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Using Modesto Interpret the Impact of Roadside Barrierson Near-Road Air
Quality
By
Seyedmorteza Amini, Faraz Enayati Ahangar, Nicauerand Akula Venkatram

University of California, Riverside, CA

Abstract

The question this paper addresses is whether sapirieal dispersion models based on
data from controlled wind tunnel and tracer expenis can describe data collected downwind
of a sound barrier next to a real-world urban highwBoth models are based on the mixed wake
model described in Schulte et al. (2014). The fiegylects the effects of stability on dispersion,
and the second accounts for reduced entrainmenttive wake of the barrier under unstable
conditions. The models were evaluated with dateectdd downwind of a kilometer-long barrier
next to the 1-215 freeway running next to the Unsity of California campus in Riverside. The
data included measurements of 1) ultrafine partftlEP) concentrations at several distances
from the barrier, 2) micrometeorological variablgsvind and downwind of the barrier, and 3)
traffic flow separated by automobiles and trucBecause the emission factor for UFP is highly
uncertain, we treated it as a model parameter whalsee is obtained by fitting model estimates
to observations of UFP concentrations measuredstdndes where the barrier impact is not
dominant. Both models provide adequate descriptminboth the magnitude and the spatial
variation of observed concentrations. The goodoperance of the models reinforces the
conclusion from Schulte et al. (2014) that the pnes of the barrier is equivalent to shifting the
line sources on the road upwind by a distance otieBU /u, whereH is the barrier heightj is
the wind velocity at half of the barrier heightdan, is the friction velocity. The models predict
that a 4 m barrier results in a 35% reduction iarage concentration within 40 m (10 times the
barrier height) of the barrier, relative to thelmarrier siteThis concentration reduction is 55% if
the barrier height is doubled.

Keywords
Roadside Barrier, Dispersion modeling, Line SouNear-Road Air Quality
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1. Introduction

The majority of the studies (Gallagher et al., 20ddnducted to date indicate that solid
barriers placed next to roads have a mitigatingoéfbn near-road air quality. The physics that
governs this effect has been elucidated througlkeraéstudies, such as the wind-tunnel study
conducted by Heist et al. (2009). Through measunésnaf wind flow patterns and concentration
distributions around a 1:150 scale model of a @ kdinided highway with roadside barriers they
showed that the mitigating impact of barriers isggoed by two mechanisms: the plume from
the road becomes elevated by being forced ovebdhger, and vertical dispersion is enhanced
by the turbulence created in the wake of the barkeng et al. (2009) suggest that even a low
wall (~ 1m) on the leeside of a road can shieldepathns from exposure to pollutants swept
upwind by the reverse flow induced by buildingstba windward side. This mechanism is not
examined in this paper.

The results from the wind tunnel were confirmediitracer study conducted by Finn et
al. (2010). They studied the effects of a barrigrdéeasing S&from two identical 54 m long
line sources. One source was located 6 m upwiradaf m long, 6 m high solid barrier and the
other had no structures next to it. Tracer conediotis were measured simultaneously on
identical sampling grids downwind of the sourcag.s®nic anemometers measured flow around
the barrier. Carefully controlled experiments shdwthat the barrier reduced downwind
concentrations over a wide range of atmosphertilgias.

Field studies conducted next to roadways confirat tharriers mitigate the impact of
vehicle-related emissions. For example, Haglet.gR812) found that UFP concentrations at 10
m behind the 6 m barrier were about 50% less thaset measured at this distance downwind of
road sections without a barrier. Baldauf et alO@0found that CO and PM concentrations were
reduced by 15% to 50% within 50 m of the 6 m barflde effect of the barrier persisted up to
at least 20 times the barrier height in these esjdifter which the concentration approached the

value that would occur without a barrier.

The measurements from the wind tunnel and trageeré@xents have been described with
a variety of mechanistic models. Hagler et al. @0hnd Steffens et al. (2014) used
computational fluid dynamics (CFD) models to proel@dequate descriptions of the data from
the wind tunnel (Heist et al., 2009). Bowker et (@007) used the Quick Urban & Industrial
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Complex (QUIC) flow model coupled with a Lagrangiparticle dispersion model to produce

concentration patterns that were roughly consistatht observations from Baldauf et al. (2008).

