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Abstract. A fitting method using a semi-empirical Gaussian 1 Introduction

dispersion model solution was successfully applied to obtain

both dispersion coefficients and a particle number emissiofVltrafine particles (UFP) are generally defined as particles
factor (PNEF) directly from ultrafine particle (UFP; particles smaller than 0.1um in diameter (Morawska et al., 2008).
smaller than <0.1 um in diameter) concentration profiles ob-Numerous epidemiological and toxicological studies have
served downwind of major roadways in California’s South shown that UFP cause various adverse health effects, such as
Coast Air Basin (SOCAB). The effective Briggs’ formula- respiratory illness, DNA damage, cardiovascular disease, and
tion for the vertical dispersion parameterwas adopted in ~ adverse birth outcomes (Hoek et al., 2010; Knol et al., 2009;
this study due to its better performance in describing the obMoller et al., 2008). The dominant source of UFP in urban
served profiles compared to other formulations examinedareas is vehicular emissions (Pey et al., 2009). UFP in urban
The two dispersion coefficients in Briggs’ formulatiom, ~ areas account for the major proportien§0%) of total par-
and B, ranged from 0.02 to 0.07 and from0.5x 1073 to ticulate matter (PM) number concentration but a negligible
2.8x 1073, respectively, for the four freeway transects stud- proportion of the mass concentration (Kumar et al., 2010).
ied and are significantly different for freeways passing overHowever PM mass (Pbk and PMo) is currently regulated

vs. under the street on which measurements of the freewaut PM numbers are not, thus measurements of ambient UFP
plume were made. These ranges are wider than literature vapre relatively sparse.

ues fora and 8 under stable conditions. The dispersion co-  Although a number of studies on UFP emissions from ma-
efficients derived from observations showed strong correlajor roadways and their spatial impacts have recently been
tions with both surface meteorology (wind speed/direction,conducted, the meteorological conditions in most studies
temperature, and air stability) and differences in concentrawere limited to the daytime unstable convective boundary
tions between the background and plume peak. The relationl@yer (Karner etal., 2010). However, Hu et al. (2009) found a
ships were applied to predict freeway plume transport usingvide UFP impact area up to 2 km downwind of the I-10 free-
a multivariate regression, and produced excellent agreemeiy¥ay during stable pre-sunrise hours in Santa Monica, Cali-
with observed UFP concentration profiles. The mean PNEHornia. Subsequently, Choi et al. (2012) extended this result,

for a mixed vehicle fleet on the four freeways was estimated’eporting the prevalence of wide area impacts (1500m to
as 7.5x 10" particles knt 1 vehicle 1, which is about 15%  more than 2500 m) downwind of freeways under stable pre-

of the value estimated in 2001 for the I-405 freeway, im- sunrise conditions at several additional locations throughout

plying significant reductions in UFP emissions over the pastthe South Coast Air Basin (SoCAB). Choi et al. (2012) also

decade in the SoCAB. found the decay constant of UFP concentrations with dis-
tance under stable conditions is about an order of magnitude
smaller than that during daytime.
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While the dominant factor causing differences in disper-commute, which is, we think, difficult to represent even with
sion/dilution rates between nocturnal (stable) and daytimethe current comprehensive models. While these more com-
(well mixed) conditions is clearly atmospheric stability com- plex sophisticated models are ideal for many applications,
bined with different boundary layer heights (Kerminen et al., here we probe how routinely measured variables (basic me-
2007; Hu et al., 2009; Hussein et al., 2006; Zhu et al., 2006)teorological parameters and concentration data) affect UFP
quantitative and systematic meteorological dependencies gblume shapes, and thus have chosen to use a semi-empirical
the decay of primary pollutants with distance downwind of Gaussian expression for our investigation.
major roads have yet to be developed, particularly for stable In the present study, the objectives are to investigate how
atmospheres. This gap prevents the reliable prediction of theoutinely measured variables affect UFP plume magnitude,
extent and magnitude of roadway plumes under stable conditransport, and concentration decay rates, and consequently to
tions when their greater downwind extent potentially impactsevaluate the areal impact of traffic plumes from major road-
large populations. ways. For this reason, the effectiveness of the analytical so-

Many studies have attempted to predict the pollutant condution for Gaussian dispersion to fit observed UFP concen-
centrations from vehicular emissions near roadways usindration profiles is examined, and both dispersion coefficients
different dispersion models with varying levels of complex- and emission factors are obtained directly from the obser-
ity (Sharma and Khare, 2001). However, most studies havevations in this study. In addition, the quantitative effects of
focused on predicting elevated pollutant concentrations asurface meteorological parameters and the role of concentra-
specific distances from sources rather than describing cortion differences between plumes and backgrounds on plume
centration profiles. A few studies attempted to reproduceextensions are investigated. Appropriate parameterization of
UFP concentration profiles obtained at multiple discrete dis-dispersion coefficients and emission factors based on observ-
tances within short ranges (<300 m) during daytime condi-able variables can provide predictive capability for the extent
tions (Zhu and Hinds, 2005; Gramotnev et al., 2003; Heist etof freeway plumes under stable conditions.
al., 2013).

Gaussian dispersion models have been commonly used
to explain spatial concentration variations from line sources? Methods
(e.g., Sharma and Khare, 2001; Chen et al., 2009; Briant e&
al., 2011; Gramotnev et al., 2003; Kumar et al., 2011; Heist et

al,, 2013). Simple Gaussian models require parameterizatiofhe analyses are carried out for the detailed data set col-

of dispersion coefficients, which is critical to calculate pol- |oteq by Choi et al. (2012) with a mobile measurement plat-
lutant concentrations at specific distances from the sourcey (MMP) in the early morning before sunrise at four lo-
Existing parameterizations of the dispersion coefficients for.4tions in the SoOCAB. The downtown Los Angeles (DTLA)

these models are based on Pasquill stability classes (Pasq“%aramount, Carson, and Claremont transects traveled along

1961). However, the Pasquill parameterization has only tWoy,  coronado St. Obispo St., 228th St., and N. Mountain

classes for stable conditions (Table 1), and thus has limitedy e - respectively, and crossed perpendicular to the respec-
ability to explain the variations in concentration profiles un- 4,q freeways, the 101, 91, 1-110, and 1-210 freeways. The
der stable conditions. In addition, current sophisticated disyT| A transect was locates 22 km from the ocean, and the
persion models (such as AERMOD, CALINE, RLINE, etC.) paramount and Carson transects were located about 8-10 km
require a comprehensive data set including friction veloc-,m the ocean, whereas the Claremont transect was located
ity, surface heat flux, boundary layer and mechanical miX-¢, ther inland (50 km east from DTLA anc- 70 km from

ing heights, surfage roughness, vertlcgl wind profiles, com-y, o coast), at the foot of the steeply rising San Gabriel Moun-
plex roadway configurations, etc. (Heist et al., 2013). De-(5ing (Supplement Fig. S1). All transects were small two-lane
tailed turbulence measurements as well as boundary lay&lyeets through residential areas surrounded mostly by one-
and mechanical mixing heights and surface roughness, et%tory single family homes. For the DTLA and Paramount
cannot be readily and routinely obtained in urban areas. Inyansects. the 101 and 91 freeways passed over the measure-
addition, these requirements prevent direct and quantitative,ent routes, and for the Carson and Claremont transects, the
comparison between input variables and observed concen:11( and 1-210 freeways passed under the routes as illus-

tration profile shapes, regardless of the model performanceyaieq in Supplement Fig. S2. More details about transects
Although many modeling studies estimate turbulence param-

: e and surroundings are provided in Choi et al. (2012) and in
ete(s based on the Monin—Obukhov similarity theqry, the the,¢ Supplement Sect. S1.

ory is not perfect for the real atmosphere and particularly un-

der stable nocturnal conditions, which is typically the most2.2 |nstrumentation, sampling, and data analysis
challenging situation for current dispersion models (Heist et

al., 2013). We also note that for our sampling periods (04:30A pollution-free Toyota RAV4 sub-SUV electric vehicle
to 06:30 local time, LT), traffic flows on the target highways served as the MMP in the present study. Vehicle produc-

are sharply increasing due to the development of the morningion of UFP from brake wear and other related sources are

.1 Sampling areas and transects
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Table 1. Parameterizations af, for Gaussian and K-theory dispersion models and/alues obtained from transect-averaged ultrafine
particle concentration profiles in this study.

