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i.

Abstract

Traffic-related air pollutants are a significant public health concern near freeways. Previous
studies have suggested that soundwall (more information on soundwalls in California can be
found at http://www.dot.ca.gov/dist07/resources/soundwalls/) and/or vegetation barriers (defined
here as any substantial installation of vegetation on either side of the sound barrier, trees or tall
bushes etc.) may reduce near-freeway air pollution, but the literature is inconsistent, and data for
vegetation and other conditions common in California are very limited. Here we combine
mobile and stationary measurement and modeling approaches to evaluate the impact of various
barrier configurations at four sites in California, and make pair-wise comparisons of the
following configurations: no wall, sound wall only, vegetation only, and combined vegetationsoundwall barriers (eight study locations in total, each with a perpendicular transect). If present,
trees were substantially taller than the solid barriers, and were planted outside of the wall in
some locations and inside on others, if any. Chosen study sites were located along major
highways in Santa Monica, Encino, Sacramento and Riverside. Three of these sites were chosen
as test sites for daytime conditions (Sacramento, Encino and Riverside) and one was chosen for
nighttime and early morning conditions (Santa Monica).
Mobile measurements were conducted on transects perpendicular to the main roadway using an
electric vehicle for several hours each day during each one- to three-week field campaign. All
mobile measurements included ultrafine particles (UFP), and some also included high timeresolution measurements of oxides of nitrogen, carbon dioxide and PM2.5 (diameter ≤ 2.5 µm).
Stationary measurements, located at residences or on sidewalks, allowed data collection for 6 –
24 hours/day were conducted at upwind and downwind locations, and included ultrafine
particles, PM2.5, and black carbon (BC). A series of passive NOx monitors also provided multiday average profiles of the freeway plumes.
To characterize vegetation, with a goal to allow comparability for future studies, but also for
intercomparisons for our sites, horizontal optical porosity was calculated for each site. Optical
porosity of the canopy vertical profile is a key parameter determining horizontal dispersion of
pollutants, and is defined as the fraction of pore spaces and gaps in the total area of the tree
crown profile. Mean optical porosity was calculated along the highway canopy profile for each
site. Vegetation at all sites was dominated by evergreen broadleaf trees that are tolerant of
California's semi-arid climate. Typical tree species include Californian pepper tree (Schinus
molle), desert willow (Chilopsis linearis), silver dollar gum (Eucalyptus polyanthemos),
Brazilian pepper tree (Schinus terebinthifolius).
However, coniferous trees such as
Mediterranean cypress (Cupressus sempervirens) and Canary Island pine (Pinus canariensis)
were present at the Santa Monica sites. The Sacramento site was dominated by honey locust
(Gleditsia triacanthos) and Australian pine (Casuarina equisetifolia). While we chose sites with
reasonably dense vegetation by the standards of their respective regions of California, optical
porosity values were substantial; except for one transect, the optical porosity of the vegetation
averaged 50% or more at the average canopy height.
A dispersion model was developed and applied to analyze data from two of the field studies at
Riverside and Sacramento. The other two sites at Santa Monica and Encino had confounding
features, such as upwind buildings and elevated roads, which could not be readily incorporated
into the model to isolate the impact of vegetation on near road air pollution. Results from the
Riverside site confirm earlier results from tracer experiments indicating that solid noise barriers
have a mitigating impact on near-road concentrations of highway emissions. The presence of the
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barrier is equivalent to shifting the line sources on the road upwind by a distance of about the
barrier height multiplied by the ratio of the near surface wind speed and the vertical turbulent
velocity. For typical conditions, the mitigation effect of a 5 m barrier is equivalent to shifting the
highway upwind of a receptor by about 25 m. The dispersion and planning guidance model
developed under this project is titled “Model for Impact of Roads with Barriers (MIRB)”, and is
available at https://www.arb.ca.gov/research/single-project.php?row_id=65195.
The addition of vegetation behind a solid barrier 1) increases the vertical lofting of the plume
caused by the solid barrier, thus increasing vertical dispersion and decreasing downwind
concentrations relative to those downwind of the solid barrier, 2) reduces turbulence levels
governing dispersion downwind of the barrier, thus increasing concentrations relative to those
downwind of the solid barrier. The data from the field study indicate that 25% of the UFP
concentrations measured downwind of the barrier with vegetation were higher than those
measured simultaneously behind the plain barrier. This result appeared to be related to the
second effect related to the addition of vegetation, the reduction of turbulence levels relative to
those downwind of the plain barrier. This hypothesis is supported by the results of the analysis
of turbulence levels measured by the sonic anemometers placed downwind of the barriers. The
data indicate that this effect increases with upwind wind speed and turbulence level. While there
is as point beyond which vegetation reduces the mitigating effect of a solid wall, only more data
will allow us to draw definite conclusions on when this crossover occurs.
Dispersion, supported by the data from field studies, indicates that vegetation, for the most part,
adds to the mitigating effect of a solid barrier. However, the impact is small, ranging from 25%
next to the barrier to 10% at 300 m from the barrier. The distance from the highway at which the
concentration is reduced to a specified level above background is not a fixed quantity. It
depends on the emissions from the highway, the geometry of the highway, the governing
micrometeorology, and the concentration level that is considered acceptable.
High-resolution profiles developed from mobile measurements show that for roughly
perpendicular winds, elevated ultrafine particle concentrations at the edge of the freeway decay
within about 150 m during daytime and 500 m or more during calm conditions in the early
morning, consistent with earlier studies. In general, under daytime conditions at Sacramento, the
combination tree and wall barrier resulted in lower pollution concentrations downwind compared
to the site with only a soundwall. However, at higher wind speeds the vegetation became less
effective, and was observed to increase pollutant concentrations downwind at the highest wind
speed. Additionally, in about 25% of the Sacramento stationary measurements, the vegetation
reduced the mitigation effect of the solid barrier, resulting in concentrations higher than those
behind the plain barrier. The data indicate that this effect increases with upwind wind speed.
nitric oxide (NO) and nitrogen dioxide (NO2) decay curves from multi-day passive sampling at
both Encino and Sacramento showed substantial average reductions downwind of the
combination barriers compared to soundwall only and vegetation only, respectively. The
vegetation at the vegetation-only barrier at Encino was shorter and somewhat less dense than that
at the combination barrier.
In the calm early mornings at the Santa Monica site, the taller and rather dense vegetation-only
barrier was more effective than the combination barrier at very low wind speeds, but at higher
wind speeds (but still <1.5 m/s) the combination vegetation-sound wall was more effective.
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Under parallel wind conditions, when the freeway plume has a much smaller impact on pollutant
concentrations in adjacent communities; pollution was elevated only slightly or not at all near the
edge of the freeway. There was no detectable difference between sites with only vegetation
only, soundwall only, or combination vegetation-solid wall barriers.
Stationary data was collected for 6 – 24 hours each day and was subjected to difference-indifferences (DID) analyses on the concurrent measurements at three or four stationary sampling
locations at each site, immediately upwind and downwind of the freeway. Overall, the results
are consistent with the decay profiles described above. With respect to the measurements
downwind of a vegetation-only barrier, we found 18% reduction of UFP number concentrations
and an 11% reduction of PM2.5 mass concentration at average wind speed of 1.0 m/s in Encino.
At lower average wind speed, 0.79 m/s in Santa Monica, the combined soundwall-vegetation
barrier was similar to the vegetation only site; UFP and PM2.5 were within 7% and 4.7%
respectively. Under the same conditions, the overall reduction of BC was found to be 24% at
wind speed of 0.79 m/s in Santa Monica and 28% at 1.0 m/s in Encino. The sizes of impacts of
barriers on different pollutants are not expected to be the same. Pollutants such as PM2.5 are
only slightly elevated around freeways, while UFP and black carbon tend to be more strongly
elevated, and the effects are expected to be smaller for the former compared to the latter.
The overall reduction of UFP number concentration was greater with additional vegetation than
with an additional soundwall barrier, potentially because of larger surface area of the foliage,
which resulted in greater reductions of the particles smaller than 80 nm. On the other hand, an
additional soundwall barrier was more effective (18%) on reducing PM2.5 mass than was
vegetation, likely due to differences in dispersion and dilution between the sites.
A dispersion model developed in this project describes the magnitudes and the distribution of the
observed concentrations.
However, the model cannot produce the enhancement of
concentrations behind the vegetation-solid barrier relative to those just behind the solid barrier.
The model, supported by the data, indicates that vegetation, for the most part, adds to the
mitigating effect of a solid barrier. However, the impact is small, ranging from 25% next to the
barrier to 10% at 300 m from the barrier.
Overall, however the decay profiles from both mobile monitoring and passive sampling under
daytime conditions support a more substantial reduction in concentrations downwind of the
barriers with vegetation than does the model, especially in the first 100 m. While both stationary
and mobile measurement showed a tendency toward slight disbenefits at higher wind speeds (>
~1.8 m/s), because higher wind speeds tend to be associated with lower pollutant concentrations,
these would seem to be of lesser concern.
In summary, adding dense vegetation that is taller than the barrier appears to be a clear benefit
during daytime and this also appears to be a benefit during the early morning. The benefit is
significant especially very close to the barriers, but it decays quickly, such that other mitigations
might also be worth considering, especially for sensitive receptors.

ii. Executive Summary
Traffic-related gaseous and particulate air pollutants are a significant public health concern
particularly near freeways. Previous studies have suggested that soundwall and/or vegetation
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barriers may reduce near-freeway air pollution; however, the effectiveness of this mitigation
strategy is not well understood. Here we combine mobile, stationary and modeling approaches
to four sites in California, each with a pair of nearby sites comparing two of the following
configurations: no wall (1 site), sound wall only (2 sites), vegetation only (2 sites), and combined
vegetation-soundwall barriers (3 sites). Substantial effort was made to find sites with two closeproximity barrier configurations of interest, with consistent and largely perpendicular winds, flat
terrain, minimal local traffic, and absence of confounders such as nearby freeway interchanges,
major roads, major on- or off-ramps, tunnels, berms etc. Ideal sites are rare in complex urban
areas, so some tradeoffs were necessary. Chosen study sites were located along the I-10 in Santa
Monica, the I-101 in Encino, CA-99 in Sacramento and the I-60 in Riverside, in California. In
all cases one side of the roadway has the good examples of a barrier of interest and is the focus in
this report. Three of these sites were chosen as test sites for daytime conditions (Sacramento,
Encino and Riverside) and one was chosen for nighttime and early morning conditions (Santa
Monica). We note that soundwalls and vegetation are generally considered as mitigation
strategies for limited-access freeway and not for busy arterials. In addition to many practical
considerations in terms of land use and visibility, barriers along roadways tend to increase
concentrations on the roadway itself, which is problematic for roadways intended for mixed-use
(such as “complete streets”).
Mobile measurements were conducted on transects perpendicular to the main roadway using an
electric vehicle. All mobile measurements included ultrafine particles (UFP) and some also
included high time-resolution measurements of oxides of nitrogen, carbon dioxide and PM2.5
(diameter ≤ 2.5 µm). Stationary measurements were conducted at upwind and downwind
locations over more hours of each day, and included ultrafine particles, PM2.5, and black carbon
(BC). 3-D Sonic anemometers were deployed for meteorological parameters.

ii.1 Vegetation Characterization
Horizontal optical porosity was calculated for each site. Optical porosity of the canopy vertical
profile is a key parameter determining horizontal dispersion of pollutants, and is defined as the
fraction of pore spaces and gaps in the total area of the tree crown profile. Mean optical porosity
was calculated along the highway canopy profile for each site. Vegetation at all sites was
dominated by evergreen broadleaf trees that are tolerant of California's semi-arid climate.
Typical tree species include Californian pepper tree (Schinus molle), desert willow (Chilopsis
linearis), silver dollar gum (Eucalyptus polyanthemos), Brazilian pepper tree (Schinus
terebinthifolius). However, as an exception, coniferous trees such as Mediterranean cypress
(Cupressus sempervirens) and Canary Island pine (Pinus canariensis) were present at the Santa
Monica sites but were not found at any other site
For the broadleaf-dominated sites, the optical porosity of the vegetation averaged about 50% or
more at the average canopy height (clear sky has an optical porosity of 100%); the site with
Cypress had an optical porosity of about 27%.
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ii.2 Decay Profiles of Ultrafine Particles
High spatial resolution profiles perpendicular to the freeways were collected with fast response
mobile measurements. These were processed to remove confounders and normalized to avoid
under/overweighting of individual profiles (Section 2.4.2). The resulting daily and sessionaveraged freeway plume profiles show that for roughly perpendicular winds, elevated ultrafine
particle concentrations at the edge of the freeway decay within about 150 m during daytime and
500 m or more during calm conditions in the early morning, consistent with earlier studies. In
general, under daytime conditions at Sacramento, the combination tree and wall barrier resulted
in lower pollution concentrations downwind compared to the site with only a soundwall (Figure
1). However, and although wind speeds had a low level of variability, at higher wind speeds the
vegetation became less effective, and was observed to increase pollutant concentrations
downwind at the highest wind speeds.
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Figure 1. Average profiles for ultrafine particles at the Sacramento site, illustrating
reductions attributed to the addition of vegetation behind a solid soundwall. The points
show background and traffic normalized average concentrations; black whiskers show
standard errors of the means.
In the calm early mornings at the Santa Monica site, the taller and rather dense vegetation-only
barrier was more effective than the combination barrier at low wind speeds, but at higher wind
speeds the combination vegetation-sound wall was more effective.
Under parallel wind conditions, when the freeway plume has a much smaller impact on pollutant
concentrations in adjacent communities; pollution was elevated only slightly or not at all near the
edge of the freeway. There was no detectable difference between sites with vegetation only,
soundwall only, or combination vegetation-solid wall barriers.
Analysis of data for Santa Monica indicate that under some conditions, concentrations are lower
at the combination tree and solid barrier and the relatively thick stand of trees, in other cases the
reverse is true (Figure 2). Differences may be due to wind speed. Effects of vegetation under
calm conditions need further study.
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(a)

(b)

Figure 2. The variation of normalized UFP number concentration along the two transects
at the I-10 Santa Monica site under downwind conditions for (a) Fall 2015 and (b)
Winter 2016. The points show background and traffic normalized concentration
averaged over (a) 3 (b) 5 sessions; whiskers show standard errors of the means.

ii.3. Profiles of NOx, PM2.5, Black Carbon and Carbon Dioxide
Some mobile platform measurements included instrumentation for PM2.5, NOx (NO and NO2),
black carbon and carbon dioxide. Additionally, passive NOx sensors were deployed at 6 – 8
points along each of the transects in Santa Monica during two campaigns, and in Sacramento and
Encino. These samples were out for 24 hours/day for entire sampling campaigns, usually about
two weeks, and thus show average profiles over the full 24 hours. Differences between PM2.5,
7

black carbon and carbon dioxide upwind and downwind concentrations of the two barriers at the
Sacramento site were generally not significant. Profiles for NOx species however, generally did
show significant differences, consistent with fact that freeways generally have higher NOx
concentrations compared to their backgrounds, and thus have a clearer signal.
For Sacramento, both mobile platform NO and NO2, as well as passive NOx samples all showed
significantly lower concentrations downwind of the combination vegetation/solid sound wall
compared to the sound wall-only site. The NOx plumes also reached out further than the UFP
plumes; 300 – 350 m for NOx vs. 100 – 150 m for UFP. The Encino passive NOx measurements
were also significantly lower downwind of the combination barrier compared to the vegetationonly barrier (Figure 3). At this site, the trees at the vegetation-only transect were less dense than
those at the combination barrier. At the Santa Monica site, a pronounced decay profile was
absent. The Santa Monica site was chosen to study calm atmospheric conditions. These
conditions occur in the mornings when pollutant concentrations can be very high, as well as at
night when emissions are typically low. However, for most the day, the target area is upwind of
the freeway and intersects some busy surface streets. Thus, while there is a pronounced plume
from the freeway in the morning, profiles are indistinct over 24 hours, and there is no obvious
difference between the two barrier configurations (i.e., vegetation-only barrier vs. combination
barrier).
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Figure 3. Average profiles for NO and NO2 at the Encino site, illustrating reductions
attributed to the combination of vegetation and a solid soundwall, compared to
vegetation alone.

ii.4 Continuous Measurements Near the Barriers
We conducted continuous measurements at fixed sites located close to the barriers. When
aggregated, this data provides overall average differences at these sites. We performed spatial
difference-in-differences (DID) analyses on the concurrent measurements at three to four
stationary sampling locations at each site. Overall findings of this analysis are that the
concentration reductions of the listed particle species were greater with a combination barrier of
soundwall and vegetation than either one alone. With respect to the measurements downwind of
8

a vegetation-only barrier, we found 18% reduction of total particle number concentration (e.g.,
UFP number concentration) and 11% reduction of PM2.5 mass concentration at average wind
speed of 1.00 m/s in Encino. At lower average wind speed, 0.79 m/s in Santa Monica, an
additional soundwall barrier made little differences in UFP (6.9%) and PM2.5 (4.7%). Under the
same conditions, the overall reduction of BC was found to be 24% at wind speed of 0.79 m/s in
Santa Monica and 28% at 1.00 m/s in Encino. The small change of wind speed is found to
increase or decrease the effectiveness of an additional soundwall barrier in the vegetated area.
In addition, examination of the overall reduction of UFP number concentration, especially at
smaller sizes was greater with additional vegetation than with an additional soundwall barrier,
potentially because of larger surface area of the foliage, which resulted in greater reductions of
the particles smaller than 80 nm. On the other hand, an additional soundwall barrier was found
more effective (18%) on reducing PM2.5 mass concentration with respect to the existing
vegetation, likely due to the dispersion and dilution enhanced by a structure of soundwall barrier.

ii.5 Model Development
We developed and applied a dispersion model to estimate concentrations of vehicle related
emissions downwind of a barrier consisting of vegetation planted next to a solid noise barrier.
The model is based on the analysis of UFP data collected in Riverside, and Sacramento. The
objective of the Riverside study was to evaluate and, if necessary, modify a model for dispersion
of emissions from a highway with solid barriers located on its sides. The results suggest the
model provides reliable estimates of the impact of a solid noise barrier on concentrations of
highway emissions downwind of the barrier, including both the magnitude as well as the spatial
variation of UFP concentrations measured during the field study. The model predicts that a 4 m
barrier results in a 35% reduction in average concentration within 40 m (10 barrier heights) of
the barrier, relative to the no-barrier site. The predicted reduction is 55% if the barrier height is
doubled. The Riverside results reinforce earlier conclusions that the presence of the barrier is
equivalent to shifting the line sources on the road upwind by a distance of about the barrier
height multiplied by the ratio of the near surface wind speed and the vertical turbulent velocity.
If we take a typical value of the ratio as 0.2 and the barrier height as 5 m, the mitigation effect of
the barrier is equivalent to shifting the highway upwind of a receptor by a distance of about 25
m.
The Sacramento data were used to investigate the impact of adding vegetation behind a solid
wall on downwind concentrations associated with highway emissions. The data indicated that
about 25% of the 15-minute averaged UFP concentrations measured downwind of the
vegetation-solid barrier were higher than those downwind of the barrier without vegetation: the
vegetation reduced the mitigating effect of the solid barrier. This result appeared to be related to
the reduction of turbulence caused by vegetation, which decreases dispersion and increases
concentrations relative to those downwind of the plain barrier. This hypothesis is supported by
the analysis of turbulence levels measured by the sonic anemometers located downwind of the
two barriers. We used the ratio of the turbulence levels measured below wall height as
surrogates for the ratios of the turbulence levels that governed dispersion of the plumes traveling
over the barrier. The ratio of the concentration measured downwind of the vegetation-solid
barrier to that measured simultaneously downwind of the plain barrier indicates the benefit of the
vegetation added to the solid barrier We found that this ratio increased from values below one
9

to values above one as the ratio of the turbulence levels downwind of the two barriers decreased.
The data also show that the ratio of the turbulence levels decreased as the upwind wind speed
and turbulence increased. This suggests that the additional mitigation related to the vegetation
decreases as the upwind wind speed increases; at some point, the additional vegetation can
counteract the mitigating effect of the solid barrier.
As the first step in modeling the complex effects of vegetation, we applied the modified mixed
wake model to interpret the results. We accounted for the effects of vegetation through three
modifications: 1) the friction velocity is multiplied by the ratio of vertical velocity fluctuation,
, behind the vegetation-wall to wall barrier to model the reduction of turbulence by the
vegetation, 2) the entrainment of material into the wake is reduced by the ratio of turbulent
velocities, and 3) the effective height of the wall is increased to account for additional plume
lofting induced by the vegetation. Evaluation of the model with measurements indicates that
over 90% of the model estimates were within a factor of two of the corresponding observations,
although the correlation was poor. However, the model could not reproduce the concentrations
downwind of the vegetation-solid barrier being higher than those downwind of the solid barrier,
although it produced comparable magnitudes for these cases.
The model was then used to estimate the expected spatial variation of concentrations downwind
of the two wall sites: wall plus vegetation and the wall. We find that the addition of vegetation
increases the mitigation effect of the solid wall within 100 m from the wall; the additional
reduction ranges from 25% close to the wall to 10% at 30 m. The model predicts that addition of
vegetation to a solid wall does confer additional mitigation, but the effect is relatively small for
the type of vegetation considered in this field study (Figure 4). The dispersion and planning
guidance model developed under this project is titled “Model for Impact of Roads with Barriers
(MIRB)”, and is available at https://www.arb.ca.gov/research/single-project.php?row_id=65195.

Figure 4. Left panel: Concentration gradients predicted by the model for wall, vegetationwall. Right panel: Concentration ratio predicted by model for wall and vegetation-wall
barrier.

10

ii.6 Summary & Conclusion
In summary, adding vegetation that exceeds the height of the barrier appears to be a clear benefit,
especially if the vegetation is tall and dense. This configuration effectively extends the height of
the solid barrier. There is evidence of a small dis-benefit at higher wind speeds likely due to
reduction in turbulence downwind of the vegetation. However, as pollution dispersion is
generally higher and concentrations lower under higher wind speeds regimes, the benefits at
lower wind speeds should out-weigh a modest dis-benefit at high wind speeds. The benefit is
clear during daytime, and the same conclusion is also supported from results from the early
mornings when winds are weak the atmosphere more stable. Table 1 shows recommendations
for specific scenarios.
Table 1. Situations for which addition of vegetation to existing solid barriers is likely to
reduce concentrations of roadway pollutants.(1)

Predominant Downwind
Wind during
Direction daytime;
moderate
winds

Downwind during
night/morning/under
calm conditions
(winds < about 1
m/s)

Receptor

Downwind
during day
or night;
nights and
mornings
are often
calm

Usually
breezy or
windy; calm
conditions
are
uncommon

Residential
Neighborhood within
~150 m(2)







Residential
Neighborhood further
than 150 m, within
~500 m(3)

Minimal
impact(4)





School, hospital,
residential facility for
the elderly etc. within
~150 m(2)



(5)

(5)



Minimal
impact(4)





Minimal
impact(4)

Limited to
minimal
impact(4) (6)



School, hospital,
residential facility for
the elderly etc.
further than 150 m,
within ~500 m(3)
Park used mostly in
afternoons on
weekdays, all day
during weekends
11

Limited



Impact

(6)



Minimal
impact(4)

1

This Table is provided as a general guide for planners. The specific geometry of a particular
site may produce different outcomes; site-specific measurements are advisable. “Roadway
pollutants” is limited to pollutants that are elevated around roadways. This usually includes
ultrafine particles, oxides of nitrogen (especially NO), traffic-related volatile organic
compounds, and especially around roadways with substantial heavy duty truck traffic, black
carbon. Road dust and brake wear particles can also be elevated around roadways, but have
different spatial dynamics than the gas phase and small particles studied here, and thus is not
included. Further, PM2.5 is typically only slightly elevated around roadways, and is also not
included.
2
3

See section 3.1
See section 3.2

4

”Minimal impact” indicates very low impact.

