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It is well recognized that dilution is an important mechanism
governing the near-road air pollutant concentrations. In this paper,
we aim to advance our understanding of turbulent mixing
mechanisms on and near roadways using computation fluid
dynamics. Turbulent mixing mechanisms can be classified into
three categories according to their origins: vehicle-induced
turbulence (VIT), road-induced turbulence (RIT), and atmospheric
boundary layer turbulence. RIT includes the turbulence
generated by road embankment, road surface thermal effects,
and roadside structures. Both VIT and RIT are affected by
the roadway designs. We incorporate the detailed treatment
of VIT and RIT into the CFD (namely CFD-VIT-RIT) and apply the
model in simulating the spatial gradients of carbon monoxide
near two major highways with different traffic mix and roadway
configurations. The modeling results are compared to the
field measurements and those from CALINE4 and CFD without
considering VIT and RIT. We demonstrate that the incorporation
of VIT and RIT considerably improves the modeling predictions,
especially on vertical gradients and seasonal variations of
carbon monoxide. Our study implies that roadway design can
significantly influence the near-road air pollution. Thus we
recommendthatmitigatingnear-roadairpollutionthroughroadway
designs be considered in the air quality and transportation
management. In addition, thanks to the rigorous representation
of turbulent mixing mechanisms, CFD-VIT-RIT can become
valuable tools in the roadway designs process.

Introduction

Elevated air pollutants concentrations have been measured
in congested urban areas and near roadways (1, 2), which
have been associated with adverse human health effects (3).
These effects vary with levels of human exposure to traffic-
related air pollutants through different activities (e.g., driving
on the road, living/working near or away from the road)
(4, 5). Therefore, it is important to understand the spatial
gradient of pollutants near roadways, which requires mea-
surements and simulations addressing complex road con-
figurations and meteorological conditions (6, 7).

Dilution is the dominant mechanism for changing the
near-road concentrations. Pollutant dispersion near road-
ways usually experiences two distinct stages -- ‘tailpipe-to-
road’ and ‘road-to-ambient’ (8). The dilution ratio of the

first stage usually reaches up to about 1000:1 in around 1-3
s; for the second stage, the dilution ratio is usually about
10:1, and the process usually lasts around 3-10 min (8). The
aerosol processes such as nucleation, condensation, and
coagulation are strongly coupled with dilution (8). For
nitrogen oxides (NOx), the concentrations change results from
the coupling of dilution and chemical reactions (9). For
carbon monoxide (CO), an inert species under typical
atmospheric conditions, dilution is the only governing
mechanism. Therefore CO is usually used as a dilution
indicator since it comes mostly from vehicle exhaust and
can be easily measured (10).

Dilution is caused by on-road and near-road turbulent
mixing. Given the importance of dilution on near-road air
quality, it is imperative to gain a better understanding of the
mechanisms contributing to the turbulent mixing. Several
mechanisms affect the generation of turbulence near road-
ways besides atmospheric boundary layer turbulence (ABLT)
(11). First, the movement of vehicles on the road results in
a significant increase in turbulence, which is known as
vehicle-induced turbulence (VIT) (11-13). Second, turbu-
lence can be generated by the embankment on which a
roadway is located when wind flows over it (15). Third,
thermal effects caused by solar radiation generate turbulence
during hot season and cannot be ignored for pollutant
dispersion (16-18). Fourthly, road structures (i.e., noise
barrier, tree planting) can also produce turbulence that
influences the flow field (6, 19, 20). Since these three effects
can be attributed to roadway design, we refer to them as RIT
in this paper.