References Equation form Land use Stability class oz or yb formula
Chock (1978) o;=(a+b-x)¢ NI/A Stable a=149,b=0.15,c=0.77
Briggs (1973) o= % Rural E3 (slightly stable) a=0.03
B=03x10"3
F2(moderately stable) « =0.016
B=03x10"3
o= \/% Urban E— F2(stable) a=0.08
B=15x10"3
Sharan and Yadav (1998) ¥ = (6w/U)>2 N/A Stable or unstable ow =1/ (w —W)2
This study (transect averagegd o= % Urbanto Near neutralto stable ~ DTLARE=0.96) o« =0.078=0.4x103
and R? for semi-empirical GB model) suburban  pre-sunrise periods Paramount o« =0.034
(R2 =0.96) B=-46x10%
Carson a=0.02
(R2 =0.91) B=06x10"3
Claremont a=0.03
(R? =0.87) B=28x10"3

2D, E, and F are Pasquill stability classes for nighttime conditions (Pasquill, 1@§1rbpresents a turbulence parameter used in Sharan and Yadav (1998)¢whetarbulence intensity in
vertical directionw is vertical wind component, and is the mean wind speed.

expected to be small; see Supplement Sect. S2. UFP meand audio records to verify proximity of a high-emitting vehi-
surements were conducted with 1 s time resolution using ale. More details about instrumentation, sampling, and post-
fast mobility particle sizer (FMPS) and condensation par-sampling data analyses are found in Supplement Sect. S2 and
ticle counter (CPC). Measurements of nitric oxide, carbonChoi et al. (2012).
monoxide, particle-bound polycyclic aromatic hydrocarbons, Averaged surface meteorology (temperature, wind speed
PM.s5, PMig, and black carbon were also conducted. In- and direction, and relative humidity) was obtained with 2-D
struments and calibrations are described in detail elsewhersonic anemometer and temperature/humidity sensors located
(Choietal., 2012; Hu et al., 2009; Kozawa et al., 2009; West-on the roof the MMP, for about 5 min just prior to and fol-
erdahl etal., 2005). Here we focus on UFP concentration profowing every transect run. Vertical gradients of temperature,
files during the stable pre-sunrise hours in the SoCAB. UFPhumidity, and wind speed/direction were obtained once per
provide the clearest profiles, due to a combination of fast re-day with a balloon tethersonde (SmartTethieAnasphere
sponse instrumentation and a greater dynamic range of pollunc.) before the measurements at locations within 1 to 4 km
tant concentrations. The latter results from a low backgroundf the transects. Closer proximity was not possible because
level, due to the relatively short UFP lifetime (Capaldo and of the high density of airports and airstrips (regulations pro-
Pandis, 2001). We note that here we use UFP measured withibit tethered balloon flights within 8 km of an airport) and
a condensation particle counter (CPC), which counts parti-urban development, which provides few unobstructed areas
cles in the 10 to 1000 nm range. These numbers are not diffor balloon-borne measurements. Traffic flow data were col-
ferentiable from FMPS measurements for particles smalledected for the four freeways from the Freeway Performance
than 100 nm, as particles smaller than 100 nm contributedMeasurement System (PeMS) operated by the Institute of
95.9 t0 98.3 % of total FMPS numbers for all measurementsTransportation at University of California, Berkeley. The lo-
Measurements were conducted during the pre-sunriseations of traffic flow sensors and other details concerning
hours (04:30-06:30LT) in the winter to spring seasons forgeneral meteorological and traffic conditions during the sam-
the DTLA, Paramount, and Carson transects (January tgling periods are available in Choi et al. (2012) and Supple-
March), and in Claremont during May and June of 2011 (Ta-ment Sect. S3.
ble 2). The MMP was driven at roughly constant slow speeds
(below 30 km 1) during sampling whenever possible (al- 2 3 Theory and fits of observational data
lowing for stop signs and traffic lights). Data were logged
every sepond. In'order to synchronize the instrumental ren 31 Development of a semi-empirical formulation
sponse times, a time-lag correlation method was used (Choi

et al., 2012). Local impacts of individual high-emission ve- . . . : . .
) . _An analytical Gaussian dispersion solution with the slen-

hicles encountered on a transect were removed by a runnin N . P
er plume approximation assuming an infinite line source

low 25 % quantile method (Choi etal,, 2012). Any remaining and the total reflection at the surface was applied as a ba-

local effects were examined and removed by reviewing video_. ) : : )
sic expression, and fit to the observed concentration profiles

www.atmos-chem-phys.net/14/6925/2014/ Atmos. Chem. Phys., 14, 68BZ8q 2014
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Table 2. Summary of measurements, estimated emission paramé@igrand dispersion coefficienta @ndg) from the semi-empirical GB
model. All measurements were made within the period 04:30 to 06:30 a.m. LT and were completed before the local sunrise time.

(Eq. 1):
Cx,2)=
0

V2ro,(x) - Ue

where Q is an emission ratd/e is an effective wind speed
(ambient wind+ speed correction due to traffic wake)is
height, H is the height of the emission source, ands the

butions in the vertical direction at distanedrom the source

Sampling area Date Background céhc. Q¢ o B Temp.b Model fit
(transect street) {10%)  (x 10% (x 1073) (°C)  condition
Downtown LA 2/24/11 16.1 1.34 0.059 0.81 7.6H=6m
(Coronado St.) 3/7/11 4.7 0.93 0.105 1.79 12.8=15m

3/9/11 14.7 0.99 0.056 0.15 13.3

3/14/11 13.0 1.15 0.085 1.72 11.7

3/17/11 16.1 0.63 0.089 1.21 15.0
Paramount 1/27/11 19.3 186 0.038 -0.19 98 H=6m
(Obispo St.) 2/1/11 18.3 183 0.045 -0.12 89 z=15m

3/10/11 12.4 1.32 0.048 -0.34 12.2

3/15/11 6.1 1.70 0.063 0.58 12.2

3/18/11 19.8 1.94 0.038 -0.43 10.0
West Carson 1/21/11 23.6 0.63 0.024 1.29 7.5 =0m*
(228th st.) 2/3/11 21.6 0.74 0.016 0.09 28z=15m

3/8/11 11.0 0.43 0.034 1.51 12.1

3/11/11 14.2 0.56 0.020 -0.14 9.5

3/16/11 15.3 0.27 0.035 3.85 13.1

3/29/11 12.3 0.58 0.023 0.14 8.9
Claremont 5/19/11 4.8 0.38 0.030 3.42 6.04 =0m®
(Mountain Ave.) 5/24/11 6.4 0.26 0.035 5.37 8.%=15m

5/25/11 7.2 0.32 0.066 7.29 9.5

5/26/11 7.0 0.39 0.020 1.44 8.9

6/1/11 5.1 0.31 0.050 5.18 7.4

6/2/11 7.4 0.50 0.029 2.27 7.1

6/7/11 7.1 0.26 0.048 4.55 9.6

aBackground concentrations are defined as a lower 25 % quantile point in the upwin! siezn temperature during pre-sunrise sampling

period. Temperatures ranged withi®.5°C or less on each sampling d&yActual height of the freeway surface is about 6 m below the

transect. However, it is assumed that a freeway plume is well mixed within the freeway area due to mechanical turbulence produced by vehicle
wakes and then rolls up to the measurement transect.

freeway-transect geometries examined here. Although total
reflection at the ground is not accurate, it would be reason-
able to assume the reflectivity/absorption will not vary sig-

(z+ H)>? (z — H)? nificantly at the paved urban surfaces, and hence the effect
P\™ 20200 ) TP\~ 20200 (1) of the reflectivity assumption om, should vary little among
Z 4

is reasonable for the present study due to the long length Equation (1) may be simplified to obtain a final semi-
of freeways (more than 20 km) compared to relatively shortempirical Gaussian expression (Eq. 2), in whigh repre-

downwind length scale of transects 2 km). An assumption

sents a bulk emission parameter including emission K@aje (

of total absorption at the surface may be more suitable focombined with wind effectsl{e), and remains as a free vari-

actual behavior of UFP. However, we note that the analyti-able to be determined from observed concentration profiles.