5

Moving physical education classes to later in the day will also reduce exposures where morning
concentrations are high.

6

”Limited impact” indicates minimal impact for most of the day, but impacts may be significant
during the morning periods.
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1. Introduction and Background
1.1 Background
Although the impact of roadway emissions on air quality has been studied since the 1970s, it is
only recently that epidemiological studies have reported associations between living within a few
hundred meters of high-traffic roadways and adverse health outcomes. Due to the lack of
adequate pollutant measurement data, studies of transportation related air pollutant health effects
have generally used freeway or arterial roadway proximity as a proxy for vehicle related air
pollution. These roadway pollution studies have shown moderate increases in a long list of
adverse health outcomes such as reduced lung function, cancer, respiratory symptoms, asthma,
general mortality, depressed immune function, type II diabetes, mortality in heart failure patients,
heart attacks, autism, and pre-term birth (Araujo and Nel 2009; Boothe and Shendell 2008; Brook
2008; Brugge et al. 2007; Dominici et al. 2006; Hoek et al. 2002; Janssen et al. 2003; Jerrett et al.
2013; Kim et al. 2002; Knol et al. 2009; Li et al. 2011; Lin et al. 2002; McConnell et al. 2006;
Medina-Ramon et al. 2008; Raaschou-Nielsen et al. 2013; Ritz et al. 2000; Stewart et al. 2010; Tonne
et al. 2007; Venn et al. 2001; Volk et al. 2011; Weir 2002; Williams et al. 2009). Air quality

monitoring studies conducted near major roadways suggest these health effects are associated
with elevated concentrations, compared with overall urban background levels, of several
compounds emitted by motor vehicles. Roadway combustion emissions include carbon dioxide
(CO2); nitrogen oxides (NOx); coarse (PM10-2.5), fine (PM2.5), and ultrafine (PM0.1) particle
mass; particle number; black carbon (BC), polycyclic aromatic hydrocarbons (PAHs), and a suite
of volatile organic compounds including benzene (Kim et al., 2002; Kittelson et al., 2004).
A large body of work has shown that daytime plumes from major roadways reach a level that is
close to the upwind background in 100 m (~300 feet) and in almost all cases has returned to the
background by no more than 300 m (~1000 feet) (Karner et al. 2010). However, nighttime and
early mornings are frequently associated with radiation inversions that strongly inhibit vertical
mixing of surface air. These are commonly associated with weak winds. The result can be much
longer plumes from major roadways extending much further into communities, easily extending
500 m (~1600 feet), with significant concentrations remaining at 2000 m (6500 feet) (Choi et al.
2012b; Choi et al. 2014; Hu et al. 2009). As the nighttime/early morning plumes are associated
with poor mixing, peak concentrations during the morning can be significantly higher than
daytime peak concentrations. However, because of low traffic flows at night, nighttime
concentrations are of less concern.
Several approaches have been suggested to mitigate the near-road impact of vehicle emissions.
These include optimized noise barriers, roadside vegetation, road canopies in combination with
methods to treat the pollutants trapped in the canopies, catalytic coatings on barriers to convert
NO2 to nitrate, and dynamic traffic management based on forecasts of conditions that might lead
to poor air quality (McCrae, 2010). The removal of pollutants using methods such as
electrostatic precipitation of particles is expensive and less than reliable. Catalytic coatings on
barriers to absorb or convert pollutants such as NO2 have not been effective because the contact
time between the pollutants and the coated surface is not large enough (Hooghwerff et al., 2010).
Dynamic traffic management, which is reducing traffic flows when the meteorology is conducive
to high air pollution levels, is difficult to implement even if adverse meteorological conditions
could be forecast accurately.
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The most practical and consistently successful mitigation strategy is based on physical barriers.
Most studies show that solid barriers next to roads improve near-road air quality (Gallagher et
al., 2015). However, results from studies on the impact of vegetative barriers are not conclusive.
A small number of field studies (Al-Dabbous and Kumar, 2014; Baldauf et al., 2008; Brantley et
al., 2014; Tong et al., 2015) have investigated the effects of vegetation barriers on vehicle
related concentrations. A field study conducted in Raleigh, NC (Baldauf et al, 2008) indicates
that vegetative barriers reduce concentrations relative to open areas, with the largest reductions
occurring downwind of trees taller than 10m with leaves. Concentrations were lower up to about
150-200m downwind of the barrier, after which the concentrations were about the same as in the
open field.
In field studies conducted at three locations in North Carolina, Hagler et al. (2012) did not find
conclusive evidence to indicate that vegetative barriers reduced near road concentrations relative
to those next to roads in open terrain. In some cases, they found that UFP concentrations behind
the vegetation barrier were higher than those in the open area. Furthermore, on-road UFP
concentrations behind the barrier were not always higher than those in the open area.
Because vegetative barriers are attractive alternatives to solid barriers, there is a need to reduce
the uncertainty in the understanding of their impact of near-road air quality. This project is
designed to further this understanding through field studies and modeling.

1.2 The Impact of Solid Barriers
The impact of vegetative barriers on near road concentrations is best understood through a
discussion of the effects induced by solid barriers on the flow field and turbulence near the
barrier. The pollutant plumes from vehicles are carried over the barrier by the mean flow that is
deflected upwards by the barrier, as indicated in Figure 5 (Steffens et al., 2013). A circulating
region forms behind the barrier in which the near surface flow is reversed relative to that in the
mean flow aloft. Above the cavity, the flow is deflected downwards, and turbulence levels are
enhanced in a vertically expanding wake whose effects extend to a distance of about 10-20 times
the height of the barrier.
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Figure 5. Flow induced by physical barrier (Steffens et al., 2013).
Thus, solid barriers raise the height of emissions from near ground-level to the approximate
height of the barrier. A fraction of these elevated emissions is entrained into the recirculating
cavity and then re-emitted into the wake region of the flow. The material entrained into the
cavity represents a ground-level source with an initial vertical spread proportional to the barrier
height. In general, the combination of all these barrier-induced effects leads to a reduction in
concentrations relative to those without the barrier.
Most barriers studies have focused on “standard” barriers, which are simple walls. One of the
exceptions to this includes a study conducted in Putten, the Netherlands (Hooghwerff et al.,
2010) where variation in the shape of the barrier top, porous barriers, catalytic coatings, and
barriers with vegetation was examined. These different configurations did not lead to noticeable
improvements in reducing downwind concentrations relative to that produced by a simple solid
wall.
Some of the most definitive information on the impact of barriers is provided by a tracer study
(Finn et al., 2010) conducted at the Department of Energy’s Idaho National Laboratory (INL). A
6 m high (1H = 6 m) by 90 m long (15H) straw bale stack, shown in Figure 6, 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 source was positioned 6 m
upwind of the 6 m high barrier with a gridded array of 58 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) included identical source
and concentration sampling but without the barrier in the array. An array of six 3-d sonic
anemometers was deployed for making wind and turbulence measurements, six on the primary
experiment and one on the control experiment. Five tests, each lasting 3 hours, were conducted
in October, 2008 under the different atmospheric stabilities.
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Figure 6. Mock straw bale sound barrier, 6m high and 90 m long (Finn et al. 2010).
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Figure 7. Spatial variation of SF6 concentration measured in the Idaho Falls experiment.
The barrier height is 6 m. Points represent averages over maximum concentrations
measured over the 3 hours of each experiment. Upper lines (blue) indicate
concentrations in the absence of the barrier, and lower (red) with the barrier.
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Figure 7, which summarizes the concentration measurements, in terms of averages over 3 hours
of each test, shows that the barrier reduced concentrations (red line) by about 20-50%, relative to
open terrain (blue line), out to a distance of 20 barrier heights under different meteorological
conditions, including very stable, light wind conditions (See bottom right panel of Figure 7).
The US Environmental Protection Agency conducted several experiments (Heist et al., 2009) in
its wind tunnel laboratory in Research Triangle Park, NC, to examine the effect of roadway
configurations on the dispersion of traffic-related pollutants at distances up to several hundred
meters. All the configurations reduced downwind concentrations relative to the flat terrain case.
The study found that the ground-level concentrations beyond a distance of about 10 times the
height of the barrier could be modeled as a ground-level source with two modifications: 1) the
source is shifted upwind, and 2) and the effective rate of vertical plume spread is enhanced in the
presence of a barrier. The upwind shift in source location depends on the particular geometry,
with larger shifts necessary when multiple physical effects are combined.
The results from Heist et al. (2009) lead to some important conclusions: the material released
behind the barrier is well mixed at heights below the barrier, and the maximum concentration is
elevated. These features are also apparent in the results obtained through CFD modeling (Hagler
et al., 2011). The CFD study simulated dispersion from a six-lane divided highway with a 750 m
long barrier next to the road. Barrier heights ranged from 3-18 m and the incident wind
directions were 90, 75, and 45 degrees. The study found that the barrier decreased downwind
ground level concentrations. For a 3m barrier, a 20% reduction was found immediately
downwind of the barrier while for the very tall (18m) barrier the concentrations were reduced by
about 70%, as shown in Figure 8 (Hagler et al., 2011). No evidence was found for increased
concentrations at large distances from the road. The barriers caused the vertical location of
maximum concentration to move upward, as shown in Figure 8. The concentrations were found
to be greater than those for the no-barrier case at heights above about half the barrier height. The
horizontal extent of the barrier effect is about 30 times the barrier height. The study also found
on-road concentrations increased by 1.1-2.3 times depending on barrier height.
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Figure 8. Vertical distribution of normalized concentrations (χ) at 20 m/3.3H (a), 50
m/8.3H (b), 150 m/25H (c), and 300 m/50H (d) from the edge of the roadway under
perpendicular winds, for barriers of 3 to 18 m compared with a no-barrier scenario.
The barrier is located 9.5m from the road edge (Hagler et al., 2011).
Tracer and wind tunnel studies have provided some of the most useful information on the impact
of barriers on near-road concentrations. The results from these studies have been largely
validated under real world conditions within the past ten years. Baldauf and colleagues (Baldauf
et al., 2008) reported that spatial concentrations patterns in the presence of barriers were similar
to those in the absence of barriers, but the concentrations were about 20% lower than the
corresponding values measured next to an open terrain road. This behavior was contradicted by
a measurement program conducted next to two freeways in Los Angeles (Ning et al., 2010). The
results of this study are notable because, unlike in other studies, mass and number concentrations
of particulate matter were small immediately behind the barrier, increased with distance from the
barrier, reaching peaks at distances of 80-100 m, and then decreasing. These peaks were about
twice those observed at the same distance in the absence of the barrier. The occurrence of this
peak concentration is attributed to the effective elevation of the emissions by the barrier. This
spatial pattern is not consistent with a tracer experiments (Finn et al., 2010), in which
concentrations always decreased with distance from the barrier.
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The data from wind tunnel, tracer, field, and simulation studies formed the basis of a semiempirical dispersion model developed by Schulte et al. (2014) to estimate the impact of solid
near-road barriers on concentrations of vehicle-related pollutants next to the road. The model
assumes that the concentration is mixed by wake turbulence through the height of the wall, above
which dispersion is controlled by atmospheric turbulence enhanced by shear production at the
top of the wall. The model was modified slightly (Venkatram et al., 2016) to account for the
effect of atmospheric stability on the entrainment of material into the wall cavity. As Figure 9
shows, the model provided an adequate description of the variation of concentrations under a
variety of atmospheric stabilities.
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Figure 9. Comparison between modeled and observed maximum concentrations at
different downwind distances. The maximum concentrations are averaged over the 3
hours of each experiment.

1.3 Observations on the Impact of Vegetative Barriers
Considerable attention has been focused in recent decades on the question of whether trees and
shrubs planted along major roadways can help mitigate the impacts of vehicle-related emissions
through enhanced dispersion and filtering through deposition of certain pollutants (Beckett et al.,
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2000; Bussotti et al., 1995; Fuller et al., 2009; Heath et al., 1999; Heichel and Hankin, 1976;
Munch, 1993; Ning et al., 2010; Raupach et al., 2001).
A field study in Guildford (Surrey, UK) showed that presence of a 2.2 wide vegetation results
in a 37% reduction of particles within 5 560
size range under cross-road wind conditions
(Al-Dabbous and Kumar, 2014). Another field study conducted next to interstate I-440 in
Raleigh, North Carolina (Baldauf et al., 2008) investigated the impact of vegetative barriers on
roadside PM and found that concentrations of smaller diameter particles were decreased slightly
more than concentrations of larger particles (Figure 10). Concentrations of both 20 nm and 75
nm particles were decreased only slightly by the barrier by itself. Concentrations were decreased
much more significantly for the section of barrier that had mature vegetation (trees taller than
10m with leaves) next to it. In contrast, in field studies conducted at three locations in North
Carolina, Hagler et al. (2012) found that the impact of vegetation barriers is small compared to
solid barriers. In some cases, they found that UFP concentrations behind the vegetation barrier
were higher than those in the open area. Furthermore, on-road UFP concentrations behind the
barrier were not always higher than those in the open area. Another field study in Detroit,
Michigan showed that presence of vegetation results in 12% reduction in concentration of Black
Carbon (BC); however, it does not change the particle counts in the fine and coarse particle size
range (0.5 10
aerodynamic diameter; Brantley et al., 2014). Concentrations of PM2.5
were also measured by Tong et al. (2015) in Queens, New York City and higher concentrations
downwind of trees were measured due to decreased Turbulent Kinetic Energy (TKE) behind
trees. However, they claimed that deposition obscures the dominant effect of aerodynamics on
local concentration.
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Figure 10. Mobile monitoring measurements of (a) 20 nm and (b) 75 nm size particles
using the DMA–CPC units at varying distances from the road for open terrain, behind
a noise barrier only, and behind a noise barrier with vegetation. Bars represent 95%
confidence intervals for each distance (Baldauf et al. 2008).

1.4 Models for the Impact of Vegetative Barriers
Most modeling studies conducted to date indicate that vegetative barriers have a positive
mitigation impact on near road air quality. In a modeling analysis of measurements, Bowker et
al. (2007) found the combination of sound barriers and tall trees led to enhanced mixing and
pollutant dispersion leading to lower downwind pollutant concentrations. Steffens et al. (2012)
incorporated particle aerodynamics and deposition mechanisms into their Comprehensive
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Turbulent Aerosol Dynamics and Gas Chemistry (CTAG) model and examined the effects of
vegetation on near-road air quality by comparing the results with measurements made in Chapel
Hill, North Carolina by Hagler et al. (2012). They concluded that vegetation barriers affect the
flow field and concentrations in three ways: 1) they increase vertical mixing by lofting some of
the particles, 2) they lower wind speed and turbulence levels behind the vegetation barrier, and
3) they remove some particles by dry deposition. Tong et al. (2016) developed a model by
incorporating Large Eddy Simulation (LES) into the CTAG model and evaluated the model
performance against the dataset developed by Hagler et al. (2012). Then, they compared
common vegetation barrier configurations near roadways to find the most effective
configurations to guide urban planners. They concluded that a wide vegetation barrier with high
Leaf Area Density (LAD) to increase deposition, and vegetation-solid barrier combinations work
best as mitigation strategies.

1.5 Summary and Objectives for Current Study
The observations on the impact of a vegetative barrier on near-road pollutant concentrations can
be summarized by modeling it as a porous solid barrier. Then, part of the incoming flow goes
through the barrier, and the remaining is lofted over the barrier. The part of the plume that is
embedded in the lofted flow undergoes enhanced dispersion and thus is expected to have a lower
concentration than in the absence of the barrier. The flow that goes through the barrier has
turbulence levels (Steffens et al., 2012; Tong et al., 2015) that are smaller than those in the
absence of the barrier because the porous vegetation reduces eddy sizes and thus increases
turbulent dissipation close to the barrier. The turbulent levels recover to their upstream values at
some distance from the barrier through entrainment of turbulent kinetic energy from the region
above the barrier. This suggests that close to the barrier, the embedded plume undergoes less
dispersion and thus results in concentrations that might be larger than those in open terrain.
These features suggest that vegetation barriers could be less effective than solid barriers in
reducing concentrations. However, vegetation can compensate for this by reducing the
concentration of particles and gases in the air passing through the vegetation by deposition and
impaction (Raupach et al., 2001). The entrapment of particles by windbreaks show that this
removal is a function of the optical porosity of the vegetative barrier, leaf area index, the mass
transfer coefficient, and the ‘bleed’ velocity through the barrier. Results from Steffens et al.
(2012) suggest that the filtration effect of vegetation is small compared to the vertical mixing
effect induced by solid barriers. Filtration can be increased by increasing the thickness of the
vegetation barrier (Steffens et al., 2012). However, beyond a certain thickness there is no flow
through the vegetation, which then effectively becomes a solid barrier.
The goal of this project is to provide information that can be utilized by the Air Resources Board
(ARB) to provide state and local planners and decision makers with additional tools and
information to inform their consideration of potential mitigation options for near roadway air
pollution. Specific research objectives are to obtain field measurement data in California to
evaluate the impacts of sound walls alone, and sound walls in combination with vegetation, on
levels of traffic-related pollutants. The scientific objective of the study reported here is to reduce
some of the uncertainty associated with our understanding of the impact of roadside vegetative
barriers on dispersion of emissions from vehicles. We focus on the combination of solid and
vegetative barriers, which is the most common configuration used along highways in California.
The vegetation usually consisted of tall trees of varying density planted behind or in front a noise
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barrier. The major questions that we seek to answer are: 1) Does the vegetative barrier increase
or decrease the effectiveness of the solid barrier, 2) What is the magnitude of this effect, and how
does it vary with the geometry of the barrier and atmospheric conditions.
The second objective is to develop a comprehensive data base that can be used for modeling
studies in the future. Target pollutants include fine particulate matter (PM2.5), ultrafine
particles, black carbon, oxides of nitrogen, carbon dioxide, and carbon dioxide, together with the
variables that govern the impact of sound wall-vegetation combination barriers on near-road
pollutant concentrations. These include the geometry of the sound wall and roadway,
micrometeorology in the vicinity of the road, and traffic-activity patterns including traffic
volume and speed, and fleet mix. The role of vegetation in deposition, dispersion and filtration
of pollutants will be characterized using species and physical characteristics including optical
porosity. We will capture the full range of micrometeorological variables that govern dispersion
by making measurements at several sites during different times of the day in winter and in
summer, as well as tower meteorological measurements.
The objectives of the project were achieved through analysis of data collected in four field
studies conducted in Encino, Riverside, Sacramento and Santa Monica during two seasons.
Stationary measurements were collected 24 hours per day at Encino and Santa Monica and for
more focused times during the day at Riverside and Sacramento. Mobile measurements were
focused on daytime conditions in Encino and Sacramento and on the calm early mornings in
Santa Monica. Some of the data collected at two sites in Riverside and Sacramento were
interpreted using dispersion models.

2. Methods
2.1 Descriptions of Sampling Sites
A series of field sampling campaigns were carried out to collect near-freeway concentration data
for UFPs (≤ 100 nm), PM2.5 (≤ 2.5 μm), and Black Carbon (BC) at Santa Monica, Encino and
Sacramento. The three selected sampling sites included a site of I-10 freeway in Santa Monica,
CA (figure 11); a site of I-101 freeway in Encino, CA (figure 12); and, a site of CA-99 freeway
in Sacramento, CA (figure 13). Figure 11-13 present the aerial image of each sampling site. In
each figure, four circles identify the continuous sampling sites. Different line schemes of the
circles identify different combinations of soundwall and vegetation for each sampling location.
For example, dashed green circles in Figure 11are continuous stationary sampling sites next to
vegetation barrier along the shown study site of I-10. Similarly, the circles double-lined with
solid black and dashed green represent the sampling locations with both soundwall and
vegetation as shown in Figure 11. Finally, the target wind direction is indicated by the gray
arrow.
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Figure 11. An aerial image of the sampling site near I-10 freeway in Santa Monica, CA.
Each sampling locations are marked in circles of different schemes: solid black line and
dashed green line indicate the presence of soundwall and vegetation, respectively. The
gray arrow shows the wind direction desirable at this sampling site.
As seen in Figure 11, the study site in Santa Monica has vegetation on the north and south sides
of the I-10 freeway; the west half of this study site has soundwall barrier along with dense
vegetation. The inserted images in Figure 11 depict vegetation with and without a soundwall
barrier at each continuous stationary sampling location. At this study site, each sampling
location was approximately 10-20 m from the edge of the I-10 freeway. Relative to the ground
level, the I-10 freeway was elevated by 5-6 m and 4-5 m in the study site with vegetation only
and the other study site with combination barrier, respectively. The height of vegetation ranged
from 4 m to 9 m while the height of soundwall remained consistent at ~ 4 m. Continuous
stationary measurements were conducted concurrently at the four sampling locations (as
indicated in Figure 11) from February 16, 2016 to March 9, 2016.
The sampling campaign in Encino was carried out at a study site near the I-101 from March 23,
2016 to April 8, 2016. Figure 12 is an aerial image of the study site in Encino and circular marks
identify the four sampling locations for this study site. Similar to the I-10 study site in Santa
Monica, the area near the I-101 in Encino had vegetation along the freeway with and without a
soundwall barrier. The elevation of I-101 freeway was either depressed by 1 m approximately or
even (~ 0 m) relative to the ground level of each sampling location. The distribution of
vegetation (i.e., trees) was relatively uniform. While the height of vegetation was variable (6-22
37

m), the height of soundwall was consistent at ~ 4 m along the I-101 freeway at this study site.
Continuous stationary data collections were conducted at ~ 15 m away from the edge of the
freeway I-101.

Figure 12. An aerial image of the sampling site near I-101 freeway in Encino, CA. Each
sampling locations are marked in circles of different schemes: solid black line and
dashed green line indicate the presence of soundwall and vegetation, respectively. The
gray arrow shows the wind direction desirable at this sampling site.
The third sampling site was located in northern California, near the CA-99 in Sacramento (See
Figure 13). Continuous stationary data collection were conducted at this sampling site from June
17, 2016 to Jul 1, 2016. This study site had soundwall barrier of a consistent height (5 m) along
the CA-99 freeway with and without vegetation. The height of the vegetation was relatively
consistent (i.e., 16-17 m). Similar to the I-101 study site in Encino, the elevation of the CA-99
freeway was depressed slightly (by 0 – 1 m) relative to the ground level of continuous stationary
sampling locations next to the freeway. All sampling instruments were located approximately
10-15 m away from the edge of the CA-99 freeway. Table 2 summarizes detailed information
about the three study sites near the I-10 in Santa Monica, the I-101 in Encino, and the CA-99 in
Sacramento.
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Sacramento, CA

•

Figure 13. An aerial image of the sampling site near CA-99 freeway in Sacramento, CA.
Each sampling locations are marked in circles of different schemes: solid black line and
dashed green line indicate the presence of soundwall and vegetation, respectively. The
gray arrow shows the wind direction desirable at this sampling site.
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Table 2. A summary of three study sites near the I-10 freeway in Santa Monica, the I-101 freeway in Encino, and the CA-99
freeway in Sacramento.
Riverside
Study Site

I-10
Santa
Monica,
(34°01'40"N 118°27'05"W)

CA

Experimental Configuration

Vegetation
Only
(VO)

Nearby Intersection

Pearl St.
Granville
Ave.

