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Abstract. To evaluate the success of vehicle emissions regways with the highest HDD fractions are significantly worse
ulations, trends in both fleet-wide average emissions as welbources of total emissions in Los Angeles may no longer
as high-emitter emissions are needed, but it is challenging tde true.
capture the full spread of vehicle emission factors (EFs) with
chassis dynamometer or tunnel studies, and remote sens-
ing studies cannot evaluate particulate compounds. We det Introduction
veloped an alternative method that links real-time on-road
pollutant measurements from a mobile platform with real- Monitoring of air pollution emissions from mobile sources
time traffic data, and allows efficient calculation of both is not only relevant to assessing the public health impacts
the average and the spread of EFs for light-duty gasolineof transportation, but also for evaluating the efficacy of reg-
powered vehicles (LDG) and heavy-duty diesel-powered ve-ulatory measures and maintaining accurate emission inven-
hicles (HDD). This is the first study in California to report tories. In California, where mobile emissions are the single
EFs under a full range of real-world driving conditions on largest source of nitrogen oxides (MCand carbon monox-
multiple freeways. Fleet average LDG EFs were in agreedde (CO) emissions, and therefore closely regulated, there is
ment with most recent studies and an order of magnitudea particular need to accurately measure mobile emissions and
lower than observed HDD EFs. HDD EFs reflected the rela-trends.
tively rapid decreases in diesel emissions that have recently Over the last two decades, gasoline-powered vehicle
occurred in Los Angeles/California, and on 1-710, a primary tailpipe and evaporative emissions have been targeted by
route used for goods movement and a focus of additionamultiple regulations (e.g., fuel reformulation, inspection and
truck fleet turnover incentives, HDD EFs were often lower maintenance programs, tighter emission standards and bet-
than on other freeways. When freeway emission rates (ERjer control technology) that have resulted in large reductions
were quantified as the product of EF and vehicle miles trav-in light-duty gasoline vehicle (LDG) emissions. In the Los
eled (VMT) per time per mile of freeway, despite a two- Angeles air basin, N@and CO emissions (both tons per day
to three-fold difference in HDD fractions between freeways, and percent contribution) from light duty passenger cars (PC)
ERs were found to be generally similar in magnitude. Higherhave significantly decreased over the last decade. Notable
LDG VMT on low HDD fraction freeways largely offset the regulations affecting fleet emissions during this time include
difference. Therefore, the conventional assumption that freethe LEV (“Low Emission Vehicle” regulations, for 2003 and
older cars) and LEVII (for 2004 to 2010 cars) that further
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tightened fleet emission standards and sharply reducggd NOcan only provide estimates of central tendency and not vari-
CO and non-methane hydrocarbon emissions. In additionability, as they report averages of large numbers of vehicles.
fleet turnover to newer cars meeting OBDII requirementsThough the results are useful to evaluate fleet-wide average
(On-Board Diagnostics) facilitated emissions control main-trend, without information on intra-fleet differences in EFs,
tenance procedures and diagnostics. Based on California Aiit is not possible to determine whether reduction in vehicle
Resources Board estimates (CARB, 2009), despite increasemissions can best be achieved through targeting high emit-
in total PC activity, PC contributions to N@missions from  ters (e.g., drayage truck replacement) or fleet-wide measures
mobile sources decreased from 34 % in 2000 to 20 % in 2010such as new vehicle standards.
and they only emitted 40 % as much CO in 2010 as they did In contrast to tunnel studies, remote sensing allows deter-
in 2000. Consequently, heavy-duty diesel vehicles (HDD)mination of individual vehicle’s EF, but this technique is not
became disproportionate contributors to on-road emissionsnobile, so it can only make measurements at one location
(Harley et al., 2005) and a principal focus of regulations andat a time, also a limitation unless large numbers of locations
control technology improvements. For example, from 2000are sampled in a manner representative of real world driv-
to 2010, heavy duty diesel trucks surpassed PCs as the tapg modes. Moreover, it is applicable to only some gaseous
source of NQ (CARB, 2009). pollutants. Bishop and Steadman et al. (2008) and Bishop
In Los Angeles (LA), port-related diesel-engine activity et al. (2010) conducted remote sensing studies in West LA,
has been the target of especially aggressive regulations and, more recently, at the Port of Los Angeles (Wilming-
the Port of Los Angeles (PoLA) and Port of Long Beach ton, CA) and Peralta weigh station (Anaheim, CA) (Bishop
(PoLB), such as the San Pedro Bay Ports Clean Air Ac-et al., 2012). In these studies, the West LA measurements
tion Plan (PoLA and PoLB, 2010a). These measures aravere conducted on a traffic-light-controlled freeway ramp (I-
expected to eliminate 72 % of diesel particulate matter andLO/La Brea Ave) at a positive grade with reported mean vehi-
22 % of NQ, from port-related sources by 2014 (PoLA and cle speed less than 20 milesthand acceleration greater than
PoLB, 2010b) through progressive bans on older enginel.9 milestrls™1, i.e., conditions of high power. Similarly,
years and by only allowing heavy duty diesel trucks meet-heavy duty diesel trucks emissions were measured either at a
ing 2007 federal emission standards to operate on ports afterero grade, low speed, and high acceleration condition at the
1 January 2012. Furthermore, the California Air ResourcesPort of Los Angeles or on a 1.8 degree incline with trucks
Board implemented drayage (short haul) truck regulationsin an accelerating mode at Peralta. Therefore, in these stud-
that required retrofitting with diesel particulate filters and ies, high-load conditions likely biased EFs upward. More-
that banned pre-1994 engines, with the expected benefit abver, they measured EFs for just one, nearly instantaneous
accelerated fleet turn-over and 85 % reduction in particulatgpower level per vehicle, and did not measure within-vehicle
matter emissions from trucks by 2013 (for engine years 1994variation in emissions across different power and speed con-
through 2006) (CARB, 2011a). Since these regulations aralitions.
expected to have the largest impact on and near major port An alternative and arguably more efficient approach is us-
truck routes such as I-710, it was important to compare I-ing on-road measurements from real-world driving with a
710 HDD emissions to other freeways to ascertain if the ad-mobile platform, procedures similar to those used by Zavala
ditional fleet turnover incentives at the ports are having theet al. (2006, 2009) and Jiang et al. (2005). In this approach,
desired effect. ratios of pollutant concentration increase to £gncentra-
Accurate emission factors (EFs) are challenging to detertion increase can be used to calculate both fleet EFs as well as
mine but necessary for historical trend analysis. Of the studindividual vehicle EFs. Park et al. (2011), using the mobile
ies that have quantified vehicle emissions trends in Califor-platform approach in Los Angeles, found that inter-vehicle
nia, most have employed either tunnel measurements (Kirchvariability exceeded that due to different driving modes and
stetter et al., 1999; Ban-Weiss et al., 2008, 2009, 2010) othat inter-vehicle variability in LDG EFs was less than that
the remote sensing approach (Bishop and Stedman, 200&, heavy duty truck EFs. However, with numerous acceler-
Bishop et al., 2010). Despite their merits, both of these ap-ations from arterial stop-lights and relatively little freeway
proaches have significant limitations, summarized below, budriving, the Park et al. (2011) study did not provide represen-
described in more detail in Zavala et al. (2006) and Wenzetative coverage of HDD driving on freeways. Furthermore,
et al. (2000). the Park et al. (2011) approach of chase sampling individual
Tunnel studies in California have been most frequentlyvehicles provided only an instantaneous EF for each vehicle.
conducted at the Caldecott Tunnel (Kirchstetter et al., 1999These instantaneous EFs across vehicles were compared and
Ban-Weiss et al., 2008, 2009, 2010), but results reflect theconclusions were drawn regarding inter-vehicle variability
4% upgrade, which increases engine load and emissions faven though EFs for different vehicles under different driving
HDDs, thus introducing a bias. Kean et al. (2003) conductednodes were being compared.
measurements at Caldecott tunnel and showed that driving In a somewhat different approach (capturing vehicle
uphill approximately doubled EFs for CO and N©@om- plumes with a stationary set-up) Ban Weiss et al. (2009)
pared to the downhill direction. Furthermore, tunnel studiesmade an important observation. They measured emissions
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from 226 individual vehicles and reported a large skew insame techniques as Kirchstetter and Novakov (2007). The
inter-vehicle EF distribution, with the highest emitting 10% AES51 at short averaging times is susceptible to interference
of trucks emitting 40 % of total black carbon (BC) and parti- from vibration, and mechanical shocks result in sharp con-
cle number (PN) emissions. This suggests that studies excentration spikes, usually large positive and negative pairs
trapolating fleet-wide level emission inventories or trendsthat last up to several seconds. The spikes were readily dis-
based on individual vehicle measurements require large saneernible because they exceeded the preceding and succeeding
ple sets. This is cost prohibitive for dynamometer methods awvalues by an order of magnitude and were unaccompanied
well as vehicle chase techniques. In contrast, our study uselly corresponding changes in concentration of other pollu-
a hybrid approach, combining individual plume impacts into tants that correlate with BC. Such instances were identified
longer averages that still managed to capture the spread arahd censored while processing the BC data, but data loss was
skew of individual EFs. less than 3%.

