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ABSTRACT

Moving motor vehicles emit pollutants that negatively impact human health. Stationary roadside
measurements alone are not sufficierquantifythe pollutaritflow interactions that occur behind moving
vehicles. The instrumented mobile car however isiwalted for oiiroad measurements, but has been
underutilized for this purpose since limited studies have investigated its accuracy at high vehicle speeds.
Thus, this work details two ®noad measurement campaigns using an instrumented car, with three main
objectives: (1) study the vehicle momentum wake and véhindeced turbulence (VIT), (2) investigate

the accuracy of the mobile system for measuring atmospheric means, variances and covariances, and (3)
quantify the emission of aerosols and LChy oriroad vehicles and their subsequent diffusion.
Measurements behind iomad vehicles demonstrate that VIT decays with increasing distance following a
power law relationship. Comparison of measurements with prioroad studies suggests a height
dependence of VITn vehicle wakes, and an extended parameterization is outlined that describes the total
oni road turbulent kinetic energy (TKE) enhancement due to a compasition of vehicles, including a vertical
dependence on the magnitude of TKE. Next, a wauedsed apmach to remove the effects of sporadic
passing traffic is developed and applied to a measurement period during whichiadbgatryick passes

in the opposite highway lane; removing the times with traffic in this measurement period gives a 10%
reduction h the TKE. When sampling uncertainties are considered, the vertical momentum flux measured
on the car is found toe not different frommoadside measurements in the 95% confidence interval. The first

oni road and intraffic measurements of the vertical tukbnt particle number flux and the vertical turbulent

CO; flux are presented antthe results suggest this technigue could be further developed to measure
individual vehicle emission rates while driving. The lateral width of the wake generated by eanh passi
vehicle is estimated using the stationary roadside measurements, and is determined to be a factor of 5 times
greater for heaviyduty trucks relative to sport utility vehicles and passenger cars at a distance of 150 m
behind the vehicle.
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CHAPTER 1

1. Introduction

Moving motor vehicles directly emit pollutants in the gas gadticle phase, in addition to greenhouse
gases such as GQarticulate phaseollutantsresult fromincomplete fuetombustionand unburned fuel
and lubricating oiland mayconsist oflong chain (C2@o C32) alkanegHarrison et al. 2018)polycyclic
aromatic hydrocarbons (PAHNdphenols (Perronet al.2014; Lu et al 2019, for example Except for
small particles < 30 nnpnydrocarbongand organic compoundse typically present in the form adsorbed
and conderedmaterial, coating carbonaceous aggregdiesicq, 2007)Diesel exhaust is known to cause
pulmonaryinflammation genotoxicity,and oxidative stress humanswith its toxicity dependant on the
total surface area of the particles inhaled andottee r t fotal lorgasié and metallic fraction (Ristoveki

al. 2011and references therein).

The dffusion and advectionf theseemittedparticles and gaséscomplicated, sincanmediately
after their relase theyare impacted by complex flostructuresnduced by the moving vehicl&heory to
describe the momentufari wake of a block shaped vehicleluring weak ambient flowd(< 1 m $%) is
outlined by Eskridge and Thompson (1982he faii wake istypically defined asw > 10Qdownwind
(Baker, 20Q), where "Qis the height of the vehicEndwis the physichdistance downwind f t he v ehi cl

backendVehicle wakaheory predictshatturbulent kinetic energy,

5 - O.h R (1.1)

where0 is thevehiclerelative wind speeénd™0.. is a structure function, which iBskridgeand
Thompson (1982)is determined by a polynomial fit to wind tunnel measuremegntand ...are noii
dimensional vertical and lateral distances, respectividiys, vehicle waketheory predicts a power law
decay ofQwith increasing noidimensional distancas ¢j Q 8.

The theory developed by Eskridge and Thompson (1®&2)laterincorporated intahe highway
air pollution modekROADWAY6, to account for the impact of mom
traffic on pollutant diffusion (Rao et al. 1986) The interest in understanding the interactions between
emitted pollutants and the vehicle wake has only continued to grow since the work of Eskridge and
Thompson (1982). Wang and Zhang (2012) used a coupled turbulence and aerosol dynamics model to
investgate how the vehicle wake interacts with emitted aerasgithsn a diesel plumeand affectgparticle
developmentgrowth, and diffusion Their results show that vehiéleduced turbulence (VIT) hathe

effect of quicklydiffusingthe emitted plumeear he tailpipe, and so particieicleationoccursvery close



to the tailpipeand the total particle number drops off rapjaiythin afewmeterso f t he v eh,i cl ebs
in the nearwake regionThenear wakes often defined as the regiondQ< 10 (Baker, 200). Especially

for blocki shaped vehicles, the néatake is characterized by a recirculation redian, reversed flowand

intense shear layers that emerge fremechwall of the trailer, extending downwind (McArthur 2016; Lo

and Kontis, 2017)Numerical modelling hashownthat te recirculation regionantrap aerosols, leading

to elevatedconcentrations in the near wake region (Wang and Zhang.2012)

Despite increang modelling researchqiisitu and oiroad studies investigating VIT and how VIT
interacts with emitted aeros@sdgases are limited. Rao et al. (2002) investigated VIT directly behind a
isolatedfulli sized van of height 2.1 mbut only for cf'Q< 2.32 More recently,Gordon et al. (2012)
described the first measurements of VIT maglechasing different vehicles dnghways in real world
traffic conditions. Their investigation usadarge varthat wasoutfittedwith two thred dimensionakonic
anemometergheld ata heightof3m) a vi deo recording system, and a
| a b o r.ddsmte ifsitu studies that report VIT, there has not yet been aroad experiment aimed at
measuring turbulent fluxes of emitted jpdants, probably because there is limited literature surrounding
the accuracy of an instrumented mobile measurement system for variance and covariance measurement at
high vehicle speeds. The first study to exanimeaccuracy ofrainstrumented cagquiged with a sonic
anemometer was completed Bye | ugi ¢ et al . (2014) . prdcticaliiyof r es ul
measuringatmosphericmeans, variances and covariances from an instrumenteduanot without
difficulties imposed by flow ndirstationarity which can result in anomalously largeicaeasured velocity
variances.

