentrations measured downwind of the barrier presumably
because the measurements are not affected by emissions along the
sampling path. Themean values and the 95% confidence intervals of
the background concentrations and emission factors, obtained by
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Fig. 3. Comparison of modeled and measured black carbon (BC) concentrations from measurements collected on the west section of I-17 in Phoenix, Arizona: Top left panel:
Measured concentrations downwind of the open and barrier sections of the road. Top right panel: Measured concentrations downwind of the open and barrier sections of the road.
Bottom left panel: Modeled concentrations downwind of the open section compared with measurements, Bottom right panel: Modeled concentrations downwind of the barrier
section compared with measurements. Estimated background concentration is subtracted from the measured values. The vertical lines in the bottom panels correspond to the 95%
confidence interval.

Fig. 4. Same as Fig. 3 except concentrations refer to those of ultrafine particles.
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Fig. 5. Same as Fig. 3 except concentrations refer to those of CO.

Fig. 6. Same as Fig. 3 except concentrations refer to those of NO2.
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fitting model estimates to measured concentrations, are presented
in Table 1. The confidence intervals were estimated through a
procedure in which 1) 1000 samples of measured and estimated
means in each bin were simulated by assuming that these means
are log-normally distributed about their overall means, and 2) the
samples were used to generate distributions of 1000 regression
coefficients, corresponding to the emission factors and background
concentrations.

The emission factors for the different species are consistent with
those cited in the literature (Westerdahl et al., 2012; Corsmeier



Table 1
Estimates of background concentrations and emission factors. The top number is the
mean value and the bottom numbers correspond to the 95% confidence interval.

Species Background Emission factor

Black Carbon 0.62 mg/m3

0.44e0.78 mg/m3
0.03 g/km/veh
0.02e0.04 g/km/veh

UFP 9.8 � 103 #/cm3

0.84e1.11 � 104 #/cm3
3.3 � 1014 #/km/veh
2.6e4.0 � 1014 #/km/veh

CO 380 ppb
345-414 ppb

3.3 g/km/veh
1.8e5.0 g/km/veh

NO2 15 ppb
13-16 ppb

0.32 g/km/veh
0.2e0.45 g/km/veh

Fig. 7. Comparison of measured to modeled reductions in ultrafine particle concentrations caused by barrier.
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et al., 2005). The relatively large variation in the measured con-
centrations of CO and NO2 is reflected in the 95% confidence in-
tervals of their emission factors. The emission factor for NO2 is
affected by the chemistry of NO to NO2 conversion and thus rep-
resents an effective value.

Fig. 7 shows the ratios of concentrationsmeasured downwind of
the barrier section to those of the open section for ultrafine particle
number concentrations. The modeled ratio ranges from 0.6 next to
the barrier to close to unity at 300 m. The measured ratios are not
representative of actual reductions because of the confounding
effects of emissions and changes in terrain along the sampling path.
6. Summary and conclusions

We used a dispersion model to interpret field measurements
designed to estimate the impact of noise barriers on near-road air
quality in the vicinity of a major urban highway in Phoenix, Ari-
zona, USA. The dispersionmodel is based on earlier work by Schulte
et al. (2014) who formulated the model using data from tracer and
wind tunnel studies. We modified the model to incorporate fea-
tures observed in the wind tunnel and to bring themodel estimates
more in agreement with concentrations measured in a tracer study
(Finn et al., 2010) during unstable conditions.
The model describes the magnitude and spatial trend of the

concentrations measured downwind of the barrier; however, the
model underestimates the concentrations downwind of the open
section of the highway. The evidence indicates that this discrepancy
is related to traffic emissions from vehicles on the arterial road to
the south of the no-barrier section; there was much less traffic in
the residential area downwind of the barrier section of the study
area. In addition, the access road for a portion of the open section
was further from the highway and elevated from the highway road
surface level.
We can draw three conclusions from this study: 1) We need a
dispersion model, based on data from carefully controlled tracer
and wind tunnel studies, to interpret real-world data, which are
inevitably affected by confounding factors, 2) the presence of a solid
noise barrier can reduce downwind pollutant concentrations from
traffic emissions, and 3) the analysis with the model can yield
useful estimates of on-road emission factors.
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