Gaussian plume-based dispersion models such as CA-
LINE4 and AERMOD have been widely used to assess the
pollutant concentrations of urban road environments (21-24).
These models typically treat the region directly above the
roadway and at prescribed distances on each side of the
roadway as a zone of uniform emissions and turbulence called
a “mixing zone” (21). The introduction of the “mixing zone”
concept is equivalent to a fixed VIT, i.e., not adjustable to the
specific roadway conditions (e.g., the different vehicles speeds
and types). Their dispersion parametrizations are based in
part on roadway geometry and wind direction, but they face
the challenge of how to incorporate the effect of road
configurations exactly (14, 25-27). In recent years, compu-
tation fluid dynamics (CFD) has been applied in modeling
the dynamical and mechanical processes taking place in
complicatedurbanstreetcanyonsandroadtunnels(16,28,29).
However, it has been rarely applied to simulate near-road
air quality, and the comprehensive representation of VIT
and RIT is scarce (27, 30).

In this paper, we aim to investigate the effects of different
turbulent mixing mechanisms on dilution near roadways.
An improved CFD with detailed treatment of VIT and RIT,
namely CFD-VIT-RIT, is used to simulate the horizontal and
vertical dispersions of CO in the vicinity of two highways
during two seasons. The modeling results are compared with
field measurements, CALINE4, and a CFD model without
considering VIT and RIT. The implications of our findings
on future road design and the advantages and disadvantages
of applying different dispersion models are also discussed.

Mechanisms for on-Road and near-Road Turbulence
Generation
In this section, we provide a brief summary of the mecha-
nisms that generate VIT and RIT in on-road and near-road
environments.
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Turbulence Induced by Vehicles. Traffic has a dominant
effect in the immediate vicinity of the roadway (14). Moving
vehicles enhance mixing processes by inducing turbulence,
which originates from the interaction between moving
vehicles and ambient air. It is known that up to 50% of kinetic
energy is converted into additional turbulence when a fluid
hits an obstacle (28). The wakes behind moving vehicles are
characterized as momentum wakes and contain organized
trailing vortices which play a key role in determining the flux
of kinetic energy and rapidly mix the pollutants released in
the turbulent wake (14, 31, 32). VIT, which is strongly related
to vehicle type and speed (27, 33, 34), can be expected to
significantly influence the diffusion of roadway emissions,
especially in the microenvironment near roadways (13, 14, 33).
VIT increases with vehicle speed, indicating increased wake
production of turbulence (14). Experiments also showed that
compared with gasoline cars, heavy-duty diesel trucks induce
more turbulence due to its size and structure (34).

Turbulence Induced by an Embankment. An embank-
ment acts as a topographic obstacle which causes a form
drag and produces turbulence to compensate for the
deformation of the flow field when wind flows over it (35).
A recirculation cavity is created downwind of the embank-
ment, containing a well-mixed, and often lower, zone of
pollution concentrations (36). The induced turbulence
depends on the wind velocity, wind direction, the height,
and the shape of the embankment (15, 33).

Turbulence Induced by Thermal Effects on Road Surface.
The available solar radiation on a surface, Q0, can be divided
into turbulent fluxes of sensible heat, H0, latent heat, V0, and
the soil heat flux, B0 (34). With high absorptivity and low heat
capacity, the asphalted surface of roadway receives much
net energy. Compared to the grassy or concrete surroundings,
it provides a very small latent heat flux and leads to an
increased sensible heat flux, which generates turbulence (33).
The thermally induced flow is combined with mechanically
induced flows and affects the transport of pollutants. It should
be noted that due to the large solar zenith angle in the winter,
the road surface receives much less direct solar radiation, so
the temperature difference between road surface and air can
be neglected.

Turbulence Induced by Roadside Structures. Roadside
structures affect pollutant concentrations around the struc-
ture by blocking initial dispersion and increasing turbulence
and initial mixing of the emitted pollutants (6, 19, 20). A
noise barrier disturbs the wind field as a still obstacle while
a tree planting consisting of branches and leaves can be
considered as a porous body (6, 19). It has been shown that
the plume behind noise barrier and vegetation is relatively
uniform and vertically well-mixed, and pollutant concentra-
tions are reduced under certain meteorological conditions.
With winds directionally from the road, concentrations of

CO and particle concentrations generally decrease between
15 and 50% behind the noise barrier (6).