The research presented@hapters? through4 surrounds the use of an instrumentedtbat was
equipped with a sonic anemometer, £&£HO gas analyzer, optical scattayiparticle sizerand video
recording/GPS systenfor mobile ofiroad measurementeasurements were obtained duritwo
differentcampaignsin 2016 and 2019Theinstrumented casetupand instrumentationsed in 2016 and
2019 are detaileth Chapter 2and4, respectivelyTheoni roadmeasurements were collected to investigate
vehicle wake andtheir interaction withemittedaerosols and trace gasesd toevaluate thdowi cost
systemfor measuring atmospheric means, variances and covariances, when the goal is not to nieasure on
road traffic but rather the ambient environmé&Hiapter? investigateshe spatial variation of IT measured
behind oiiroad vehiclesand by comparing to previousni road studies, whampact measurement height
has on the measur®T . Chapter3 examineghe accuracy of the instrumented farmeasuremestmade
in lowi traffic situations, but where impacts from other traffie., VIT) and roadside structures atél s
presem And Chapte#t studiesthe interaction o¥/IT with aerosolsand trace gasesmitted by heaviyduty
dieselvehicles Chapter also investigatethe sizecharacterization of diesel exhaustnoparticles (60 to

1000 nm) andthefeasibility of measuring oivtoad turbulent fluxes of aerosols and £fas emitted from



heavy duty vehicles, while travelling at highway speefid00 km K. The final study outlined in Chapter
5 switches to a stationary perspectivespecifically, Chapter5 presentshighi frequency measurements
made by a stationary tripod placaidhe side of a highwaylhe tripod mounted instrumentatianeasured
isolatedvehicles traveling at high speeds nearkd® h?, providing a unique opportunity texplorethe
flow and turbulence generated ghicle waks in neai isolation The studydescribedn Chapter5 uses
highi frequencyelocity measurements tastmatethe laterakprea of vehicle wakegenerated by heawy

duty trucks and passengeghicles, andonsiders theiability of neai highway wind energy generation.

1.1 Publication statusand author contributions

Chapter2 is published in Boundary Laydfteteorology (Milleret al.2019). Chapte8 has been submitted
to Atmospheric Measurement Techniques and is currently under revew int us 0O f i(Millarl respec
and Gordon, 2022). Chaptand Chapteb have notyetbeen submitted to a journal.

Peter Taylor provideduseful siggestions,proofi reading,and minor text editingduring the
preparation of Chapter 2 and 3 for journal submisdiommddition Peter Taylor providethe sport utility
vehiclethat serveds the instrumentezhrusedin thiswork andwas a driver during the 2019 measurement
campaignRalf Stabler provided useful suggestions and pireafding during preparation of Chapgin
addition, Ralf Stabler provided the @8,0 gas analyzer used in ChapfeMike Wheeler provided the
flow controller, pump, and some fittingsecessary to perform bhighway aerosatampling angrovided
useful suggestions on the measurement sesepd in Chapted. Mark Gordon provided proefeading,
minor editorial adjustments, helpful suggestiteedbackandassisted with performing and designing both

field experiments.| completed all data analysisdall writing.
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Abstract

During July 2016, an amoad study was conducted in and around the Toronto, Canada region to investigate
the spatial variation of vehidlenduced turbulence on highways. The power spectral density of turbulent
kinetic energy (TKE) while following oiroad vehicles is significantly enhanced for frequencies greater
than 0.5 Hz. This increase is not present while driving isolated from traffic, demonstrating that TKE is
enhanced considerably on highways inghesence of vehicles. The magnitude of normalized TKE is found

to decay following a poweélaw relationship with increasing normalized distance behiiidoa vehicles,

which is most pronounced behind helagyty trucks. The results suggest that the TKEhanwvehicle wake

is maximized in the upper shear layer near the vehicle top. An extended parametrization is outlined that
describes the total ®road TKE enhancement due to a composition of vehicles, which includes a vertical

dependence on the magnitudeTsiE.



2.1Introduction
Motor vehicles are a ubiquitous feature of the modern world, and their combustion engines generate air
pollution, such as nitrogen oxides (N§@nd particulate matter, that has been shown to cause cardiovascular
and respiratordisease in humans (Hoek et al. 2013). Once emitted from the tailpipe, the pollutants disperse
to the surrounding environment where their human impacts are felt. The turbulence generatedaay on
vehicles, referred to hereafter as vehimlducedturbulence, is a major factor that affects pollutant
dispersion and transport processes on highways. Therefore, to accurately predict pollutant concentrations
near highways, vehidénduced turbulence should be correctly parametrized in numerical predictio
models such as A Unified Regional Rjuality Modelling System (Makar et al. 2010).
A moving vehicle on a highway generates a momentum wake that trails behind the rear of the
vehicle. The initial analytic theory that describes the vehicle momentum waakieecfound in Eskridge
and Hunt (1979), who demonstrated that in the wake of a moving vehicle, the normalized turbulent kinetic
energy (TKE) decays with downwind distance following a pdvesv relationship. This initial analytic
theory was later modifiedy Eskridge and Thompson (1982) based on iimthel measurements of two
blocki shaped, model vehicles (1:8 and 1:32 scale models). From their measurements, they estimated the
vertical profile of the longitudinal turbulent velocity variano_ | at severanori dimensional downwind
distances demonstrating that TKE varies not only horizontally, but also vertically within vehicle wakes.
Since the work of Eskridge and Thompson (1982), additionaliwindel studies have examined
flow properties in vehicle walsgKastneirKlein et al. 2000; Baker 2001; Carpentieri et al. 2012; McArthur
et al. 2016; Lo and Kontis 2017) and an increasing number of studies have been conducted numerically
(B&umer et al. 2005; Lee and Choi 2009; Wang and Zhang 2009, Wang and Zharya0g et al. 2011;
Huang et al. 2014; Bhautmage and Gokhale 2016; Kim et al. 2016; Sterken et al. 2016). The measurement
domains of selected studies relevant to the current investigation are given irRTaldach measured
distance (horizontally downwd, & and vertically upwarc® ) is normalized by an approximate vehicle
height 'Q, giving a normalized distance behind the vehicle, and a normalized height above the ground.
These studies provide invaluable insight into the flow structure in tlityiof oniroad vehicles and
demonstrate the high spatial variability of vehigheluced turbulence, both horizontally and vertically,
which has yet to be fully resolved from in situ measurements. FRjlrdisplays qualitatively the flow
regions in the&d & plane behind a higlspeed, blockshaped tractdtrailer based on past wifidinnel and
modelling studies (Wang and Zhang 2012; Lo and Kontis 2017).
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Figure 2.1: A qualitative schematic (not to scale) of &ractori trailer travelling on a highi speed freeway (i.e., vehicle speed,
T> 1 5% beingfollowed by a passenger vehicle. Shown are the titeveraged locations of the upper shear layer (USL),

(unrotated) longitudinal, lateral, and vertical measured velocity components respectively (see S&8.1). The circle with
an Ax0 r epr esieampanentantophe gaget Adapeed from Wang and Zhang (2012) and Lo and Kontis (2017)