cal solution with this assumption yields(x, z) =0 for the
ground sourcel = 0) (see Eq. 18.8 in Seinfeld and Pandis,
1998), which is the case for underpass freeway transects i (x, z) =

the present study (Sect. 2.1 and Supplement Sect. S2). How- 0 (2 + H)? (z— H)?
exp| — + =5 (2)

ever, the most insights are likely to be gained from using
the same assumptions and analytical form for the different

Atmos. Chem. Phys., 14, 692%94Q 2014
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different sampling sites. The reflection at the top of bound-

ary layer is not considered because a neutral/mixed resid-
ual layer exists over the nocturnal surface inversion. Conse-
quently, this simple analytical Gaussian dispersion solution
standard deviation of the time-averaged concentration distriwas chosen as a basic equation to minimize the number of
free variables to fit to the observations, leading to results that

(Luhar and Patil, 1989). An infinite line source assumption are consistent and reliable and can be effectively interpreted.
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The final step to formulate a simplified model equation is sults, the generalized Briggs values were used as an initial
to parameterize,. For this, two common methods were ex- guess for the fit parameters.

amined: Chock (1978) and Briggs (1973) formulas. These We acknowledge that this semi-empirical GB model does
were used by Luhar and Patil (1989) and Briant et al. (2011) hot explicitly consider the traffic-related turbulence or sur-
respectively, in their model evaluations. However, we noteface roughness effects on dispersion. However, vehicle-
that both Chock’s and Briggs’ formulas have just one or two induced turbulence is relatively short-lived, and has a domi-
equations for stable atmospheres, in each case based on landnt effect in the immediate vicinity of the roadways (Wang
use (e.g., urban and rural). Thus, neither formula is suffi-and Zhang, 2009; Gordon et al., 2012), becoming negligible
cient to explain the meteorology-dependent variations in ob-within 60 m downwind from the roadways (Gordon et al.,
served freeway plume decay during stable pre-sunrise hour£2012). This range covers only a small fraction of our UFP
To account for these limits, two coefficients in Chock’s and profile range (up to 2 km). In addition, vehicle-induced tur-
Briggs’ formulas were held as free variables in the semi-bulence likely varies little between our sampling sites and
empirical Gaussian equation (e.g.,and g for Briggs for-  over our measurement time periods, for two reasons. First,
mula in Eg. 3). We found that the Briggs’ formula form because trucks and passenger cars induce markedly different
more successfully described the observed concentration prdurbulence, significant differences in vehicle fleets could re-
files. Fitted results using Chock’s formula tended to underessult in differences in turbulence. In our study, however, diesel
timate the peak concentrations near freeways. Additionallytrucks consistently contributed less than 6 % of the total traf-
we examined a K-theory model developed by Sharan and Yafic for all freeways. Second, for the pre-sunrise periods, vehi-
dav (1998) for dispersion of pollutants from a point source cle speeds are consistent among all sampling days and sites
under stable conditions with light winds (Table 1). Zhu and due to the consistent free-flow of traffic. As described in Sup-
Hinds (2005) modified the K-theory model for a line source plement Sect. S1, all sites investigated had similarly built
to explain the decay of a freeway plume during daytime. Theenvironments (i.e., transects were surrounded mostly with
K-theory model yielded poorer fits to our nocturnal observa-one-story residential single-family homes). Thus, we believe
tions in the far downwind areas compared to the Gaussiarthe surface roughness should be similar among our sampling
model with a fitted Briggs formulation far,. sites.

The Briggs expression has slightly different formulations  Although particle number concentrations are influenced
for rural and urban conditions (Table 1), the choice of which by particle dynamics such as coagulation, deposition, and
affects one of the two dispersion coefficients.(Both forms  condensation/evaporation, a common conclusion from pre-
fit the data equally well and produce nearly identical curvevious studies is that dilution is the most important process
shapes. For three of our four transects, the best fit value focontrolling particle number (e.g., Kumar et al., 2011; Zhang
B is more consistent with the rural form (described moreet al., 2004; Jacobson and Seinfeld, 2004). Particularly near
below). While this may seem surprising, much of Los An- emission sources, such as the curbside of a major road, the
geles, including these three transects, consist of single storglilution timescale is approximately one to two orders of mag-
residential development. The fourth transect, DTLA, has tallnitude faster than deposition and coagulation, respectively
buildings in the area (although few tall buildings are on the (Kumar et al., 2011). Even under stable nocturnal conditions,
transect itself; Supplement Sect. S1), anddtsalues are dilution appears to be the most important sink accounting for
closer to expected urban values. Here, we use the rural form- 70 % of the overall decay rates (Choi and Paulson, 2014).
of the Briggs’ formula as the basic equation for fitting the Nonetheless, we note that dispersion paramgtéas dis-
observations, to allow us to investigate meteorological andcussed in Sect. 3.1) represents additional UFP number losses
traffic effects on plume intensities and transport and com-besides dilution/dispersion due to these transformation pro-
pare them among the different sites. More discussion of thecesses because here dispersion parameteasid 8) were

observedr andg are presented in Sect. 3.1. extracted by fitting the observed UFP profiles of the “real” at-
mosphere. Thus, the use of dispersion parameters determined
o a-x in the present study should be made with the caution that
o, (x) = 3) ; ] . ) S
1+8-x a model including a particle dynamics module explicitly is

likely to double-count particle transformation effects. We be-

Consequently, Eq. (2) combined with Eqg. (3) was usedlieve, nonetheless, this is another advantage of our analytical
to fit the observed data. This formulation, a semi-empiricalapproach, because current dispersion models have been de-
Gaussian dispersion expression with an effective Briggs forveloped initially based on non-reactive conservative species,
mulation (optimized by fitting observational data) is here- and particle dynamics are not yet perfectly captured in mod-
inafter referred to as the “semi-empirical GB model”. Fit- els (Zhang et al., 2004; Jacobson and Seinfeld, 2004).
ting with Egs. (2) and (3) to observed concentration profiles
was performed in a Matlab environment based on Matlab’s
built-in unconstrained nonlinear minimization of the sum of
squared residuals (Lagarias et al., 1998). For better fitting re-

www.atmos-chem-phys.net/14/6925/2014/ Atmos. Chem. Phys., 14, 6BZ8q 2014
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2.3.2 Semi-empirical GB Model fitting parameters

(Qc, o, and B)

>
&

The semi-empirical GB model, a combination of an ana-
Iytical solution for Gaussian dispersion and undetermined
Briggs formulation, includes three free variables, the emis-
sion paramete. and two dispersion parametersand 8

(Egs. 2 and 3). These variables are to be determined by fit-* ik
ting to the observed concentration profiles. Thus, in this sec- o 500 1090 1590 2090 2550 3000
tion, we examine how these unknown variabl@g,(« andg) (b) ‘ ‘ ‘ ‘
are influenced by the spatial distribution of UFP concentra- §

tions. In this way, if the semi-empirical GB model explains g 08¢

lormalized conc. to the peak
at 1.5 m height

-=p=1.5x10"
B=1.2x10"

~e
~~—e

relationships based on the observations (Sects. 3.3 and 3.4&

. .. . § 0.2 as fdecreases T
and consequently derive predictive equations for plume pa-
rameters (Sect. 3.6). % 500 1000 1500 2000 2500 3000
In advance of further discussion concerning the variations Distance from freeway (m)

of pl_ume_pgrameters W'th_ r_espect to observed Concentratlo?_,igure 1. Variations in spatial profiles of pollutants calculated with
profiles, it is worth examining if the three plume parame- gqs (2) and (3) varying or 8. Thex axis is distance downwind
ters have built-in relationships among one another in the fit-fom freeway and axis is normalized concentrations to the peak at
ting function itself, prior to relating the variations in plume 1.5m height { = 1.5m). Results were obtainge) with fixed Qc
parameters to physical processes and meteorological pararandg = 1.5x 10~3 and varyinge from 0.03 to 0.08, an¢b) with
eters. As discussed in more detail in Supplement Sect. S4; fixed Q¢ anda = 0.04, changings from 0.3 to 1.5x 10~3.