Field Measurements
The experimental data utilized in this paper are collected
from previous measurements near Interstate 405 (I-405) and
Interstate 710 (I-710) in Los Angeles in the summer and winter
(10, 37-40). I-405 is 30 m wide, with an embankment of 4.5
m-height, while I-710 is 26 m wide at ground level. The
horizontal sampling points are taken within 300 m downwind
and upwind from the center of the highways at height 1.6 m.
Meanwhile, the vertical CO concentrations at different heights
are measured at 50 m downwind of I-405 in the summer.
There are relatively large differences in temperature, but small
differences in wind speed and vehicle volume for each
highway between different seasons. For I-405, gasoline cars
dominate the vehicle mix, while for I-710, more than 25% of
the vehicles are heavy-duty diesel trucks. All related condi-
tions are considered in our simulation. More meteorological
and road data are listed in the Supporting Information.

CFD-VIT-RIT
The k - ε turbulence model available in the CFD code,
FLUENT (41), is used for modeling flow and dispersion in
the vicinity of roadways and is described in the Supporting
Information.

Figure 1 shows the computational domain of I-405 and
the sketch of measurement locations. The number of
computational cells used for the simulation is 2,305,712, with
a size of 380 m by 80 m in the horizontal and 30 m in the
vertical direction. The computational domain for I-710 is
similar, except that the highway is not located on an
embankment. The spatial domain has a size of 380 m by
40 m in the horizontal and 30 m in the vertical direction and
is divided into 1,063,541 unstructured cells.

Test zones above road surface are created to obtain
average turbulent kinetic energy (TKE). Different heights of
the domain are set according to the heavy-duty truck
percentage. Since most of the vehicles are cars and vans for
I-405, the height of the zone is 2.5 m, while for I-710, the
height is 3.5 m since it is a major truck route.

We model the vehicles as real-shaped rather than block-
shaped to keep the conditions similar to the streamlined
shape of real vehicles (27), since the turbulence for the block-
shaped vehicle is estimated to be 25% higher than for the
true vehicle models (42). Different types of vehicles are built
approximately following their actual sizes. Since the average
vehicle speed, 24 m s-1, is measured during the experiments
(37), the same moving speed for all vehicles is adopted in the
simulation (43). For the vehicle surface, an equivalent
roughness height of 0.0015 m is chosen to match the

FIGURE 1. Geometric features of the computational domain for I-405.
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simulated drag force of vehicles with the value based on
drag coefficient (44). The exhaust pipe is modeled as a small
area on the back of the light-duty vehicle or on the top of
the heavy-duty diesel vehicles. Since traffic volumes change
little between seasons, just one set of vehicles is built for
each highway. The embankment for I-405 is built corre-
sponding to its real size (in Figure 1). All the solid boundaries,
including ground surfaces and vehicle surfaces, are specified
as nonslip boundary conditions in the flow module and are
prescribed at a fixed temperature in the heat transfer module.
Symmetric boundary conditions (zero gradient normal to
boundary) are applied to the top and side faces of the domain.
More description of model set up and the figure of meshed
vehicles are illustrated in the Supporting Information.

Based on a meteorological study in Los Angeles (45), the
temperature difference between air and roadway surface is
estimated to be 20 °C for the summer season under strong
solar radiation. Considering the atmospheric wind in two
seasons, fully developed in-flow vertical profiles for ABLT
are incorporated through User-Defined Function (UDF) and
described in the Supporting Information.

In summary, we incorporate the turbulence induced by
moving traffic, embankment, thermal effects, and atmo-
spheric wind into our model. Since there are no noise barriers
and few trees in the surrounding of I-405 and I-710,
turbulence generated by the road barriers and trees is not
simulated here and will be investigated in future studies.