Our study had three main objectives. The first was to Polycyclic aromatic hydrocarbons (PAH) were measured
demonstrate that our hybrid technique captures a comparaising PAS 2000 unit (EcoChem Analytics, League City, TX),
ble or greater range of within-fleet variation in EFs comparedwhich provides mass concentrations of particle-bound PAH
to other methods, but in a more efficient manner by avoid-species (PB-PAH). The instrument’s response depends on
ing the need to analyze individual plumes and discard multi-physical characteristics of the particulate (size and shape)
plume impacted data. The second objective was to evaluatas well as the chemical composition of the PAHs. For ex-
the impact of recent HDD truck and port-specific regulationsample, benzo[a]pyrene with five rings produces a stronger
by measuring EFs that capture actual within-fleet variability photoemissions signal compared with particles coated with
by including a realistic mix of driving (e.g., speed and ac- an equal mass of chrysene with four rings (Niessner et al.,
celeration) and roadway conditions (e.g., grade). The thirdl986). However, continuous PAH measurements using this
objective was to compare freeway emission rates (ERs) bynstrument have been often used a “semi-quantitative” mea-
taking total vehicle miles traveled into account, a potentially sure in roadway studies (for example, Marr et al., 2004). In
more direct means of evaluating relative impacts from differ-these studies and ours, researchers have observed strong cor-
ent freeways. relations between PB-PAH, BC and PN concentration (see