Freeway Elevation

Elevated by 56m

Elevated by 4-5
m

Vegetation Height

5-8 m

Soundwall Height
Sampling Distance to Freeway for
continuous particle measurements

I-101
Encino,
(34°10'9"N 118°31'46"W)

CA

CA-99
Sacramento,
(38°32'28"N 121°28'23"W)

CA

Vegetation with
Soundwall
(VW)

Vegetation
Only
(VO)

Vegetation
with
Soundwall
(VW)

Soundwall Only
(WO)

Vegetation
with
Soundwall
(VW)

Urban Ave. &
Dorchester Ave.

Killion St.
&
New
Castle
Ave.

Killion St. &
Encino Ave.

32nd St. & 19th
Ave.

32nd St. & 9th
Ave.

0m

0m

(Depressed by 1
m)

(Depressed by
1 m)

0m

Elevated by 1
m

0m

4-9 m

6-11 m

13-22 m

None

16-17 m

None

None

4m

None

4m

5m

5m

5m

15 m

15 m

15 m

15 m

10 m

10 m

&

February 16 – March 9, 2016

March 23 – April 8, 2016

(Continuous 24-h sampling)

(Continuous 24-h sampling)

(Variable time of a day; sampling
conducted when the wind direction
was 270 ± 45°.)

5 days between March 25April 7,2016

7 days between June 20June 30,2016

Stationary Sampling Period

5 days between October 19,205
5 days between
February 22- March 9,2016

*Detailed times are shown in Table .
40

Soundwall only
UCR parking lots 5,
6, 30.

5-150 m
June 17 – July 1, 2016

Mobile Sampling Period*

(34°58'15"N
117°19'45"W)

July 2014 – March
2015
(Variable time of
the day)

None

2.2 Traffic flow and Overview of Wind Data
Table 2 summarizes the wind data and the traffic flow with truck flow (% in parenthesis)
observed during sampling campaigns at each study site. Traffic flow data near the sampling sites
were reported from two nearby traffic sensors of the CalTrans Performance Measurement
System (PeMS) (CalTrans 2016). The traffic flow data used in this study were obtained from the
PeMS traffic sensors reporting 99% or greater observations in both directions (e.g., north- and
southbound), except for the westbound traffic sensor (PeMS ID: 717513) of the I-101 freeway in
Encino. This traffic sensor reported 80%. All traffic sensors were located within the study area
of freeway or at least within 2-km distance to a sampling location. When there were onramps/off-ramps present between the selected main line sensor and the measurement transect,
either measured traffic flow rates from on-ramp/off-ramp sensors or historical traffic data was
used to calculate the best estimate of the traffic flow at each transect. All traffic data had 5 min
time resolution.
Meteorological variables were measured with Campbell Scientific CSAT3 3-D (three
dimensional) sonic anemometers. It can measure horizontal wind velocity at 1 mm/s and vertical
wind velocity at 0.5 mm/s resolution. It also records temperature with resolution of 0.025°C.
Campbell Scientific CR1000, CR3000, and CR5000 data loggers were used to record the data at
1HZ frequency. Sonic anemometers were powered by deep cycle marine batteries. Wind data
(i.e., intensity and direction) were collected using 3-D ultrasonic anemometers during sampling
near the I-10 in Santa Monica and the CA-99 in Sacramento. For the data collection at the I-101
study site in Encino, the wind data were obtained from a 2-D ultrasonic anemometer located at
the weather station (ID: KVNY) at Van Nuys Airport located at 5 km NW of the study site. This
weather station is in part of the Automated Surface Observing Systems (ASOS). Table 2
provides a summary of traffic flow and wind conditions during the three sampling campaigns in
Santa Monica, Encino, and Sacramento. Here we analyzed the data collected only under a
specific range of wind directions at each site. The data provided in Table 2 are the arithmetic
averages of the 1-min data collected under the desirable wind conditions. For analyses presented
here, data were divided into approximately perpendicular (within ± 45 ° of the perpendicular to
the freeway center-line, and in a direction such that the specified side was downwind) and
approximately parallel (within ± 45 ° of the parallel to the freeway center-line) based on wind
direction.
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Table 2. A summary of traffic flow and wind speed data from three sampling sites. The
data are given in arithmetic averages and one standard deviations from all data
collected under the specific wind direction as noted. This data corresponds to
continuous stationary data collected at continuous stationary sampling sites.

Study Sites

Desirable
Wind Direction
Traffic
(Truck
in %)

I-101 Encino,
CA
I-10
Santa
Monica,
CA
PeMS
ID:
PeMS ID: 737249 (EB) & 763490 (WB)
717511 (EB) &
717513 (WB)

CA-99
Sacramento, CA
PeMS
ID:
312562 (NB) &
318858 (SB)

Northerly Wind Southerly
(309 ± 45°)
(150 ± 45°)

Westerly Wind
(270 ± 45°)

Wind Northerly
Wind (0 ± 45°)

Flow 400 ± 289 veh./5- 638 ± 258 veh./5- 1221 ± 195 752 ± 71 veh./5veh./5-min
min
min
Flow min
(8 ± 3%)
(5 ± 2%)
(1 ± 1%)
(1 ± 1%)

Wind Speed

0.88 ± 1.59 m/s

0.79 ± 1.55 m/s

Wind Direction

Northerly Wind Southerly
(202 ± 157°)
(150 ± 27°)

Wind

1.10 ± 0.75 m/s

1.57 ± 0.50 m/s

Northerly
Westerly Wind
Wind (15.10 ±
(276.68 ± 22.96°)
21.35°)

Figure 14 shows the diurnal change of traffic flow and wind speed under the given range of wind
direction near I-10 in Santa Monica. The traffic flow on the I-10 freeway reached up to ~ 1100
vehicles per 5 minute (veh./5-min) during the morning rush hours and remained high until the
afternoon rush hours; whereas, the minimum traffic volume was as low as ~ 30 veh./5-min
overnight. For the studied site of the I-10 freeway, traffic flow had relatively low heavy-duty
truck flow that was ~ 1% of the total daily average. At this site, northerly or southerly wind
conditions provided upwind and downwind conditions that comply with the given experimental
design for this study site. There was relatively low wind speed of 0.88 (±1.59) m/s and 0.79
(±1.55) m/s under northerly (345 ± 45°, in Figure 14a) and southerly (165 ± 45°, Figure 14b)
wind conditions, respectively.
Figure 15 shows the diurnal changes of traffic flow and wind speed under the wind direction, as
specified, at the study site near the I-101 in Encino. The study site in Encino had traffic flow
reaching up to ~1300 veh/5-min that is slightly higher than the study site near the I-10 in Santa
Monica. The I-101 study site in Encino had a desirable range of wind direction at 0 ± 45 ° (i.e.,
northerly wind) as the I-101 freeway was running west to east. In Sacramento, the CA-99 was
running from north to south; thus, the desirable wind direction became westerly wind direction
(270 ± 45 °). Figure 15 provides the diurnal changes of wind speed under the given range of
wind direction that this study aimed to conduct data collection. The average wind speed was
1.00 (± 0.65) m/s near the I-101 site in Encino and 1.57 (± 0.50) m/s near the CA-99 in
Sacramento. Note that the wind speed data collected in Encino and Sacramento were higher than
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that from Santa Monica. The study site in Sacramento also had slightly (~ 200 veh./5-min) lower
traffic flow at the peak traffic hours than the I-10 in Santa Monica.
1-10 (Santa Monica, CA}
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Figure 14. A time-series of diurnal traffic flow (veh./5-min, dark gray) and wind speed
(m/s, light gray) under (a) Northerly Wind (WD ≥ 300 ° or WD < 30 °) and (b)
Southerly Wind (120 ≤ WD < 210 °) conditions at the I-10 sampling site in Santa
Monica, CA.
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2.2.1 Detailed Traffic Analysis
Traffic flow rate data was retrieved from the Caltrans Performance Measurement (PeMS
system). For each site, for each traffic flow direction, the closest main line sensor on the freeway
for each measurement transect was used, if the senor had >99% observation rate (except for one
sensor at the Encino site with an 80% observation rate and one sensor at the Sacramento site with
75% observation rate). All main line traffic sensors were within 2 km from the sites. When
there were on-ramps/off-ramps present between the selected main line sensor and the
measurement transect, either measured traffic flow rates from on-ramp/off-ramp sensors or
historical traffic data was used to calculate the best estimate of the traffic flow at each transect.
All traffic data had 5 min time resolution.
Santa Monica site: At the Santa Monica site, in the fall session, the west-bound (WB) and eastbound (EB) traffic flows at the two transects were calculated using the main line and onramp/off-ramp sensor noted below (Figure 16). The yellow stars indicate the stationary
measurement/ mobile measurement transect locations. These sites are Granville (left) and
Dorchester (right). In the equations below, Granville WB/EB and Dorchester WB/EB represent
traffic flow on the freeway calculated at each site using the observed traffic counts from the
mainline sensors (Centinela, Pico and Cloverfield) and on/off ramps.
Granville WB= Pico (+ correction) + 2 × off-ramp Bundy (sample data)
Granville EB= Centinela + on-ramp Centinela + on-ramp Bundy (sample data)
Dorchester WB= 20th + off-ramp Cloverfield (sample data)
Dorchester EB= Cloverfield + on-ramp Cloverfield

Centinela (WB)

Pico (EB)

20th (WB)

Bundy
Centinela (EB)

Cloverfield

Figure 16. The location of PeMS sensors used in the traffic flow calculations at the Santa
Monica site. The yellow stars note the location of the measurement transects. The
green circles show the main line sensors used in the calculation. Green arrows show the
ramps with data available and red arrows show the ramps with no data available.
The main line sensors at Dorchester had poor correlation with other mainline sensors adjacent to
them. Hence data from Dorchester main line sensors was not used in the traffic flow
calculations. Although WB Centennial sensor was closer to the Dorchester transect, data was not
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available for fall session. Hence the WB 20th sensor was used together with a correction for
Cloverfield off-ramp to estimate the WB flow at Dorchester. The closest WB sensor for the
Granville transect was the Pico sensor. The WB sensors at Centinela and Pico showed
discrepancies. Information was not available to assess the accuracy of each sensor. Therefore, a
correction for the WB Pico sensor was calculated as follows. First the mean flow value of the
Centinela and Pico sensors was the calculated from a sample data set out side measurement
period. Then the flow difference between Pico sensor and the calculated mean was averaged
over 5 weekdays to obtain the correction. There are two off-ramps to Bundy Dr. in between the
Pico sensor and Granville transect. WB Bundy off-ramp data was not available for the
measurement period. A sample data set available outside of the measurement days, were
averaged over 5 weekdays to obtain the values used in the above calculations. Furthermore, we
assumed that both WB Bundy off-ramps have had equal traffic flow.
At the Santa Monica site, in the winter session, the traffic flow at the two transects were
calculated using the following sensors (Figure 16):
Granville WB=mean (Centinela and Pico) + 2 × off-ramp Bundy (sample data)
Granville EB= Cloverfield + on-ramp Cloverfield - off-ramp Cloverfield + on-ramp
Centinela (sample data) + on-ramp Bundy (sample data)
Dorchester WB=mean (Centinela and Pico) + on-ramp Centinela
Dorchester EB= Cloverfield + on-ramp Cloverfield
The WB sensors at Centinela and Pico showed discrepancies. Since information was not
available to assess the accuracy of each sensor, the mean flow value of these two sensors was
used in the calculations. For Bundy and Centinela ramps, sample data sets available outside of
the measurement days were averaged over 5 weekdays to obtain the sample data values used in
the above calculations.
Figure 17 shows the 30 min mean of the traffic flow in both directions at each measurement
transect, together with the standard deviation of the mean, at the Santa Monica site. The day-today variation is in the traffic flows was very small. Averaged over the measurement period and
all measurement days, the freeway traffic flow near Granville Ave. was 2.5 % higher than the
freeway traffic flow near Dorchester Ave. in the fall session and 4.9 % higher than the freeway
traffic flow near Dorchester Ave. in the winter session.
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(a

(b)
Dorchester Ave.
Granville Ave.

Figure 17. The diurnal traffic flow variation on I 10 at Santa Monica site, during (a) fall
and (b) winter measurement sessions. The 30 min mean of the traffic flow in both
directions at each measurement transect (color symbols) and the standard deviation of
the mean. Different symbols indicate different measurement days.
Encino site: At the Encino sites, sensors were not available for several on and off ramps in
between the sites. Hence, we use a single traffic flow value for both transects at this site. The
west-bound (WB) and east-bound (EB) traffic flows at the two transects were calculated using
the main line sensors noted below (Figure 18).
Encino/ Zelzah WB= Reseda
Encino/ Zelzah EB= Burbank + on-ramp Burbank

Reseda (WB)

Burbank (EB)

Figure 18. A schematic showing locations of PeMS sensors used in the traffic flow
calculations at the Encino site. The yellow starts note the location of the measurement
transects. The green circles show the main line sensors used in the calculation. Green
arrows show the ramps with data available and red arrows show the ramps with no
data available.
Figure 19 shows the 30 min mean of the traffic flow in both directions, together with the
standard deviation of the mean, at the Encino site. The day time traffic flow at Encino shows
larger day-to-day variation compared to the early-morning traffic flow at Santa Monica.
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Figure 19. The diurnal traffic flow variation on I 101 at Encino site. The 30 min mean of
the traffic flow in both directions and the standard deviation of the mean. Different
symbols indicate different measurement days.
Sacramento site: At the Sacramento site, the north-bound (NB) and south-bound (SB) traffic
flows at the two transects were calculated using the main line and on-ramp/off-ramp sensor noted
below (Figure 20).
19th NB = 21st ave (NB)
19th SB= 21st ave (SB)
9th NB= 12st ave (NB) + on-ramp 12th
9th SB= 12st ave (SB)+ off-ramp 12th

12

st

21st

Figure 20. A schematic showing locations of PeMS sensors used in the traffic flow
calculations at the Sacramento site. The yellow starts note the location of the
measurement transects. The green/yellow circles show the main line sensors used in the
calculation. Green arrows show the ramps with data available.
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Figure 21 shows the 30 min mean of the traffic flow in both directions at each measurement
transect, together with the standard deviation of the mean, at the Sacramento site. The daytime
traffic flow shows large day-to-day variation, similar to the Encino site. Averaged over the
measurement period and all measurement days, the freeway traffic flow near 19th Ave. was 4 %
higher than the freeway traffic flow near 9th Ave.
(a)

(b)

Figure 21. The diurnal traffic flow variation on SR 99 at Sacramento site. (a) The 30 min
mean of the traffic flow in both directions at each measurement transect (color
symbols) and the standard deviation of the mean. Different symbols indicate different
measurement days. (b) The 30 min mean of the traffic flow in both directions, averaged
of all measurement days, and the standard deviation of the mean.

2.2.2 Encino Meterological Measurements
A 3D sonic anemometer was installed north of the I-101 freeway to characterize the dominant
winds in preparation for the Encino campaign. It was installed on the roof of a residence at a
height of 5 m, and was operated from February 17th 2016 to March 9th 2016.
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Figure 22- Location of installed sonic anemometer and Van Nuys meteorological station
during Encino field study
Unfortunately, the data logger connected to the sonic anemometer failed during the period of the
Encino field study, March 15th to April 15th. It became necessary to construct a data set from
other sources that could be used to interpret the concentrations measured during the field study.
The first step in doing so was to establish similarity between the wind information from the
alternate source and the sonic measurements made at the Encino site when the data logger was
working.
Discussions among the project team lead to the selection of the following data set as the alternate
source: 1-min averaged meteorological data (Automated Surface Observing System, ASOS)
reported by National Oceanic and Atmospheric Administration (NOAA) from the Van Nuys
weather. The interpretation of the concentration measurements from the mobile platform relied
on wind direction, which was used to determine the time during which measurements were made
downwind of the freeway. We focused on this variable by comparing the wind directions
measured by the sonic anemometer with those measured by ASOS for several days. The
comparisons of time series from the two datasets from Feb. 17th 2016 – Feb. 28th 2016 are
shown in Figure 23. This figure provides a visual representation of the good agreement between
the wind directions from the two sources.
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Figure 23- Time series of wind direction data from Feb. 17th 2016– Feb. 28th 2016 collected
by the sonic anemometer ( ) and by ASOS ( ).
We also established similarity between the wind directions from the two sources by comparing
histograms of the wind directions binned in 90° intervals around northerly, easterly, westerly,
and southerly directions. The 1 minute averaged winds used to construct the histograms covered
the interval, 9 am – 3 pm, corresponding to the sampling period of the mobile platform. The
histograms, shown in Figure 24, indicate that the sonic anemometer wind direction is northerly
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36% of the time, which is close to 32%, the frequency of northerly wind directions from the
ASOS data.
a)

Figure 24. Frequencies in each wind direction based on a) sonic anemometer and b) ASOS
data.
The wind roses from the two sites are also similar as seen in Figure 25.
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Figure 25. a) Wind rose for the data collected by Van Nuys sonic anemometer from
February 17th to February 29th. b) Wind rose for the data collected by Van Nuys
meteorological station from February 17th to February 29th 2016.
In order to estimate the reliability of using the ASOS data to determine whether the mobile
platform was downwind of I-101, we determined the conditional probability that the sonic
anemometer wind direction was northerly given that the ASOS wind direction was northerly. An
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analysis of the 1-min averaged data for the 9 am-3 pm sampling period yielded 80% value for
this probability.
We processed the ASOS data using an approach similar to that used in AERMOD (Cimorelli et
al., 2005) to estimate the wind speed at 5 m, and the corresponding micrometeorological
variables, such the friction velocity, Monin-Obukhov length, and the standard deviation of the
vertical velocity fluctuations, .

2.2.3 Santa Monica Meteorological Measurements
We installed three sonic anemometers for the Santa Monica campaign conducted in the vicinity
of the I-10 freeway. The first anemometer was installed 30 m north of the freeway at a height of
6.5 m, the second anemometer 30 m south of the freeway at a height of 5 m, and the third
anemometer 300 m south of the freeway (also at a height 5 m) (Figure 26). The anemometers
close to the freeway were surrounded by trees, walls, and buildings while the anemometer at 300
m from the freeway had a relatively unobstructed upwind fetch. We used the data from these
anemometers in our analysis. Figure 27 shows the wind rose from the data collected during
October 2015.
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Figure 26. Location of sonic anemometers in Santa Monica study
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Table 3. Overview of measurement in Santa Monica
Location
anemometer

of

sonic

Measurement Dates

300m south of the freeway

5/11/2015-6/4/2015,
9/25/2015-10/25/2015,
9/4/2015, 2/17/2016-2/23/2016

30m south of the freeway

5/11/2015-6/4/2015, 9/25/2015-10/16/2015

30m north of the freeway

5/11/2015-6/4/2015, 9/25/2015-10/16/2015

8/4/2015-

Figure 27. Wind rose for the data collected at Santa Monica during October 2015

55

2.2.4 Sacramento Meteorological Measurements
The wind rose (Figure 30) derived from winds measured at the Sacramento Executive Airport
shows that the dominant wind direction during the daytime is from the southwest. During the
night, the winds are light from the north.
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Figure 28. Instrument locations in Sacramento site.
The field study was conducted at two barrier sites (Figure 28). The first site has one 5 m barrier
extending over 500 m on the east side of the highway. The other site has a barrier of the same
height with tall trees planted behind. The vegetation is a row of pine trees planted next to the
barrier extending over 200 m along the highway. The height of the trees is 15-18 meters. The
freeway is at the same level behind the barriers at both sites.
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a)

b)

Figure 29. a) view of wall vegetation barrier.
anemometer behind it.

b) view of barrier and downwind

At both locations, the areas downwind of the barriers are residential with one story houses.
There are also streets behind the barriers at both locations, which made it possible to make
measurements within 10 m from the barriers.
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Figure 30. Wind rose from Sacramento Executive Airport meteorological station during
June 2016.
In Sacramento, another set of anemometers were located at west side of the freeway at a local
resident house next to the CA-99 to measure temperature and wind velocities. One of the
anemometers was used as a backup unit. Since the wind was blowing from the southwest most
of the time, measurements at this location were considered background. Both anemometers were
installed on a pole at 5 m above ground level (AGL).
A total of four sonic anemometers were installed during the study. Two sonic anemometers were
located at west side of the freeway at a local resident house next to the highway 99 to measure
temperature and wind velocities. One of the anemometers was used as a backup unit. Since the
wind was blowing from the southwest most of the time, measurements at this location are
considered as background. The anemometers were installed on a pole at 5 m above ground level
(AGL).
Another sonic anemometer was installed at each of the downwind sampling locations to measure
the effects of the solid and the solid-vegetation barriers on wind characteristics and turbulence
levels. The sonic anemometers were installed on poles at 2.5 m high above the ground and at 4
m behind downwind of the barrier.
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Sacramento-based measurements were conducted on 21st, 22nd, 25th, 26th, 27th, 28th, and 30th of
June 2016. The selected measurement period was 12:00–18:00 hours, during which time the
wind blew primarily from the southwest. Since the highway is north-south, the wind that is
perpendicular to the road is westerly. To avoid the effects of the interference between the two
sections of the highway on downwind concentrations, we focused on data from June 25th, 26th,
and 27th, when the wind was westerly most of the time.
Table 4 shows the time and date that each instrument was operational.
Table 4. Overview of the dates and time of measurement in Sacramento.
Day # Date

Downwind
Downwind
anemometers anemometers
start time
stop time

1

6/21/2016

---

---

2

6/22/2016

---

---

3

6/25/2016

11:30

17:30

4

6/26/2016

11:30

16:00

5

6/27/2016

12:45

17:00

6

6/28/2016

10:45

14:30

7

6/30/2016

---

---

2.2.5 Riverside Meteorological Measurements
This field study was conducted next to U.S. Interstate 215, CA-60, in Riverside, California. The
highway has a barrier section located on the University of California, Riverside campus (Figure
31). The freeway has average traffic flow rate of 200,000 vehicles/day. The meteorological data
collected from UC Riverside Meteorological Station, which is 1 km away from the barrier site,
indicates a dominant wind from west/southwest during the daytime as shown in Figure 32. Thus,
the wind blows close to perpendicular to the freeway during the daytime, which makes it
convenient to study barrier effects during daytime unstable conditions. During the night, the
wind blows from east, and the barrier is located upwind of the road.
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Figure 31. Map of the selected site in Riverside. Adapted from Google Earth.
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Figure 32. Wind rose from UC Riverside meteorological station and freeway direction at
barrier site during February 2015.
The barrier, which is 3 m away from the edge of the road, is 4.5 m high and 1 km long. There
are three lanes and one High Occupancy Vehicle (HOV) lane on the north bound side and four
lanes and one HOV lane on the south bound side of the freeway. There is an entrance to the
north bound lanes and an exit on the south bound side of the freeway. The lanes are 3.5 m wide
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and the median is 10 m across. The freeway is at the same level as the adjacent streets. There is
no major source of pollution within a 3.5 km radius of the barrier site except the freeway. The
heading of the freeway is 140°. Therefore, the wind direction perpendicular to the freeway is
230° true to north. Two parking lots are located behind the barrier, which provide convenient
locations for sampling.
The largest obstacles in the parking lots downwind of the barrier are widely scattered trees.
There are no other major obstacles within 170 m of the barrier. A 2-lane street, West Campus
Drive, runs parallel to the freeway between the parking lots. The street is mainly used to access
the parking lots and the traffic is mainly passenger cars travelling during the morning hours,
08:00-10:00, and in the evening, 16:00-18:00. Another parking lot extends for 300 m west of the
freeway. There is no major obstacle in this parking lot and trees are sparser and shorter than in
the eastside parking lots.
Two 3-D sonic anemometers were employed to measure upwind and downwind flow
characteristics. A sonic anemometer was attached to a light post on the upwind side of the
freeway (parking lot 30; assuming wind is WSW) at 4 m height above ground level (AGL) to
capture upwind flow characteristics. The UC Riverside Community Garden is located on the
west side of the anemometer, which ensured the absence of any major obstacles to upwind wind
flow. Another sonic anemometer was attached to a light post within the wake region behind the
barrier at 4 m AGL to record flow characteristics behind the barrier.
Information regarding traffic flow on each lane of the freeway was downloaded from the
CalTrans Performance Measurement System (www.pems.dot.ca.gov). The detectors record the
number of cars and trucks separately.
The wind direction during all the tests was within 45° of perpendicular to the freeway. The wind
direction perpendicular to the freeway is 230° true to north. The meteorological conditions used
to analyze the data correspond to the upwind 3-D sonic anemometer, which are shown in Table
6. The air quality data, micrometeorological data, and traffic data were averaged over 30-minute
periods for analysis.
Table 5. Meteorological conditions in Riverside study.
Test

Mean Monin- Mean Wind Mean Wind Mean Friction
# of data
Velocity
Direction (deg Speed
Obukhov
Cloud Cover
points
true N)
Length (m)
(
(

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
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Tests 1 through 4 were conducted in unstable conditions. Winds were moderate during test 1
and very light during tests 2, 3, and 4. No major variability in wind direction was observed
during the first 4 tests and the wind directions were almost always favorable with respect to the
freeway orientation. Skies were clear during the first 4 tests.
The surface boundary layer was unstable even during tests 2, 3, 4, which were conducted in the
late evening and night when the sun had set. Tests 5 and 6 were conducted in near neutral
conditions. Winds were moderate and the wind direction was steady. Wind directions were
almost always favorable during these two tests. Skies were mostly cloudy in test 5 and partly
cloudy in test 6.
The meteorological data measured by the UCR meteorological station (Figure 32) were
consistent with the on-site sonic anemometer data, which indicated that the upwind anemometer
was not affected by local obstacles.