Lo and Kontis (2017) performed a wirtdnnel experiment aimed at visualizing the flow field of a
model tractaitrailer (1:20 scale model) foo  ©5Q They demonstrate that flow separation occurs at the
reail end roof of the tractotrailer, with a large energetic upper shear layer extegndawnwind. A less
energetic lower shear layer is shown to originate from the gap between the ground and trailer underbody
(see Fig2.1), which forms a vortex as it moves downwind. Two additional shear layers also develop along
each side of the tractdrailer, but these are not shown in Fgl. Lo and Kontis (2017) reveal that the
most intense turbulence is found in the upper shear layer, while the wake region below it has only moderate
levels of turbulence. Similar results regarding the magnituderbfilence in the upper shear layer are
presented in Lee and Choi (2009) and graphically in Wang and Zhang (2012). Wang and Zhang (2012)
modelled the TKE behind a blocshapedvandf= 2. 1 m using an ieactingffoomn ment a
model. For a vehle speedd) of approximately 22 m'$they demonstrate the existence of an elevated
region of enhanced turbulence near the vehicle height, presumably due to the upper shear layer that trails
behind the vehicle to at least = "(BThey also show that the TKE decreases rapidly atiove 0Q 8 7
with an approximate decrease of 76880% in the measured TKE frotn = 0Qo& 7= 1Q 29

Baker (2001) separated the momentum wake of ground vehicles into two regions (a) the near
wake, and (b) the fawake, based on wiiitlinnel results of the wake structure behind a trattiter and
highi speed train at different nobdimensional times. Baker (2001) then defines theinesite for these
vehicles as the region up to ten vehicle hdehind the vehicle < "@Q;®eyond 1®is defined as the
fari wake. These definitions are adopted herein. Bhautmage and Gokhale (2016) used a computational fluid
dynamics model to simulate the TKE behind a commercial bus@ith 3 m i n oad tuhnelgvithway r
® A8 m sk They present the vertical profile of TKE behindthebusat 0Q@3 3 1 m) to repr
the neairwake and ato = "0t represent the fawake, following Baker (2001). In the near wake at

w = 0Qtle IKE maxmizes slightly abovex = "Q while belowd = "Qthe TKE decreases before



maximizing again closi the ground. In the fawake ato = "Gh@wever, the TKE is found to maximize
lower atd  0.8Q while the secondary maximum near the grodisdppears.

Field studies that examine vehidleduced turbulence have been primarily carried out using
roadside towers (Chock 1980; Rao et al. 1979; Kalthoff et al. 2005; Alestgbanez et al. 2012). Only
two known studies have obtained in situ measergmfrom withifivehicle wakes. Rao et al. (2002) and
Hosker et al. (2003) detail the first such measurements made on an isolated airport runway in Rockwood,
Tennessee. Since the airport runway was isolated, interference from other vehicle wakes \iggarot a
The measurements were completed by placing an array of sonic anemometers secured to adjustable pipe
scaffolding on an open trailer. The array consisted of three sonic anemometers placedilateeadtythe
centreline, a n d.91tmvirom tetcénteeting at two diffarenenteasfrement heights. The
sonic anemometers collected data at a sampling frequ&hof (0 Hz. The trailer was then towed behind
afullisizedvanof® 2. 1 m, and measur e me n tfte wlicle,ato ddtweeni ned b
0.29Qand 2.3X) and atx between 0.88and 1.74) summarized in Tabl2.1).

More recently, Gordon et al. (2012) measured vehiothiced turbulence during the summer on
highways in the Toronto, Canada area using a méhleratory equipped with two sonic anemometers, a
dashcam and a GPS system. The two sonic anemometers sanifledae 0 Hz and wer e mo.l
metal frame at a measurement heightof= 3 m (1l evel with the vehicleobs
To perform data analysis, they classified théroad vehicles into three categories: (1) héawyy trucks
(either 10 or 18 wheeled), (8)id sized vehicles and (3) passenger cars. They developed a parametrization
based on their irsitu measurements to model thei ovad TKE enhancement resulting from these three
vehicle classes, assuming that TKE does not vary with height within vehicle wakes. Using output from the
Global Environmental Multiscale model in tandem with their parametrizatiep found that vehicle
induced turbulence increased the vertical diffusion coefficient over highways by more than 80% in the early
morning.

We here continue the investigation of Gordon et al. (2012) by exploring the magnitude of TKE
within vehicle wakesas a function of height and extend the parametrization describimgaah TKE
enhancement to include a height dependence. For a typicalildedvyruck &= 4. 1 m) we ma
measurements & = @while Gordon et al. (2012) measurediat= M@ SAced = Mis ldcated
closer to the upper shear layer, it is expected to feature a larger magnitude of TKE than measurements made
atg = @ .foAthe same following distance in the near wake. Behiittisized vehicles, however, the
Gordon et al(2012) measurements were made above the wake zgne=at Tané are expected to have
a significantly lower value of TKE than our measurements made within the wake zone and the
measurements obtained by Rao et al. (2002). We will give an overviehe astiidy, outlining the

experimental setup and reviewing the methodology used. In situ measurements obtained at a measurement
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height of 1.7 m are then presented, beginning with power spectral densities of TKE for varidus near
highway and intraffic scenamws. We explore the decay rate of TKE as a function of normalized distance
behind different vehicle classes and compare our results to fiasadrstudies to demonstrate the vertical
variation of TKE within vehicle wakes. We conclude by extending the presation of oiiroad TKE
enhancement, originally developed by Gordon et al. (2012), to include a height dependence on the
magnitude of the TKE.

Table 2.1: A summarized list of selected studies related to ground vehicle wakes. Indicated are the study type, vehicle type(s)
studied and their height(s), I The normalized horizontal measurement domain €5 ) behind the rear of the vehicle(i.e.,
horizontally parallel to the vehicle motion) and normalized vertical measurement domain ) of each study are given. Two
types of heavyduty trucks are detailed (see SecR.2.6): heavy duty trucks class A (HDi A) and heavy duty trucks class B
(HDi B).