Fig. S2 in the Supplement), indicating that PAH instrument
response was approximately proportional to primary vehicle
2  Methods emissions over an order of magnitude change in concentra-
tion of BC and PN.
2.1 Mobile platform measurements
2.2 Sampling routes
A hybrid vehicle (2010 Honda Insight) was used as a mobile = | ) ,
measurement platform. All the real-time instruments, listed EMiSsions from motor vehicles were measured on five Los

in Table S1 in the Supplement, sampled air from a duct in-~ngeles freeways — CA SR-110, I-110, 1-405, 1-710 and CA

stalled across the rear windows. The mobile platform was>R-91, highlighted in Fig. S1 in the Supplement. The mobile

driven in “Green” mode which automatically turns off the measurement platform was driven in the central lane of the

engine when idling, eliminating the possibility of sampling freeway, when possible. HDDs are prohibited on the north-
itS OWn emissions. ern segment of 1-110 (called CA SR-110), linking down-

Several procedures were used to improve data accurac{PWn LA to Pasadena and this northern segment was used
Data from instruments were aligned with respect to the!© measure LDG-only emissions. Based on California De-
fastest instrument to adjust for any delayed response afPartment of Transportation (CALTRANS) 2009 annual av-
ter times were synchronized to be within 1s to the Global€'ag€ daily traffic and truck data (counts of trucks 2-axle or
Positioning System (GPS) device time (Garmin GPSMAP higher), trucks constituted less than 1% of th'e total vehicle
76CSC). Instruments logged data at different intervals (1-floW on SR-110. On southern I-110, the fraction was 5.0 %
10s) and all data were averaged over 10s. Freeway segmerfSALTRANS, 2009), while freeways 1710, SR-91 and I-405
were demarcated in the 10s data time series based on loc32d 12, 7.6, and 3.8 % truck fractions, respectively. Days and

tion information collected using the GPS. Quality assurancd0Urs of sampling and meteorological conditions during the

procedures included regular flow and zero reading checks. Measurement period are summarized in Table S2 in the Sup-
For particle measurement instruments, several adjustmentd€ment (Sect. S1). In general, sampling periods were well

were necessary, a correction was applied to particle numdistributed to cover both rush and non-rush hour activity.

ber concentrations exceeding®Harticles cnm? (similar to

Westerdahl et al., 2005) reported by a Condensation Par-

ticle Counter (TSI CPC 3007) to account for coincidence.