Qc, the wind-corrected emission factor is independent of the

distance from the freeway), while the influence o& and

B on the calculated concentration both depend directly.on tant profiles simulated with Egs. (2) and (3) clearly show
For a given intersection geometry, the magnitudeefde-  that smallekr, holding 8 constant, corresponds to a freeway
termines the peak concentration, and the overall magnitudelume peak that appears farther downwind (Fig. 1a). With
of the curve, with no relation te andg. Note,« andg have  fixed «, decreasing corresponds to a more rapid decrease
dominant effects on the shape of the decay curve close to thim plume concentrations, but the peak location is unaffected
peak and at long distances, respectively (Figs. 2 and S3b angdrig. 1b). Here, we explore the values ferand 8 derived

¢ in Supplement Sect. S4). Empirically they exhibit linear by fitting Egs. (2) and (3) to the daily average profiles for the
relationships to each other (Fig. 3 and discussions below)pre-sunrise sampling periods, in order to quantitatively in-
but these empirical relationships cannot be predicted a priorvestigate the effects of both meteorology and traffic density
from Eg. (2), and further evidently depend on the transect-on the magnitude of peak concentrations and decay rates of
freeway intersection geometry. As a result, they cannot bereeway plumes (Table 2). #f andg can be properly parame-
used in turn to reduce the number of variables in Eq. (2). Interized with measurable properties such as surface meteorol-
summary, the relationships betwe@g, « and, where ob-  ogy, it will be possible to predict how widely freeway plumes
served (see below), appear to result from the fact that theynfluence vehicle-related pollutant concentrations in neigh-
respond to many of the meteorological variables in ways thaborhoods downwind of freeways under stable atmospheric
overlap. conditions.

The emission parametdd., which represents the wind Peak concentrations can be directly influenced by vehicle
speed-corrected emission factor, influences only the maghrumber and type (and other characteristics), passing on the
nitude of the peak and the overall pollutant concentrationsfreeway at the moment when the MMP crosses under or over
With fixed @ and 8, varying Q. does not change the decay the freeway, whereas the long early-morning plume tails re-
curves once they are normalized with the peak concentrasult from rather slow transport. For example, with consis-
tions. Thus, this approach allows us to estimate an emissiotent winds of 0.5 m3s?, air travel time is about 30s and 1h,
factor for a mixed vehicle fleet on major roads directly from respectively, at 15m and 2 km downwind of freeway. Thus,
the observed concentration profiles. The details of this analan individual plume profile obtained by a single scan requir-
ysis are discussed in Sect. 3.5. ing 10 to 15min of MMP driving is complicated to inter-

Plume shape includes both the location of the concentrapret. This is not only due to different timescales between the
tion peak and its decay shape. It is instructive to examinepeak and tails of plumes; it is also due to the uneven traf-
the relationships betweenand 8 and plume shape: pollu- fic flows and composition at the moment when the MMP

Atmos. Chem. Phys., 14, 692%94Q 2014 www.atmos-chem-phys.net/14/6925/2014/
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crosses the freeways, which result in significantly varying
plume peak concentrations of individual profiles. To mini-

mize these effects, we use the daily average concentratior
profiles for pre-sunrise measurement periods. The one ex-
ception is Sect. 3.1 where median concentration profiles for
all measurement days at each transect/site were fitted witt

)
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the semi-empirical GB model for the comparisons with cate-
gorized Briggs values.

We note that the real-world problem addressed here is  dw 20 o 0 Disef:mefmmfreeway(m)
more complex than the simple case of dispersion from a o o :
steady line source. While UFP are a very good tracer for ® g i
roadway pollutants, they do undergo a modest amount of (b) Paramount
coagulation and evaporation/condensation on the timescale:
of interest here. Further, the line source is not steady; in the
early morning the traffic density increases rapidly with time.
Finally, the geometry of the intersection of the transect and
the freeway varies among locations. Tdh@nd 8 values ex- ‘
tracted as part of the semi-empirical treatment presented hert “]°°10;2°° OB ance from freeway (m)
account for all of these effects. Full theoretical treatments of r T
all of the details of this problem are beyond the scope of this

paper.
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model to the observations and comparisons with x10° Distance from freeway (m)

generalized Briggs’ parameterization -
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(d) Claremont 1
For all four transects, the fitted semi-empirical GB model
provided excellent matches to the observed profiles of UFP
number concentrations both at the peak and far downwind
(R2~0.9 or better) (Fig. 2). This implies that the three
plume parametersc, « and ) can be estimated correctly
from related explanatory variables, and the plume Shape anc 00 200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
length, including the peak and far downwind concentrations, PSS Syl

can be de_scrlbed well. In addltlo_n, _Slmple plume_param(_ater%igure 2. Observed median UFP number concentrations with dis-
make straightforward and quantitative the complicated linksiance downwind of freeways (white squaresy, viariation ranges
between dispersion/transport of freeway pollutant plumesgray areas), upwind background concentrations (horizontal gray
and meteorological, traffic and geographical conditions. Thedashed lines), and the semi-empirical GB model fits to the obser-
fits do not explain slightly elevated UFP concentrations im-vations (black lines) for transects &) DTLA, (b) Paramount,
mediately upwind of the freeways. These elevations likely(c) Carson, andd) Claremont.
result from a combination of wind variability on a short
timescale (or meandering behavior under calm conditions)
and eddy diffusion in the direction opposite to the prevailing 0.03, 0.02, and 0.03 for the DTLA, Paramount, Carson, and
winds, neither of which is captured in the model. Claremont transects, respectively (Table 1). Briggs (1973)
Comparingr andg values, which were obtained from the values fore and g are also listed in Table 1. The mean
median concentration profiles for each site (all days com-for the DTLA transect (0.07) is similar to the Briggs’ value
bined) (Fig. 2), with conventional Briggs expression pro- for urban areas under stable conditions={0.08), whereas
vides an overview of how well the transects are described byx for the other three transects are comparable to the Briggs’
the simple expression of dispersion parameters provided bgonstant for rural areas under moderately to slightly stable
Briggs and other similar formulations. Day-to-day variabil- conditions & = 0.02 to 0.03). It is however, not clear that the
ity (based on daily averaged concentration profiles) is dis-variations ino should be attributed to differences in land use
cussed in the sections that follow. The mean valuesafor because the immediate area surrounding the DTLA transect
obtained from the transect-averaged UFP profiles were 0.07s also surrounded with low one- or two-story homes, similar
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than the Briggs’ value, traffic increases from 1 h before the
measurement period to the middle of the measurement period
were significantly larger than those in Carson and Claremont
(574 and 649 vehicles 5 mikt for DTLA and Paramount vs.
384 and 292 vehicles 5 min for Carson and Claremont, re-
spectively). Despite the effects of emission changes on fitted
B variations,8 from observed profiles for the pre-sunrise pe-
riod can still provide meaningful insights into atmospheric
parameters controlling plume shape because (1) traffic vari-
ations and corresponding ambient UFP profiles are typical
for those periods; (2) traffic flow changes are very consistent
(10 <10%) among weekdays, thus the effects of weekday
emission changes should be consistent from day to day; (3)
concentrations farther downwind in plumes are the least in-
fluenced by emissions from freeways because they get close
to background levels due to the dilution processes; and (4) al-
though it is implicit, additional loss processes due to particle
dynamics are considered th As far as we are aware, these

semi-empirical GB model to the daily mean spatial profiles of UFP loss processes are not considered perfectly in current disper-
in the DTLA (black crosses), Paramount (black asterisks), Carsorsion models applied to the real atmosphere. In any case, the
(blue squares), and Claremont (blue stars) transects. Black dotteghgdel fitting methods provide an effective tool to estimate

line represents overpass freeway trgnsects, where freeways ovea-lspersion coefficients directly from the observations.
pass the transects, and blue dashed line underpass freeway transects,

where freeways pass under the transects.

to the other transects. Large differencestinvere observed

3.2 Impacts of dispersion coefficients and
freeway-street interchange geometry on plume

shapes

for different freeways geometries (discussed in Sect. 3.2),
and this may explain the higherat the DTLA site.