] ] Normalized Distance Normalized Vertical
Study Study Type | Vehicle Type and Height, | ] . .
Behind Vehicle, e Domain,
1) HDi B truck,”Q= 4.1 m
Gordon et al.Z012) * In situ 2) Mid size =2 m 2EQ00 O 2@ . ¢ =0.77Q
3)Car,(=1.4m
Hosker et al. (2003) ) . BN . s o
In situ Mid size Q= 2.1 m 0.2€Q0w O 20Q 3| 0.8€Q0¢ O 1Q
& Rao et al. (2002)
1) HDi A truck, Q=3 m
) ) 2) HDi B truck,”@=4.1 m . . .
This study* In situ o 250w O 2@ . 1 0 =041Q
3) Mid size Q=2 m
4)Car,Q=14m
Bhautmage and Numerical 1) HDi A truck, Q=3 m . . R
o @ =0.3"Qw =1CQ 0 ¢O 106
Gokhale (2016)* model 2) Mid size Q=2 m
Wang and Zheng Numerical L s s
Mid size O=2.1m 0 «" O Q0 0 0O 4Q7
(2012) model
Eskridge and . Mid size 1:32 scale mode'Q . s
Wind tunnel 10w O Q0 0 00
Thompson(1982) =0.043 m
) ) HDi B truck, 1:20 scale s .
Lo and Kontis (2017) | Wind tunnel 0 O Q. 5 0 0 Q. 5
model,’Q=0.196 m

*The measurement domains listed in the final two columns of this table have been determined by using anitBOruck of |= 41mto

scale physical distances, or in the case of Bhautmage and Gokhale (2012) uslng3 m.




2.2 Studyoverview and experimental setup

2.2.1 Studydomain

The onroad study was conducted between 6 July and 15 July 2016 in Toronto and the surrounding area.
The measurements used in the analysis were obtained on Highway 400 between Toronto and Craighurst,
on Highway 401 between York University and Toronto Pearsomiatienal Airport, on Jane Street, which

runs parallel to Highway 400 (1 km east) and on various side roads in the area. Measurements were also
made between 12 and 15 July 2016 while the mobile laboratory was stationary near Highway 400. The
locations whez measurements were obtained are shown on the map iB.Eid\ total of six hours of
highway measurements were made over six days of highway driving. Highway 400 and Highway 401 are
biT directional multi lane freeways (with six or more lanes) of speedt|id0 km h! (28 m $Y), split by

an embankment at the highway centre. Jane Streetiidiegistional side road of speed limit 80 kit {22

m s1) with a maximum of four lanes, and without a centre embankment. The terrain is generally flat and
agricultual, but areas of trees are present, primarily located along the roadsides of Highway 400 and Jane
Street.

2.2.2 Traffic conditions

Figure2.2 shows the 2016 annual average daily traffic (AADT) for highways in the study domain (MTO
2016). The AADT range$rom about 18,000 in the most northern part of the study domain (near
Craighurst), to more than 150,000 in the most urban regions inside the City of Toronto. Despite the large
AADT values shown, the émoad measurements presented herein were generadliypedtwithout much
surrounding traffic. It has been demonstrated using computational fluid dynamics modelling that a vehicle
travelling in a neighbouring highway lane has little effect on the TKE measured in the target lane (except
perhaps under extremeosswinds, see Se@2.3) since the vehicle wake has a limited lateral spread (Kim

et al. 2016). Despite this, we exclude any periods where aitarstyytruck was in a neighbouring lane,
except for the analysis presented in S2gt.1. The length of coimtuous measurements required in Sect.
2.4.1 precluded removing periods while a hdalnty truck was passing in a neighbouring lane. In general,

measurements made whilenid sized vehicle or passenger car was in a neighbouring lane aegaiotied.
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Figure 2.2: The locations where measurementwaere obtainedare shown as different shades of blue or grey (see legend) in
the left map. These colours represent the annual average daily traffic (AADT) for 2018Iso shown are the Environment
and Climate Change Canada (ECCC) weather stations (squares) and the stai#wy locations (triangles) where
measurements were made during this study® Google Earth Images.

2.2.3 Meteorology

During the study sky conditions varied from full sun to mostly cloudy, with one day (14 July) featuring
overcast skies for the entire drivehe final portion of the drive that was completed on 7 July was towards

a thunderstorm located over the City of Toronto, although no measurements were made during
precipitation. Table2 s ummari zes the | ocal met e ontredrivegThe al cor
10/ m wind speedd ) and 10m wind direction{( ) presented are from the Environment and Climate
Change Canada (ECCC) Buttonville Airport weather station (BU) and ECCCiBaxitle weather station

(BA). These two weather stations are located at opposite ends of the study domain and are disptayed in Fi
2.2 as white squares. The valuestof and/ in Table2.2 are the mean values of the entire drive,
calculated from hourly measurements. From these data the atmospheric stability is then estimated according
to a modified Pasquill stability classifiton (Mohan and Siddiqui, 1998), using irradiance values obtained
from the CNRL1 radiometer (Campbell Scientific) at the York University weather station (EMOS, 2016).
The stability classifications are A: extremely unstable, B: moderately unstable, @y siiggtable and D:

neutral.
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Table 2.2 The meteorology during each drive. Shown in the tablere the date and local time of eackrive and the prevailing
weather conditions. The 10m wind speed ¢ ) and 10 m wind direction (# ) shown are theEnvironment and Climate
Change Canada (ECCC) Buttonville weather station (BU) and ECCC BarrieOrillia weather station (BA). The final
column is a stability classification based on a modified Pasquill stability class.

Day Time period Weather conditions ¢ (ms? A (°true) Atmospheric
(localtime) BU BA BU BA stability

06 July | 13:00i 14:00 Partly cloudy 5.0 3.8 200 135 Unstable, BC
07 July | 12:007 14:00 | Partlycloudy,thunderstorm | 2.7 3.2 50 345 Unstable, AB
11 July | 11:007 13:00 Mainly cloudy 4.8 2.7 110 145 Unstable, B
12 July | 10:00i 13:00 Partly cloudy 4.8 4.3 150 155 Unstable, B
14 July | 10:00i 12:00 Overcast 4.7 3.8 235 245 Unstable, C
15 July | 10:001 12:00 Mainly sunny 5.8 6.9 255 295 Unstable, C

A wind direction of approximately 170° or 350° runs parallel to the majority of Highway 400 so
that a wind direction of 080° or 260° is perpendicular to it. On 14 and 15 July, the wind direction was
within N 30A of being p esting e gbssibility o arosstinds. fTHeeneah i g h wa
wind speed at our measurement height @sgeendix B, coupled with the vehicle speed, indicates that
crosswinds would not be significant until the followed vehicle (or a vehicle in a neighbouring lane) is at a
following distance exceeding 30 m. The measurements for following distances less than 100 m on these
two days are not considerably different than the measurements made on 7, 11 and 12 July when the wind
direction was closely parallel to the highway, sigjigg crosswinds do not significantly affect the
measurement of TKih this study Therefore, measurements made on 14 and 15 July (about 20% of the
data shown in Sec2.5.1) are included in our analysis.

2.2.4 Experimental setup

Measurements wenmade from a mobile laboratory with instrumiambunting hardware constructed at

York University. Instrumentation was mounted to a roof rack and then secured toiatdfiprtehicle.