Black carbon (BC) data, collected using a Magee Scientific

microAeth AE 51, was corrected for filter loading using the
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2.3 Mathematical calculations and equations LDG emissions (e.g. Kuhn et al., 2005a, b). We assumed that
o these 25 runs captured the expected spread of LDG emis-
2.3.1 Emission factors (EF) sions, based on the spread of EFs being comparable to that

reported by other studies that measure individual LDG vehi-

Fuel-based EFs were calculated for every run at freeway, e gFs. However, any error in adequately capturing the high
segment level using a carbon balance approach, shown igq | pG emissions in these 25 runs would result in a mis-

Eq. (1): assignment of some fraction of LDG emissions to HDDs.
. A[P] With this LDG EF distribution, we then estimated total LDG

EF=1 1 o . e -
(A[COZ] T A[CO] ~|—A[BC]> c (1) emissions on other freeway links, and the remaining emis

sions were attributed to HDDs. This produced a distribution

where EF is the emission factor (g or particle number emit-of possible HDD EFs for each of the 61 other freeway runs.

ted per kg fuel burned) for pollutamit, A[P] is the median  Each run reflected a different fleet composition not only in

increase in the concentration of pollutahtabove the base- terms of fraction that was HDD, but also a new set of vehi-

line roadway concentration (g™ or particle number m3), cles under a new set of driving conditions.

and A[CO3], A [CO] and A[BC] are the increases in the

concentrations of the respective carbon combustion product8.3.2 Real-time traffic characterization

above roadway baseline. All statistics (median or first per-

centile concentration) required to calculate EF using Eq. (1)The total and hourly vehicle miles travelled (VMT) for HDD

were determined from the time series for each freeway segand LDG vehicles on each freeway link were obtained from

ment, typically tens of miles long. If multiple runs were con- aggregate data over all lanes of the freeway reported by the

ducted on a freeway within a day, the time series for eachCALTRANS Performance Measuring System (PeMS) (Choe

run was analyzed separately. The mass fraction of carbogt al., 2002). These data are publicly available and give real-

in fuel, we, value was used as 0.85 for gasoline and 0.87time traffic data averaged at nearly every mile on the seg-

for diesel fuel (Ban Weiss et al., 2008). Fuel density valuesments studied. Further details are provided in Sect. S2 in the

used were 0.74 kgt and 0.84 kg1 for gasoline and diesel ~ Supplement.

fuel, respectively, similar to other studies (Ban-Weiss et al.,

2008). The values for fuel economy used in this study were2.3.3 Freeway emission rates

5.1 miles ! and 2.0 milest! for LDG and HDD vehicles,

respectively, based on Los Angeles fuel usage figures, obEreeway emission rates (ERs), i.e., pollutant mass or parti-

tained from CARB Emission Factors Model (CARB, 2011b). cle humber emitted per unit time per mile of freeway (g or

Therefore, this approach took differences in fuel density, cararticle number h' freeway-mile'!) were calculated using

bon fraction, and fuel efficiency into account. More details Ed- (2), where VMTipp and VMTip are expressed as ve-

are given in Sect. S2 in the Supplement, where correctiondlicle miles travelled per unit time, normalized by freeway

applied to fuel efficiency to meet the studies’ assumptionsSégment length (vehicle-miles hfreeway-mile®); EFpp

have also been detailed (Table S3). Using mean square err@nd Eftpe are emission factors for pollutants per kg of fuel

propagation, the maximum uncertainty in EFs resulting frombumed; Fipp and FEpg are fuel economies in milest;

instrument accuracy, error in G@mission apportionment andpg andpg are fuel densities expressed asky!