Schulte et al. (2014) developed a semi-empiricgelision model to describe data from
the wind tunnel and the tracer studies. This mpaeameterizes the major features of the flow
and dispersion effects induced by a barrier to dtbe computational burden of mechanistic
CFD models, which have their own set of paramedéioms. It is designed to be incorporated
into routinely used models such as AERMOD (Cimaorlal., 2005) or RLINE (Snyder et al.,
2013). In this paper, we evaluate the model wetkdfdata collected next to a real world roadside
barrier to answer the question: Can a model deeédlapith data from controlled experiments
conducted with well-characterized sources and melegy be used to estimate the impact of a
road-side barrier next to a multilane highway onaktthe magnitudes of the distributed sources

are highly uncertain?

2. Field Study
21  Sitedescription

The field study was conducted adjacent to CA-60S.Unterstate 215 (1-215) in
Riverside, California. The highway has a barriestise located on the University of California,
Riverside campus (Figure 1). The freeway has aeetiadfic flow rate of 200,000 vehicles/day.
The meteorological data collected from UC RiversiMeteorological Station, which is 1 km
away from the barrier site, indicates a dominamtdafrom west/southwest during the daytime as
shown in Figure 2. Thus, the wind blows close toppedicular to the freeway during the
daytime, which makes it convenient to study bareféects during daytime unstable conditions.

During the night, the wind blows from east, and bherier is located upwind of the road.
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Figure 2- Wind rose from UC Riverside meteorological stationl freeway direction at barrier site
during February 2015.

The barrier, which is 3 m away from the edge ofrbed, is 4.5 m high and 1 km long.

There are three lanes and one High Occupancy \é&e(ttDV) lane on the north bound side and
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four lanes and one HOV lane on the south bounddfitlee freeway. There is an entrance to the
north bound lanes and an exit on the south boute cfi the freeway. The lanes are 3.5 m wide
and the median is 10 m across. The freeway iseasdime level as the adjacent streets. There is
no major source of pollution within a 3.5 km radnfsthe barrier site except the freeway. The
heading of the freeway i540°. Therefore, the wind direction perpendicular te freeway is
230° true to north. Two parking lots are located behinel barrier, which provide convenient
locations for sampling.

The largest obstacles in the parking lots downwehdhe barrier are widely scattered
trees. There are no other major obstacles withid h7of the barrier. A 2-lane street, West
Campus Drive, runs parallel to the freeway betwiberparking lots. The street is mainly used to
access the parking lots and the traffic is mairdggenger cars travelling during the morning
hours, 8 A.M. to 10 A.M., and in the evening, 4 PtdM6 P.M. Another parking lot extends for
300 m west of the freeway. There is no major olstacthis parking lot and trees are sparser

and shorter than in the eastside parking lots.

2.2 M easur ements

Ultrafine particles (UFPs) were used as the tratéhis study for several reasons. First,
because they have adverse health effects, thesl®feUFP concentrations next to a major
highway are of public interest. Second, their com@ions next to major highways are well
above background levels, and can be measured oonsty with readily available instruments.
Gidhagen et al. (2005) and Zhang et al. (2004) st at the 100 m scale being considered
here, deposition and coagulation play a minor relative to turbulent dispersion in reducing
particle number concentrations. Thus, UFP carrdedd as a passive tracer by using particle
number concentrations to characterize dispersi@me major problem with using UFP as a
tracer is that UFP emission factors from vehicles ldaghly uncertain. Thus, it is necessary to
treat the emission factor as an unknown whose viglubtained by fitting model estimates to
measurements. This process is discussed in maag ided later section.

Fifteen tests were conducted on different days a&ndifferent times of day from July
2014 to May 2015 but due to the malfunction of nmstents and unfavorable meteorological
conditions, only six tests were selected for anslyfable 1 shows the dates and duration of

measurements. The total duration of the 6 te2% isours.
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Table 1- Overview of dates and duration of measurements.