The observed meanpg values were 0.4 103,
—0.5x 103, 0.6x103 and 2.8<103 for DTLA,

The dispersion coefficients and 8 obtained from daily av-
erage concentration profiles for the pre-sunrise periods show
a strong positive correlation with one another, but clearly

Paramount, Carson, and Claremont, respectively (Table 1)all into two exclusive groups, apparently the result of the

These show larger differences from the Briggs'value
than was the case far. The meang for the DTLA and

freeway-street interchange geometry (Fig. 3). Inputs in the
semi-empirical Gaussian equation (Eq. 2) for the two cases

Paramount transects were smaller than the Briggs’ valudliffer: source heighHH =6 m for overpass freeway transects

for urban (1.5< 10~3) and rural areas (0.8 10~3), respec-

(freeway above transect) arfd = 0 m for underpass free-

tively (if the urban version of Briggs’ formula was used, way transects (freeway below transect). Compared to un-

B=1.1x10"2 was obtained for DTLA). In contrasts
observed in Claremont was higher than the Briggalue.
The Carson transect yielded a slightly higigethan Briggs’

derpass freeway transects,values for overpass freeways
ranged more widely anf varied less. For overpass freeway
transects, it takes more time for the vehicular plume to reach

B value. Physically, these results suggest UFP emittedhe ground from the elevated freeway height, thus the loca-
from freeways passing over the MMP transect (DTLA & tion of the peak, which depends o) may vary depending
Paramount) dispersed more quickly than anticipated by then topographic and atmospheric conditions. In contrast, for
Briggs (1973) analysis, while for Claremont they dispersedunderpass freeway transects, the peak will appear adjacent

more slowly.

Overall, the wide variations in botla and 8 by location

to the freeway regardless of atmospheric conditions because
a plume rises directly from the freeway beneath, leading to

when compared to the generalized Briggs’ formula under-smaller variations if, and relatively larger variations if.

line the generalized Briggs expressionoiis not sufficient,

The positive correlations betweenand 8 suggest over-

even under stable conditions. Those differences might bédap in the factors that control them. Figure 1 illustrates that
caused in part by freeway topographic features, particle dyis related to the peak position and plume width (advection),
namic losses such as coagulation and evaporation, as well andg to plume dilution rates (eddy diffusion or entrainment).
(particularly forg) rapid temporal traffic changes during pre- We can therefore hypothesize that the correlation between
sunrise periods. The observed profiles are expected to havend 8 is caused by (1) different wind conditions (advection
lower g compared to those for constant emission sourcesand turbulence; hypothesis 1) and/or (2) the concentration

For DTLA and Paramount wherg was significantly lower

Atmos. Chem. Phys., 14, 692%94Q 2014
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hypothesis 2). In the following sections, these two hypothe- (a) o1 (b) o a
ses are explored in detail. o1 * 2 M| % paamount
. + g 12 Y& Claremont
0.08 s H E ol #*
3.3 Wind effects on plume characteristics (hypothesis 1: sooe , o ¥ *’;--,;& E® pay ¥ > i“ o
. . . [=3 . te
advection and dispersion) 004 % * o * 5%, oo
o I +
0.02 o 2 4+ b *
The role of wind speed in the semi-empirical GB model % | 2L
. . . . -90 -45 0 45 90 -90 -45 [ 45 90
is only to adjust the overall magnitude of concentrations Relative wind direction (°) Relative wind direction (°)

(Eq. 1). Therefo_re, concentration profiles normalized to theFi ure 4. Wind direction effects orfa) dispersion coefficient,
pgak concentration should have the same shapg regardle.ss d (b) plume intensity A[UFP]) at 1km, which is defined as
wind speed. In the real atmosphere, however, different wind,cyground-subtracted UFP concentrations at 1km downwind of
conditions will produce different advection and dispersion freeway. Black crosses, black asterisks, blue squares, and blue stars
behavior of pollutants, and thus wind effects contribute torepresent daily mean values for the DTLA, Paramount, Carson, and
variations ine andg. For example, higher wind speed is ex- Claremont transects, respectively. Relative wind direction is daily
pected to transport the freeway plumes, which will manifestmean wind direction relative to freeway orientation {29normal

as decreasing (Fig. 1a). At the same time, wind speeds are to freeway). Gray dotted line ifa) represents 2nd order polynomial
related to mechanical turbulence in the surface layer, whicHits (R? = 0.48).

is the most important determinant for eddy diffusion in the

absence of buoyancy forces, as is the case for pre-sunrise

periods. Thus, higher wind speed is expected t0 producgent winds can help transport an air mass farther. Hypothe-
more turbulence due to stronger wind shear, and also deep&fjs 1 gggests that bothand8 would decrease (more trans-
the mech_anlcal mixing _Iength. This will d|§perse pollutants port and faster dispersion) as wind speeds increase under
more rapidly, resulting in lowep values (Fig. 1b). Conse- a1y conditions, assuming a consistent wind directiois
quently, Hypothesis 1 attributes the positive correlation be-jiyey to be more related to vector-averaged resultant wind
tweena and g to wind speed variations under stable con- gheeqs hecause the hypothesis concerns transport, whereas
ditions. We note that the semi-empirical GB model assumesy ghoyld depend more on scalar wind speed, which should
perpendicular winds and hence the changes in wind directiony, <t directly affect dispersion rates.

can also affectv values (particularly). Parallel winds result Figure 5a shows tha responds differently to resul-

in highere, while perpendicular winds which can transport 5+ wind speeds (WSR), depending on freeway—street inter-
plumes more effectively, resulting in decreasingFig. 1a)  change geometry. Clear negative relationships betwesed
compared to parallel winds. In the following sub-sections, roqyjtant wind speeds (WSR) were observed for the overpass
we atter_npt to explal_n/verlfy this hypothess by quantitatively freeway transects (DTLA and Paramount, Fig. 5a). Differ-
comparingr andg with observed winds. ent scales ofr in DTLA and Paramount are not explained
by wind speeds, but could result from factors such as plume
intensities caused by different traffic densities, discussed be-

As expected, in addition to determining which side of a free-10W. Plumes emitted from the freeways above transects will
way is downwind, wind direction was a determinant of plume P& transported farther with higher resultant wind speeds be-
length. The dispersion coefficiemgenerally showed a nega- '€ reaching the ground (smalley, explaining the negative
tive relationship with wind direction (relative to the freeway; correlation betweea and resultant wind speeds. In contrast,

WDrel, 90° = normal to freeway), suggesting as expected that!®" the underpass freeways (Carson and Claremongp-
plumes are more effectively transported if winds are per-P€ars to sll_ghtlylncreage with resultant Wlnd_speed, glthough
pendicular to the freeway (Fig. 4a). A positive correlation the rend is largely driven by one data point obtained on
betweenA [UFP]; km, the background-subtracted UFP num- 8 June 2011 (Fig. 5a). On that day, winds were unusually
ber concentration measured 1km downwind of the freewayStrong, the prevailing wind direction was reversed, and a fog
([UFPlkm— [UFPlokgnd and WD illustrates the effects of formed in the downwind uphill area. For the pnder.pass free-
WDy on plume transport (Fig. 4b). However, the high scat- V\{ay_t_ransec'gs, the peak con_centratlon Ioc_atlon might not be
ter indicates the importance of other factors. The dispersiorpignificantly influenced by wind speeds, since the MMP ex-
coefficient is not correlated with WR; (not shown), be- perienced a freshly emltted plume rising directly benegth the
cause wind direction is not directly related to the dilution {ransect. Therefore, wind speeds might more strongly impact
process. the dissipation rates) of a plume, creating faster decays and
narrower peaks as the wind speed increases (Fig. 5b).
3.3.2  Wind speed Scalar wind speeds (WSS) angl were, in general,
negatively correlated when wind speeds were larger than
At night, statically stable air suppresses turbulent energy pro0.5ms1, particularly for the underpass freeways (Fig. 5b).
duction, thus under calm stable conditions, moderate consisih contrast to the.-WSR relationships, the overpass freeway