and error in HDD/LDG fraction of VMT was calculated. Val-

ues have been reported in Tqble 1. . ER= VMT npp x EFqpp X < 1 ) x pd+ VMT LbG
Roadway baseline values in Eq. (1) were estimated as the FEHDD

first percentile of pollutant concentrations observed on each

freeway link. Since we attempted to measure concentration > X Pg )

increases from traffic during a short time interval — over and

above the elevated concentrations already present on the free-

ways — a low percentile value was the most appropriate in-3 Results and discussion

dicator of baseline roadway concentrations. The lowest few

concentration percentiles were relatively insensitive to super3.1  LDG fleet emission factors

imposed traffic (CQ@ percentile profiles for a subset of runs

have been plotted in Fig. S3 in the Supplement). Concentrat DG EFs on SR-110 showed about an order of magnitude

tions at a distant location away from the freeway were lowerrange, as shown in Fig. 1. This variation was due to differ-

and would have provided an artificially low baseline estimateences in speed (also shown in Fig. 1), acceleration, grade,

and upwardly biased the EFs. and inter-vehicle variability. We assumed this variability cap-
A total of 25 runs were made on SR-110, which is the tured most of the same sources of LDG variability as on

only thoroughfare with only LDG traffic in Los Angeles, and other freeway segments, as shown in Table 1. The resulting

has been previously used for curbside measurements to studsf distributions generally span the range reported by Park et

xERos x (FELDG
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Table 1.Emission Factors for LDV and HDV fleet. Values have been reported as aversigadard deviation.

Year NOZ NO PN? BC PAH
Units gkg-fuerl gkg-fuer!  particles-nT3kg-fuel!  gkg-fuer? gkg-fuer!
SR-110 2011 3.8&1.4 2.0+£0.8 4.3+ 2.6 x 1014 0.07+ 0.05 0.0008k 0.00006
Park etal. (2019 2007 9.4 (2.5-5.7) 6 (1.5-5.29 1014 0.06 (0.01-0.03)
LDG Bishop et al. (2008) 2008 5£80.4 3.8+ 0.3
Ban-Weiss et al. (2008) 2006  3490.20 0.026+ 0.004
Kirchstetter et al. (1999) 1997 9:00.4 4.6+ 0.7 x 1014 0.035: 0.004
1-710 2011 15+9.2 7.8+3.8 4.2+ 34 % 1010 0.41+0.21 0.005+ 0.003
Other Freeways 2011 1610 12+7.1 5.2+ 3.1x 1015 1.33+0.33 0.010+ 0.016
Dallmannetal. (2012) 2010 281.5 17+ 0.9 0.54:+ 0.07
HDD Dallmann etal. (2011) 2010 15#0.9 0.49+ 0.08
Dallmann etal. (2011) 2009 25:91.8 1.07+0.18
Bishop et al. (2012) 2010 4780.6% 29.2+ 0.8
Park et al. (2019 2007 34 (6.8-17.6) 45 (0.71-1.4)10%° 0.5 (0.07-0.17)
Ban-Weiss et al. (2008) 2006  40403.0 0.92+ 0.07
Uncertainty in EFs
NOx NO PN BC PB-PAH
Instrument 2% 3% 20% 10% 13%
Accuracy
LDG 4% 5% 20% 11% 13%
HDD 10% 10% 30% 17% 20%

1 Reported as N@mass equivalentz, Measured using TSI CPC 300D,, > 10 nm;3 Port of LA measurementé: Peralta weigh station measurements;
5 median (inter-quartile range).

al. (2011) for individual LDG vehicles. Results from other tics for HDV EFs are summarized in Table 1 and Table S4 in
recent California studies are also plotted in Fig. 1. the Supplement.

Average EFs were generally in good agreement with re- Similar to the distributions for LDG EFs, significant vari-
cent studies (listed in Table 1). However, the mean valuestion was observed in HDD EFs, as shown in Fig. 2 (with
reported by remote sensing studies (“West LA", Bishop etthe speed distribution in the last panel). Though the various
al., 2008, 2010) were substantially higher than mean valuestudy average EFs were in agreement, it is worth noting that
in this study or Caldecott 2006 measurements, likely due toour study appeared to capture much more variation in EFs
Bishop et al. (2010) measuring plumes from vehicles undetthan other studies, nearly an order of magnitude of real-world
strong acceleration. Furthermore, the standard error for EFftra-fleet variation. It also did so in a more efficient manner
reported by Bishop et al. (2010) appears unrealistically tight..e., without having to measure individual vehicles.