The mobile laboratory was equipped with a sonic anemometer (model fypm Applied Technologies,

Inc.) placed at the vehicle centreline at a height of 1.7 m; the sonic anemometer made measurements of the
three orthogonal velocity componer{tshh) ) and the sonic temperature. The boom arm included an

enclosed acceleromet® measure the three components of acceler@fidd o ). All data obtained from

the sonic anemometer were digitally recordéd@at 40 Hz, wi th the sonic anemo
at 200 Hz and constructing 0.025norn overlapping bloclaverages to provide the desired 40 Hz signal.

The position and speedy) of the mobile laboratory (based on GPS information) were recorded at 1 Hz

using a dashcam (model Thinkware F750) installed behind the windshield. The dashcam also captured the

forward scene in mp4 video format, which was used to classify target vehicles and estimate the following
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distance. Additional instrumentation included an Gpath HO/CC; analyzer (LT COR Inc, LI 7500) and
an ultrd high sensitivity aerosol spectrometer (Drapideasurement Technology)hedata acquiredby
the UHSAS and gas analyzer are presenteddisulissedn Chapter 4 Figure2.3 shows the mobile
laboratory with the instrument positions.

Sonic
~ Anemometer

i

Dashcam

Figure 2.3: The mobile laboratory developed at York University. Shown are the location of the sonic anemometer, thei LI
COR gas analyzer and the dashcam. Physical measurements are superimposed.

2.2.5 Followingdistance

The following distance is defined as the distance between the measurement location and the back end of
the target vehicle, in the same highway lane (see€2Ripandwas estimated using the video recorded from

the Thinkware dashcam. A single greyscalegenaas extracted from each second of video (the dashcam
records at 30 frame$s The location of the target vehicle was then estimated from its ground projected
shadow, which manifests as a step change in greyscale values between the sunlit higheeagrslitfee

shadow behind the vehicle. Automated software was developed to determine the location of this step change
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for each image frame, with all output results manually verified to reject erroneous values resulting from
nori vehicle shadows (e.g., from trees) or abnormalities in the highway surface. Any gaps due to erroneous
data were replaced by linear interpolation before being used in the analysis. Once a pixel location
representing the following distance was identifiedjats converted to a physical distance using the method
outlined in the supplementary material of Gordon et al. (2012). A full derivation of the method is provided
in AppendixA.

2.2.6 Vehicleclassification

During the investigation many different vehidigoes were followed for varying amounts of time. Four
categories are used to classify the vehicle types: (a) passenger aauig, lzid vehicles, (c) heavyuty

trucks class A (HDA) and (d) heaviduty trucks class B (HCB), with approximate vehicle ights of

>x= 1.4, 2, 3 and 4.1 m respectively. Thedreadhei ght
study of Gordon et al. (2012) to allow for comparison. An additional classAHRas added here to

represent heavyluty trucks that have hglits near 3 m. This class consists mainly of Lleblaped

geometry, but dump trucks that are not biatiaped are also included. It should be noted thatithsized

vehicles class comprises of vans, flatbed pickup trucks and splitt vehicles. The lant geometry of

individual vehicles was not investigated.

2.3 Measurement of TKE
2.3.1 Corrections

Flow distortion modified the streamlines around the mobile laboratory, altering the velocity
measurements made by the sonic anemometeguaistify the effects of flow distortion, short periods of
driving are examined (referred to as runs), with each run consisting of two parts: part A was performed in
the forward direction toward a point and part B was performed in the opposite directipifranvahat
point. If stationarity of the wind speed and direction is assumed during each run that consists of two parts
(A and B) performed in opposite directions at the same vehicle speed, then the average longitudinal velocity
componentd) measured bthe sonic anemometer should be equal to the vehicle sgppddkewise, the
average laterab) and vertical § ) velocity components calculated from these two passes should be equal
to zero, assuming there is zero contribution from sensor misaligmoment f | ow di st orti on
2014) and that the mean vertical wind velocity is zero. To calculate the average velocity component at a
specific value ofo during a run, binning is applied separately to each part of the run (A and B), and each
velocity component is binned accordingiaising a bin size of 1 m’ Two separate runs were completed
on side roads (Runs 1 and 2), and one run was completed on Highway 400 (Run 3). While it was not possible

to remain completely isolated for the entiretyRain 3, any vehicles (eithenid sized or passenger car)
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were |ocated far ahead of the mobile laboratory. Run 3 represented the most isolated period of driving on
Highway 400. Runs 1 and 2 were completed on the way to and from stationary measuremens lacdti
therefore a period of up to 17 min elapsed between each part of the run. Runs 1 and 2 both featured isolated
driving conditions, except for an occasional passing vehicle travelling in the opposite direction.

The results from Runstb 3 (and the highway drive from each day as a whole) demonstrate that
andv increase approximately linearly with increasing vehicle sp&edorrect for sensor misalignment
and flow distortion, the entire drive is rotated first by anglbout the yaxs (Y ), followed by a second
rotation by angle about the zaxis (Y ), giving0  mandb  ttfor all vehicle speeds respectively. A
subscripi denotes a final rotated quantity. The rotations (see2Fyjare respectivelyollowing Wilczak
etal. (2001),

g’) Ai-O6nm OBL 0

v m p m U, (2.1)
0 OB+ m AT-©0

and

0 Ai«0 OBl m O

L OBI [«0 m U h (2.2)
U I T p V]

where gpositive rotation angle is defined as a clockwise rotation when looking toward the origin from the

positive rotation axis.

W W,
A4

Ry (6)

[ Vehicle Motion, ' >

-
5 |
u _ )

v
[ Vehicle Motion, V' > U, u,

Figure 2.4: The rotation conventions used in this paper. A circle with a dot represents a positive wind component out of the
page, toward the reader.
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During Runs 1 and 2 there was little variation in the calculatediy rotation anglewhich is
found to be near 6.08xcept for Run 3 when it is near 5.5°. Thexas rotation angle, , is near 1.5° during
Runs 1 and 2, but increased to 2.4° during Run 3, perhaps suggesting augmented misalignment for higher
vehicle speeds. Testing each dayadds veeyrsimilartethosei g hway
obtained during Runs tb 3, with small variations likely due to effects of followed vehicles or changing
sensor misalignment. An inclinometer within the instruinlkeotising measured an anemometer
misalignment of approximatehy=13°. This suggests that, if the anemometer wapgnty aligned, flow
distortion would result in a rotation angte; of about 9°. Wang et al. (2013) performed a windnel
experiment (with a freestream velocity of 30 ) ®n a block model that had a shape very similar to our
sampling vehicle (a spowutility vehicle). They demonstrate graphically that the streamlines take on a tilt
of approximately 10A at the | ocation of this stud
Figure 2.5 (a) to (c) displays the binned (with respect to vetpaedw) values of the longitudinal
velocity component measured by the sonic anemométérf¢r Runs 1 through 3 respectively, after
application of Eg2.1 and Eq2.2. Parts A and B of each run are shown as lines with blue squares and red
circles respectively while the black triangles are averages of thértwwaameans. The markers in each panel
represent an average value of a specific veétéicke ed bi n, whi |l e tllstandaedr r or b
deviation from the mean for run parts A and B. Thehddsgrey line gives the expected tioéone
relationship assuming stationarity of the mean wind speed and direction @ew, wheret@ drepresents
an average of the averages of parts A and B within the bin). During Runs 1 and 2 we founddittieadif
betweentd dandwin the 1 m & bins, while in the higher speed Run 3, thedmeasurement was low by
about 1 m's. Mejia et al. (2016) present the modelled flow around a statiagon with a freestream
velocity near 19.5 m'& They demonstrate a slight deficit in the longitudinal velocity component near the
windshield, potentially extending to the measurement location used herein. Therefore, it is possible that the