2.3 Continuous Stationary Measurements
2.3.1 Particle size distributions, PM2.5 and black carbon
Several concurrent measurements were conducted at 3-4 private residences located at each study
site. Four sets of Scanning Mobility Particle Spectrometers (SMPSs) were deployed to measure
the total number particle concentrations and particle size distributions in the size range of 10-289
nm. All four sets of SMPSs had the same model Electrical Classifier (EC, model 3080, TSI Inc.,
Shoreview, MN) with the same model Differential Mobility Analyzer (DMA, model 3081, TSI
Inc., Shoreview, MN). For four sets of SMPSs, during the sampling campaigns in Santa Monica
and Encino, TSI Condensation Particle Counter (CPC) models 3022 and 3788 were deployed to
the upwind locations (i.e., upwind locations with combination barrier and vegetation only,
respectively) and TSI CPC models 3785 and 3786 were deployed to the downwind locations
(i.e., downwind locations with combination barrier and vegetation only, respectively). During
the sampling campaign in Sacramento, two units of the same model CPC (TSI model 3022) were
deployed to two upwind locations. At two downwind locations, the CPC models 3785 and 3788
were deployed and periodically exchanged between two downwind sampling locations that have
soundwall barrier and combination barrier. Data corrections were made with correlation data
acquired from linear regressions of instrument collocation data collected before and after each
sampling campaign. The applied scanning and retrace times were 100 and 20 s, respectively.
In addition, three DustTraks were used to concurrently measure PM2.5 mass concentrations at one
upwind location (model 8532, TSI Inc., Shoreview, MN) and two downwind locations (model
8520, TSI Inc., Shoreview, MN) that have different combinations of vegetation and soundwall
barriers near I-10 in Santa Monica and I-101 in Encino. Two DustTraks (model 8520, TSI Inc.,
Shoreview, MN) were deployed to measure the PM2.5 concentrations at two downwind locations
near CA-99 in Sacramento. Similarly, two Aethalometers (models AE-33 and AE-42, Magee
Scientific Co., Berkeley, CA) were deployed to measure BC mass concentrations downwind of
freeway. Linear regression of collocation data was conducted to correct any potential error that
can occur from the use of different models or among different units of the same model. In
addition, PM2.5 data were also corrected for the known discrepancy between optical
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measurements (i.e., DustTrak, TSI model 8520) and gravimetric measurements. During
collocation, the instruments were operated in a temperature-controlled environment (i.e., 1723 °C) that was within the temperature range (i.e., 10-35 °C) of instrument operation. All
instruments were calibrated prior to the deployment for the field sampling campaign, and data
logging intervals were set to 1 min.

2.3.1.1 Riverside Particle Measurements
Ultrafine particles (UFPs) were used as the tracer in this study for several reasons. First, because
they have adverse health effects (Pope III 2002), the levels of UFP concentrations next to a
major highway are of public interest. Second, their concentrations next to major highways are
well above background levels, and can be measured continuously with readily available
instruments. Gidhagen et al. (2005) and Zhang et al. (2004) show that at the 100 m scale being
considered here, deposition and coagulation play a minor role relative to turbulent dispersion in
reducing particle number concentrations. Thus, UFP can be treated as a passive tracer by using
particle number concentrations to characterize dispersion. One major problem with using UFP
as a tracer is that UFP emission factors from vehicles are highly uncertain (Kumar et al., 2011;
Morawska et al., 2008). Thus, it is necessary to treat the emission factor as an unknown whose
value is obtained by fitting model estimates to measurements. This process is discussed in more
detail in a later section.
Fifteen tests were conducted on different days and at different times of day from July 2014 to
May 2015 but due to the malfunction of instruments and unfavorable meteorological conditions,
only six tests were selected for analysis. Table 7 shows the dates and duration of measurements.
The total duration of the 6 tests is 27 hours.
Table 6. Overview of dates and duration of measurements in Riverside.
Test

UFP measurement dates

Time of Measurement

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

UFP number concentrations were measured using TSI Condensation Particle Counters (CPC),
Model 3022A. The cutoff size of these CPCs is 7 nm. The measured concentrations ranged
10 particles/cm3. The accuracy within this range of concentrations is 10%.
from 5 10
The measurements of CPC concentrations were stored on a custom-designed data logger.
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Several CPCs were used to measure background UFP concentrations and downwind UFP
concentrations at several downwind distances. A CPC was placed at the upwind side of the
freeway (assuming that the wind is blowing WSW) to measure background UFP number
concentrations. The rest of the CPCs were deployed behind the barrier (Figure 33). The
downwind CPCs were placed at least 250 m away from the barrier edge to avoid barrier edge
effects. CPC locations were changed from one test to another to avoid any systematic bias in
measurements.
The background concentrations were subtracted from the downwind
concentrations to estimate contributions from vehicles on the highway.

Figure 33. Approximate location of instruments in Riverside site.

2.3.2 Passive Measurements of NO and NO2
Twelve Ogawa passive NO/NOx samplers (Ogawa Inc., Pompano Beach, FL) were deployed
during each of three campaigns at Santa Monica, and at Sacramento and Encino. The samplers,
which are light and relatively inexpensive, were attached at heights of 2-3 m above ground level
to available structures at residents’ houses and on trees, lamp posts or street signs at the
beginning of each campaign, At the end of the campaign, they were recovered, sealed and sent to
RTI International (Research Triangle, NC). for analysis. Data were corrected for any difference
that can occur from relative humidity and temperature. NO2 concentration was determined from
subtraction of the time-averaged NO and NOx measurements (i.e., NO2 = NOx – NO).
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2.3.3 Difference‐in‐Differences Analysis
Spatial difference-in-differences (DID) analyses were conducted for the data collected at four
continuous stationary sampling locations at each sampling site. The DID analyses aimed to
determine the effectiveness of an additional road-side barrier (i.e., vegetation or soundwall).
First, the downwind-upwind differences (i.e., the downwind concentration subtracted by the
upwind concentration) were estimated from a pair of upwind and downwind datasets. Upwind
and downwind sampling locations typically share the same regional background level of air
pollution. Thus, the difference calculation eliminates the contribution of regional background to
the downwind measurements. Therefore, the estimated difference represents the impact of traffic
emissions from the freeway. Mann-Whitney U-test was conducted to determine the statistical
significance of the differences observed from the measurements. For comparison at each
sampling site, the paired data collection was conducted concurrently at both study sites with
different configurations of vegetation and soundwall barriers. For example, the downwindupwind difference found in the study site with vegetation only was noted as dVO, and the
difference found in the study site with vegetation and soundwall is noted as dVW. Similarly, the
difference found in the study site with soundwall only is noted as dWO.
Then, DID values were estimated from another subtraction between the differences estimated at
two study sites that have different vegetation-soundwall configurations. For I-10 in Santa
Monica and I-101 in Encino, while both study sites have vegetation along the freeway, one study
site has a soundwall barrier (i.e., dVW), but the other study site does not have a soundwall barrier
(i.e., dVO). Thus, DID is estimated as follows: DID = dVO – dVW. Therefore, the estimated
DID values indicate the effects of an additional soundwall barrier in the existing vegetation near
the I-101 in Encino. In comparison, the study site near the CA-99 in Sacramento has soundwall
barrier along the freeway with vegetation (i.e., dVW) and without vegetation (i.e., dWO).
Accordingly, DID is estimated as follows: DID = dWO – dVW which shows the effects of an
additional vegetation barrier on the existing soundwall barriers near the CA-99 study site in
Sacramento.
In summary, the DID analyses in this study aimed to determine the effectiveness of an additional
barrier (i.e., vegetation or soundwall) for reducing particulate air pollution near major freeways.

2.4 Mobile Measurements
2.4.1 Mobile Measurements Description
When available, mobile measurements were conducted using the ARB mobile monitoring
platform (MMP) fitted with suite of instruments that measure several particulate and gas
pollutants (Table ). When the MMP was not available, an electric vehicle (Toyota Prius plug-in
hybrid) equipped with a DiSCmini and a GPS unit was used to conduct mobile measurements.
Wind speed and direction was measured by three sonic anemometers as described above.
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Table 7. Monitoring instruments on the mobile monitoring platform.
Measurement Parameter

TSI Portable CPC, Model 3007

UFP count (0.01-1µm)

4s

Testo DiSCmini

UFP count (10-700 nm), mean size

2s

TSI FMPS, Model 3091

UFP size (5.6-560 nm)

9s

TSI OPS, Model 3330

3s

TSI DustTrak, Model 8520

Particle size (0.3-10 µm)
PM2.5 mass

EcoChem PAS 2000

Particle-bound PAH

10 s

Teledyne API Model 300E

CO

21 s

LI-COR, Model LI-820

CO2

7s

Teledyne-API Model 200E

NO, NO2, NOx

22 s

Magee Scientific Aethalometer

Black Carbon (BC)

25 s

Vaisala

Sonic

Anemometer

and

Temperature/RH sensor
Garmin GPSMAP 76CS and QStar travel

Surface winds, temperature, relative
humidity (RH)

(Inlet to record)

5s

-

Location and speed

-

Eurotherm Chessell Graphic DAQ Recorder

Data-logger

-

Sound level meter SD 4023, Reed Instruments

Sound level

-

recorder XT

a

Response timea

Instrument

Response time is an averaged value for smoke test results (Choi et al., 2013 (S3))

At each site, mobile measurements were performed on two transects, selected to be as close as
possible perpendicular to a heavily trafficked freeway. The MMP was driven 12-14 runs (a run
is one pass of the MMP along the full length of the sampling route) on the downwind side on
each transect and at least 3 runs on the upwind side. The downwind runs on each transect were
conducted in 3 sets of 4-5 runs. The sets of runs were completed alternating between the two
transects. After the completion of a set of runs at both downwind transects, an upwind run was
conducted at both upwind location. The upwind runs were semi-stationary. While completing
each upwind run, the MMP collected stationary measurements for 2-5 min at an upwind location
20-25 m from the edge of the freeway (Figure 34).
At the first site in Santa Monica, CA, the I-10 freeway had an east-west orientation. In the
mornings, the prevailing winds were northerly on most days and the soundwall of interest was on
the south side of the freeway. Downwind mobile measurements were conducted in the mornings
(05:00-07:30) on Dorchester Ave., where a combination (soundwall and vegetation) barrier was
present and on Granville Ave. where a vegetation-only barrier was present, on the morning
downwind, south side of the freeway (Figure 34). The length of a transect was approximately
840 m. Upwind measurements were conducted on Dorchester Ave. and Granville Ave., north
side of the freeway. Upwind semi-stationary locations are marked in Figure 34. Measurements
were done in two different seasons, in Fall 2015 and Winter 2016 (Table ).
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The second site in Encino, CA, the I-101 freeway had an east-west orientation. In the
afternoons, the winds were variable. Downwind mobile measurements were conducted in the
afternoons (Table ) on Encino Ave. where a combination (soundwall and vegetation) barrier was
present and on Zelzah Ave. where a vegetation barrier was present, on the south side of the
freeway. The length of a transect was approximately 740 m. Upwind measurements were
conducted on Encino Ave. and Zelzah Ave., north side of the freeway. Upwind semi-stationary
locations are marked in Figure 35. This site has different built environments, which might have
been an interesting contrast, or might have confounded interpretation. Unfortunately, the winds
were also not favorable (from the north side of the freeway) for much of the sampling time, this
campaign was less successful. We measured the wind at this site before making measurements
at this site, but due to an analysis error mistakenly believed winds would have been more
favorable than they were.
At the third site in Sacramento, CA, the CA-99 freeway had a north-south orientation. The
daytime prevailing winds were westerly/north-westerly on most days, and the barrier of interest
were on the east side of the freeway. Downwind mobile measurements were conducted in the
afternoons (Table ) on 19th Ave. where a combination (soundwall and vegetation) barrier was
present and on and 9th Ave. where a soundwall was present (Figure 36). The length of a transect
was approximately 540 m. Upwind measurements were conducted on 19th Ave. and 9th Ave., on
the east side of the freeway. Upwind semi-stationary locations are marked in Figure 36.

AM winds

250 m

Figure 34. The mobile sampling route at the I-10 site in Santa Monica, CA (blue lines).
The yellow dots denote the upwind semi-stationary measurement locations. The green
lines denote the location of the vegetation barriers and the red lines denote location of
the sound walls. Map source: Google Earth.
67

PM winds

250 m

Figure 35. The mobile sampling route at the I-101 site in Encino, CA (blue lines). The
yellow dots denote the upwind semi-stationary measurement locations. The green lines
denote the location of the vegetation barriers and the red line denotes location of the
sound wall. Map source: Google Earth.

PM winds

250 m

Figure 36. The mobile sampling route at the SR-99 site in Sacramento, CA (blue lines).
The yellow dots denote the upwind semi-stationary measurement locations. The green
lines denote the location of the vegetation barriers and the red lines denote location of
the sound wall. Map source: Google Earth.
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Table 8. Measurement periods and surface meteorology at the sites.
Date

Measurement
Period

Mean wind
speed (m/s)

Prevailing
Wind direction#

Perpendicular wind
percentage (%)^

Parallel wind
percentage (%)^

10/01/15
10/02/15
10/06/15
10/08/15
10/09/15

05:40-07:30
05:50-07:20
05:25-07:15
05:50-07:40
05:00-07:10

0.33
0.37
0.34
0.33
0.40

NE
E-ENE
NE-ENE
N-NE
N-NE

58.1
23.0
8.0
75.0
59.2

42.0
51.8
75.2
20.0
29.8

Santa
Monica
Winter
02/22/16
02/24/16
02/25/16
03/08/16
03/09/16

05:11-07:25
04:52-07:12
05:04-07:47
05:26-07:35
05:08-07:07

0.53
1.03
0.67
2.10
1.19

NE
NNE
NNE
NNW - NE
NE - N

49.5
74.4
70.2
100.0
48.8

44.2
25.6
29.8
0.0
38.7

Encino
03/25/16
03/26/16
03/31/16

11:12-12:36
10:47-12:23

SE
ESE
WNW

0.0
67.3
0.0

0.0
4.9
100

04/05/16
04/07/16

12:08-13:56
13:07-15:26
11:28-13:43

1.52
1.10
5.29
2.84
4.17

SSE
SSE

0.0
0.0

0.0
0.0

Sacramento
06/20/16
06/21/16
06/22/16
06/27/16
06/28/16
06/29/16
06/30/16

13:15-16:45
13:45-16:15
12:22-15:15
14:15-17:00
12:45-15:00
12:30-15:15
12:45-15:30

1.40
1.48
1.40
1.70
1.48
1.42
1.37

W
WNW-NW
SSW
WNW
W
SW
WNW

70.0
25.5
90.7
94.1
45.4
83.0
70.0

30.0
73.8
9.3
6.0
54.6
15.0
30.0

Santa Monica Fall

# prominent (>30% of the time) wind direction is noted first
^
Mean of percentage of time each transect was under downwind/parallel wind condition (see text for definition)
during full length of the measurement period

2.4.2 Data Analysis and Concentration Profiles
Deriving an accurate concentration profile from a series of concentration measurements collected
on different days and under slightly different conditions requires several steps to address several
inherent characteristics limitations of mobile on-road data. Without careful consideration, it is
easy to over- or underweight some points and/or runs, suffer from contamination by highemitting vehicles on the roadway where sampling is performed that obscure the target source
freeway, and other issues. Here we describe the approaches used to handle these limitations.
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Many of the approaches used here were carefully developed in Ranasinghe et al. (2016) and
Choi et al. (2013).
First, data sets from different instruments on the MMP were synchronized, accounting for the
different response times of instruments. A time-lag correlation method, described in detail in
Choi et al. (2012a), was used for the calculation of the instrument response times and data
synchronization. Then the contribution from high-emitting vehicles (HEV) encountered along
the sampling route was removed from the concentration time series. HEV data have a strong
stochastic element and a potential to obscure general trends in concentration variations. For this
analysis, we are interested in the decay trend of the freeway plume. HEV encounters along the
transect are not of interest and thus are removed. The method developed by Choi et al. (2013)
was modified to identify HEV-related spikes. This method uses an iterative statistical approach
to establish a site- and session-specific baseline threshold (BT) to determine events caused by
HEVs. For all sites, the BT was calculated for a 60 s smoothing time window. At proximity to
the freeway it is hard to distinguish the freeway plume and the local traffic emissions. Therefore,
in this study, the threshold value was gradually increased for distance bins closer to the freeway
and at very close to the freeway all data points were retained. This method successfully removed
the narrow HEV-related spikes from the concentration time series, while retaining the wide
freeway-related spikes.
Site specific distance bins were chosen based on the location of local roads and general traffic
volume on those roads during the measurement period. At all sites, at very close to the freeway
the local roads were very low trafficked, resulting in minimal effects from HEV related spikes.
At the Santa Monica, all data points at a distance less than 40 m from the edge of the freeway
were retained. For 40-150 m distance bin the threshold was 12×BT, for 150-300 m distance bin
the threshold was 9BT, for 300-450 m distance bin the threshold was 6BT and at all distances
larger than 450 m the threshold was 3BT. At the Sacramento site, all data points at a distance
less than 40 m from the edge of the freeway were retained. For 40-75 m distance bin the
threshold was 24BT, for 75-120 m distance bin the threshold was 12BT, for 120-160 m distance
bin the threshold was 6BT and at all distances larger than 160 m the threshold was 3BT. All
concentration values above the calculated threshold were replaced by the baseline concentration
values to obtain the HEV spike-removed concentration time series. At distances less than 40 m
from the edge of the freeway, any short-lived HEV related spikes observed were manually
removed with the use traffic video from the MMP. The HEV removal calculations were repeated
with several small increments and decrements to the distance bins and threshold values to
investigate the sensitivity of the final results to the values chosen in the HEV removal process.
No observable change was shown in the results, indicating a low sensitivity.
The effect of barriers on pollution dispersion downwind has shown to be heavily dependent on
the wind direction (Finn et al., 2010, Steffens et al., 2012). We used the metrological data
collected at an upwind location to partition all concentration data according to wind direction.
The concentration data was sectioned in to near-perpendicular downwind data sets and a nearparallel data sets. Near perpendicular/downwind was defined as when the wind direction was ±
450 from perpendicular to the freeway. Parallel/near-parallel was defined as when the wind
direction was ±450 from the parallel to the freeway. After partitioning by the wind direction, all
the concentration data sets were normalized by the freeway traffic flow at each site. The traffic
flow calculations are described in section 2.2.1. As the concentration measurement at a
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particular distance downwind from the freeway is influenced by the emissions and the wind
direction at the freeway at an earlier instance, we introduced a 10 min lag in traffic flow
normalization and wind direction selection. At each data point, the average traffic flow and wind
direction of the preceding 10 min was calculated and used for traffic flow normalization and
wind filter.
Then we used the line reference system developed by Ranasinghe et al., 2016 to provide the
framework to organize the data and produce concentration maps at specific spatial resolutions.
With this procedure, the GPS data for each run (one pass of the MMP along the sampling route)
was used to assign concentration data to the closest line reference point along a particular street.
Then for each session, all data values assigned to a reference point were averaged and the
standard deviation of the mean was calculated. There is a higher data density at the ends of the
transects because the MMP slows down to make U-turns. As the sharpest decay in the freeway
plume is observed closest to the freeway, it is best to exploit this higher data density at the start
of the transect by plotting data at a higher spatial resolution. We used a 10m spatial resolution
up to 30 m from the start point of the transect and a 20 m spatial resolution thereafter. The
number of data points averaged at a line reference point ranged 7-135, at 20m spatial resolution.
Day-to-day, average pollution concentrations often move up and down by a factor of two or
more, due to large scale meteorological phenomena such as mixing height and turbulence
intensity. These variations in the urban background must be accounted for prior to averaging
data from different sessions and days. In this study, the upwind stationary and mobile
measurements were made at 20-150 m from the edge of the freeway on the upwind side.
Previous studies show that near freeway pollution concentrations are elevated on both upwind
and downwind sides of the freeway, resulting in a bell-shaped curve with a maximum close to
the edge of the freeway on the downwind side (Choi et al., 2012). Therefore, the upwind
measurements from this campaign were not representative the urban background pollution levels.
To account for the daily variations in the urban background, we normalized the concentration
profiles of both transects by dividing all values from the daily maximum concentration. This
avoids the average concentration difference between the two transects on different days to be
obscured by the differences in the urban background on different days.
Each session has a different number of data points corresponding to the percentage of time each
transect was in downwind/near-parallel condition during the measurement period. Moreover,
consistent winds give higher quality data with a clear freeway plume decay pattern while
variable winds tend to obscure the decay due to intermittent change of upwind/downwind sides.
Therefore, we used a weighting factor based on the mean percentage of the time transects were
downwind in each session. If the mean percentage of time a transect is downwind was less than
25 %, that day was not included in the averaging. Then the weighted normalized concentrations
were averaged over all sessions to obtain the general concentration dispersion pattern.