In contrast, the average EFs reported by the latest Caldecott In absolute terms, HDD EFs had much broader variability
tunnel study (Ban Weiss et al., 2008 and 2009; measurementhan the LDG EFs. Combined with being an order of mag-
conducted in summer 2006) agreed well with the mode of oumitude higher than LDG EFs, the variability in HDD EFs is
EF distributions. However, they only captured a small frac-therefore more consequential in determining the overall vari-
tion of the observed spread in EFs, as is expected from thability in fleet EFs.

well-mixed character of tunnel emissions. In comparison to recent studies, the average HDD EFs in
this study were lower. Colored bars in Fig. 2 represent results
from the four most recent and relevant studies conducted
in the state of California, measuring individual vehicle EFs
(Ban-Weiss et al., 2009, 2010; Bishop et al., 2012; Dallmann
HDV emission factors (per kg fuel) exceeded LDV EFs by et a1, 2011). Numerical values have also been reported in
at least an order of magnitude for particulate pollutants andrgple 1 for comparison. Dallmann et al. (2011) measured
about four fold for NO and N¢ On average the HDD fleet EFs for individual vehicles in the Port of Oakland (Oakland,
on freeways other than 1-710 (the high cargo freight route,caifornia) area and reported N&F values around 15 g kg-
with results presented separately) emitted 4 times highefye|-1, in excellent agreement with this study. The remote
NOx, 10 times higher PN, and 6 times higher BC per quan-sensing-based measurements of Bishop et al. (2012) at a lo-
tity of fuel burned than LDGs. When differences in fuel effi- cation in the Port of Los Angeles, and at a truck weigh station

ciency were taken into account, the disparity between HDD(peralta) on CA SR-91, were higher than j\énd NO EFs
and LDG emission factors further increased. Important statis-

3.2 HDD fleet emission factors
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LDG emission factors (g/kg fuel burned)
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Fig. 1. LDG emission factors (measured on CA SR-110, total number of observatid?fs). Caldecott (2006) refers to Ban-Weiss et
al. (2008, 2010) results, and West LA (2008) refers to Bishop et al. (2010) results. The colored bars represent the reported one standarc
deviation range. Also note the exponents on the x-axis for PN and PB-PAH EFs.

measured in this study, likely due to acceleration-only condi-3.3 HDD fleet emission factors on I-710
tions. Though the PN EF mode agreed well with both Calde-
cott 2006 results (i.e., the fleet average and individual truckl-710 is a major route used for goods movement and the
measurements-based mean) it is worth noting that due to thitucks involved are targeted by recent California Air Re-
volatile nature of vehicle exhaust particles (especially ultra-sources Board regulation efforts in addition to regulations by
fine particles of diameter less than 100 nm) and the markedlyhe ports themselves (i.e., Clean Air Action Plan). For this
reduced dilution in tunnels, EFs measured in tunnel studieseason, it was useful to evaluate whether 1-710 EFs might
may not be a representative measure of real-world EFs.  now reflect a newer, cleaner population of HDDs serving
Of all the pollutants measured, HDD fleet EFs were the ports compared to other freeways. Figure 3 shows that
least skewed for N@and NO. EF skew in this study does there is some evidence to support this. Though the spread
not strictly result from only “high emitting” vehicles but a of EFs on I-710 and other freeways was similar, lower EFs
combination of vehicle differences and driving conditions. were observed more frequently on 1-710. Median EFs on I-
However, given that our calculated EFs were based on thg10 were 50-70 % of that on other freeways, although only
median elevated concentration change on each freeway segie NO distributions were statistically significantly different
ment, they are less likely to be influenced by a transient driv-(Kolmogorov-Smirnov test, 5 % significance level). (Average
ing condition like a hard acceleration and more likely to be HDD EFs are compared in Table S5.) Average NO EFs on |-
influenced by sustained effects like the presence of a higlv10 were about half of that observed on all other freeways,
emitting vehicle in the fleet-mix. This difference in distribu- but NO; emissions were comparable. This suggests the-NO
tion skews may have important implications for regulatory to-NOy ratio may have increased on 1-710, similar to that
purposes — a substantial reduction in ;N@d NO emis-  reported by Bishop et al. (2012) for Port of Los Angeles.
sion is probably more efficiently achieved through regula- Dallmann et al. (2012) also reported a negative correlation
tions aimed at lowering fleet-wide NGand NO emissions,  between trucks with highest NGo-NOy emission ratio and
while control of BC or particle species emissions, with larger BC emissions, suggesting an association between trucks with
skews in EFs, are likely more effectively reduced by identi- diesel particulate filters and increase in N-NOy ratios.
fying and replacing or retrofitting specific high emitters. Continuously-regenerating particle trap technology has been
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HDV Fleet emission factors (per kg of fuel burned)
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Fig. 2. HDD emission factors. Oalkand (2010) results represent individual vehicle plume averages reported by Dallmann et al. (2011),
Caldecott (2006a) refers to Ban-Weiss et al. (2009) results, Caldecott (2006b) refers to Ban-Weiss et al. (2010) geometric means based ol
individual vehicles, and PoLA (2010) and Peralta (2010) refer to Bishop et al. (2012) results. Colored bars span the reported one standard
deviation range. BC x-axis was truncated for clarity, values extend upto 15 g kgLfulso note the exponent on the x-axis for PN EFs.
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Fig. 3. Comparison of HDD fleet emission factors on I-710 to other mixed-fleet freeways (number of observations ea 32,14l other
freeways= 29).