slight deficit indd afound during Run 3 is the result dbfv distortion, but it could also be related to other
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factors, such as otheriawad vehicles and their associated wake velocity deficits. Given the uncertainty

surrounding the cause of this 1 hdeficit in® aduring Run 3, the magnitude of is not modified.
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Figure 2.5: The binned (with respect to vehicle speed) rotated longitudinal velocity (¢,) of (a) Run 1, (b) Run 2 and (c)
Run 3. Part A of the run is shown as a blue line (squares), Part B as a red line (circles) ahd average of the averages of
parts A and B within the bin, & ,&is shown as a black line (triangles). The error bars e p r e & standard déviation. The
dashedblack line gives the expected ori¢oi one relationship assuming stationarity of the mean wind speed and direction
and no flow distortion (i.e., & ,8=, whered @represents an average of the averages of parA and B within the bin).

2.3.2 TKE calculation
After correction for the effects of flow distortion, each lrhgasurement of vehicle speed imoxed from

the 40 Hz measurement of the rotated longitudinal wind component as

6 6 o (2.3)

By removing the mobile | aboratoryédés velocity fror
longitudinal velocity component in a frame of refereniged relative to the ground. Rapid variations in
the speed of the mobile laboratory (should they occur) do not therefore contribute to calculated variances

used to determine the TKE. The average TKE per unit mass is then calculated as

T WO v 0 (2.4)

where6 ,0 and0 are the longitudinalateral,and vertical velocity variances respectiviy overbar
denotes an average value) calculated for an averaging pé&¥iad {0 s, which has been adopted from
Gordon et al. (2012). A short period of 10 s is choseihygince highway driving results in a large distance

covered in a short time period. Thel $Gaveraging time is chosen as a balance between homogeneity of
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conditions on the highway versus adequate averaging time for statistical significance of the mean values.
This choice of averaging time is discussed in S24t1.

A modelling study of the fl ow ar owshgderfamel SUV (u
by Sterkenet al. (2016) shows that the TKE is not enhanced at the front end of the vehicémt ex
i mmedi ately near the windshield and in the vehic
presentedhereinwhile following ori roadvehicles 89% of measurements were made> &24 m $* 032
m 1, with a mean ofo= 28 m ! (less than 3% were madedak 20 m $'). Considering these results and

our own findings, no flow distortion correction was appliedur TKE measurements.

24 Results

24.1 TKE underestimation

In the calculation of atmospheric wind velocity variances, averaging periods are generally on the order of

30 min (Kaimaland Finnigan, 1994), as opposed to thieslferiod adopted here. Stationary measurements

made over a 1ilnin period with a mean wind speed of 5 rheorresponds to a distance of 3000 m, while

10 s of highway driving ato= 3 0'! qorresponds to a distee of only 300 m. Therefore, eddies
contributing to the TKE at length scales larger tB& m will be neglected in the 18 averaging period,

causing the TKE to be underestimated. In Gordon et al. (2012), it was estimated that only 66% of the TKE
was cafpured using an averaging periodd 10 s comph3 edi n.o Here, a si mi
completed by splitting a 18nin interval while following behind a HIB truck and an 1iimin interval

while following behind a commercial bus, witbhicle speeds ranging between 23 €© 27 m $'and

24m3&' © 82 m $!respectively, into blocks of perié¥and then calculating the TKE for each block.

The resulting blocks were then averaged over the entire interval, giving a TKE vatlueat fpecific’'Y By
incrementing throughY startingaty= 5 s and= endirfdgn B¢¢omi n for the bu
as a function ofYwas estimated. The results are displayed in Z&y.where it is estimated that between

84 and 85% othe TKE iscaptured dy= 10 s covmpat et nlodrmi n. The dif
between these two studies may be related to the sampling frequency, which is 40 Hz herein compared to 20
Hz in Gordon et al. (2012), or related to following distandeictvhad a greater variance in this study for

both the HD B truck and commercial bus. The following distance was generally beti@e® ©Q

for the HD' B truck and betweeri@ @ €5 Cfor the commercial bus, but for a brief period in both cases

this increased towared = "Q B Gordon et al. (2012) measurements were obtained closer to iti& HD

truck and the range of following distances was slightly smaller, ranging betwé&an@®.9 85Q Given

the uncertainty in the underestimation coti@n, the analysis to follow has been completed without
applying an increase to the magnitude of the measured TKE, unless noted. Since thieraststudies

used a similar value 6¥to calculate the TKE.€.,10s to 1min), the results are expected to be comparable
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without modification. Furthermore, Rao et al. (2002) did not calculate the underestimation of the measured
TKE due to the use of a shoitrfin averaging period (here we estimatethatusfhg 1 mi naboua pt ur e s
90% of the TKE).
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Figure 2.6: Normalized TKE (normalized by the TKE calculated usingd| = 11 min for the bus and{| = 13 min for the HDi
B truck) at various averaging periods. The error bars represent the standard error of the normalized TKE for each
averaging period.