Test UFP measurement dates | Time of M easurement
1 07/22/2014 12:00-17:00
2 08/11/2014 20:00-23:30
3 08/18/2014-08/19/2014 20:00-00:30
4 08/19/2014-08/20/2014 20:00-01:00
5 04/07/2015 12:30-17:00
6 05/05/2015 14:00-18:30

2.2.1 Air Quality Measurements

UFP number concentrations were measured using D8t&hsation Particle Counters
(CPC), Model 3022A. The cutoff size of these CIC&nm. The measured concentration range
was5 x 103 — 105 particles/cri. According to the CPC manual, accuracy within tiaisge of
concentrations i$10%. The CPC concentrations were stored on a custaigitied data logger.

Several CPCs were used to measure background Ufeeroations and downwind UFP
concentrations at several downwind distances. A @RS placed at the upwind side of the
freeway (assuming that the wind is blowing WSW) neasure background UFP number
concentrations. The rest of the CPCs were deplbgéthd the barrier (Figure 3). The downwind
CPCs were placed at least 250 m away from thedvagdge to avoid barrier edge effects. CPC
locations were changed from one test to anothewvtad any systematic bias in measurements.
The background concentrations were subtracted tlremdownwind concentrations to estimate
contributions from vehicles on the highway.
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Figure 3- Approximate location of instruments.

2.2.2 Meteorology

Campbell Scientific CSAT3 3-D (three dimensionahn& Anemometers were used to
measure flow properties. The measured data wemedston Campbell Scientific CR1000,
CR3000, and CR5000 data loggers. Two 3-D sonic angters were employed to measure
upwind and downwind flow characteristics. A sonnemometer was attached to a light post on
the upwind side of the freeway (parking lot 30;ussigg wind is WSW) at 4 m height above
ground level (AGL) to capture upwind flow charagécs. The UC Riverside Community
Garden is located on the west side of the anemaomekéch ensured the absence of any major
obstacles to upwind wind flow. Another sonic anemeter was attached to a light post within

the wake region behind the barrier at 4 m AGL tord flow characteristics behind the barrier.
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2.2.3 Traffic Activity

The number of cars passing each lane of the freswaaydownloaded from the CalTrans
Performance Measurement System (www.pems.dot.ca.§be detectors record the number of

cars and trucks separately.
3. Experimental Results

The wind direction during all the tests was witlis° of perpendicular to the freeway.
The wind direction perpendicular to the freeway2B0° true to north. The meteorological
conditions used to analyze the data correspondetaupwind 3-D sonic anemometer, which are
shown in Table 2. The air quality data, micromebéagical data, and traffic data were averaged

over 30-minute periods for analysis.

Table 2- Meteorological conditions.

4 of data Mean Monin- | Mean Wind | Mean Wind | Mean Friction
Test _ Obukhov Direction (deg Speed Velocity Cloud Cover
polnts Length (m) true N) (ms™) (ms™1)
1 10 -11.5 254° 2.72 0.31 Clear
2 7 -15.7 256° 1.37 0.17 Clear
3 9 -9.1 238° 1.00 0.14 Clear
4 10 -5.8 254° 1.14 0.14 Clear
5 9 -38.8 238° 2.45 0.44 Mostly Cloudy
6 9 -43.0 268° 2.83 0.47 Partly Cloudy

Tests 1 through 4 were conducted in unstable dondit Winds were moderate during
test 1 and very light during tests 2, 3, and 4.niNgor variability in wind direction was observed
during the first 4 tests and the wind directiongevalmost always favorable with respect to the
freeway orientation. Skies were clear during tingt # tests.

Notice that the surface boundary layer was unstadde during tests 2, 3, 4, which were
conducted in the late evening and night when timeehad set. Tests 5 and 6 were conducted in
near neutral conditions. Winds were moderate arel wind direction was steady. Wind
directions were almost always favorable during ¢hego tests. Skies were mostly cloudy in test

5 and partly cloudy in test 6.
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The meteorological data measured by the UCR mdtagpoal station (Figure 2) were
consistent with the on-site sonic anemometer detiéch indicated that the upwind anemometer
was not affected by local obstacles.

The background concentrations were subtracted ttemdownwind concentrations in
analyzing the UFP concentrations. The backgroumgeutration was arourth* #/cnt. Figure
4 shows the spatial distributions of the averages the concentrations measured in the six tests.
The concentrations always decrease with distanbantbehe barrier and do not show the peak
away from the barrier observed by Ning et al. (301We next examine whether these
concentration measurements can be described wdthparsion model that was evaluated with
data from controlled experiments conducted in thedwunnel (Heist et al., 2009) and in the
tracer field study (Finn et al., 2010).
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1 Figure4- Averaged particle concentrations at differentatises behind the barrier for a)Test 1, b)Test 2,
c)Test 3, d)Test 4, e)Test 5, and f)Test 6.