2.5 Vegetation Characterization
We identified large tree canopies for each highway section from the satellite imagery of Google
Earth Pro software. Satellite images used dated from 2016. Each highway section investigated
spans 200 m—100 m in both directions from each target transect, which should cover most
contributions from vegetation under both parallel and perpendicular wind configurations.
Additionally, locations of the tree canopies were validated against Google Street View images
71

seen from the highways and from the local roads. For the two sites in the Los Angeles region
(Santa Monica and Encino), the identified tree locations were additionally validated in field
visits. We did not find any significant misrepresentation of tree objects in Google Earth Pro
compared with field observations, indicating the reliability of the geolocational data in Google
Earth Pro.
Horizontal dimensions of the trees and their heights with respect to the highway road surface,
and distances to the local road section where air sampling were conducted, were measured in
Google Earth Pro. We validated the tree heights at the I-10 sections using trigonometric methods
in the field and found that measurements from Google Earth Pro were within 10% accuracy
compared with field values.
Optical porosity (also known as foliage transparency in forestry) of the tree crowns were
measured according to a field guide for vegetation structure measurements by the US Forest
Service (USFS, 2011). The tree crown as seen by the observer is compared with the images of
tree crowns with known density values on a standard Crown Density–Foliage Transparency Card
to determine the optical porosity. Measurements of the optical porosity values of the canopies in
I-10 and 101 sections were conducted in the field near the highway soundwalls using this USFS
method (USFS 2011). For canopies in CA-99 sections, we extracted screenshots from the
Google Street View at the exact locations on the highway and estimated the optical porosity with
the same method. For CA-99 sections, the Google Street View images were shot in August
2016, which is close to the time when we did air sampling.
Average optical porosity for each section was calculated by weighting optical porosity of
individual canopy by length along the highway direction, and height. Gaps between tree
canopies were also accounted for by assigning 100% porosity. We followed these steps in
calculating the average optical porosity:
1. Calculate the average height of the trees weighted by their widths. If the height of the tree is
∗
, the width is
, and the total length of canopy-covered section is
(excluding gap
segments), then the average height is
∑
∗

Note that gaps between trees are not considered in the above equation.
2. Calculate the height-weighted average crown density using the average tree height as the
threshold. For overlapping trees, crown density ( ) in the overlapping are cannot exceed one.
The reason to use crown density (1 – optical porosity) for the averaging instead of optical
porosity is that, the sky portion above a tree canopy will be automatically accounted as having
zero density this way. The average crown density of the section is
̅
where
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∑

⋅

is the total length of the section including canopies and gaps (200 m).

3. The average optical porosity is then the reverse of the average crown density on a 0 to 1 scale,
i.e.,
̅

1

̅

The average heights and porosities for each location are listed in Table 10 in the results section.
Photographs and porosity for each tree are also shown in the results.

3. Results and Discussion
Several types of measurement approaches as well as data analyses were performed to probe the
differences between different barrier configurations, including stationary measurements. The
results and discussion are organized primarily by site (Santa Monica, Sacramento, Encino and
Riverside). Additional sections describe model development and analyses performed on subsets
of the data to address focused questions and look in more detail to parts of the data, including a
discussion of the role of particle losses on leaves. The results for main sites (those with
vegetation; Santa Monica, Encino and Sacramento) are presented as follows: a) a description of
the vegetation, b) a summary of the profiles derived from mobile results, including decay profiles
during both “perpendicular” and “parallel” wind conditions, and c) a summary of the continuous
fixed-site results. For all analyses, wind within ± 45º of perpendicular to the freeway was
classified as perpendicular, and wind within ± 45º of the freeway was classified as parallel.

3.1 Optical Porosity of Vegetation at the Santa Monica, Sacramento and Encino Sites
Optical porosity of vegetation is defined as the fraction of pore spaces and gaps in the total area
of the tree crown profile. Table 10 shows average heights and optical porosity for vegetation
within ± 100 m of the intersection of each transect and the freeways for Santa Monica,
Sacramento and Encino (the Riverside site did not have vegetation). The Table also shows the
optical porosity of the comparable “scene” for the pairs of transects; this is for a height equal to
the tallest tree at either transect. High porosity corresponds to low density vegetation and/or
large amounts of gaps between trees. As this calculation includes a significant amount of sky,
the optical porosity values calculated this way are quite high. Additionally, the inclusion of trees
up to ± 100 m from the transect impacts some of the values; most freeway sections had similar
quantities of trees, but the Sacramento 9th avenue site had a large block of trees beginning ~50m
from one end of the transect, so for more perpendicular winds the effective optical porosity will
be higher.
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Table 9. Average height and average porosity of trees at each location on the primary
downwind side, and max height of any vegetation at either of each pair of sites, and the
corresponding optical porosity for the max height.

74

Name

Mean
height
(m)

Mean
optical Max
porosity
height (m)
(dimensionless)

Mean
optical
porosity rescaled
to max height
(dimensionless)

I-10/Granville Ave.
(Vegetation only)
I-10/Dorchester Ave.
(combination barrier)
I-101/Zelzah Ave.
(Vegetation only)
I-101/Encino Ave.
(combination barrier)
CA-99/9th Ave.
(soundwall only; most
vegetation is 50 – 100
m from the center of
the transect.)
CA-99/19th Ave.
(combination barrier)

7.7

0.28

11.9

0.53

5.9

0.57

11.9

0.79

7.7

0.79

24.4

0.93

12.5

0.60

24.4

0.79

11.2

0.75

20.1

0.86

14.6

0.49

20.1

0.63
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Figure 37. Effective optical porosity as a function of height. The solid lines indicate the
heights up to the maximum height of any tree in the scene; dotted lines include
increasing amounts of clear sky. High porosity corresponds to low tree density and/or
gaps between trees.
In general, it is very difficult to link optical porosity directly with tree species, since the leaf area
of a tree species is not a consistent parameter, but depends on the tree stand age and
environmental parameters such as water stress, nutrient status, etc. With this significant caveat in
mind, Table 11 shows a very qualitative description of the optical porosity of several species
identifiable at the Santa Monica and Encino sites.
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Table 10. Very approximate optical porosity for some representative tree species observed
at the study sites in Southern California
Tree species
Optical porosity*
high
Schinus molle
high
Schinus terebinthifolius
high
Chilopsis linearis
medium
Jacaranda mimosifolia
medium
Afrocarpus falcatus
high
Pinus canariensis
Eucalyptus polyanthemos medium
Cupressus sempervirens low
medium
Fraxinus uhdei
*High (> 60%), medium (30–60%), low (< 30%). The lower the optical porosity, the denser the
tree crown.

3.2 I‐10 Santa Monica Profiles, Continuous Fixed‐Site Results and Vegetation
Characterization
3.2.1 Vegetation Characterization
Figure 38 and Figure 39 show birds eye view images of the Santa Monica transects, with specific
trees or groups of trees labelled and corresponding to optical porosity estimates shown in Figure
40. The vegetation at Granville Ave. (Figure 38 and Figure 40; no soundwall) is considerably
denser and somewhat taller than the vegetation at Dorchester (Figure 39 and Figure 40; with
soundwall).
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Figure 38. Aerial view and locations of trees labelled in Figure 40 at the Granville transect
in Santa Monica.

Figure 39. Aerial view and locations of trees labelled in Figure 40 at the Granville transect
in Santa Monica.
Table 11 shows most of the tree species at the Santa Monica site. Except for several
cypress trees at Granville Ave. and a pine at Dorchester Ave., all species are broadleaf trees that
do not drop their leaves in winter.
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Table 11. Tree species observed at the Santa Monica transects
Dorchester Ave.
Schinus molle
Morus Alba
Ulmus parvifolia
Chilopsis linearis
Jacaranda mimosifolia
Afrocarpus falcatus
Pinus canariensis
Eucalyptus polyanthemos

Granville Ave.
Cupressus sempervirens (several)
Schinus terebinthifolius (several)
Jacaranda mimosifolia (several)
Fraxinus uhdei

3.2.2 Decay Profiles from Mobile and Passive Measurements
Figure 41 shows the background and traffic normalized [UFP] at the Santa Monica site, under
downwind conditions, averaged over all wind speeds and all the days of a session. In both
sessions, the measurements were made in the early morning hours close to sunrise (Table ). The
[UFP] shows a gradual decay up to about 500 m, in both sessions. This agrees with earlier
studies that found in pre-sunrise hours, with stable, nocturnal meteorological conditions, the
freeway plume can be elongated up to 2 km (Hu et al, 2009, Choi et al., 2012).
At the Santa Monica site, the [UFP] reduction behind the barriers showed different trends over
the two measurement sessions. In the fall session, the vegetation-only barrier showed a higher
[UFP] reduction than the combination barrier (Figure 41 (a)), while in the winter session, the
combination barrier showed a higher reduction than the vegetation-only barrier (Figure 41 (b)).
The surface meteorology in the two sessions was different in several aspects and that could have
contributed the observed differences in pollution plume decay downwind of the freeway. The
average wind speed in the fall session was 0.4 ± 0.1 m/s, while in winter session it was 1.1 ± 0.4
m/s (an investigation of the wind speed dependence of the pollution reduction is presented
below). The wind direction was more variable in fall session than winter session. The average
percentage of time transects were downwind (as defined above) of the freeway was 44.7 ±
28.0 % in the fall session and 68.6 ± 21.1 % in the winter session. In the fall sessions, this
resulted in a lower number of measurement days with sufficient downwind data to plot the
concentration decay. Moreover, under variable wind directions, due to the intermittent change of
upwind/downwind sides of the freeway, the upwind pollution levels tend to increase and
downwind pollutions levels tends to decrease, affecting the downwind concentration decay
pattern.
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(a)

(b)

Figure 41. The variation of normalized UFP number concentration along the two transects
at the I-10 Santa Monica site under downwind conditions for (a) Fall 2015 and (b)
Winter 2016 measurement sessions.
The background and traffic normalized
concentration averaged over (a) 3 (b) 5 sessions (color points) is plotted together with
the standard error of the mean (black whiskers).
At the Santa Monica site, in the fall season, under downwind conditions, averaged over all days
(all days had wind speeds less than 0.6 m/s) and along the total length of the transects, the [UFP]
concentration reduction behind the combination barrier was 50.7% lower compared to the
vegetation-only barrier. In the first 160 m (~ 525 ft.) from the edge of the freeway, this
difference was 40.5 %. In the winter session, under downwind conditions, averaged over days
with wind speed higher than 0.6 m/s and along the total length of the transects, the [UFP]
concentration reduction behind both the combination barrier and the vegetation-only barrier is
approximately equal. But in the first 160 m from the edge of the freeway, [UFP] concentration
80

reduction behind the combination barrier was 25.1% lower compared to the vegetation-only
barrier.
Figure 42 shows the background and traffic normalized [UFP] at the Santa Monica site, under
parallel wind condition, averaged over all wind speeds and all the days of a session. In both
sessions, a higher reduction was observed behind the combination barrier at the start of the
transects. In fall, averaged over the first 80 m from the edge of the freeway, this additional
reduction was 19 %. In winter, averaged over the first 60 m from the edge of the freeway, the
additional reduction was 6.6 %.
(a)

(b)

Figure 42. The variation of normalized UFP number concentration along the two transects
at the I-10 Santa Monica site, under parallel wind conditions for (a) Fall 2015 and (b)
Winter 2016 measurement sessions.
The background and traffic normalized
concentration averaged over 4 sessions (color points) is plotted together with the
standard error of the mean (black whiskers).
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3.2.3 Continuous Measurements from Passive Samplers: NO and NO2 Profiles
Figure 43, Figure 44 and Figure 45 show NO and NO2 concentrations vs. distance data collected
with passive NOx samplers during three field campaigns in Santa Monica. Figure 46 shows a
wind rose for the first campaign (May-June 2015), and Table 12 shows the data in tabular form.
During that campaign the wind direction was perpendicular (165° or 345°, ± 45°) to the
orientation of the freeway (i.e., ~75°) only for ~43% of the sampling period; whereas, the
remaining ~57% was parallel (75° or 255°, ± 45°) to the freeway in Santa Monica. At this study
site, the wind intensity was also particularly low (~ 0.79 m/s, averaged over the entire period).
The Santa Monica site was chosen to study calm atmospheric conditions which in the mornings
when pollutant concentrations can be very high, but also at night when emissions are low.
However, for most the day, the target area is upwind of the freeway and intersects some busy
surface streets. While there is a pronounced plume from the freeway in the morning (see Section
3.2.2), profiles are indistinct over 24 hours, and there is no significant difference between the
two barrier configurations, a result that was reproduced in all three field campaigns.
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Figure 43. NO and NO2 concentration data collected from Ogawa passive samplers
distributed near I-10 in Santa Monica during May-June 2015 along (a) Dorchester Ave.
(vegetation and soundwall); and, (b) Granville Ave. (vegetation only).
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Figure 44. NO and NO2 concentration data collected from Ogawa passive samplers
distributed near I-10 in Santa Monica during Sept.-Oct. 2015 along (a) Dorchester Ave.
(vegetation and soundwall); and, (b) Granville Ave. (vegetation only).
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Figure 46. Wind rose for data in Figure 43. The gray arrow indicates the orientation of I10.

Table 12. A summary of NO and NO2 data in tabular form for the data in Figure 43 along
the I-10 freeway in Santa Monica, CA.
Vegetation and Soundwall
Distance
NOx
NO2
(m)
(ppb)
(ppb)
-800
-15
15
70
200
400

14.89
18.31
11.35
11.62
11.87
10.12

6.08
9.00
5.47
5.18
5.77
4.51

NO
(ppb)

Distance
(m)

8.81
9.31
5.87
6.44
6.10
5.62

-800
-15
15
70
200
400

Vegetation Only
NOx
NO2
(ppb)
(ppb)
14.89
18.31
12.54
9.87
10.41
10.88

6.08
9.00
6.08
5.11
5.14
5.11

NO
(ppb)
8.81
9.31
6.46
4.76
5.27
5.77

3.2.4 Continuous Paired‐Site Measurements of UFP, PM2.5, and BC
Figure 47 shows an overview of particle size distributions at upwind and downwind locations of
two study sites: (a) vegetation barrier and (b) combination barrier at the I-10 study site in Santa
Monica. The solid black lines represent the median of size-resolved particle concentration data
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(dN/dLogDp) collected at downwind sampling locations, whereas the gray lines represent the
median of size-resolved particle concentration data collected at upwind sampling locations.
The upwind and downwind locations had distinctively different particle size distributions in
terms of the magnitude and mode diameter. Across the given particle size range (i.e., 10 – 289
nm), the increased concentrations were commonly found at the downwind side of the I-10
freeway largely because of freeway traffic emissions. Both upwind locations similarly had the
particle size distributions with a mode diameter of 80-90 nm. In comparison to the upwind
measurements, the downwind particle size distributions had a mode diameter of ~ 20 nm at the
study site with vegetation barrier; whereas, the other downwind location having a combination
barrier of vegetation and soundwall provided the particle size distribution with a mode diameter
of ~ 32 nm. Different mode diameters found at the two downwind locations likely occurred
from characteristic differences between two study sites.
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Figure 47. Particle size distribution data collected under different configurations: (a)
vegetation only and (b) vegetation and soundwall at the study site near I-10 in Santa
Monica. Different color schemes indicate the data collected at upwind (gray) and
downwind (black) sampling locations.
The log-normalized particle number
concentration (dN/dLogDp) data are the medians of measurements under southerly
wind conditions (165 ± 45°) and plotted with respect to aerodynamic diameter (Dp).
The measured total number particle concentrations (hereafter, PNC) exhibited statistically
significant difference (p < 0.05) between upwind and downwind datasets. The difference
between the two study sites was also significant (p < 0.05). As shown in Figure 48, both
downwind locations exhibited PNCs at similar magnitude with a minimal difference (~ 900
#/cm3). In comparison, two upwind locations had a small (but significant, p < 0.05) difference of
~ 1500 #/cm3. Insignificant difference at two upwind locations indicate the two upwind
sampling sites shares a similar background concentration and/or level of impact from traffic
emissions on the freeway.
Higher concentrations were observed at the study site with combination barrier for both upwind
and downwind side of the freeway. However, it is difficult to assume this difference was caused
by the combination of vegetation and soundwall. It is largely because the upwind measurements
were also higher at the study site with combination barrier than at the site with vegetation barrier
alone. It should be noted that the upwind and downwind locations were selected to face to each
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other across the I-10 freeway (as seen in figure 11). Therefore, it is possible that the background
difference measured at the upwind sampling locations (~ 900 #/cm3) could also cause the similar
level of difference (~ 1500 #/cm3) at the downwind measurements, in addition to any effects of
vegetation or soundwall.
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Figure 48. Total number particle concentrations for: vegetation only (left) and vegetation
with soundwall (right) at the study site near I-10 in Santa Monica. Different color
schemes indicate the data collected at upwind (dark gray) and downwind (light gray)
sampling locations. The medians of the data collected under southerly wind conditions
(165 ± 45°) are plotted. The error bars indicate one standard deviation.
Figure 49 shows measurements of PM2.5 and BC mass concentrations upwind and downwind of
the I-10 freeway. Similar to the UFP measurements, this study observed mass concentrations of
PM2.5 higher on the downwind (i.e., 8.38 µg/m3 and 11.04 µg/m3 on average at the downwind
study sites with combination barrier and vegetation barrier, respectively) than the upwind (i.e.,
8.05 µg/m3). Unlike the UFP data, we found the mass concentration of PM2.5 and BC were
slightly higher at the area with vegetation only than at the area with vegetation and soundwall.
BC mass concentration showed 1.51 µg/m3 with vegetation only and 1.18 µg/m3 with
combination of vegetation and soundwall. The observed differences were small but statistically
significant (p < 0.05). See Table 14 for a summary of measurements at the I-10 study site in
Santa Monica.

86

Figure 49. (a) PM2.5 and (b) black carbon (BC) data collected under different
configurations: vegetation only (left) and vegetation with soundwall (right) at the study
site near I-10 in Santa Monica. Different color schemes indicate the data collected at
upwind (dark gray) and downwind (light gray) sampling locations. The medians of the
data collected under northerly wind conditions (345 ± 45°) are plotted. The error bars
indicate one standard deviation of the measurements.

Table 13. A summary of UFP, PM2.5, BC concentration measurements at the upwind and
downwind sampling locations of vegetation only (VO) and vegetation with soundwall
(VW) sites along the I-10 freeway in Santa Monica, CA.
I-10 Santa Monica, CA

Upwind

VO

Downwind

VW
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VO

VW

UFP (#/cm3)

PM2.5 (μg/m3)

BC (µg/m3)

Median

3206.69

6.45

NA

St.Dev.

1991.91

5.80

NA

Mean

3846.14

8.05

NA

Median

4738.80

NA

NA

St.Dev.

3880.83

NA

NA

Mean

3846.14

NA

NA

Median

12966.40

9.05

1.42

St.Dev.

11103.76

6.76

0.99

Mean

14857.22

11.04

1.51

Median

13802.50

5.89

1.16

St.Dev.

10717.62

6.08

1.17

Mean

15020.48

8.38

1.18

3.2.5 Difference‐in‐Differences
To understand the effect of vegetation added to a soundwall barrier, we first evaluate the
differences between upwind and downwind pollutant concentrations at each study site (e.g., the
left panel of Figure 50, comparing dVW and dVO). Then, the following DID analysis
determined DID value (e.g., the right panel of Figure 51, DID = dVO – dVW).
The left panels of Figures 50 and 51 show small (but statistically significant, p < 0.05)
differences in UFP, PM2.5, and BC concentrations between the study site with vegetation only
and the other study site with combination barrier near the I-10 in Santa Monica. As shown in
Figure 50, the downwind-upwind difference in the area with combination barrier (i.e., dVW) was
slightly higher than in the area with vegetation only (dVO). The median of upwind-subtracted
PNC was 6344 (± 6279) #/cm3 in the area with vegetation only but increased to 8372 (± 10787)
#/cm3 in the area with combination barrier.
The difference-in-differences (difference between dVO and dVW or, DID = dVO – dVW) in
Santa Monica is small but the difference is statistically significant (p < 0.05). Accordingly, the
difference-in-differences becomes a negative value: – 903 (± 14243) #/cm3. Under the given
method for DID analysis, the negative DID values could be interpreted as an overall increase of
UFP when adding a soundwall barrier in the vegetated area near the I-10 in Santa Monica.
However, it should be noted that the difference is small and variability of DID estimates is high.
Similar observations were repeated in the following DID analysis with the PM2.5 data from this
sampling site (see figure 51).
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soundwall (dVW, gray) near the I-10 in Santa Monica, CA. The dark gray bar
indicates the DID value (i.e., DID = dVO – dVW). Medians with one standard deviation
are shown.
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Negative DID values were observed again in PM2.5 measurements from the sampling campaign
in Santa Monica. Figure 51 presents the differences (i.e., dVO and dVW) and DID values for
PM2.5 and BC. For PM2.5, the estimated dVO and dVW, were – 0.37 (± 1.47) μg/m3 and -0.11 (±
1.65) μg/m3, respectively. Similar to UFP data, this study found a significant difference (p <
0.05) between dVO and dVW for PM2.5. The complex nature of this near-freeway data
collection resulted in a high variability in the downwind-upwind differences (dVO and dVW),
which can provide a negative DID values for either barrier configurations. However, the
difference in PM2.5 measurements is small and remains within the error range (< 1.00 μg/m3) of
the instrument (TSI Inc., Shoreview, MN Model 8520). Unlike UFP and PM2.5 data, the BC data
is 1.42 (± 0.99) μg/m3 and 1.16 (± 1.17) μg/m3 for dVO and dVW, respectively. Again, there is a
significant difference (p < 0.05) between dVO and dVW of BC data. The DID value of 0.34 (±
1.17) μg/m3 indicates a little reduction of BC concentrations with additional soundwall in the
existing vegetation near the I-10 in Santa Monica. Table 14 presents a summary of the
difference and DID values from the data collected near the I-10 in Santa Monica.
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Figure 51. Downwind-upwind differences and Difference-in-Differences (DID) for (a)
PM2.5 and (b) black carbon. The differences are shown for the study areas with
vegetation only (dVO, black) and with vegetation and soundwall (dVW, gray) near the
I-10 in Santa Monica, CA. The dark gray bar indicates the DID value (i.e., DID = dVO
– dVW). The plotted data are the medians and the error bars indicate one standard
deviation.
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Table 14. A summary of downwind-upwind differences and difference-in-differences
(DID) for UFP, PM2.5, BC measurements in the areas with vegetation only (dVO) and
with vegetation and soundwall (dVW) near the I-10 in Santa Monica, CA. The DID
values are the difference of dVO and dVW.

I-10 Santa Monica, CA
3

UFP (#/cm )
PM2.5 (μg/m3)
BC (µg/m3)

dVO

dVW

DID (dVO-dVW)

Median

St.Dev.

Mean

Median

St.Dev.

Mean

Median

St.Dev.

Mean

6344
-0.37

6279
1.47

7453
-0.45

8372
-0.11

10787
1.65

9338
0.02

-903
-0.38

14243
1.99

-1628
-0.53

1.42

0.99

1.51

1.16

1.17

1.18

0.34

1.17

0.38

Although the negative DID values were detected on UFP and PM2.5 measurements made in Santa
Monica, the results were not repeatable elsewhere in Encino or Sacramento. Note that the study
site in Encino had a similar environment with the same experimental configuration of vegetation
only and vegetation with soundwall. It is difficult to determine whether or not the observation of
negative DID values occurs in Santa Monica because of the additional barrier. When the wind
direction was desirable (i.e., northerly or southerly), wind speed was dominantly below 1 m/s
(0.79 m/s on average) during the sampling campaign in Santa Monica. Since this desirable wind
condition typically occurred in the early morning (i.e., 4-7 AM), the data (particularly, those
used for analysis) were also collected with low traffic flow (See Figure 14). Low wind-speed
may limit convective transport of traffic-emitted particles thereby, causing traffic-emitted
particulates to behave like fugitive emissions. For UFPs accounted in PNC, the particular
conditions of low wind speed could likely allow more time passing through the vegetation
barriers; thus, more effective diffusion loss of UFPs onto the surface of vegetation. Thus, with a
large variability of the data collected from Santa Monica, it is difficult to conclude the overall
reduction of the measured particulate pollutants when there is additional soundwall.