Results
TKE Results. Induced TKE within the test zone is summarized
in Table 1. From Table 1, it is clear that total TKE changes
with seasons and highways and the largest TKE is obtained
from I-405 with the embankment in the summer. The
produced VIT, especially for I-710, is dominated over ABLT,
as suggested by previous wind tunnel studies (46). Due to
the large percentage of heavy-duty trucks, VIT of I-710 is
much larger than that of I-405. Excellent agreements are
found for VIT between our model (0.36 m2 s-2 for I-405 and
0.63 m2 s-2 for I-710) and the empirical formula (0.37 m2 s-2

for I-405 and 0.64 m2 s-2 for I-710) reported by Baumer et
al. (33). TKE produced by embankment, ∼0.30 m2 s-2, or
34.5% of the total TKE in the test zone, is also in good
agreement with the value, 0.34 m2 s-2, calculated from the
empirical formula in Baumer et al. (33). The large contribution
of embankment-induced TKE implies that elevated highways
enhance turbulent mixing downwind, potentially reducing
human exposure to traffic-generated air pollutants. Fur-
thermore, TKE caused by the thermal effects due to road
surface properties accounts for about 20% of total TKE in the
test zone and therefore cannot be ignored.

It should be noted that the main advantage of our model
over the empirical formula is its capability to resolve the
effects of VIT and RIT over the near-road region beyond the
test zone. Our simulations show that TKE reaches the
maximum value on road and decays with the increasing
distance from the highway, until at 300 m it is negligibly
small. Due to a large turbulence dissipation rate, VIT,

averaged from the ground to the height of the test zone,
drops to below 50% at about 20 m downwind of highway.
When wind velocity increases, VIT dissipates faster but is
also transported to a greater horizontal distance. When wind
velocity is small, VIT can spread to higher elevation. RIT
decreases slower than VIT, due to the big size of the
embankment which results in a larger influence range. For
I-405, the ratio of VIT to RIT decreases with the increasing
distance.

Spatial Gradients of Carbon Monoxide Concentrations.
In this section, we compare the simulated CO concentrations
in both horizontal and vertical directions against the field
measurement data. In addition to the CFD-VIT-RIT model,
we also present the results from CALINE4 and a standard
CFD model. In the standard CFD model, referred to as “CFD”
in the text, the highways are treated as elevated line sources
without explicit treatment of VIT and RIT. We use 405S, 405W,
710S, and 710W to refer to the studies of two different
highways (i.e., I-405 and I-710) at two seasons with “S” and
“W” representing summer and winter, respectively.

While the spatial gradients of near-road concentrations
of inert species such as CO are determined by turbulent
mixing, the absolute concentrations are determined by both
vehicle emission factors and turbulent mixing. Since the
emission factors derived by models such as MOBILE6 and
EMFAC have known discrepancies in representing real-world
emission factors (47, 48), our comparisons focus on the
relative concentrations of CO, thus avoiding the additional
uncertainties introduced by the emission factor models. The
CO concentrations at downwind distances are normalized
by their values at the closest distances to the roadways, i.e.,
30 m for I-405 and 17 m for I-710, respectively. For instance,
the relative CO concentrations at 30 m from I-405 are unity
for both measurements and modeling results. However, the
concentrations at 60 m, 90 m, 150 m, and 300 m vary
depending on measurements and selected models.

Horizontal Gradients and Seasonal Variations. Figure
2(a) compares the simulation results obtained from the CFD-
VIT-RIT, CALINE4, and CFD models to the measurement
data for I-405 in the summer. Relative CO concentration
decays exponentially when moving away from the traffic
source. The dilution between 30 and 60 m varies with different
models: CALINE4 and CFD underpredict more than 33%
compared to measurement data, while CFD-VIT-RIT reduces
the error to less than 15%. In Figure 2(b), since turbulence
induced by the road surface thermal effects can be ignored
in the winter, the differences in CALINE4 and CFD-VIT-RIT
predictions are relatively small. However, CFD still shows
big error due to no-consideration of VIT and RIT. The
simulation results for I-710 in the summer and winter are
shown in Figure 2(c) and Figure 2(d). The improvement of
predictions by CFD-VIT-RIT over CFD and CALINE4 on I-710
can be attributed to the detailed treatment of VIT and RIT.