3 4 Framework for thebarrier models

The model (Schulte et al., 2014) used to interfiretdata assumes that the concentration
is well-mixed from the surface to the barrier héjgind the concentration profile then follows a
Gaussian distribution above the barrier height whig maximum concentration occurring at the

barrier height, as shown in Figure 5. We can themress the surface concentration associated

o N o o b~

with an infinitely long line source as:
q
Cs =
1
U(%)COSHH+U(Z‘)COSH\/§GZ (1)

Wind Speed
— —

10 Figure5- Schematic of concentration profile in Mixed-Wakedusl.

11 whereq is the emission rate per length of the line soufgés the concentration at the surfafe,

12 is the barrier height/(2) is the wind speed at the effective centerline ltedd the plume above

10
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the barrier, and is the wind direction with respect to the perpentir to the road. The vertical

plume spready,, is calculated using equations from Venkatran.€2813).
41  Simplebarrier mode

We can derive a simplified version of Equation lusyng the neutral expression for the

product of the effective wind speed and(Venkatram et al., 2013) :

T T
U(2) cos@\/%az = 0.57 * \/;u*x =0.71u,x (2)

whereu, is the surface friction velocity and is the distance of a receptor from the barrier.
Equation 1 then becomes
q

U (%) cosO H + au,x

Cs =

3)
wherea is 0.71.
Since the width of the road is comparable to therdwind distances being considered

here, we treat the road as an area source witthwidt Then, the concentration at a downwind

[ W)

x+W W q |
Cszj dx = In| 1+
H au W H
x Ul+)cosOH + au,x * Ul+
& L)

distancex from the barrier becomes:

(4)

2 cosf + x

*

This simple model, which applies primarily to nalitconditions, serves as a reference
model whose performance against observations vellcompared with that of a modified

version.

4.2 M odified mixed-wake mode

The second model considered here modifies Equdtidn improve its performance
during unstable conditions when Equation 1 ovemestes concentrations close to the source in
the Idaho Falls tracer experiment (Finn et al., @0TThe modified model assumes that the
maximum concentration occurs above barrier heighig consistent with the wind tunnel data
(Heist et al., 2009). The second modification 15 entrainment factorf,,, that reduces

entrainment into the barrier wake during unstableditions. This is an empirical modification to

11
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account for the overestimation of concentrationssel to the source under the unstable
conditions of the Idaho Falls experiment. The factmluces entrainment behind the barrier as
the absolute value of the Monin-Obukhov length dases. It is also a function of downwind

distance, starting at values below unity just dowawof the barrier and approaches unity at

large downwind distancesg,, is taken to be:

X
fu=feot A=) (1-exp(-7)) ©)
S
wheref,, the entrainment factor at= 0, is taken to be:
= e ()
=exp|—
© T P\ Lyl

where L, = 10H and H is the barrier heightf. decreases as the absolute value of Monin-
Obukhov length decreases.

The third modification is the effect of barrier sarface friction velocity. Surface friction
velocity is enhanced based on an empirical modetHe development of a neutral boundary

layer after a roughness change,

0.17
Uy = Uy (ZO_W> (7)

Zo
where the effective roughness of the wall is takebez,,, = H/9.

Assuming that the barrier does not modify the upwheat flux, the Monin-Obukhov
length is taken to be proportionalitd. Then, the Monin-Obukhov length behind the baise
U\
L = Lo () ®)

*

The velocity below the barrier height is assumeth@¢auniform with height given by its

value atz = H. With these parameterizations, the surface cdratgon can be expressed as

Cs = fmCmnax [exp(—plz) + eXp(_p%)] 9)

whereC,,,, iS the maximum concentration is

q

Crax = cos 6 (10)

fnU(H). H. [exp(—=p}) + exp(—p3)] + U(z‘)\/g 0,.[2 — erf(py) — erf(p,)]
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In this equation,U(H) is the velocity at barrier heighp; = (H—Hp)/\/?az, p, = (H+

Hp)/\/?az , andH,, is the height of maximum concentration, takendo b

H,=H+ J;B (11)
wherea, ; is the vertical plume spread right behind theibariThis model performs better than
the model presented in Schulte et al. (2014) ircridlgiag concentrations close to the barrier in
the Idaho Falls experiment (Finn et al., 2010) miyinunstable conditions, which correspond to
those considered in the current field study.