3.3.1 Wind direction
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Figure 5. Variations in dispersion coefficients as a function of wind Figure 6. Plots of the relationships of concentration gra-

speed.(a) a vs. vector-averaged resultant wind spedt$.s vs. g'etrt't d(AE'U FP]’?eak) latt the _peak with (2) at' almd ) p ft
scalar-averaged wind speeds. Black solid line is a linear fit for the 0_8 14 Ine |3nG4p 010_(2) A'ian expogzerllcz)isgcurv; Il
DTLA data points, black dotted line for Paramount, and blue dash-* = *- - exp(=3.64x ~A[ lpeak  (R“=0.59). ac

dotted line for Carson and Claremont. Vertical dotted lingojrrep- dotted IlnezaEdobége dZSh_%Otted l;‘g_mopé? fare Ilnea;r fits fotr
resents scalar wind speed of 0.5Ts Light blue star denotes overpassR* =0.63) and underpas&{ =0.67) freeway transects,

Claremont data obtained on 8 June 2011 when wind was strong Witﬁespectlvely.

reversed prevailing wind direction and fogs in the uphill downwind
area.

comes larger, concentration decreases faster with downwind

transects were more weakly correlated than underpass fre%’istance. These relationships are clearly shown in Fig. 6.

way sites. It appears that wind speeds influencenore
strongly for the overpass freeway transects, whereas for the

underpass freeway transegtsis more affected by wind

speeds. This negative correlation is not valid under extremely?-4-1 ~ Effects ofA[UFP] on plume decay rates
light wind conditions (WSS <0.5n1$). Under these calm

stable conditions, other parameters are likely to govern the he ol ) . defined h
dilution rate of a plume, such as the concentration gradienfr e plume intensity parameteéx[UFPleaq defined as the

(Sect. 3.4). Overall, within the small range of wind speed op-difference between the background and plume peak con-

served in early morning, winds alone are not the dominantqentrati_on’ showed _clear _and con_si_stent negati\{e correla-
factor in determining dispersion coefficientsand 8 under t|ogsk;/wth both the dispersion (_:(_)eff|C|emTar_1dﬂ (Fl_gr.] 6a g
stable pre-sunrise conditions. Consequently, hypothesis 1 b§nd P), in contrast to its positive correlations with win

itself cannot entirely explain the variations in plume decays. SPe€d and direction. Although and A[UFPlpeax seem
to follow a single trend line, the transects populate dif-

o ) ferent parts of the curve, with largek[UFP]peak COIre-

3.4 Effects of freeway emissions on plume extension sponding to the underpass freeway transects. Due to differ-

(hypothesis 2) ent slopes in these two groups, the overall trend line has

an exponential formo( = 0.14- exp(—3.64x 10~°A[UFP]),

In the analytical solution of Gaussian dispersion (Eq. 2), theR2 = 0.59), however this appears to arise from the presence
emission factorQ. is not directly related to plume decays, of two distinct populations; these are also observed in com-
transporte or 8 (Sect. 2.3.2 and Supplement Sect. S4). Con-parisons ofe and 8 with explanatory parameters such as
sidering that the increase in wind speeds red@g¢Egs. 1 wind speeds A[UFP]heak and Q¢ (Figs. 3, 5, 6a and 9b).
and 2) if emission rates are constant, and at the same time, irdependencies g8 on A[UFP]peak fall into two groups cor-
creased wind speeds are likely linked with decreasadd responding to freeway-street interchange geometry, as dis-
(through effective transport and faster dissipation; Hypothe-cussed in Sect. 3.2 (Fig. 6b). The negative correlation be-
sis 1), positive correlations betweéh vs.oc andg mightbe  tween 8 and A[UFP]yeak is consistent with hypothesis 2,
expected. In Fig. 6, however, we found strong negative correas 8 appears to be a parameter related to plume dissipation
lations betweerQ. and plume dispersion parametersnd (Sect. 2.3.2, Fig. 1b). For these reasons, we conclude the de-
B (Q¢ was determined by fitting the background-subtractedcay rates are strongly influenced by not only wind speed and
peak concentration, or “plume intensitX[UFP]pear. Thus,  direction but also the concentration difference relative to the
observed negative correlations imply that winds may not be ébackground, that isA[UFP]peax
dominant factor controlling plume shapes under stable con- Let us consider a simple first-order Lagrangian expression
ditions with low winds (<1 ms?). Hypothesis 2 states that for dilution and particle dynamics processes rates during the
plume decay rates are a function of concentration differencefreeway plume transport (Eq. 4), similar to the expression
between plumes and background§JFP]): asA[UFP] be-  used in some urban plume transport models (Dillon et al.,
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@ (b) 12 oA However, the above discussions concern the relationships

z @ 0.1]) % Paramount + of A[UFP]peakWith B. If or why A[UFP]yeak cONntrolse is

2 o O carson / P y P

v o ’i‘: % 0.08]| % Claremont u > not clear. It is possible that and are related to each other
55 e - 5 006 * ue likely to hypothesis 1 a cakintensifiess vari-
. *8 + 5 due likely to hypothesis 1 and[UFP]peaxintensif
Ené “ * ﬁ o 004 *g & ation while not altering the relationships betweermnd 3,
T3 + " R eaving a negative correlation betwe cak and a.

: AN e B, | t lation bet UFP], d

g £ Alternatively, it is also possible that[UFP],eaxdirectly de-

0  remperature ) ’ Temperature (%C) terminesy given that lower values tend to correspond to in-

creases in the overall magnitude of concentrations of the pro-
Figure 7. Temperature effects of@) peak concentration difference files (Fig. 1a), explaining the negative correlation between
from the background A[UFPlpeak=[UFPlpeak— background  y and A[UFP]sea Despite these incomplete discussions of
[UFPlokgnd normalized to taffic density andb) disper-  na ynderlying causation, it is clear that plume intensities

sion coefficient «. Black dotted lines are curve fits(a) . : .
A[UFPlpeak(Trafficy ™ = —5.41.7+103.4 (R?>=0.46) and A[UFP]peakshow strong negative correlations witrand 8.

2 013 2 . . .
(b) @ =1.27x107%-¢="°-T (R* =0.48). 3.4.2 Temperature, atmospheric stability, and emission
factor

2002; LaFranchi et al., 2011):
d(ICl; — [Clokgnd)

Although temperature does not directly affect the dissipa-
tion rates of plumes, we found a clear positive correla-

dr = — (Kdilution + Kcoaguation 4 tion between the temperature and the dispersion coefficient,
ot Koo (1 (Chi ¢ (0, T, ecaec hahe Ure emissonsfon vl
[C); = [Clokgna= (ICTpeak— [Clbignd) (5) ot o y g

larly for the nucleation mode (10-20 nm) (Kittelson et al.,
-exp(— (Kdiution + Kcoagulatiorrt Kdepositiont Kevaporation) * 1) - 2001, 2004; Morawska et al., 2005), colder temperatures
wheret is time, [C], and[Clykgna are pollutant concentra- might indirectly _Iower dispersi_on coefficients by elevating
tions at timer in the plume and in the background, respec- YFP concentrations from vehicular sources, and hence in-
tively, andK represents first-order decay rate coefficient for r€2SINGAIUFPeax (Fig. 6a). Consistent with this expla-
each particle loss process: dilution, coagulation, dry deposination and supporting the emissions studies (Kittelson et
tion and evaporation. If we assunis are constant for an &l 2001, 2004; Morawska et al., 2008)[UFPlpeaxvalues
hour (corresponding to 1 to 2 km of plume transport), the so-normalized to the traffic density, indeed, increase as ambi-
lution of Eq. (4) showsA[UFPeakis independent of plume ent temperatures decrease for a!l transects (Flg. 7_b). Zhu et
decay (loss) rates when the plume concentrations are no@!- (2006) also showed the same inverse relationship be_:tween
malized (Eq. 5). We note that the above expression only deallemperature and UFP concentrations corrected for traffic vol-
with 8 because the concentratiorrat 0 is considered as the UMe at the edge of the 1-405 freeway. o

peak concentration. Consequently, we concluded additional 1N€ Richardson numberf) is a common indicator of
loss rates due to particle transformation are not attributed t@tmospheric stability. It combines the vertical temperature
the observed clear relationships betwedtFP]yeaxand 8 gradient (static stability) with mechanical wind shear (Stull,

(Fig. 6b). 1988) as expressed in Eq. (6):

The rapid increase in traffic flows during pre-sunrise mea- W /dU\ "2
surement periods for morning commutes likely explains therichardson numberr; = 8% (_> , (6)
negative correlation between[UFP]peax and g (as dis- 6dz \dz

cussed in Sect. 2.3.2). The peak concentration is instantlzvh 7 is th il in the |
affected by the emissions from freeway traffic, whereas far ere¢ Is the mean potential temperature in the layer,