The horizontal dispersion of CO is determined mainly by
wind velocity and turbulence (38). To compare near-road
dispersions for both I-405 and I-710 in different seasons, we
introduce a parameter called the dilution ratio, which is the

TABLE 1. Summary of TKE in the Test Zone

I-405 I-710

summer percentage winter percentage summer percentage winter percentage

VITa 0.36 41.4% 0.35 53.9% 0.63 76.8% 0.63 95.5%
RIT - embankmenta 0.30 34.5% 0.27 41.5% N/A N/A N/A N/A
RIT - thermal effectsa 0.17 19.5% N/A N/A 0.15 18.3% N/A N/A
ABLTa 0.04 4.6% 0.03 4.6% 0.04 4.9% 0.03 4.5%
total TKEa 0.87 100.0% 0.65 100.0% 0.82 100.0% 0.66 100.0%

a Unit is m2 s-2a.

VOL. xxx, NO. xx, XXXX / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 C

D
ow

nl
oa

de
d 

by
 U

 O
F 

C
A

L
IF

O
R

N
IA

 D
A

V
IS

 o
n 

Se
pt

em
be

r 
15

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
15

, 2
00

9 
| d

oi
: 1

0.
10

21
/e

s9
01

48
44



ratio of background-subtracted CO concentrations at 30 and
150 m, listed in Table 2. The root-mean-square (rms) of
measured and simulated relative CO concentrations at 60 m,
90 m, and 150 m for I-405 and 30 m, 90 m, and 150 m for
I-710, respectively, is also shown in Table 2. More details can
be found in ref 10. From Table 2, it is clear that due to the
thermal effects, dilution ratios between 30 and 150 m in the
summer are much larger than those of winter for both
highways. Seasonal effects are significant with winters
generally less dynamic than summers; therefore, thermal
effects cannot be neglected during the summer, especially
under low wind conditions and wind perpendicular to the
street (10, 16, 29, 49). Mainly due to the existence of the
embankment, dilution ratios of I-405 are higher than that of
I-710 for both seasons with similar total TKE values. The
dilution ratios obtained from CFD-VIT-RIT show the same
trend as the measurement data, while CFD and CALINE4
show little change between different seasons. rms of CFD-
VIT-RIT is consistently smaller than those of CALINE4 and
CFD, which shows a more precise prediction of dilution ratio
for CO horizontal dispersion and seasonal variations. CFD-
VIT-RIT’s capability in capturing the seasonal variations is

particular useful in long-term human exposure assessment
of near-road exposure.

Vertical Gradients. We first compare the simulated wind
velocity vertical profile with the field measurement. As
illustrated in Figure S2 in the Supporting Information, the
measured wind velocities are approximately constant with
vertical height and have relatively small and similar standard
deviations (38). CFD-VIT-RIT shows good consistence, except
at height 0.6 m, where the simulated velocity is not within
the standard deviation of the measured data. A possible
reason is that since the sampling point is close to the surface,
it is probably disturbed by the unconsidered structure on
the ground.

Next, we compare the measured and simulated vertical
profile of relative CO concentrations at eight sampling
locations above the ground at 50 m downwind of I-405
horizontally in the summer, depicted in Figure 3(a). The
vertical CO concentration is observed to reach a maximum
at a height around 5 m above the ground and decreases by
30% at 18 m above the ground. There is a dimple observed
at 10 m, which is likely due to secondary mixing above the
central line of emission (38). CFD-VIT-RIT demonstrates great

FIGURE 2. Comparison of relative CO concentrations between models and field experiment for I-405 in summer (a) and winter (b) and
for I-710 in summer (c) and winter (d).