reported to produce higher N@o-NO fractions (Heeb et 3.4 Freeway emission rates

al., 2011; Velders et al., 2011). This finding may indicate that

NO; trends may no longer be a valid way to track reductions3.4.1  Diurnal variation in freeway emission rates

in diesel particulate matter emissions. For example, studies

like Burnekeef et al. (2009) have used NIBng-term trends  Total emissions from freeways depend not only on vehicle
as indicators of traffic particulate matter emissions. EFs but also vehicle miles traveled (VMT), which takes into
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Fig. 4. Diurnal profile of I-110, 1-710 and 1-405 emission rates. 110S refers to I-110, the southern segment with mixed fuel fleet.

account variations in speed. VMT and its HDD fraction vary ing conditions were not taken into account, it is likely that
most with time of the day, and diurnal LDG activity patterns changes in efficiency would be similar across freeways and
(either VMT or number of vehicles) are typically bimodal, that a comparison based on average fuel efficiency is appli-
peaking during morning and the afternoon rush hour. In Loscable because the diurnal profile of speed on freeways is sim-
Angeles, during midday (10:00-13:00LT) a drop in LDG ilar (see Fig. S6 in the Supplement). It worth noting that we
vehicle activity is often observed, more apparent in vehicledid not resolve EFs by speed and likely understated emis-
volume (number of vehicles per hour) than in VMT becausesions during rush hours where speed is most reduced and
higher non-rush hour speeds accumulate more miles (sestop-and-go conditions occur, but these diurnal differences in
Fig. S4 in the Supplement). However, HDD activity in Los speed in Los Angeles are also very similar across freeways
Angeles increases and peaks during midday hours. The emigsee Fig. S6 in the Supplement).

sions from increased HDD activity seem to compensate for Figure 5 shows that while I-710 has often been studied and
reductions in emission due to fewer LDG (or even a reductionobserved as a high end of freeway emissions (Fruin et al.,
in total VMT), thereby producing distinctly unimodal pro- 2008), ER results indicate that on per mile of freeway basis
files for emission rates, such as shown in Fig. 4. Mean hourlyamong the freeways compared, currently the highest emitting
VMT and HDD fraction on the freeway segments during the freeway is SR-91, due to both high VMT and relatively high
month May 2011 were used to generate Fig. 4. These diurnaHDD fraction, and that emissions per mile from 1-110 and
patterns differ strongly from on-road or near roadway con-1-405 are roughly comparable to I-710 for NO, N@nd PN.
centration profiles, which tend to be bi-modal as rush hourThe above discussion illustrates that the common assump-
generally coincides with lower wind speeds and reduced dition — that freeways with the highest truck volume fractions