-1 . —1: . .
downwind concentrations result from the emissions in thede A is t_emperaturg g_rad|entljd- dz 1S vertical wind
past when an air mass passed over the freeway, as well ear, ang is the gravitational accelerauor&(_>0 for sta-
the background concentration at that time. Thus, the tempoP'€: Ri =0 for neutral; andk; <0 for unstable ainR; values

ral variations of far downwind concentrations should be rela_for all transects fell in the near-neutral to stable ranges during

tively smaller and less rapid than those near the peak contl€ Pre-sunrise periods (Fig. 8). Background UFP concentra-

centrations. These patterns are clearly observed in éhe ptions tend to increase when air is more stable (Fig. 8a), as

variation ranges of the average concentration profiles showrgXpeCted' I-r|]owe|ver, tg? d_ecay rate coeffl_gllé mpﬁearshto
in Fig. 2. For the morning commute periods, increasing 2€¢r€ase (the plume dissipates more rapidly) when the noc-

emissions from corresponding traffic flows produce Iargertuhrnal atmosphere is m:)refsr;[ableh(ﬁg. gb) \:jVe mtel;pljret th'ds,
A[UFPpeakbut these emission increases do not instantly al-Pnénomenon as a result of hypothesis 2; under stable condi-

ter the far downwind concentrations, amplifying concentra-t'on_s'Ao[lu':P]pe""kte_ndS tlo mcrea?je_, Ieadmc? t(k))afast concen-
tion decreases with distance (and lowerhyg tration decay rate in a plume as discussed above.

www.atmos-chem-phys.net/14/6925/2014/ Atmos. Chem. Phys., 14, 6BZ8q 2014



6936 W. Choi et al.: Factors controlling pollutant plume length downwind

(@) 25 b) € o shows a strong linear relationship between the emission pa-
;E,» 2 % X & Framourk rameter,Q and traffic density during the measurement peri-
* + — | % Claremont ods, at least when traffic flow ranged from 400 to 1200 vehi-
é” o + ° * 2, * + cles5mir?, further supporting the effectiveness of the ap-
21 < * & " proach described here, including the ability®f to describe
éu.s"? % o @ * " vehicular emission rates from the freeways.
3 , » With the meanQ. (8.12x 10* particles m nt3), observed

10° 10 10’ 10° 10 10’ wind speeds (0.64nT$), a wind speed correction factor

due to traffic wake suggested by Chock (1978) for sta-
ble air (0.2ms?1), and observed traffic flows on freeways
(680 vehicles 5 mint), the mean particle number emission
factor (PNEF)gven, can be estimated from Eq. (7):

Figure 8. Dependence ofa) background UFP concentrations and
(b) dispersion coefficient3 on atmospheric stability, represented
by the Richardson numbeRr().

—_— 012 2 .U
O R . gon= o2 e e _ @)
picarson * % 01 (trafficdensity
Claremont v g .
15 + 0.08 N V2 x (8.12x 10*mem=3) x (0.64+0.2ms 1) x 10PcmPm =3 x 300s5minL
N 4 % .
b ,,+/ 80.06/, * . ¥ 680vehicles5mint
= y + +
X tF A *
[ 0.04 N * i
0s go Bt ***éﬂ where the last two values of the numerator are unit conver-
}?ﬁ;ﬂ vz S b sion factors. This estimate is for “survived” UFP through the
: ) very early stage of vigorous mixing/particle dynamics occur-

Ve =
400 600 800 1000 1200 0

Traffic density (vehicles - 5min'1)

05 1.5 2

e 109 ring within 1 to 3 s of initial emissions from tailpipes (Zhang
and Wexler, 2004). The averagegsn for a mixed fleet on
the 101, 91, I-110, and 1-210 freeways with consistent fleet
speeds under stable pre-sunrise conditions was estimated as
7.5(0.4) x 103 particles knr® vehiclet, which is smaller
than the estimate (5.2 10 particles kn vehicle 1) made
in a similar manner by Zhu and Hinds (2005) for the nearby
I-405 freeway in 2001. Although our PNEF estimate does not
consider the initial stage on tailpipe-to-road scale (Zhang and
Wexler, 2004), we note (1) the “survived” ultrafine particles
Consequently, the effects of temperature and atmospherican potentially affect human exposures and urban aerosol
stability on plume dissipation rates further support the im-budgets on road-to-ambient scale and (2) ambient conditions
portance of hypothesis 2 for plume decay rates. Nonethelessinder which measurements were conducted were represen
we should emphasize that faster decay rates do not necessaative of stable pre-sunrise periods generally found in the
ily mean reduced plume impacts because faster dissipationSoCAB with respect to traffic patterns/composition and sur-
were observed for highex|[UFP]peakconditions, and higher  face meteorology. We also note the previous estimate made
peak concentrations eventually lead to more elevated UPkn 2001 (Zhu and Hinds, 2005) did not consider detailed par-
concentrations in the far downwind areas (e&{UFPlpeak ticle dynamics, so that comparison between the two studies
shows a positive correlation with[UFP] at 1500 m down- is appropriate.
wind from the freeway; not shown). In Choi et al. (2012),

Figure 9. (a)Emission paramete@ as a function of traffic density
(vehicles 5 mi1) in four sampling sites, anb) o variations as a
function of Q¢. Dotted line represents a linear fit to all data points
in the plot:(a) Q¢ = 227.7x (Traffic flow) — 7.3x 10 (R = 0.80)
and(b) @ = —4.1x 10~/ - 0c+0.12 (R? = 0.63 for overpass free-
ways) ande = -6.9x 10~ - 0¢+0.065 (R2 =0.51 for underpass
freeways).

we also reported reduced
peak UFP concentrations near freeways compared to
the peak values observed in 2008 and 2005 by Hu et
al. (2009) and Zhu et al. (2006), respectively. In ad-
Vehicular emissions from the freeways depend on trafficdition, Quiros et al. (2013) reported a value of PNEF
volumes, fleet composition and maintenance, driving condi-(3_7X 1013 particles knt L vehicle 1) similar to our esti-
tions, and fuel composition (e.g., sulfur content) (Kumar et jate. Between 2001 and 2010, many characteristics of the
al., 2011). Emission rates of UFP estimated by a number of,ehicle fleet have changed, such as improvement of engine
previous studies show considerable variability (Kumar et al.,emjissjons control technology, fleet turnover to newer cleaner
2011). The freeways studied here have similar vehicle COMyehicles, recent shifts to smaller engines (Snyder, 2011), and
position with modest contributions from heavy-duty vehicles e stringent regulations for truck engines and fuel compo-
(<3 to 6%), and consistent traffic speeds due to lower traf-sjtion by the California Air Resources Board (CARB, 2004,

fic densities during the pre-sunrise periods. Thus, it is €x-2008) as discussed in Quiros et al. (2013).
pected that traffic volume is a dominant factor in controlling

the variations in emission rates from the freeways. Figure 9a

3.5 Estimate of particle number emission factor
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@ "o (o) ® In this analysis observe@. was used as an input parame-
crpass reeways p . ) o
o1 B . L x ter rather than estimated. from Eq. (8) to avoid multivari-
s P < e ate regression error. Regressions were performed separately
2 = ool according to freeway topography because as discussed ear-
1 0.06 [m] I:‘lj:I o * . . .
H J(@ e g, &:E* lier, « varied more widely for overpass freeways ghéhad
oo g% £ b, a wider range for underpass freeways (Fig. 3). In addition,
002 “‘%& ’ m % there were different dependencies of dispersion parameters
e o o e o A on WSR andQ. (Figs. 5a and 9b) for the two interchange
Observed o Observed p(x10”%) geometr'es