TABLE 2. RMS of Relative CO Concentration and Dilution Ratio between 30 and 150 m

measurement CFD-VIT-RIT CALINE4 CFD

405S horizontal 30 m/150 m 5.5 4.11 3.34 2.67
rms N/A 0.065 0.186 0.270

405W horizontal 30 m/150 m 2.89 3.00 3.13 2.12
rms N/A 0.031 0.052 0.162

710S horizontal 30 m/150 m 4.12 3.43 3.32 2.61
rms N/A 0.064 0.124 0.277

710W horizontal 30 m/150 m 2.78 2.83 3.37 2.58
rms N/A 0.024 0.042 0.131

405S vertical rms N/A 0.059 0.246 0.213
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superiority in predicting CO vertical profile compared to
CALINE4 and CFD. The rms of CFD-VIT-RIT shown in Table
2 is nearly one-quarter of those of CALINE4 and CFD. VIT
and RIT play more significant roles in the vertical dispersion,
where turbulence dominates the mixing process, than in the
horizontal dispersion, where both turbulence and axial wind
transport govern the mixing process. CFD-VIT-RIT yields
good predictions at almost all sampling points. Its maximum
concentration is obtained at 6.4 m, about 1.9 m above the
highway. The small rise of the plume from the highway is
mainly due to the buoyancy of the exhaust induced by a
higher temperature on surface of asphalted road. However,
because of the strong mechanical mixing due to moving
vehicles on road, the plume rise is small (14). Simulated CO
concentration at the height of 0.6 m is in good agreement
with the measurement data, though simulated wind velocity
shows an error. This is mainly because vertical dispersion is
mostly controlled by turbulence rather than wind velocity.
The capability of CFD-VIT-RIT to accurately predict the
vertical profiles of air pollutants is important in studying
human exposure to near-road air pollution for people living
at different elevations.

Figure 3(b) compares the simulated CO vertical profiles at
50 m from I-710 in the summer by CFD-VIT-RIT, CALINE4,
and CFD models. CFD-VIT-RIT predicts maximum concentra-
tion around 2 m above the highway (at the ground level) due
to the thermal effects. In contrast, the maximum concentrations
predicted by CALINE4 and CFD are both at the ground level
due to lack of representation of the thermal effects.

On-Road Emission Factors of Carbon Monoxide. As the
capability of CFD-VIT-RIT has been validated by the horizontal
and vertical gradients of CO, we apply the inverse modeling
method to derive the on-road CO emission factors using CFD-
VIT-RIT, following the methodology reported earlier (37). The
derived CO emissions factors are, in g mile-1 vehicle-1, 6.1 for
405S, 7.2 for 405W, 7.0 for 710S, and 6.0 for 710W, which are
similar to the values reported in the earlier study (37).

Implications
We have demonstrated that the significant improvement in
predicting the spatial gradients of air pollutants near
roadways can be achieved by incorporating detailed treat-
ment of VIT and RIT into dispersion modeling. RIT is

determined by the roadway design characteristics such as
roadway configurations (e.g., elevated or depressed), road
surface properties (e.g., asphalt or concrete), and roadside
structures (e.g., noise and vegetation barriers). VIT is governed
by the traffic mix on the roadways, which is, to a large extent,
affected by roadway designs such as road width, slope and
speed limits. Given the large effects of VIT and RIT on
pollutant dispersion, we argue that roadway designs affect
near-road air quality and that future roadway designs could
serve as an effective strategy to mitigating near-road air
pollution. Nevertheless, further understanding of the effects
of the roadway designs on pollution dispersion is needed
before making scientifically sound policies. We hope that
our study can initiate future investigations into this subject.

CFD-VIT-RIT is still more computationally expensive than
Gaussian plume models such as CALINE4, but it is able to
provide much more physical insights thanks to its rigorous
treatment of turbulence mixing mechanisms on- and near-
road, evinced by the excellent prediction of vertical gradients
of air pollutants near roadways. Thus CFD-VIT-RIT, or a
combination of CFD-VIT-RIT and CALINE4, can become a
valuable tool in roadway design process and near-roadway
air quality research. The caveat is that a CFD model without
detailed treatment of VIT and RIT adds no more benefits
than CALINE4 besides high computational cost.
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