2.4.2 Powerspectral density of TKE

a. Near highway spectra

Stationary measurements were obtained near Highway 400 at Stop 3 (s22)fig.three separate days,
between 12 and 15 July. Appendixdetails the locaimeteorologicakonditions during these stationary
measurements. On 15 July, the ambient wind direatas perpendicular to Highway 400, placing Stop 3

in a downwind location relative to the highway. During measurements made on 12 July however, the
ambient wind direction was closely parallel to the highway, placing Stop 3 in a slightly upwind location.
Stop 3 is located approximately 35 m from the highway edge. FRRgudisplays the binned power spectral
density (multiplied by frequency so that the values represent energy contributions per inErément

of TKE calculated for a I%nin period at Stp 3 on 12 and 15 July. All power spectral densities presented
herein are binned with respect to the logarithm of frequency (with 10 points per decade except at low
frequency) and are plotted against normalized frequéiy, & "(X6, whereda is the neasurement
height, Qis the frequency in Hz anal is the mean wind speed (given@sg in Table2.5). For power
spectra calculated during driving, the frequencies are normalizdd 6  ® (the sum of the mean
vehicle speed and mean velocity component in the flow parallel to the direction of vehicle motion) instead

of6.Superi mposed on the figure is a dashed black I

18



The power spectral density of TKE megsiidownwind otthe highway at Stop 3 is consistently
greater than the power spectral density measured during parallel ambientfldwfo0 . 0 Q4 Bz 0 ) .
Kalthoff et al. (2005) show the power spectra of the orthogonal velocity compodghtaiidd ) measured
at a stationary roadside tower located 3 m downwind of a highwvay ( 4 . @5 In.;'%. Ty fesund
that the power spectral densities measured downwind of the highway were greater than those measured
upwind for'®® 0 . 0 5 chHszsimilatd our findings, and they show a distinct jump ifear 0. 1 Hz
("Q @.3), which is present in each velocity component. Our TKE power spectrum measured downwind of
the highway shows some evidence of an increase'@ar 0 . 1Q &0r), bt it is not as distinct as in
Kalthoff et al. (2005). The jump found by Kalthoff et al. (2005), however, is similar to the broad maximum

found neafQ @.2 while following heaviyduty trucks

] —@— Perpendicular Winds (15 July)
—A— Parallel Winds (12 July)

Power Spectral Density, /5 |[m2 s_z)
L

0.001 0.01 0.1 1 10
Normalized Frequency. f, =z, fn

Figure 2.7: The 15 min binned (with respect tom | lwith 10 points per decade except at low frequency) power spectral
density (multiplied by' of TKE measured while stationary near Highway 400 on 12 July (corresponding to slightly upwind
measurements) and on 15 Jyl (corresponding to downwind measurements). The power spectra are plotted against the
normalized frequency,l where »; is the measurement height an@ is the mean wind speed calculated over the 1&in
averaging period

b. Oni roadspectra

Figure2.8 displays the binned power spectral density of TiEItiplied by frequencygalculated for di
min period while following: (Ato B) a tractor trailer (HDi B truck) with 10to 16 wheels, (C) aommercial
bus, (D) a passenger ¢and (Eto F) while driving isolatedrom traffic atc= 14 m &', 22 m §tand 31 m

s'!respectively The tractoitrailer analyzed in case A and B is displayed in Eityl of AppendixA as the
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followed vehicle. A short period df minis necessary to obtain powspectra at a relatively constant

following distance and vehicle spe&iiperimposed oRig.2.8are dashed black lines representing a slope

of i 2/3, while the details related to each case are summarizégpendix C
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Figure 2.8: The 1i min binned (with respect toi TH Iwith 10 points per decade except at low frequency) power spectral
density (multiplied by ' of TKE for seven cases, listed as A through G in the legend of the figure. The black dashed lines

at the high frequencyedd r epr esent a 1 2/ 3

sl ope. The

power

spectra

5 is the measurement height anery is the sum of the mean vehicle speed and the mean velocity component in the flow

parallel to the direction of vehicle mdion (i.e.,s;1 ¢y 7).

The TKE power spectral densities measured in thei ne&e region of the tractotrailer and

are p

commercial bus (cases A and C respectively) both show a broad maximum centred near a normalized
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from the expected 1T 2/ 3 s I'Qpp dwhild $llowingeori road gehidegsect r al
are at least an order of magnitude greater than those measured during isolated driving, the increase seen in
cases F and G should not significantly impact our interpretation of the TKE spectra measured in traffic. The
high frequency increase seen during F and G may be related to aliasing, or perhaps related to other factors
such as frame vibrations.

Only Rao et al. (2002) and Gordon et al. (2012) present the power spectral density of TKE
calculated from measurements obtaifresh within a vehicle wake. Rao et al. (20@R3playsthe power
spectra of TKE measuredé@t = 0Qad®d = TheMind a full sized van. Gordon et al. (2012) present
power spectra of TKE measured@t= 0Qand33.70 @ O ®behind anHDi B truck and at
G = Mantl 110 @ ©8Qbehind a passenger car. The power spectra of TKE measured in both of
thesestudies demonstrated that there is a large amount of turbulence production in the wakeauf on
vehicles. The spectral density was found to increase or remain steady with increasing frequ€&ncy fbr
Hz behind the fullsized van in Rao et al. (200ahd increase with increasing frequencyfe* 0. 2 Hz
Q> 0. 03) b ébtiuck éh Gordhor et &.0§2012). In both of these cases, the spectra lacked an
inertial subrange. The same continuous increase in the TKE power spetf¥a fod . 2 dtZounda s n
behind the passenger car in Gordon et al. (2012) however, where the spectra p&ak n€ar 'R &) (
and decrease thereafter. In our study, the power spectra of TKE behind thétteildoand commercial
bus begin to show an increasith increasing frequency fé6€ 0. Q>H® . 01), which i s s
findings behind the HDB truck in Gordon et al. (2012). However, fé> 2 "&bz 0(. 2) , t he pc
spectral density begins to decrease, and at high frequéticles4Q_.< 4 m) t he spectra sh
T 2/ 3, indicating the presence of an inertial subi
presented in Gordon et al. (2012) behind thé BIfuck and in Rao et al. (2002) behind theifsittedvan.

The main differences between the present study and the iasadrstudies are, (i) the sampling
frequency, and (i) the location of measurements used to calculate the power spectra (8d¢. Fectthe
fulli sized van in Rao et al. (2002) ane tHDi B truck in Gordon et al. (2012), the power spectra were
obtained near the upper shear layer (seeFig.and for smalleco than for our study. Additionally, Rao
et al. (2002) and Gordon et al. (2012) used a lower sampling frequéhey (1 Oandd@= 20 Hz

respectively), while driving at comparable vehicle speeds during similar atmospheric conditions.