3.3 I‐101 Encino Profiles, Continuous Fixed‐Site Results and Vegetation
Characterization
3.3.1 Vegetation Characterization
Figure 52 and Figure 53 show birds eye view images of the Encino transects, with specific trees
or groups of trees labelled and corresponding to optical porosity estimates shown in Figure 54.
The vegetation at Encino Ave. (Figure 52 and Figure 54; no soundwall) is considerably denser
and somewhat taller than the vegetation at Zelzah (Figure 53 and Figure 54; with soundwall).
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US Route 101
Zelzah Ave.
Figure 52. Aerial view and locations of trees labelled in Figure 40 at the Zelzah Ave.
transect in Encino. This location has no soundwall, and a low level of vegetation in the
neighborhood.

US Route 101

Encino Ave.
Figure 53. Aerial view and locations of trees labelled in Figure 40 at the Encino Ave.
transect in Encino. This location has a soundwall, in addition to relatively dense
vegetation in the neighborhood.
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Zelzah Avenue (top two panels) and near Encino Avenue (bottom two panels). In the
profile view panels, tree columns are colored coded by the optical porosity.
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3.3.2 Decay Profiles from Mobile and Passive Monitoring
Figure 55 shows the traffic normalized [UFP] at the Encino site, under downwind and
parallel wind conditions. At this site, the wind direction was variable (Figure 58), resulting in
only one day of data available under downwind conditions and parallel conditions (Table 2).
Hence the plots here are not adequately representative of the general concentration decay trend at
this site. Under both downwind and parallel wind conditions, the [UFP] showed lower
concentrations behind the vegetation barrier in the first 70 – 90 m from the edge of the freeway
and showed little or no difference and an opposite trend thereafter.
(a)

(b)

Figure 55. The variation of the normalized UFP number concentration along the two
transects at the I-101 Encino site, under (a) downwind and (b) parallel wind conditions.
The traffic normalized concentration of a session (color plots) is plotted together with
the standard error of the mean (black).
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3.3.3 Continuous Passive NO and NO2 Profiles
Figure 56 shows the passive NO and NO2 data for the Encino campaign. They show a strong
decay patterns as a function of distance from I-101 at the study site. Figure 57 shows the wind
rose for the sampling period, and Table 15 shows the data in tabular form. The I-101 study site
had northerly (0 ± 45°) and southerly (180 ± 45°) wind conditions accounting for ~47% of the
sampling period. High intensity winds occurred at the I-101 site and resulted in a strong decay
of NO and NO2 concentrations near the freeway. NO and NO2 concentrations decay to near
background levels within 400 m on the south side of I-101, and a clear decay is also observed on
the north side. The level of concentration decay is approximately 60-70% for NO and NO2 at
800 m with respect to the measurements at 15 m to the freeway. Here we observe that overall
levels NO and NO2 were lower by 7-43% downwind of the combination vegetation and
soundwall barrier, than at the study site with vegetation alone.
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Figure 56. NO and NO2 concentration data collected from Ogawa passive samplers
distributed near I-101 in Encino during Mar.-April 2016 along (a) Encino Ave.
(vegetation and soundwall); and, (b) Zelzah Ave. (vegetation only).
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Figure 57. Wind rose for March 24 -Apr 8, 2016 at Encino. The gray arrow indicates the
orientation of I-101.

Table 15. NO and NO2 concentrations from Ogawa samplers deployed at Encino Mar. 24
– Apr. 8, 2016.
Vegetation and Soundwall
Distance
NOx
NO2
(m)
(ppb)
(ppb)
-800
-15
15
100
200
400
800
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19.44
31.12
20.17
17.27
14.71
15.63
13.69

12.72
19.12
13.07
11.50
10.01
9.69
8.93

NO
(ppb)

Distance
(m)

6.71
12.00
7.10
5.77
4.70
5.94
4.75

-800
-15
15
70
200
400
800

Vegetation Only
NOx
NO2
(ppb)
(ppb)
19.44
36.35
29.55
21.67
19.57
17.26
18.19

12.72
21.08
17.03
13.34
11.67
10.39
10.82

NO
(ppb)
6.71
15.27
12.52
8.33
7.90
6.87
7.38

3.3.4 Additional Stationary Measurements: UFP, PM2.5, and BC
Figure 58 shows particle size distributions at upwind and downwind locations of two study sites:
(a) with vegetation barrier alone and (b) with combination barrier of vegetation and soundwall at
the I-101 site in Encino, CA. The solid black lines represent the median of size-resolved particle
concentration data from downwind sampling locations; whereas, the gray lines represent the
median of size-resolved particle concentration data from the upwind sampling location. Due to
data loss in one of four SMPS deployed, Figure 58 presents the same upwind data collected at 15
m north of the I-101 freeway in the study site with vegetation alone.
Similar to the data collected near the I-10 in Santa Monica, the upwind and downwind locations
had distinctively different particle size distributions in terms of magnitude and mode diameter.
In comparison to the data from the I-10 in Santa Monica, the upwind data collected near the I101 in Encino exhibited ~ 20% increase in magnitude of PNC but decrease in mode diameter (~
60 nm). Lower particle concentrations were observed at the downwind side of the freeway I-101
because the wind speeds were higher in Encino (i.e., 1.00 ± 0.65 m/s) than in Santa Monica (i.e.,
0.79 ± 1.55 m/s). As expected, at higher wind speeds, an increased level of dilution would result
in the decrease of measured concentrations in the near-freeway atmosphere. Although the
downwind concentrations were lower in Encino than in Santa Monica, the observed mode
diameters that were lower than that found in Santa Monica; a strong indication of freeway
emissions. The mode diameters were ~ 10 nm at the downwind location with vegetation alone
and at the downwind location with a combination of vegetation and soundwall.

3.0e+4

a. Vegetation Only

3.0e+4

- - Downwind

- - Downwind
Upwind

2.5e+4

2.5e+4

"'ue 2.0e+4

..,8 2.0e+4
!!.

!!.

i

i

1.5e+4

b. Vegetation and Soundwall
Upwind

1.5e+4

0
..J

0

..J

~ 1.0e+4

~ 1.0e+4

"C

"C

5.0e+3

5.0e+3

~

0.0
10

100

Op (nm)

0.0
10

100

Op (nm)

Figure 58. Particle size distribution data collected under different configurations: (a)
vegetation only and (b) vegetation and soundwall at the study site near I-101 in Encino.
Different color schemes indicate the data collected at upwind (gray) and downwind
(black) sampling locations. The log-normalized particle number concentration
(dN/dLogDp) data are the medians of measurements under northerly wind conditions
(0 ± 45°) and plotted with respect to aerodynamic diameter (Dp).
The measured total number particle concentrations showed statistically significant difference (p
< 0.05) between upwind and downwind datasets (Figure 59). Figure 59 also exhibits both
downwind locations had PNC in a similar magnitude but statistically significant difference (p <
96

0.05; ~ 1870 #/cm3) with higher total number particle concentrations observed from the site with
vegetation alone than the site with vegetation and soundwall. The difference in the downwind
measurements in the two study sites likely occurred from the effect of additional soundwall
barrier. Unlike the low wind intensity (0.79 ±1.55 m/s) observed in Santa Monica, this site near
the I-101 had higher wind intensity (1.00 ± 0.65 m/s) that provided a strong dominant wind. The
occurrence of the desired (northerly) wind direction accompanied with high traffic flow provided
the significant differences between the two study sites near the I-101 in Encino.
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Figure 59.
Total number particle concentration data collected under different
configurations: vegetation only (left) and vegetation with soundwall (right) at the study
site near I-101 in Encino. Different color schemes indicate the data collected at upwind
(dark gray) and downwind (light gray) sampling locations. The medians of data
collected under northerly wind conditions (0 ± 45°) are plotted. The error bars indicate
one standard deviation.
In agreement with the data shown in Figure 59, mass concentrations of PM2.5 and BC (in Figure
60) were also slightly higher at the vegetation only site compared to the vegetation and
soundwall site. Figure 60 presents mass concentration data for PM2.5 and BC at upwind and
downwind sides of the I-101 freeway. Downwind mass concentrations of PM2.5 was higher (4.51
µg/m3) in the site with vegetation alone than in the other site with combination of vegetation and
soundwall (i.e., 3.81 µg/m3); while, upwind measurement is low at 3.04 µg/m3 on average.
Likewise, the downwind BC measurements were also slightly higher (0.74 µg/m3 on average)
with vegetation alone than with combination barrier of vegetation and soundwall (0.53 µg/m3 on
average). The observed differences were small but statistically significant (p < 0.05) between
upwind and downwind PM2.5 data. The differences were also significant (p < 0.05) for
downwind BC measurements from the two study sites. See Table 16 for a summary of
measurements at the I-101 study site in Encino.
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Figure 60. (a) PM2.5 and (b) black carbon (BC) data collected under different
configurations: vegetation only (left) and vegetation with soundwall (right) at the study
site near I-101 in Encino. Different color schemes indicate the data collected at upwind
(dark gray) and downwind (light gray) sampling locations. The medians of the data
collected under northerly wind conditions (0 ± 45°) are plotted. The error bars indicate
one standard deviation of the measurements.
Table 16. A summary of UFP, PM2.5, BC concentration measurements at the upwind and
downwind sampling locations of vegetation only (VO) and vegetation with soundwall
(VW) sites along the I-101 freeway in Encino, CA.
I-101 Encino, CA

Upwind

VO

Downwind

VO

NA

NA

St.Dev.

21490.14

NA

NA

9162.66

NA

NA

Median

3.04

NA

St.Dev.

1.26

NA

Mean

3.37

NA

Median

10282.74

4.51

0.65

St.Dev.

6953.06

1.47

0.52

11772.25

4.58

0.74

Median

8369.17

3.81

0.52

St.Dev.

12197.42

2.02

0.96

9901.66

4.20

0.53

Mean
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BC (µg/m3)

6885.78

Mean
VW

PM2.5 (μg/m3)

Median
Mean
VW

UFP (#/cm3)

3.3.5 Difference‐in‐Differences
The study site near the I-101 in Encino provided experimental conditions similar to the study site
near the I-10 in Santa Monica. This site in Encino was comparable to the site in Santa Monica in
terms of vegetation density, freeway elevation, the height of soundwall, and experimental
configuration of vegetation and soundwall. On the other hand, characteristic differences
included higher wind speed and traffic flow. Sampling campaign in Encino had high wind speed
of 1.00 m/s on average in Encino; whereas, the averaged wind speed was 0.79 m/s in Santa
Monica. The data collection was also conducted with consistently high freeway traffic flow of
1221 (± 195) veh./5-min in Encino. The traffic flow in Encino was much greater than 638 ± 258
veh./5-min found during the data collection in Santa Monica.
Similar to the observations in Santa Monica, the data collected near the I-101 in Encino exhibited
the effects of additional reduction in UFPs, PM2.5, and BC concentrations when there is a
soundwall barrier in the existing vegetation. The differences of UFP, PM2.5, and BC
concentrations between the area with vegetation only and the area with combination barrier of
vegetation and soundwall were small, but statistically significant (p < 0.05). As shown in Figure
61, the downwind-upwind difference in the area with both vegetation and soundwall was lower
than with vegetation alone. The median of upwind-subtracted PNC was 3145 (± 23530) #/cm3 in
the area with vegetation only but decreased to 1761 (± 25614) #/cm3 in the area with vegetation
and soundwall. This indicates the combination barrier was more effective for reducing particles
downwind than vegetation alone. The difference-in-differences (i.e., DID = dVO – dVW) was
determined to be 1806 (± 7418) #/cm3. The estimated DID value is greater and less variable than
the DID value estimated from the data collected in Santa Monica. The positive DID value
indicates an overall reduction of UFP with additional soundwall at the vegetated area near the I101 in Encino.
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Figure 62. Downwind-upwind differences and Difference-in-Differences (DID) for (a)
PM2.5 and (b) black carbon. The differences are shown for the study areas with
vegetation only (dVO, black) and with vegetation and soundwall (dVW, gray) near the
I-101 in Encino, CA. The dark gray bar indicates the DID value (i.e., DID = dVO –
dVW). The plotted data are the medians and the error bars indicate one standard
deviation.
Similar results were observed for PM2.5 and BC. Figure 62 (a) and (b) show the differences (i.e.,
dVO and dVW) and DID values for PM2.5 and BC, respectively. For PM2.5, the estimated
differences were 1.13 (± 0.82) μg/m3 in the area with vegetation alone and 0.74 (± 1.66) μg/m3 in
the area with combination barrier. For BC, the estimated differences were 0.65 (± 0.52) μg/m3
and 0.52 (± 0.96) μg/m3 for vegetation alone and combination barrier, respectively. The
difference between dVO and dVW was also significant (p < 0.05) for both PM2.5 and BC. For
both PM2.5 and BC, the DID values were 0.38 (± 1.84) μg/m3 and 0.18 (± 1.00) μg/m3,
respectively. The differences observed here are beyond the error ranges of instruments used in
this study; and, the positive DID values are also significantly greater than zero. This indicates
that the differences in measurements between VO and VW are real and quantifiable differences.
The measured differences likely occurred from additional particle removal when adding
soundwall barrier in the existing area with vegetation.
Table 18 summarizes the data plotted in Figure 61 and Figure 62 as tabulating the estimated
differences and DID values from the continuous stationary measurements near the I-101 in
Encino.
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Table 17. A summary of downwind-upwind differences and difference-in-differences
(DID) for UFP, PM2.5, BC measurements in the areas with vegetation only (dVO) and
with vegetation and soundwall (dVW) near the I-101 in Encino, CA. The DID values
are the difference of dVO and dVW.
I-101 Encino,
CA
3

UFP (#/cm )
PM2.5 (μg/m3)
3

BC (µg/m )

dVO
Media
n
3144.9
2

St.Dev.
23529.8
2

1.13
0.65

dVW

DID (dVO-dVW)
Media
St.Dev. Mean
n
7418.3
2922.9
1805.6
8
0
1

Mean
2627.3
5

Media
n
1761.1
6

St.Dev.
25613.6
2

0.82

1.21

0.74

1.66

0.83

0.38

1.84

0.38

0.52

0.74

0.52

0.96

0.53

0.18

1.00

0.21

Mean
140.77

3.3.5.1 Discussion of Encino and Santa Monica Results
The effectiveness of an additional soundwall barrier appeared to depend on wind speed and
vegetation. The two sampling campaigns in Santa Monica and Encino offered measurement data
collected under the same experimental configuration (i.e., vegetation only vs. vegetation and
soundwall). However, the small but significant increase in UFPs and PM2.5 when “adding” a
soundwall was observed at low averaged wind speed of 0.79 m/s in Santa Monica; whereas, the
opposite results – overall reductions occurred in the similar environment with higher wind speed
averaged at 1.00 m/s.
Even at small increments, increased wind speed could provide sufficient momentum for
convective transport of traffic-emitted particles.
Accordingly, traffic-emitted airborne
particulates could reach over the soundwall barrier in Encino. As seen in Figure 60, the
downwind PM2.5 concentrations were significantly higher than the upwind under high averaged
wind speed (1.00 m/s) in Encino. On the other hand, low averaged wind speed of 0.79 m/s in
Santa Monica resulted comparable PM2.5 concentrations upwind (i.e., background) and
downwind of the I-10 freeway, as seen in Figure 51 (a).
Tabulated in Table 16, the estimated DID values overall indicate a little effect of particle
increase or reduction with an additional soundwall in vegetated areas. It is also difficult to
compare across study sites because each had different levels of traffic flow (i.e., traffic
emissions) in addition to wind speed. However, with respect to the measurements in the area of
vegetation alone, an additional soundwall barrier resulted in a 6.9% increase of PNC and 4.7%
increase of PM2.5 at low averaged wind speed of 0.79 m/s in Santa Monica. In comparison, at
slightly higher averaged wind speed of 1.00 m/s in Encino, a 17.5% reduction of PNC (i.e., UFP
number concentration) and 11.2% reduction of PM2.5 mass concentration was observed.
Similarly, the overall reduction of BC was 23.9% at 0.79 m/s in Santa Monica and 27.7% at 1.00
m/s in Encino.
In summary, the small change of wind speed could increase or decrease effectiveness of an
additional soundwall barrier in the vegetated area.
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3.4 Sacramento CA‐99 Profiles, Continuous Fixed‐Site Results and Vegetation
Characterization
3.4.1 Vegetation Characterization
Figure 63 and Figure 64 show birds eye photographs of the Sacramento transects, with specific
trees or groups of trees labelled and corresponding to optical porosity estimates shown in Figure
65. In the immediate vicinity of 9th Avenue there is minimal vegetation, consisting of a few
isolated individual tall (~12 m) trees (Figure 63, and Figure 65). As we included in the analysis
± 100 m of the target transect, the scene does show some dense trees, beginning 50 m from the
center of the transect. The 9th Avenue site has soundwall only with minimal vegetation, whereas
the 19th Avenue has both vegetation and soundwall. The trees at the 19th St. site were a mixture
of Honey Locust (Gleditsia triacanthos) and Australian Pine (Casuarina equisetifolia).

CA-99
9th Ave.

Figure 63. Google Earth photograph of CA-99 near the intersection with 9th Ave. in
Sacramento, and adjacent streets. Yellow pins and accompanying white numbers
indicate specific trees or groups of trees labelled in Figure 65.
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19th Ave.

Figure 64. Google Earth photograph of CA-99 near the intersection with 19th Ave. in
Sacramento, and adjacent streets. Yellow pins and accompanying white numbers
indicate specific trees or groups of trees labelled in Figure 65.
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Figure 65. Profile view and top view of the tree canopies along the CA-99 sections near the
9th Avenue (top two panels) and near the 19th Avenue (bottom two panels). In the
profile view panels, tree columns are colored coded by the optical porosity. The
“average optical porosity” indicates the average at the average height of the tree
canopy.
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3.4.2 Decay Profiles from Mobile and Passive Measurements
Figure 66 shows the background and traffic normalized [UFP] at the Sacramento site, under
downwind and parallel wind conditions, averaged over all wind speeds and all measurement
days. At this site, all measurements were made during daytime (Table 2). The [UFP] shows a
steep decay up to about 160 m. This agrees with numerous studies that have shown that in
daytime unstable meteorological conditions, the freeway plume decays rapidly and return to
background concentration levels. At the Sacramento site, under downwind conditions, averaged
over all wind speeds and along the total length of the transects, the [UFP] concentration behind
the combination barrier was 6.3% lower relative the sound wall only transect (Figure 66a). In
the first 160 m from the edge of the freeway, the reduction was larger, at this additional
reduction was 15%.
Under parallel wind conditions, averaged over all wind speeds and along the total length of the
transects, the [UFP] concentration reduction behind the soundwall only was 15% lower relative
the combination barrier transect (Figure 66b). Concentrations are not elevated near the freeway,;
indeed the profiles are nearly perfectly flat with distance from the freeway, except for the slight
dip right next to the freeway at the combination site. This is consistent with a lack of influence of
freeway emissions on near roadway concentrations under parallel winds. The concentrations are
somewhat higher at the combination site. This may be due to differences in the urban
backgrounds at the two sites due to differences in local traffic, and/or upwind sources.
The height of vegetation in combination barrier (~12 m) was higher than the soundwalls (~5 m),
making the effective height of the combination barrier significantly higher than the height of the
soundwall at the other transect (~ 4 m). The height of the combination barrier would result in
increased vertical dispersion of the initial pollution plume. The observed lower pollution
concentration behind the combination barrier site, under downwind conditions, can be attributed
by this increased vertical mixing. This result agrees with a previously reported field study
(Baldauf et al., 2008).
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(a)

(b)

Figure 66. The variation of normalized UFP number concentration along the two transects
at the SR-99 Sacramento site, under (a) downwind and (b) parallel wind conditions.
The background and traffic normalized concentration averaged over (a) 6 (b) 4 sessions
(color plots) is plotted together with the standard error of the mean (black).
Figure 67 and Figure 68 shows the traffic normalized concentration of PM2.5, BC, CO2, NO and
NO2 at the Sacramento site, under downwind conditions, averaged over all wind speeds and all
measurement days. The difference in pollution concentrations on the two transects was small for
PM2.5, BC and CO2. On both transects, NO and NO2 concentrations decayed rapidly near the
freeway. Similar to the trend shown by [UFP], concentrations behind the combination barrier
were lower than that behind the soundwall.
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(a)

(b)

(c)

Figure 67. The variation of normalized (a) PM 2.5, (b) Black Carbon and (c) CO2
concentration along the two transects at the SR-99 Sacramento site.
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(a)

(b)

Figure 68. The variation of normalized (a) NO, (b) NO2 concentration along the two
transects at the SR-99 Sacramento site.

3.4.3 Profiles from Passive NO and NO2 Profiles
The passive NO and NO2 data collected near CA-99 in Sacramento clearly demonstrates of
concentration decay under strong westerly wind conditions (Figure 69). Figure 70 shows the
wind rose with dominating westerly wind conditions. On the downwind side of CA-99, the
study site with a combination barrier exhibited NO and NO2 concentrations 7-8% lower than the
study site with soundwall alone.
It is noted that the ratio of NO/NO2 concentrations was 20- to 50-fold greater at the study site
near CA-99 in Sacramento than at the study sites in Santa Monica or in Encino. Unfortunately,
no blank was collected, thus it is possible that there is an issue with the set of collection pads that
skews either NO or NO2. This type of error is expected to impact all of the measurement by
shifting them all up or down, and thus the relative measurements may still be of value. NO
together with a small amount NO2 is emitted directly from vehicles (likely somewhat more than
appears in the data), and some NO can be rapidly converted to NO2 via its reaction with ozone.
A possible explanation of the very low NO2 is that there was a low level of ozone on the
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sampling days, but this seems unlikely as sampling was performed in June, thus there should
have been some conversion of NO to NO2.
Table 18 shows the numerical data.
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Table 18. Continuous passive NO and NO2 data for the Sacramento site.
Vegetation and Soundwall
Distance
NOx
NO2
(m)
(ppb)
(ppb)
-800
-15
15
70
200
350
800

6.94
8.25
13.62
11.90
12.08
9.87
9.07

0.33
0.26
0.33
0.28
0.23
0.25
0.27

NO
(ppb)

Distance
(m)

6.61
7.99
13.29
11.62
11.84
9.62
8.80

-800
-15
15
50
100
400
800

Soundwall Only
NOx
NO2
(ppb)
(ppb)
6.94
10.05
18.55
13.22
11.41
10.01
10.06

0.33
0.30
0.32
0.24
0.27
0.33
0.32

NO
(ppb)
6.61
9.75
18.24
12.98
11.14
9.68
9.74

3.4.4 Additional Continuous Measurements: UFP, PM2.5, and BC
The selected study site near the CA-99 in Sacramento had a continuous soundwall barrier with
and without vegetation. Figure 71 overviews the particle size distributions data from the upwind
and downwind sampling locations in two different study sites: (a) soundwall only and (b)
vegetation and soundwall. The solid black lines represent the median of size-resolved particle
concentration data from downwind sampling locations; whereas, the gray lines represent the
median of size-resolved particle concentration data from upwind sampling locations. For
comparison to downwind data, Figure 71 presents the same upwind data collected at 15 m north
of the CA-99 freeway.
Similar to the data collected near the I-10 in Santa Monica and the I-101 in Encino, the upwind
and downwind locations had distinctively different particle size distributions in terms of
magnitude and mode diameter. The upwind data collected near the CA-99 in Sacramento
exhibited greater dN/dLogDp concentration with a smaller mode diameter of ~ 50 nm compared
to the I-10 and the I-101. The downwind particle concentrations were also greater than the
measurements from the I-10 or the I-101. Wind speeds were higher (i.e., 1.57 ± 0.50 m/s) in
Sacramento than in Encino (i.e., 1.00 ± 0.65 m/s) or in Santa Monica (i.e., 0.79 ± 1.55 m/s).
Traffic flow was also higher during data collection in Encino (1221 ± 195 veh./5-min) than in
Sacramento (753 ± 71 veh./5-min). Mode diameters were found near ~ 10 nm at the downwind
sampling location with combination barrier and less than 10 nm at the downwind location with
soundwall alone. This observation is similar to the previous observation in Encino.
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Figure 71. Particle size distribution data collected under different configurations: (a)
soundwall only and (b) vegetation and soundwall at the study site near CA-99 in
Sacramento. Different color schemes indicate the data collected at upwind (gray) and
downwind (black) sampling locations.
The log-normalized particle number
concentration (dN/dLogDp) data are the medians of measurements under southerly
wind conditions (165 ± 45°) and plotted with respect to aerodynamic diameter (Dp).
The upwind measurements were significantly lower than downwind measurements in
Sacramento (p < 0.05). Similar to the previous data collected in Santa Monica and in Encino, the
measured PNC showed a small but significant difference between the areas selected for
soundwall only and for combination barrier in Sacrament0. The difference was also significant
(p < 0.05) between the two study sites. As shown in Figure 72, both downwind locations had
PNC at similar magnitude with a little difference (~ 4800 #/cm3) with PNC significantly higher
at the site with soundwall alone than at the site with combination barrier (p < 0.05). The
difference was likely due to the addition of vegetation.
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Figure 72.
Total number particle concentration data collected under different
configurations: soundwall only (left) and vegetation with soundwall (right) at the study
site near CA-99 in Sacramento. Different color schemes indicate the data collected at
upwind (dark gray) and downwind (light gray) sampling locations. The medians of the
data collected under westerly wind conditions (270 ± 45°) are plotted. The error bars
indicate one standard deviation of the measurements.
Mass concentrations of PM2.5 were slightly higher at the area with soundwall alone compared to
the area with combination barrier. This agrees well with the number concentration data shown in
Figure 72. Figure 73 presents mass concentration data for PM2.5 at two downwind sampling
locations of the CA-99 in Sacramento. These downwind locations had PM2.5 mass
concentrations of 6.95 µg/m3 on average in the study site with soundwall alone and 7.43 µg/m3
on average in the study site with combination barrier. Note that the PM2.5 data measured in
Santa Monica and Encino had significant differences between two experimental configuration of
vegetation and soundwall (i.e., vegetation only vs. vegetation and soundwall). In contrast, at the
Sacramento sites, the differences between two study sites were not significant (p = 0.951). Note
that the sampling campaign in Sacramento could not conduct upwind PM2.5 measurements due to
limited number of available instruments. Measurements of BC could not be performed because
of insufficient electric power available in the field. See Table 19 for a summary of
measurements at the area near the CA-99 in Sacramento.
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Figure 73. Median PM2.5 mass concentrations for soundwall only (left) and vegetation with
soundwall (right) at the study site near CA-99 in Sacramento under westerly wind
conditions (270 ± 45°). No data were collected at the upwind sampling locations. The
error bars indicate one standard deviation.