lution (Hudda et al., 2010; Ntziachristos et al., 2001). are the worst sources of pollution — may be too simple. Total
VMT on several low-fraction HDD freeways in Los Angeles
3.4.2 Average emission rates are now high enough for total emissions to be comparable

to I-710. As an additional illustration, in Fig. 6 the NO ERs
ERs can be used to compare the overall impact of vehicuhave been plotted against total VMT (vehicle miles per mile
lar emissions on near-roadway communities across freewaysf freeway during May 2011) for two freeways, I-710 and I-
Total pollutant emission rates for four freeways were com-405. Despite much lower HDD fraction on 1-405 compared to
puted using Eq. (2). Daily VMT per freeway mile within 1-710 (3.8 % versus 12 %), total emissions were comparable
Los Angeles (and the fraction due to HDD) during the 215 for almost all hours of the day. Figure 6 shows that hypo-
working days from 1 December 2010-30 November 2011thetically reducing HDD fraction by more than two-thirds on
were used to generate average hourly emission rates, plot-710 would likely provide little if any total NO reductions,
ted in Fig. 5. (Daily time series for VMT and HDD and if VMT were simultaneously doubled. Hence, while HDD
LDG VMT are shown in Fig. S4 in the Supplement.) The fraction is an important factor in determining overall free-
error bars represent the standard deviation due to daily variway ER, at currently high Los Angeles VMT levels, LDG
ation in VMT. Except for a summer-to-fall increase in port contributions to total freeway emissions can be comparable
related goods movement on I-710, there were no significanto HDD. Furthermore, continuing future VMT growth will
seasonality aspects to consider (see Fig. S5 in the Suppldikely offset much of the emissions reduction benefits of a
ment). While average fuel efficiency was used to calculatecleaner HDD fleet.
ERs and changes in fuel efficiency due to difference in driv-
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Fig. 5. Average hourly freeway emission rates for four freeways within LA County lines. 110S refers to 1-110, the southern segment with
mixed fuel fleet.
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Fig. 6. Comparison of NO emission rates for a low (I-405) and high (I-710) HDD fraction freeway. The color bar indicates the fraction of
total VMT attributable to HDD.

4 Conclusions particle trap control technology (Heeb et al., 2011; Velders et
al., 2011). An implication of this result (i.e., continuously re-

Emission factors estimated using data collected with ageneratipg technology retrofits_are both increasing fHad
mobile measurement platform during real-world driving decreasing particulate matter) is that N@ay no longer be

conditions and across multiple freeways suggest that dies(ﬁr_ldaccurate metric of dleSde| partllcullate mattler. When st;]dy-
fueled heavy duty vehicle (HDD) emission factors still ex- Wide mean EFs were used to calculate total emissions from

ceed gasoline fueled light duty vehicle (LDG) emission fac- freeways, emissions from -710, 1-110 and 1-405 ap.peared.to
tors (EFs) by an order of magnitude, but HDD EFs are de-be comparable, despite a 3-fold range in HDD fraction. This

creasing relatively rapidly. Measurements also showed thapnderscores the importance of taking total vehicle activity

to further lower emissions from HDD, regulations that target?nto account when considering regional freeway air quality

a fleet-wide reduction would be most suitable for Néhd impacts. The assumption that freeways with the highest HDD

NO, while significant reductions for particulate species (chfractions are significantly worse sources of total emissions
PN, PB-PAHs) may still be attained through targeting spe-™2Y need reexamination in Los Angeles.

cific high emitters. Our results also suggest that emission fac-

tors for HDD on I-710, the major cargo traffic corridor in Los Supplementary material related to this article is

Angeles, have dropped enough to remove its distinction agyajlable online at: http:/www.atmos-chem-phys.net/13/

the freeway with the worst air quality, due to additional reg- 347/2013/acp-13-347-2013-supplement.pdf
ulations targeting goods movement and promoting acceler-

ated fleet turnover. However, HDD fleet-wide NO emissions

on I-710 have decreased without any significant differencesacknowledgementsThis work was funded by the California Air

in NOy emissions, suggesting an increase inNMissions,  Resources Board through contract number 07-310. The statements
perhaps due to the adoption of continuously-regeneratingand conclusions in this article are those of the authors and not
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