5. Comparison with observations

As indicated earlier, the UFP number emission faigdiighly uncertain. The literature
reports a large range02~10*#/(veh.km) (Kumar et al., 2011; Morawska et alQ&0 In this
study, we treat the emission factor as an unknoararpeter whose value is obtained by fitting
model estimates to measured UFP concentrations.cauBe we wanted to evaluate the
performance of the model in describing the impddhe barrier on downwind concentrations,
we excluded data points at distances less than 4@mm the barrier in deriving the emission
factor.

The ratio of UFP High Duty Vehicle (HDV) emissioactor to that of Light Duty
Vehicle (LDV) was taken to be 25. This ratio wasurfd usingPM, s emissions from the
EMFAC Model inventory data (California Air ResouscBoard, 2011). Car and truck emission
factors were averaged over mileage for the fleetatpg in Riverside County.

For the simple barrier model, the fitted emissi@ttér is 7.90 x 1013 #/(veh.km)
averaged over the six tests and a standard daviaifo2.88 x 103 #/(veh.km). The
corresponding statistics for the modified mixed-waknodel are a mean df.09 x 103
#/(veh.km) and a standard deviation2066 x 1012 #/(veh.km). The mean emission factors of
both models lie within the range reported in litara (Kumar et al., 2011; Morawska et al.,
2008).

The performance of the models are evaluated usieggéometric meamn,), standard
deviation of the residuals between the observatams predictionssg), the fraction of data
points that lie within a factor of two of the obgations (fact2), and the correlation coefficient
between the observations and predictiorfy.(The geometric mean and standard deviation are

defined as:

13
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€;

Inmg =) N (12)
L
2
Ins, = \/Ei(fi —In mg) (13)
N—1

where € = InCyps. — InCpreq. is the residual between the observed concentragiot the

predicted one, anll is the number of data points.
The performance of the models using the averagsseoni factor for the six tests is

shown in Figure 6. The? are similar for the two models using a barriegheof 4.5 m.

a) b)
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* *
= =
@ @
[ &
[i¥] [iF]
8 .4 8 a4
o 10 5 10
10° 10° 104 10°
Model estimate {#fcm3) Model estimate {#fcmaj

Figure 6- Comparison of observations and a) simple barrisdehestimates and b) the modified mixed-

wake model estimates.
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To distinguish between the two models, we investidathe sensitivity of model

performance to different barrier heights using ticaal bias (Chang & Hanna, 2004) to measure

their relative performance. Figure 7 shows thetioa@l bias versus barrier heights for both

models. The bias is close to zero for both moddismwthe barrier height is close to its actual

value of 4.5 m, which indicates that both modelptage the essential effects of barriers on

downwind concentrations. The simpler barrier modelmore sensitive to barrier height,

reflecting the role of this variable in its formtitn.

It would be necessary to conduct

experiments with varying barrier heights to chedlether this sensitivity is real.

Fractional bias

0.2

0.1

-0.1

-0.2

-0.3

-0.4

-0.5

Medified mixed-wake model 7
— — — Simple barrier model

5 B 7 8 g 10
Barrier height (m)

Figure 7- Fractional bias versus barrier height for modifieicted-wake model (red solid line) and for
simple barrier model (black dashed line).

Figure 8, which compares measured concentratiadigmts with model estimates from

test 3, the day with the lowest wind speed, teshd,most convective day, and test 6, the most

neutral day, indicates that both models providealistic depiction of the gradients over a wide

range of stabilities.
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Figure 8- Concentration gradients for observations andraplg barrier model for test 3, b) the modified
mixed-wake model for test 3, c) simple barrier mddetest 4, dxhe modified mixed-wake model for
test 4, e) simple barrier model for test 6, anithé€) modified mixed-wake model for test 6. (Emission
factors are calculated for each day using the miat@sured beyond 40 m from the barrier.)