Figure 10. Comparisons of predicted dispersion coefficigalsa Calculated Coefs_, and _resultldgz and p values for both
(R2 =0.88) and(b) B (R? = 0.86) with the values extracted from Qc, @ and g are listed in Table 3. FoQc, temperature
observed concentration profiles. Black squares are for the overpagdnd traffic were important parameters for both overpass and
freeway transects (DTLA and Paramount) and blue stars for underunderpass freeways, while wind speed and wind direction
pass freeways (Carson and Claremont). Dotted line represents 1\ere important only for overpass freeways and underpass
relationship. freeways, respectively. The inverse sign for gofaffic
flows) against observations was likely due to multicollinear-
ity effects between predictor parameters (O’'Brien, 2007).
3.6 Predicting plume behavior Although multicollinearity is detrimental to estimating the
o ) ~ comparative importance of individual explanatory parame-
Accurate prediction of plume peak heights and extents withers it does not reduce prediction validity or reliability of re-
out the use of highly specialized data is clearly desirable.gression results as a whole (Lipovetsky and Conklin, 2001),
Our results suggest that the Gaussian line source model cafhe resultingQ. from MVR showed good agreement with
accurately predict not only the peak concentration but alsqne values extracted from observations by fitting with overall
the extension of the plumes if we can properly estim@ée g2 of 0.95.
«, andp (Eq. 2). Here, we use a multivariate linear regres-  pjspersion coefficients were most sensitivetgand least
sion (MVR) method to reproduce plume paramet&s, (@ sensitive tof" for both freeway geometries. Although RH by
andg). Because plume peak concentration determine@dy itself was poorly correlated with andg, it showed modest
is an important parameter controlling the dispersion coeffi-importance in multivariate regressions. As notedand 3
cientsa andg (Sect. 3.4.1), we found the best results by first showed strong positive correlations with one another, once

Q¢ as a predictor variable in MVR analysis ferand g as

discussed below. B =3.45% 10 %0 — 1.64x 10~3(R? = 0.90) (10)
For Q. estimation, traffic flows, wind direction, wind for overpass freeway transects
speeds, temperature, and relative humidity were used as pre; _ 5378+ 1.93 x 10 2(R? = 0.74) (12)

dictor variables based on theoretical and observed (measur

ment period average) relationships betweddFP and pre- ?or underpass freeway transects

dictor variables (Eq. 8): Thus, from appropriately estimated or g from multi-
variate regressions, we could further obtginor o using

Q..j = coefi - TF; + coeb - |WDye| ;| + coel (8)  Egs. (10) and (11). Overall, resulting values wfand 8

-WSR; 4 coef; - Tj 4+ coek - RH; + C from multivariate regression analyses showed good agree-

ment with the values extracted from observed concentration
profiles by fitting, withR? = 0.88 and 0.86 for overpass and
underpass freeways, respectively (Fig. 10). The evaluation of
the MVR results is limited by the insufficient number of data
used in training processes (13 for underpass freeways and 10
for overpass freeways). Nonetheless, the best estimates of un-

(j=123....0),

wherej indicates theith observation, and TF, WB, WSR,
T, RH, andC are the traffic flows (vehicles 5 min), wind
direction relative to the freeway orientatict),(ambient tem-
perature {C), resultant wind speed (m3), relative humid- ] ;
ity (%), and a correction factor, respectively. Similachy(for certainties from the_ MVR analysis a#0.018 and:tO_.0018
overpass freeways) angi(for underpass freeways) were ob- for « andp, respectively. Independent error analysis also re-

tained from the observed meteorological and emission datéUIteci In mean error est|mates.of 26 % doand 60 % forﬁ: .
(0o) (EQ. 9): More details about the evaluation processes are described in

Supplement Sect. S5. Despite successful application of mul-
9) tivariate regression, we still note that input data points were

not sufficient compared to the number of predictor variables
T +coel- WSR; +coeb-RH; +C in this multivariate regression analysis. Thus, further mea-
(=123, ...k. surements are needed to verify these results.

ajorp; = coefi- O, j +coeb - |WD,,, ;| + coef
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Table 3.Coefficients forx (for overpass freeways) argd(for underpass freeways) obtained from multivariate linear regression using Eq. (8).
Bold fonts represent the dominant contributors in the analyses.

Emission factorQc Dispersion coefficients
Overpass FWY Underpass FWY a B
(DTLA & Paramount) (Carson & Mountain)  (Overpass FWY) (Underpass FWY)
coefl —2.1x 102 55.7 —4.4x 107 -1.7x 107
coef2 —5.8x 102 5.2x 102 35x10°4 —8.7x107°
coef3 —1.8x10° -2.3x10% —3.3x1072 -1.3x 102
coef4 -3.9x10* -1.2x10° 3.7x10°3 —1.2x 1074
coef5 —8.3x 102 -31.7 7.1x10% —8.1x10°°
c 9.8x 10° 9.8x 10* 2.3x 1072 2.8x10°2
R? 0.84 (0.092) 0.75 (0.042) 0.91 (0.032) 0.81 (0.018)
(p value) OverallR? =0.95

Nonetheless, we consequently believe this approach prolution under stable conditions, particularly for the onset of
vides an efficient and precise tool to predict freeway plumemorning commute periods.
profiles near major roadways under stable conditions in
that (1) dispersion parameters as well as particle numbe . S . .
emisgign rartjes weré3 extracted directly frompthe real atmo-li_he ?upplement related to this article is available online
sphere; (2) these simple dispersion parameters include paia-t doi:10.5194/acp-14-6925-2014-supplement
ticle transformation and traffic change effects in them and
explain the observed UFP concentration profiles, produc-
ing excellent agreement for all sampling sites; (3) quanti-

tative and straightforward comparisons between plume pa : PRI
rameters and controlling meteorological/traffic factors sug-for this study by the California Air Resources Board, contract
. . .Y no.09-357 and US National Science Foundation, contract no. CNS-
gest that winds were not the d_ommant faCtO.r to determ'n'm~:]1111971001. The mobile monitoring platform measurements were
the plume shapes and downwind concentrations under stablgage possible with the generous assistance of our colleagues:
pre-sunrise conditions; (4) elevatadUFPJpeakfromthe on- M. He, K. Kozawa, S. Mara, and V. Barbesant. The authors
set of the morning commute in stable air appeared to be appreciate the comments of two anonymous reviewers, helpful
more important factor for controlling the concentration de- discussions with T. Callahan (University of Southern California),
cay rates with distance under considered conditions, whickand especially the constructive criticism of the editor, which greatly
are difficult to represent even with the current comprehen-improved the manuscript.
sive models, and hence should be considered more precisel
in those models; (5) multivariate regression results can be a
plied with readily and routinely measurable variables without
sophisticated model expertise to predict the peak concentrageferences
tion and its location as well as freeway plume impact areas
under similar conditions with increasing traffic. Briant, R., Korsakissok, I., and Seigneur, C.: An improved line
Although investigated environments were limited (noc- source model for air pollutant dispersion from roadway traffic,
turnal calm stable conditions with increasing traffic in res- Atmos. Environ., 45, 4099-4107, 2011.
idential areas) and hence our results are not expected t8riggs, G. A.: Diffusion estimation for small emissions, NOAA,
be directly applicable to other environments with different _ ©ak Ridge, TN, 1973. o S
surface roughness and air stability, our results have potenc@Pdo, K. and Pandis, S.: Lifetimes of ultrafine diesel aerosol,
L L . . . Carnegie Mellon University, Pittsburgh, PA, 2001.
tial implications given that many residential areas near free- ) SRR ' o
. L . . .~ CARB: The California diesel fuel regulations, California Air Re-
ways/highways have similarly built environments (at least in

» . sources Board, Sacramentdtp://www.arb.ca.gov/fuels/diesel/
the US) and nocturnal stable conditions are common. Partic- diesel.htm(last access: 5 December 2012), 2004

ularly we note that about 50 % of the population lives within cARB: Amendments to adopt more stringent emission standards
1.5km of freeways in the South Coast Air Basin of Califor-  for 2007 and subsequent model year new heavy-duty diesel en-
nia (Polidori et al., 2009). This study also has the potential to gines, California Air Resources Board, Sacramento, 2008.
parameterize dispersion coefficients and emission factors fo€hen, H., Bai, S., Eisinger, D., Niemeier, D., and Claggett, M.:
more sophisticated model simulations, providing clear UFP  Predicting near-road P4 concentrations: Comparative assess-

concentration profiles in a data set with a high spatial reso- ment of CALINE4, CAL3QHC, and AERMOD, Trans. Res.
Record, 2123, 2637, d4i0.3141/2123-042009.
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