Table 19. A summary of UFP, PM2.5, BC concentration measurements at the upwind and
downwind sampling locations of soundwall only (WO) and vegetation with soundwall
(VW) sites along the CA-99 freeway in Sacramento, CA
CA-99 Sacramento, CA

Upwind

WO

Downwind

WO

VW

BC (µg/m3)

10617.22

NA

NA

St.Dev.

9628.06

NA

NA

14544.91

NA

NA

Median

7682.27

NA

NA

St.Dev.

1679.47

NA

NA

Mean

7766.37

NA

NA

Median

17643.00

4.60

NA

St.Dev.

15092.67

5.20

NA

Mean

21937.86

6.95

NA

Median

14427.90

5.43

NA

St.Dev.

8822.34

4.89

NA

17136.58

7.43

NA

Mean
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PM2.5 (μg/m3)

Median
Mean
VW

UFP (#/cm3)

3.4.5 Difference‐in‐Differences
The sampling campaign near the CA-99 in Sacramento was designed to examine the effects of
additional vegetation in area with a soundwall barrier. The study site selected in Sacramento had
a soundwall barrier along the CA-99 with and without vegetation. Along with the data collected
at the previous study sites in Santa Monica and Encino (i.e., vegetation only vs. vegetation and
soundwall), this study aimed to accomplish comprehensive understanding of the effects of
vegetation and soundwall on mitigation of near-freeway air pollution. In Sacramento, data
collection was conducted under an environment with an averaged wind speed of 1.57 (± 0.50)
m/s and traffic flow averaged at 752 (± 71) veh./5-min.
The data collected near the CA-99 in Sacramento support additional reduction of UFP
concentrations when there is a vegetation barrier in addition to a soundwall barrier along the
freeway. The difference of UFP concentrations between the two study sites was small, but
statistically significant (p < 0.05). Figure 74 presents the downwind-upwind difference of PNC
in the area with both vegetation and soundwall (dVW) is lower than with soundwall alone
(dWO). The median of upwind-subtracted PNC was 14423 (± 24436) #/cm3 in the area with
soundwall alone but decreased to 9230 (± 10251) #/cm3 in the area with combination barrier of
vegetation and soundwall. Similar to the observation in Encino, the estimated DID value was
small but the difference is statistically significant (p < 0.05). The difference-in-differences (i.e.,
DID = dWO – dVW) was determined at 6011 (± 23595) #/cm3, and significantly different from
zero (p < 0.05). The positive DID value indicates an overall reduction of PNC with additional
vegetation in the area with a soundwall barrier near the CA-99 in Sacramento.
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Figure 74. Median downwind-upwind differences and Difference-in-Differences (DID) for
total number particle concentrations for soundwall only (dWO, black) and soundwall
and vegetation (dVW, gray) near the CA-99 in Sacramento. The dark gray bar
indicates the DID value (i.e., DID = dWO – dVW). The error bars indicate one
standard deviation.
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The same observation of overall reduction was repeated in DID analysis on PM2.5 data as shown
in Figure 75. The limited instrumentation during this sampling campaign could not allow PM2.5
measurements upwind of the freeway. Instead of downwind-upwind differences, the plotted data
are downwind PM2.5 mass concentrations from the area with soundwall only and the other area
with soundwall and vegetation. The measured concentrations were 4.51 (± 1.90) μg/m3 for
soundwall alone and 4.27 (± 1.57) μg/m3 for combination barrier of vegetation and soundwall.
The presence of additional vegetation did not make a significant difference in PM2.5
measurements between two study sites (p = 0.95). The difference in the plotted median data (0.03 μg/m3) is also within the detection limit of the measuring instrument (1.00 μg/m3, TSI Inc.,
Shoreview, MN Model 8520). Thus, it is difficult to determine that the negative DID value (i.e.,
- 0.03 ± 1.56 μg/m3 shown in Figure 75) is an overall gain of PM2.5 concentration.
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Table 20 provides the data plotted in Figure 74 and Figure 75 for the estimated differences and
DID values from the continuous stationary measurements near the CA-99 in Sacramento.
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Figure 75. Median downwind-upwind differences and Difference-in-Differences (DID) for
PM2.5 for soundwall only (dWO, black) and with soundwall and vegetation (dVW, gray)
sites near CA-99 in Sacramento. The dark gray bar indicates the DID value (i.e., DID =
dWO – dVW). The error bars indicate one standard deviation.
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Table 20. A summary of downwind-upwind differences and difference-in-differences
(DID) for UFP, PM2.5, BC measurements in the areas with soundwall only (dWO) and
with vegetation and soundwall (dVW) near the CA-99 in Sacramento, CA. The DID
values are the difference of dWO and dVW.
CA-99 Sacramento, CA
3

UFP (#/cm )

dWO
Median

St.Dev.

Mean

14423

24436

4.51

1.90

PM2.5 (μg/m3)
BC (µg/m3)

dVW

NA

NA

DID (dWO-dVW)

Median

St.Dev.

Mean

21028

9230

10251

4.57

4.27

1.57

NA

NA

NA

Median

St.Dev.

Mean

11332

6011

23595

9486

4.66

-0.03

1.56

-0.09

NA

NA

NA

NA

3.4.5.1 Dependence of Differences on Particle Size
Figure 76 provides the particle size-specific DID estimates for the effectiveness of the additional
soundwall barrier (black solid) in comparison to the additional vegetation barrier (gray dash).
The positive DID indicates the dN/dLogDp reduced by an additional barrier; whereas, the
negative DID indicates the increase of dN/dLogDp under the same condition. The calculation of
downwind-upwind difference eliminates the background concentration measured at the upwind
sides of the freeways. Therefore, the difference in the downwind-upwind differences of two
study sites (i.e., DID = dVO-dVW for the I-101 study site in Encino; and, DID = dWO-dVW for
the CA-99 study site in Sacramento) represents the size-resolved particle concentrations, that
were increased solely by the traffic emissions from a freeway; but, reduced with a combination
barrier of vegetation and soundwall with respect to a soundwall or a vegetation barrier alone.
The size-resolved DID data demonstrate that an additional vegetation barrier can be more
effective on reducing particle number concentrations than an additional soundwall barrier.
Additional soundwall barrier exhibited additional reductions relatively constant across the
measured size range. Additional vegetation barrier showed significantly higher reductions of
dN/dLogDp at particle diameters decreasing below 80 nm and although there was little reduction
of dN/dLogDp above 80 nm.
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Figure 76. Difference-in-differences (DID) of dN/dLogDp data collected with (a) additional
soundwall (near I-101 in Encino; DID = dVO – dVW) and (b) additional vegetation
(near CA-99 in Sacramento; DID = dWO – dVW). Medians of the DID estimates are
plotted with respect to aerodynamic diameter (Dp).

The data plotted for additional vegetation barrier are the data collected at the CA-99 study site,
which had ~ 38% lower traffic flow than at the I-101 study site. No data corrections were made
to compensate different levels of traffic flow because the detailed traffic profile information is
not available for the estimation of traffic emissions. In addition, it is also challenging to quantify
the levels of dilution and dispersion that are expectedly different under two different
environments (i.e., with a soundwall barrier and with a vegetation barrier). Thus, the comparison
of the findings must be limited within each sampling site.
The additional vegetation is appeared to make greater reductions of the particles smaller than 80
nm. Theoretically, the foliage of a vegetation barrier likely provides significantly increased
surface area that promotes effective dry deposition of particles. The effectiveness of dry
deposition is a complex non-linear function of particle size that can also change by wind speed
(Steffens et al., 2013). However, it is beyond the scope of this study to determine the extent of
which wind speed changes the overall dry deposition of particles.

3.7 Wind speed dependence of [UFP] pollution reduction
The porous vegetation barriers impose a drag on the air moving through the leaves and branches.
This flow obstruction causes some air to move up and around the canopy, thus increasing vertical
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mixing (Cahill, 2010). Vegetation can also remove some gaseous pollutants by absorption and
particulate matter by deposition (Fujii et al., 2008). The deposition of smallest particles is
controlled by Brownian diffusion, while the interception and inertial impaction determine the
deposition of larger particles (Petroff et al., 2008). Since both the drag on the air and particle
deposition is wind speed dependent, the pollution concentration reduction of vegetation barriers
is expected to be particle size and wind speed dependent. Recent wind tunnel (Lin and Khlystov,
2012) and numerical modeling (Steffens et al., 2012) studies have investigated the wind speed
dependency of [UFP] reduction by vegetation. Lin and Khlystov (2012) reported that the UFP
removal efficiency decreased with increasing particle size, increasing wind speed and decreasing
packing density (volume fraction occupied by the branches). The sensitivity of removal efficiency
to wind speed reported by them was similar to that found in Steffens et al. (2012) for small
particle sizes, but the results were different for larger particle sizes.
The two measurement sessions at the Santa Monica site in two different seasons showed a
sufficient variation in wind speed to investigation of the wind speed dependency of [UFP]
reduction behind the vegetation and combination barriers. Figure 77 shows the relative [UFP]
reduction percentage of a combination barrier, with respect to vegetation-only barrier (Santa
Monica) or a sound wall (Sacramento), calculated as follows.
For Santa Monica:
For Sacramento:

100%
100%

Where, VW - [UFP] behind the combination barrier
VO - [UFP] behind the vegetation-only barrier
WO

- [UFP] behind the sound wall

The relative reduction was averaged over the first 160 m from the edge of the freeway and was
plotted against wind speed averaged over each measurement day.
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(a)

(b)

Figure 77. The relative [UFP] reduction by a combination barrier, under downwind
conditions, averaged over the first 160 m from the edge of the freeway for (a) Santa
Monica: (VO-VW)/VO and (b) Sacramento: (WO-VW)/WO, as a function of the wind
speed averaged over the session. The vegetation at the vegetation only transect in Santa
Monica was taller and denser than that at the combination site.
Figure 77 shows that the pollution reduction by the vegetation-only barrier is heavily wind speed
dependent. At the Santa Monica site, the vegetation-only barrier is more effective than the
combination barrier at very low wind speeds (< 0.6 m/s) and less effective than the combination
barrier at higher wind speeds. This agrees with the previously reported studies (Lin and
Khlystov, 2012; Steffens et al., 2012), and is explained as follows. The vegetation-only site
(Granville) is overall higher than the combination barrier, and at very low wind speeds is a more
effective barrier than the shorter combination barrier. At higher wind speeds, the effectiveness
of the vegetation decreases, and the combination barrier becomes more effective. The wind
speed dependence also explains the different pollution reduction trends observed at the Santa
Monica site in the two different seasons, because the all measurement days in the fall session had
wind speeds less than 0.6 m/s and most measurement days in the winter session had wind speeds
higher than 0.6 m/s. Nevertheless, in combination with literature results, the data support the
notion that vegetation reduces concentrations around roadways under most conditions.
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At the Sacramento site, measurement days had lower variability in wind speeds than at the Santa
Monica site. Yet the relative reduction showed a similar dependence on the wind speed (Figure
77). At this site, the combination barrier is more effective than the sound wall at low wind
speeds (< 1.5 m/s) and less effective than the sound wall at higher wind speeds. Overall, the
variations in the relative reduction were smaller for the comparison of a combination barrier and
a sound wall (Sacramento) than for the comparison of a combination barrier and a vegetationonly barrier (Santa Monica).

3.8 Modeling the Impact of Vegetation‐Solid Barriers on Near Road Air Quality
3.8.1 Introduction
This section describes the development and application of a dispersion model to estimate
concentrations of vehicle related emissions downwind of a barrier consisting of vegetation
planted next to a solid noise barrier. This combination of vegetation behind solid noise barriers
is a common configuration along California highways; the vegetation, which is usually higher
than the solid barrier, is designed to reduce the visual impact of the noise barrier for residents
living next to the barrier. These barriers have also been found to reduce the impact of highway
emissions on downwind air quality (Baldauf et al., 2008; Finn et al., 2010).
The model described here is based on the analysis of data collected in two field campaigns
conducted in Riverside, CA, and in Sacramento, CA. The other two sites at Santa Monica and
Encino had confounding features, such as upwind buildings and elevated roads, that could not be
readily incorporated into the model to isolate the impact of vegetation on near road air pollution.
The objective of the Riverside study was to evaluate and, if necessary, modify a model for
dispersion of emissions from a highway with solid barriers located on its sides. This model
(Schulte et al., 2014) was developed using data from tracer and wind tunnel experiments in
which the governing conditions were well defined. The question addressed in the Riverside
study was: Can this model be used to estimate the impact of barriers of near road pollutant
concentrations when model inputs, such as emissions, are uncertain?
The objective of the second study, conducted in Sacramento, CA, was to collect the data
necessary to extend the model applicable to solid barriers to barriers that are located next to
vegetation. The major questions addressed in this study were: Does vegetation enhance or
reduce the mitigating effect of the solid barrier on downwind concentration of motor vehicle
related emissions? What is the magnitude of this effect? These questions were answered by
interpreting the field data with dispersion models.
We first describe the study conducted in Riverside, CA.

3.8.2 Riverside Results

3.8.2.1 Dispersion Modeling
The background concentrations were subtracted from the downwind concentrations in analyzing
the UFP concentrations. The background concentration was around 10 #/cm3. Figure 78 shows
the spatial distributions of the averages over the concentrations measured in the six tests. The
concentrations always decrease with distance behind the barrier and do not show the peak away
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from the barrier observed by Ning et al. (2010). We next examine whether these concentration
measurements can be described with a dispersion model that was evaluated with data from
controlled experiments conducted in the wind tunnel (Heist et al., 2009) and in the tracer field
study (Finn et al., 2010).
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Figure 78. Averaged particle concentrations at different distances behind the solid barrier
in Riverside for a)Test 1, b)Test 2, c)Test 3, d)Test 4, e)Test 5, and f)Test 6.
The model (Schulte et al., 2014) used to interpret the data assumes that the concentration is wellmixed from the surface to the barrier height, and the concentration profile then follows a
Gaussian distribution above the barrier height with the maximum concentration occurring at the
barrier height, as shown in Figure 79. We can then express the surface concentration associated
with an infinitely long line source as:

2

cos

̅ cos

2

(1)

Figure 79. Schematic of concentration profile in Mixed-Wake model.
where is the emission rate per length of the line source, is the concentration at the surface,
is the barrier height,
̅ is the wind speed at the effective centerline height of the plume above
the barrier, and is the wind direction with respect to the perpendicular to the road. The vertical
plume spread, , is calculated using equations from Venkatram et al. (2013).
We analyzed the observations made in the field study using two versions of the model in order to
understand the relative importance of the governing processes.
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Simple Barrier Model
We can derive a simplified version of Equation 1 by using the neutral expression for the product
of the effective wind speed and (Venkatram et al., 2013):
̅ cos

0.57 ∗

2

where ∗ is the surface friction velocity and
Equation 1 then becomes

2
where

2

0.71

∗

(2)

∗

is the distance of a receptor from the barrier.

cos

(3)

∗

is 0.71.

Since the width of the road is comparable to the downwind distances being considered here, we
treat the road as an area source with width W. Then, the concentration at a downwind distance x
from the barrier becomes:

2

cos

∗

∗

ln 1

(4)
2 cos
∗

This simple model, which applies primarily to neutral conditions, serves as a reference model
whose performance against observations will be compared with that of an improved version.

3.8.2.2 Modified mixed‐wake model
The second model considered here modifies Equation 1 to improve its performance during
unstable conditions when Equation 1 overestimates concentrations close to the source in the
Idaho Falls tracer experiment (Finn et al., 2010). The modified model assumes that the
maximum concentration occurs above barrier height to be consistent with the wind tunnel data
(Heist et al., 2009). The second modification is an entrainment factor,
, that reduces
entrainment into the barrier wake during unstable conditions. This is an empirical modification
to account for the overestimation of concentrations close to the source under the unstable
conditions of the Idaho Falls experiment. The factor reduces entrainment behind the barrier as
the absolute value of the Monin-Obukhov length decreases. It is also a function of downwind
distance, starting at values below unity just downwind of the barrier and approaches unity at
large downwind distances.
is taken to be:
1
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1

exp

(5)

where

0, is taken to be:

, the entrainment factor at

exp

|

(6)

|

where
10 and
is the barrier height.
Obukhov length decreases.

decreases as the absolute value of Monin-

The third modification is the effect of barrier on surface friction velocity. Surface friction
velocity is enhanced based on an empirical model for the development of a neutral boundary
layer after a roughness change,
.
∗

(7)

∗

/9.

where the effective roughness of the wall is taken to be

Assuming that the barrier does not modify the upwind heat flux, the Monin-Obukhov length is
taken to be proportional to ∗ . Then, the Monin-Obukhov length behind the barrier is:
∗

(8)

∗

The velocity below the barrier height is assumed to be uniform with height given by its value at
. With these parameterizations, the surface concentration can be expressed as
exp
where

exp

(9)

is the maximum concentration is
cos
. . exp

exp

̅

2

. 2

erf

In this equation,
is the velocity at barrier height,
/√2 , and
is the height of maximum concentration, taken to be:
2

erf

(10)

/√2 ,

(11)

is the vertical plume spread right behind the barrier. This model performs better than
where
the model presented in Schulte et al. (2014) in describing concentrations close to the barrier in
the Idaho Falls experiment (Finn et al., 2010) during unstable conditions, which correspond to
those considered in the current field study.

125

3.8.2.3 Modeling Results
As indicated earlier, the UFP number emission factor is highly uncertain. The literature reports a
large range 10 ~10 #/(veh.km) (Kumar et al., 2011; Morawska et al., 2008). In this study, we
treat the emission factor as an unknown parameter whose value is obtained by fitting model
estimates to measured UFP concentrations. Because we wanted to evaluate the performance of
the model in describing the impact of the barrier on downwind concentrations, we excluded data
points at distances less than 40 m from the barrier in deriving the emission factor; at this distance
the effect of the barrier on concentrations is small.
The ratio of UFP Heavy Duty Vehicle (HDV) emission factor to that of Light Duty Vehicle
(LDV) was taken to be 25. This ratio was found using
. emissions from the EMFAC Model
inventory data (California Air Resources Board, 2011). For the simple barrier model, the fitted
emission factor is 7.90 10 #/(veh.km) averaged over the six tests and a standard deviation of
2.88 10 #/(veh.km). The corresponding statistics for the modified mixed-wake model are a
mean of 7.09 10 #/(veh.km) and a standard deviation of 2.56 10 #/(veh.km). The mean
emission factors of both models lie within the range reported in literature (Kumar et al., 2011;
Morawska et al., 2008).
The performance of the models are evaluated using the geometric mean ( ), standard deviation
of the residuals between the observations and predictions ( ), the fraction of data points that lie
within a factor of two of the observations (fact2), and the correlation coefficient between the
observations and predictions ( ). The geometric mean and standard deviation are defined as:
ln

ln

(12)

∑

ln
1

(13)

ln
where
ln
.
. is the residual between the observed concentration and the
predicted one, and is the number of data points. The performance of the models using the
are similar for the two
average emission factor for the six tests is shown in Figure 80. The
models using a barrier height of 4.5 m.
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Figure 80. Comparison of observations in Riverside study and a) simple barrier model
estimates and b) the modified mixed-wake model estimates.
To distinguish between the two models, we investigated the sensitivity of model performance to
different barrier heights using fractional bias (Chang and Hanna, 2004) to measure their relative
performance. Figure 81 shows the fractional bias versus barrier heights for both models. The
bias is close to zero for both models when the barrier height is close to its actual value of 4.5 m,
which indicates that both models capture the essential effects of barriers on downwind
concentrations. The simpler barrier model is more sensitive to barrier height, reflecting the role
of this variable in its formulation. It would be necessary to conduct experiments with varying
barrier heights to check whether this sensitivity is real.
0.2
0.1

,,,m

0
/
/

:.0 -0.1

/
/

m

/

C:

0

.:::
u
m
~

---

------ --

/

/

-0.2

/

I

LL

I

-0.3

I
I
I

-0.4 I

- - - Modified m ixed-wake model
- - - S imple barrier model

-0.5
1

2

3

4

7
5
6
Barrier height (m)

8

9

10

Figure 81. Fractional bias versus barrier height for modified mixed-wake model (red solid
line) and for simple barrier model (black dashed line).
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Figure 82, which compares measured concentration gradients with model estimates from test 3,
the day with the lowest wind speed, test 4, the most convective day, and test 6, the most neutral
day, indicates that both models provide a realistic depiction of the gradients over a wide range of
stabilities.
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Figure 82. Concentration gradients for observations and a) simple barrier model for test 3,
b) the modified mixed-wake model for test 3, c) simple barrier model for test 4, d) the
modified mixed-wake model for test 4, e) simple barrier model for test 6, and f) the
modified mixed-wake model for test 6 (Emission factors are calculated for each day
using the data measured beyond 40 m from the barrier).
Because the wind directions during all the tests were within
° perpendicular to the freeway,
we cannot quantify the performance of the model when the wind direction is close to parallel to
the road.
Figure 83 shows the spatial variation of the ratio of UFP concentrations in the presence of a
barrier to those in the absence of the barrier as a function of barrier height; the micrometeorological inputs correspond to test 6. In the simpler model, the no-barrier concentrations
were estimated by treating the vehicles on the freeway as a 1 m barrier. The concentrations in
modified mixed-wake model were estimated by assuming that the vehicles induce an initial
vertical spread of 1 m. The concentration reduction, relative to the no-barrier concentration, just
next to the 4 m barrier is 50-60%. This reduction increases to 65-75% by doubling the barrier
height. The concentration reduction decreases with distance to about 25% at 40 m for the 4 m
barrier. This reduction is 45% for the 8 m barrier. The average concentration reduction from 040 m is around 35% for a 4 m barrier. This average reduction increases to 55% with a doubling
of the barrier height to 8 m.
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3.8.3 Sacramento Results
The objective of the field study conducted in Sacramento, California is to examine the effect of
vegetation planted behind a solid barrier on air quality downwind of the barrier. The questions
that were addressed were: 1) Does the vegetation enhance the impact of the solid barrier? 2) If
so, what is the magnitude of the enhancement?
The objective was achieved by using a modified version of the model described in the previous
section to interpret the measurements from the field study. The site of the field study was next to
CA-99 in Sacramento (Figure 28). The freeway has an average traffic flow rate of 200,000
vehicles/day. The highway is 42 m wide and has 10 lanes including 2 High Occupancy Vehicle
(HOV) lanes. The barrier is 12 m from the edge of the highway, which is the only major source
of pollution near the study area.
The wind rose (Figure 30) derived from winds measured at the Sacramento Executive Airport
shows that the dominant wind direction during the daytime is from the southwest. During the
night, the winds are light from the north.