1

2

3

4

5 Because the wind directions during all the testseweithin 45° perpendicular to the
6 freeway, we cannot quantify the performance ofrtteelel when the wind direction is close to
7  parallel to the road.

8 Figure 9 shows the spatial variation of the rati@BP concentrations in the presence of
9 a barrier to those in the absence of the barriea danction of barrier height; the micro-
10 meteorological inputs correspond to test 6. Indimepler model, the no-barrier concentrations
11 were estimated by treating the vehicles on thewfageas a 1 m barrier. The concentrations in
12  modified mixed-wake model were estimated by assgntivat the vehicles induce an initial
13 vertical spread of 1 m. The concentration reductiefative to the no-barrier concentration, just
14  next to the 4 m barrier is 50-60%. This reductioaréases to 65-75% by doubling the barrier
15 height. The concentration reduction decreases eifitance to about 25% at 40 m for the 4 m
16 barrier. This reduction is 45% for the 8 m barrigne average concentration reduction from 0-40
17 mis around 35% for a 4 m barrier. This averageicgdn increases to 55% with a doubling of
18 the barrier height to 8 m.
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20 Figure 9- Comparison of estimated normalized concentratitngp-barrier case, behind barriers with

21 different heights for a) simple barrier model andhe modified mixed-wake model.
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6. Summary and Conclusions

We used data from a field study to evaluate a dispe model that parameterizes the

effects of roadside barriers on dispersion. Thiedeh was developed using data from

experiments conducted in the wind tunnel and measents from a tracer study in which

concentrations were sampled simultaneously downword two line sources, one behind a 6 m
barrier and the other located in open terrain. Pheary question this paper addresses is
whether a semi-empirical dispersion model basediaa from controlled experiments can be
used to interpret data collected downwind of a soo@rier next to a real-world urban highway
with distributed sources whose magnitudes are teioer

Six tests were conducted next to a congested fgewhich had several factors that
aided the interpretation of the data: 1) absen@erofjor source of pollution, except the freeway,
in the neighborhood, 2) absence of a major obstamtethe east and west sides of the freeway,
except the noise barrier, 3) absence of a busgtdhehind the barrier, 4) presence of a single
barrier downwind of the freeway, and 5) presencparking lots on both sides of the freeway to
provide the opportunity to place several CPCs tasuee UFP concentrations.

Two models were evaluated with the data from teklfstudy. The first is a simplified
version of model presented in Schulte et al. (20#ich assumes neutral conditions. The
second is a modification of the model describe&chulte et al. (2014) to account for reduced
entrainment in the immediate wake of the barrierirdu unstable conditions. Both models
performed well in estimating the pollutant concatitms. Because the emission factor for UFP
is highly uncertain, we treated it as a model pa&t@mwhose value was obtained by fitting
model estimates to observations of UFP conceniratineasured at distances where the barrier
impact is small. The emission factors were fountiaee a mean ¢.90 x 103 #/(veh.km) and
a standard deviation df.88 x 1013 #/(veh.km) for the simple barrier model and a meén
7.09 x 1013 #/(veh.km) and a standard deviation2056 x 1013 #/(veh.km) for the modified
mixed-wake model for all of the six tests. Theski@a are well within the range reported in the
literature (Kumar et al., 2011; Morawska et al.Q020

Both models provide adequate estimates of the rhatps and the spatial variation of
near-road concentrations associated with vehiddte® emissions. The models were evaluated
under unstable conditions when exposure to velaohéssions is likely to be the highest for

people living close to highways. Their applicalilto stable conditions, when near-road
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concentrations are relatively high, has not beeduated. The models have also not been tested
when the wind direction departs significantly froxormal to the road.

The models predict that a 4 m barrier results %% reduction in average concentration
within 40 m (10 barrier heights) of the barriedateve to the no-barrier sitdhis concentration
reduction is 55% when the barrier height is doubléte good performance of the simple barrier
model reinforces the conclusion from Schulte e{2014) that the primary impact of the barrier

is equivalent to shifting the line sources on th&drupwind by a distance of abdil/ /u,cos6.
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Roadside barriers produce effective mitigation of the impact of emissions
Real-world barrier effects can be described with simple model

Roadside barrier effects are equivalent to shifting source upwind

Model can be used to design roadside barriers

Model can be used to estimate UFP emission factors
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