3.8.3.1 Air Quality and Meteorological Measurements
As in the Riverside study, UFP was used as the tracer to study dispersion of vehicle emitted
emissions. UFP concentrations were measured with TSI Condensation Particle Counters
(CPCs), Model 3022A. This model can measure concentrations in the range 5 10 -10
particles/
with 10% accuracy. A Raspberry Pie Model 2B computer was configured to
serve as data loggers for the CPCs.
Meteorological variables were measured with Campbell Scientific CSAT3 3-D (three
dimensional) sonic anemometers. It can measure horizontal wind velocity at 1 mm/s and vertical
wind velocity at 0.5 mm/s resolution. It also records temperature with resolution of 0.025°C.
130

Campbell Scientific CR1000, CR3000, and CR5000 data loggers were used to record the data at
1HZ frequency. Sonic anemometers were powered by deep cycle marine batteries.
The traffic flow in each lane of the freeway was obtained from the CalTrans Performance
Measurements System (www.pems.dot.ca.gov). Cars and trucks are treated separately in the
data.
One CPC was located at each one of the downwind sampling locations, east of highway 99. The
CPCs were installed inside two cars and powered by deep cycle marine batteries. Both cars were
parked at a distance of 4 m behind the two locations, one downwind of the solid barrier, and the
other downwind of the barrier with vegetation. The CPCs were interchanged each day to avoid
instrumental error.
Another set of anemometer and CPC was located at west side of the freeway at a local resident
house next to the highway 99. Two sonic anemometers were located at this location to measure
temperature and wind velocities. One of the anemometers was used as a backup unit. Since the
wind was blowing from the southwest most of the time, measurements at this location are
considered as background. The anemometers were installed on a pole at 5 m above ground level
(AGL).
The measurements were conducted on 21st, 22nd, 25th, 26th, 27th, 28th, and 30th of June 2016. The
selected measurement period was 12:00–18:00 hours, during which time the wind blew primarily
from the southwest. Since the highway is north-south, the wind that is perpendicular to the road
is westerly. To avoid the effects of the interference between the two sections of the highway on
downwind concentrations, we focused on data from June 25th, 26th, and 27th, when the wind was
westerly most of the time.
A sonic anemometer was installed at each of the downwind sampling locations to measure the
effects of the solid and the solid-vegetation barriers on wind characteristics and turbulence
levels. The sonic anemometers were installed on poles at 2.5 m high above the ground and at 4
m behind downwind of the barrier.
Table 21 shows the time and date that each instrument was operational. Upwind sonic
anemometers and CPC functioned throughout the measurement period. The data collection on
day 5 and 6 were shortened due to malfunction of the downwind CPCs.
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Table 21. Overview of the dates and time of measurement in Sacramento.
Day # Date

Downwind
Downwind
Downwind Downwind
anemometers anemometers CPCs start CPCs stop
start time
stop time
time
time

1

6/21/2016

---

---

14:00

16:30

2

6/22/2016

---

---

13:00

15:00

3

6/25/2016

11:30

17:30

13:00

17:30

4

6/26/2016

11:30

16:00

11:45

16:00

5

6/27/2016

12:45

17:00

16:00

17:00

6

6/28/2016

10:45

14:30

12:30

14:30

7

6/30/2016

---

---

14:30

16:30

3.8.3.2 Measurement Results
The data was filtered to focus on wind directions within 45° of perpendicular to the freeway at
both sections (cross-road winds) to best capture the effects of the barriers. The freeway direction
at the solid barrier section is 270° true to north, and at the vegetation-solid barrier section is
254° true to north. Thus, our analysis was confined to data collected when the wind direction
was within 259° 34° true to north. The wind direction was obtained from the upwind 3-D
sonic anemometer. The air quality data, micrometeorological data, and traffic data were
averaged over 15-min periods for analysis.
The time series of 1-min averaged UFP concentrations during June 25th and 26th of the sampling
campaign are shown in Figure 84. The background concentrations do not vary significantly and
they are of the order of 5000 #/cm3, which indicates that freeway emissions have little impact on
the upwind receptor. On the other hand, the downwind UFP concentrations at both sites show
significant variations, with spikes reaching 6 10 #/cm3, and an average that is a factor of
three higher than the background.
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Figure 84. Time series of 1-min averaged concentrations in Sacramento during a) June
25th and b) June 26th.
The background concentrations were subtracted from the measured downwind concentrations to
estimate the impact of the highway on downwind concentration. Figure 85 compares the UFP
concentrations behind the solid barrier and vegetation-solid barrier for the entire sampling period
in terms of the ratio of the measured concentrations. The trees behind the solid barrier result in
smaller downwind concentrations relative to those behind the solid barrier more than 60% of the
time. There is no trend in this ratio with upwind direction. On an average, the concentration
behind the vegetation-wall barrier is 0.87 times the average concentration behind the wall. The
median of the ratios is 0.67.
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Figure 86 suggests that the vegetation increases concentrations relative to those behind the wall
without vegetation as the wind speed and
increase; the ratio becomes larger than unity
indicating that at some point the reduction in turbulence levels by the vegetation might negate
the effect of the increased vertical dispersion associated with the lofting of the plume.
The relationship between upwind
and the reduction in the turbulence behind the two walls is
indicated by Figure 87. The trend in the points suggests that as the upwind turbulence increases,
the vegetation increases its impact on reducing turbulence relative to that behind the wall. This
supports our hypothesis that there is point beyond which vegetation reduces the mitigating effect
of a solid wall. We cannot draw definite conclusions about when this crossover occurs without
more data.
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measured downwind of the two walls as a function of

3.8.4 Modeling Framework
A vegetative barrier affects downwind concentrations through the following mechanisms: 1) it
deflects the particles upward and a fraction of the plume is lofted above it, 2) it reduces the
turbulence levels behind the barrier which causes less mixing, and 3) a fraction of the particles
deposit on the vegetation.
A simple calculation can reveal useful results about the order of magnitude of the deposition rate
of ultrafine particles on the vegetation in the field study. The fraction of the incoming particles
passing through the vegetative barrier is given approximately by
.

.

(14)

where
is the leaf area index, is the overall incoming wind speed, and are the thickness
and the height of the vegetation, and
is the deposition velocity. To find the minimum value
for the fraction, we take
to be the largest value corresponding to deposition of UFP on pine
leaves reported by (Petroff et al., 2008) which is around 4 cm/s. The pine leaf LAI is around 5
(Vong et al., 2010), and we take
to be 1.5 / (the mean wind speed at 5m AGL in our
measurement is 1.44 m/s). The thickness is taken to be 4 , and the height to be 15 . This
results in 96% of the particles passing through the barrier, which allows us to focus on the impact
of dispersion on reducing concentrations downwind of the barrier.
Recall that the vegetation has the following effects on dispersion: 1) it lofts the plume increasing
vertical dispersion, and thus decreasing concentrations, 2) it decreases downwind turbulence,
which in turn has two opposing effects: it reduces entrainment of plume material into the wake,
reducing concentrations close to the wall, but at the same time decreases dispersion of the plume
being entrained into the wake. The combination of these effects can result in the vegetation
either increasing or decreasing concentrations relative to those for the solid barrier depending on
the distance from the barrier and the upwind meteorology.
As the first step in modeling the complex effects of vegetation, we applied the modified mixed
wake model, described by Equations (5) to (11) to interpret the results. We accounted for the
effects of vegetation through three modifications: 1) the friction velocity is multiplied by the
ratio of vertical velocity fluctuation, , behind the vegetation-wall to wall barrier to model the
reduction of turbulence by the vegetation, 2) the entrainment of material into the wake, given by
Equation (5) is multiplied by the ratio of turbulent velocities, and 3) the effective height of the
wall is increased to account for additional plume lofting induced by the vegetation
The effective height of the vegetation-solid wall was adjusted to ensure that the UFP emission
factors behind the two walls were approximately the same. The equivalent barrier height for the
wall-vegetation barrier turns out to be 7.5 m. The common emission factor is 1.8 10 which
lies within the reported range in literature (Kumar et al., 2011; Morawska et al., 2008). Analysis
of the upwind meteorology indicated that the roughness length is 0.35 m.
Figure 88 shows the comparison between modeled and observed values for concentrations
downwind of the wall and wall-vegetation barriers. Over 90% of the model estimates are within
factor of two of the corresponding observations, although the correlation between model
estimates and observation is not good. The bottom panels compare the distributions of modeled
and observed concentrations, which are obtained by sorting the concentrations from high to low
values. This approach to model evaluation is common in air pollution modeling (Cimorelli et al.,
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2005) when the complexity of the governing processes makes it difficult to compare model
estimates to observed values, paired in space and time. The model is considered adequate if it
can describe the distribution of observed concentrations. By this standard, the model is
adequate.
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Figure 88. Comparison of measured and UFP modeled concentrations for a) wall barrier,
and b) wall-vegetation barrier
Figure 89 compares the concentration gradients predicted by the model for wall and vegetationwall with no barrier case. The gradients correspond to the mean of the concentrations for the
observed meteorology and traffic flow considered in the modeling results presented in Figure 17.
We see that the addition of vegetation increases the mitigation effect of the solid wall within 100
from the wall; the additional reduction ranges from 25% close to the wall to 10% at 300 m. The
model predicts that addition of vegetation to a solid wall does confer additional mitigation, but
the effect is relatively small for the type of vegetation considered in this field study. This is
consistent with the Sacramento measurement result. This conclusion is also supported by results
from the simpler mixed wake model, given by Equation (4).
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Figure 89. Left panel: Concentration gradients predicted by the model for wall,
vegetation-wall. Right panel: Concentration ratio predicted by model for wall and
vegetation-wall barrier. Results correspond to average over the modeled and observed
concentrations for June 25th, 26th, and 27th.

3.8.5Summary and Conclusions for modeling results
We developed and applied two dispersion models to estimate concentrations of vehicle related
emissions downwind of a barrier consisting of vegetation planted next to a solid noise barrier.
The models are based on the analysis of data collected in two field campaigns conducted in
Riverside, CA, and in Sacramento, CA. In both studies, ultrafine particles were used as the
tracer, and measured with condensation particle counters. Meteorological measurements were
made with 3-D sonic anemometers.
The objective of the Riverside study was to evaluate and, if necessary, modify a model for
dispersion of emissions from a highway with solid barriers located on its sides. This model
(Schulte et al., 2014) was developed using data from tracer and wind tunnel experiments in
which the governing conditions were well defined. The question addressed in the Riverside
study was: Can this model be used to estimate the impact of barriers of near road pollutant
concentrations when model inputs, such as emissions, are uncertain?
The objective of the second study, conducted in Sacramento, CA, was to collect the data
necessary to extend the model applicable to solid barriers to barriers that are located next to
vegetation. The major questions addressed in this study were: Does vegetation enhance or
reduce the mitigating effect of the solid barrier on downwind concentration of motor vehicle
related emissions? What is the magnitude of this effect? These questions were answered by
interpreting the field data with dispersion models.
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The study conducted at Riverside resulted in a model that provides reliable estimates of the
impact of a solid noise barrier on concentrations of highway emissions downwind of the barrier.
The field study in Sacramento was conducted to study the impact of adding vegetation behind a
solid wall on downwind concentration of highway emissions.
As the first step in modeling the complex effects of vegetation, we applied the modified mixed
wake model (Equations (5) to (11)) to interpret the results. We accounted for the effects of
vegetation through three modifications: 1) the friction velocity is multiplied by the ratio of
vertical velocity fluctuation,
, behind the vegetation-wall to wall barrier to model the
reduction of turbulence by the vegetation, 2) the entrainment of material into the wake is reduced
by the ratio of turbulent velocities, and 3) the effective height of the wall is increased to account
for additional plume lofting induced by the vegetation
The evaluation of the model with measurements indicate that over 90% of the model estimates
were within a factor of two of the corresponding observations, although the correlation was poor.
The distributions of modeled values compared well with that of the observed UFP
concentrations. However, the model could not reproduce the concentrations downwind of the
vegetation-solid barrier being higher than those downwind of the solid barrier, although it
produced comparable magnitudes for these cases.
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4. Summary and Conclusions
4.1 Overview
Traffic-related gaseous and particulate air pollutants are a significant public health concern
particularly near freeways. Previous studies have suggested that soundwall and/or vegetation
barriers may reduce near-freeway air pollution; however, the effectiveness of this mitigation
strategy is not well understood. Here we combine mobile, stationary, and passive measurements
and modeling approaches to four sites in California, each with a pair of nearby sites comparing
two of the following configurations: no wall (1 site), sound wall only (2 sites), vegetation only (2
sites), and combined vegetation-soundwall barriers (3 sites). Substantial effort was made to find
sites with two close-proximity barrier configurations of interest, with consistent and largely
perpendicular winds, flat terrain, minimal local traffic, and absence of confounders such as
nearby freeway interchanges, major roads, major on- or off-ramps, tunnels, berms etc. Ideal sites
are rare in complex urban areas, so some tradeoffs were necessary. Chosen study sites were
located along the I-10 in Santa Monica, the I-101 in Encino, CA-99 in Sacramento and the I-60
in Riverside, in California. Three of these sites were chosen as test sites for daytime conditions
(Sacramento, Encino and Riverside) and one was chosen for nighttime and early morning
conditions (Santa Monica).

4.2 Summary and Conclusions
Sites were dominated by evergreen broadleaf trees able to thrive in a Mediterranean climate,
except for one location in Santa Monica, which contained a partial stand of dense Cypress trees.
For the broadleaf-dominated sites, the optical porosity of the vegetation was high, averaging
about 50% or more at the average canopy height (clear sky has an optical porosity of 100%); the
site with Cypress had an optical porosity of about 27%. This is because that the cypress stands
have small and densely aggregated needle leaves that are more effective in light interception.
Typical leaf area index (LAI) value of the cypress tree can be as high as 10 m2 m-2 that are twice
of typical broadleaf trees. Unfortunately, the data do not support specific recommendations
about particular tree species or even ideal optical densities, as we had too little variability in our
datasets to draw credible conclusions about the efficacy of these parameters. Further, it is very
difficult to link optical porosity directly with tree species, since the leaf area of a tree species is
not a consistent parameter, but depends on the tree stand age and environmental parameters such
as water stress, nutrient status, etc.
In general, solid noise barriers have a mitigating impact of near-road concentrations of highway
emissions. The presence of the barrier is equivalent to shifting the line sources on the road
upwind by a distance of about the barrier height multiplied by the ratio of the near surface wind
speed and the vertical turbulent velocity. The addition of vegetation behind a solid barrier 1)
causes additional lofting of the plume, increasing dispersion and thus decreasing concentrations.
2) reduces turbulence levels behind the barrier, thus increasing concentrations relative to those
behind a solid barrier, an effect that appears to increase as wind speeds increase. The model
developed in this project describes the magnitudes and the distribution of the observed
concentrations. However, the model cannot produce the enhancement of concentrations behind
the vegetation-solid barrier relative to those just behind the solid barrier. The model, supported
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by the data, indicates that vegetation, for the most part, adds to the mitigating effect of a solid
barrier. However, the model predicts the impact is small, ranging from 25% next to the barrier to
10% at 300 m from the barrier. The dispersion and planning guidance model developed under
this project is titled “Model for Impact of Roads with Barriers (MIRB)”, and is available at
https://www.arb.ca.gov/research/single-project.php?row_id=65195.
The overall findings of the continuous stationary measurements suggest that the mitigation of
UFPs, black carbon, and PM2.5 is more effective with a combination barrier of soundwall and
vegetation than either one alone under daytime conditions.
The Sacramento daily and session-averaged freeway plume profiles of daytime measurements
show that for roughly perpendicular winds, elevated ultrafine particle concentrations at the edge
of the freeway decay within about 150 m during daytime, consistent with earlier studies. In
general, under daytime conditions at Sacramento, the combination tree and wall barrier resulted
in lower pollution concentrations downwind compared to the site with only a soundwall.
However, and although wind speeds had a low level of variability, at higher wind speeds the
vegetation became less effective, and was observed to increase pollutant concentrations
downwind at the highest wind speeds.
For the Santa Monica site, daily and session-averaged freeway plume profiles show that for
roughly perpendicular winds, elevated ultrafine particle concentrations at the edge of the freeway
decay within about 500 m or more during calm conditions in the early morning, consistent with
earlier studies. The taller and rather dense vegetation-only barrier was more effective than the
combination barrier at low wind speeds, but at higher wind speeds the combination vegetationsound wall was more effective.
Under parallel wind conditions, pollution was elevated only slightly or not at all near the edge of
the freeway, as might be expected. Under these conditions, there was no detectable difference
between sites with only vegetation only, soundwall only, or combination vegetation-solid wall
barriers.
Differences between PM2.5, black carbon, and carbon dioxide downwind of the barriers with
and without vegetation at the Sacramento site were generally not significant. This is expected, as
these species are typically only slightly elevated above their upwind background concentrations
near freeways, thus any differences are difficult to discern. Profiles for NOx species, however,
generally did show significant differences in their decay patterns. In contrast, freeways generally
have higher NOx concentrations compared to the urban backgrounds, and thus have a clearer
signal and decay pattern, and a difference can be observed.
For Sacramento, consistent with ultrafine particle concentrations, both mobile platform NO and
NO2, as well as passive NOx samples all showed significantly lower concentrations downwind of
the combination vegetation/solid sound wall compared to the sound wall-only site. The NOx
plumes also reached out further than the UFP plumes; 300 – 350 m for NOx vs. 100 – 150 m for
UFP.
The Encino passive NOx measurements were also significantly lower downwind of the
combination barrier compared to the vegetation-only barrier. At this site, the trees at the
vegetation-only transect were less dense than those at the combination barrier.
In summary, under daytime conditions, adding even relatively porous vegetation to barriers
appears to be a clear benefit, and this is consistent with the literature (Hagler et al. 2012; Tong et
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al., 2016). For areas impacted by high pollutant concentrations in the morning, night or under
calm conditions, the benefits are less clear, and due to their importance, are in need of further
study.

4.3 Summary for Planners
In summary, under daytime conditions, adding even relatively porous vegetation to barriers
appears to be a clear benefit, and this is consistent with the literature (Hagler et al. 2012; Tong et
al., 2016). For areas impacted by high pollutant concentrations in the morning, night or under
calm conditions, the benefits are less clear, and due to their importance, are in need of further
study. Several key characteristics of plumes around freeways and the impacts of roadside
barriers are summarized in Table 22.
Table 22. Characteristics of plumes around freeways
Meteorological Conditions
Daytime Downwind Side:
unstable atmosphere,
moderate wind speeds (1-3
m/s).

Night time/Early Morning
Downwind Side: under stable
Conditions; wind speeds below 1.2
m/s.

50 – 160 m

500 – 2500 + m

(Zhu et al 2002, Karner et al.
2010, this study)

Hu et al. 2009, Choi et al., 2012,
2014, this study)

Soundwall
Only Impacts

Reduces concentrations close to
the barrier (< about 160 m)

Reduces concentrations especially
close to the barrier (Finn et al. 2010)

Vegetation
Only Impacts

Reduces concentrations close to
the barrier (< about 160 m)

Reduces concentrations, especially
close to the barrier; impact is
diminished as wind speed increases.

Combination
Barrier
Impacts

Adding vegetation enhances
effectiveness compared to the
barrier alone, except at higher
wind speeds. Noting that pollutant
concentrations tend to be lowest at
highest wind speeds, this is less
important than the improvement at
lower wind speeds

Evidence of a dis-benefit at very low
wind speeds; benefit at higher wind
speeds

Typical Plume
Concentration
Decay*

* Distance at which the near-road source plume concentration reaches approxamatly10% of the
near-road source strength concentration
For planners, the first step is to determine the conditions under which a particular site or
sensitive receptor is predominantly downwind of a freeway with significant traffic and
emissions. In California, almost all residential neighborhoods and sensitive receptors such as
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schools have noise barriers installed, but if solid barriers are not installed, their installation is
advisable. In general, addition of vegetation is likely to enhance the mitigation of solid
barriers, although in many configurations it will have little impact. Several specific sample
scenarios are detailed in Table 23

Table 23. Situations for which addition of vegetation to existing solid barriers is likely to
reduce concentrations of roadway pollutants.(1)

Predominant Downwind
Wind during
Direction daytime;
moderate
winds

Downwind during
night/morning/under
calm conditions
(winds < about 1
m/s)

Receptor

Downwind
during day
or night;
nights and
mornings
are often
calm

Usually
breezy or
windy; calm
conditions
are
uncommon

Residential
Neighborhood within
~150 m(2)







Residential
Neighborhood further
than 150 m, within
~500 m(3)

Minimal
impact(4)





School, hospital,
residential facility for
the elderly etc. within
~150 m(2)



(5)

(5)



Minimal
impact(4)





Minimal
impact(4)

Limited to
minimal
impact(4) (6)



School, hospital,
residential facility for
the elderly etc.
further than 150 m,
within ~500 m(3)
Park used mostly in
afternoons on
weekdays, all day
during weekends
1

Limited



Impact

(6)



Minimal
impact(4)

This Table is provided as a general guide for planners. The specific geometry of a particular
site may produce different outcomes; site-specific measurements are advisable. “Roadway
pollutants” is limited to pollutants that are elevated around roadways. This usually includes
ultrafine particles, oxides of nitrogen (especially NO), traffic-related volatile organic
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compounds, and especially around roadways with substantial heavy duty truck traffic, black
carbon. Road dust and brake wear particles can also be elevated around roadways, but have
different spatial dynamics than the gas phase and small particles studied here, and thus is not
included. Further, PM2.5 is typically only slightly elevated around roadways, and is also not
included.
2
3

See section 3.1
See section 3.2

4

”Minimal impact” indicates very low impact.

5

Moving physical education classes to later in the day will also reduce exposures where morning
concentrations are high.

6

”Limited impact” indicates minimal impact for most of the day, but impacts may be significant
during the morning periods.
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