24.3 TKE decay withdownwind distance

To estimate the decay rate of TKE, thé 40KE value 'Q ) was normalized byY , where™Y s the

sum of the mean vehicle speed and the mean velocity component in the flow parallel to the direction of
vehicle motion (i.elY 0 &) which may be in opposite directions. Note that= 6 , the averaged

rotated longitudinal velocity componte measured by the sonic anemometer. This represents an
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approximation of the velocity difference between the airflow along the road in the freestream above the
wake and in the wake immediately behind the vehicle. The initial shear production of iabicted
turbulence is then assumed proportionava Figure2.9 shows the normalized 119 TKE binned by the
normalized (with respect to vehicle height) following distanceniiat sized vehicles and passenger cars
(Fig. 2.9 (@) and heaviduty trucks (Fig2.9 (b)). Superimposed on each plot are coloured dashed lines
showing the least squares fit® jY AZ® »|Q 0 @ j"Q for each vehicle class. Table

2.3 displays statistics related to each least squares fit, noting thaalgiiann this section is restricted to
following distances less than 100 m (see AppeAdix

Wakes behind both classes of hdalyty trucks, as well amid sized vehicles, demonstrate a
strong poweirlaw decay of normalized 18 TKE with increasing normaléd following distance, with the
strongest decay rate found for the HDclass. Data from passenger car wakes also reveal a decay of TKE
with increasing normalized followindistance bugiven the limited dataset and higher standard error (see
Table 2.3), there is much less confidence in the results for this class. The decreades K with
normalized distance ceases foid sized vehicles and passenger cars beyond abci@ ®Which may
demonstrate that the wake has dissipated by this distance antraad background levg€l) ) remains.

For isolated vehicles th& scaling is no longer relevant for the background level, but on busy roads with
multiple vehicles travelling at similar speeds, it may still be appropriate.

Gordon et al. (2012) angled their data by performing a least squares fit on the normalized 10
TKE as a function of normalized following distance for HPtrucks, mid sized vehicles and passenger
cars. Their results show that HB trucks have the fastest rate of decay, wih j°Y
0.0821® j'Q 8 . For our measurements behind HPtrucks, the decay rate of the normalizedsLO
TKE is found to be slightly greater than thiatit perhaps the most striking differences between the two
studies are in the results found foid sized vehicles and passenger cars. Our measurements for passenger
cars have values below most measurements of Gordon et al. (2012) and the rate of TKE decay is found to
be greater. Fanid sized vehicles, our measured values are above those of Gordor26étal) for distances
less than 19 also resulting in a greater rate of TKE decay. The differenamifbsized vehicles between
the two studies is primarily in the néarake regioni(e., less than 10 and can likely be attributed to the
measurement heiggh (see SecR.1). Another possible reason for the differences in the calculated decay
rates of the two studies could be related to individual vehicle geometry within each class.

Rao et al. (2002) measured the TKE behind adided van = 2. 1 amy XR.add
developed a least squares fit of the normalized TKE as a function of normalized following distance, giving
Q7Y  m8tmwomjQ € . The decay rate found by Rao et al. (2002) is much lower than the decay rate
found herein behd mid sized vehicles, which may be a consequence of their limited measurement domain
(see Tabl.l).
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Table 2.3: Statistics related to the least squares fit tgg jvr1 e o 5] | t =] i t. Also shown are the fits of
Gordon et al. (2012) and Rao et al. (2002). Her# s the standard error, = is the number of 1 Hz data for each vehicle
class and » is the coefficient of determination.

Study Class + |[= Ho¥ | > nA | onA .
This Study Car 13.351 0.0350 10.76 | 0.27 0.180 0.0545 515
This Study Mid size | 13.204 0.0406 10.71| 0.39 0.076 0.0240 1348
This Study HDI A 12.341 0.0962 10.90| 0.46 0.053 0.0190 2619
This Study HDi B 12.116 0.1205 11.11| 0.62 0.033 0.0144 3565
Gordon et al. (2012) | Car 14.689 0.0092 10.23| 0.05 0.037 0.0109 8306
Gordon et al. (2012) | Mid size | 14.382 0.0125 10.34| 0.12 0.025 0.0083 | 11923
Gordon et al. (2012) | HDi B 12.500 0.0821 10.92| 0.64 0.014 0.0065 | 11227
Rao et al. (2002) Mid size | 74.615 0.0099 10.19 T T T T
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Figure 2.9: Quartiles of the binned normalized 10s TKE (g /31 ) at various normalized (with respect to vehicle height,

I) following distances @ ) for (a) passenger cars ananid sized vehicles, and (b) HDA and HDi B trucks. 51 is the sum

of the mean vehicle speedy) and the mean velocity component in the flow parallel to the direction of vehicle motiof® y)
(i.e.,s71 =+ 0. Solid coloured lines for each vehicle class represent the median and error bars represent the 25th
(bottom) and the 75th (top) percentile. Also shown are dashed coloured lines representing a least squares fit to
m-g jvr  F 4 weyj ] foreachvehicle class. The leassquares fits of Gordon et al. (2012) are indicated as black
solid or dashed lines, detailed in the legend of each figure
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2.5 Discussion

25.1 Heightdependence of TKE:study comparisons

We present the ninormalized 10s TKE (Q ) as a function of following timed ) whered @ j 7Y
(Gordon et al. 2012; Huang et al. 2014). The following time represents the time taken for the mobile
laboratory to arrive at and sample an air parcel that was disturbed by the target vehieleolmlogical

and ait quality prediction models, theehide flow rate (§') is a common inpyumakingd an appropriate
variable to estimate the timad TKE enhancement (Se2t5.2). Assuming exponential decay of the ihon
normalized 10s TKE with following time, asQ Q 0Qwn0o , whereQ is the ofiroad
background TKEm? s'?), 0 is a constant (As ?) andOis the exponential decay constant)groduces

a root meari square errorr(m.s) for HDi B trucks of 0.91 rhs’? If insteadQ is assumed to decay
exponentially withfollowing distance @ ), ther.m.s.errorfor HDi B trucks is found to bgreaterat 1.24

m? s'2. This demonstrates th& is best modelled as decay dn instead 6 decay withw , possibly
related to varying vehicle speeds, or becausthafr factors that are unaccounted fa. (velocity deficits,
ambientconditiong. Figure2.10 displays the quartiles € at variousd for each vehicle class together
with quartiles of the 1s TKE from Gordon et al. (2012and the averagei tnin TKE behind the full

sized van in Rao et al. (2002)ur data shown iffrig. 2.10 and those ofsordon et al. (2012arefrom
different measurement days, and no limitconhas been imposed. The results shown for the Rao et al.
(2002) study were obtaindcbm Hosker et al. (2003) and the supplementary material of Wang and Zheng
(2012). The results of Bhautmage and Gokhale (2016) were obtained from the graphical results for a
commercial bus of 3 m height (shown as black stars). F@uieis split into tvo parts, each displaying a
specific height range: (a) 2®a <4 mand (b) 0 m € < 2 m. Refer tdrable2.1for the measurement

domain of each of these studies.
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Figure 2.10: Quartiles of the 10s TKE (g )y binned according to following time () in 0.25's bins. Shown in the figure

are two panels representi n@yci f4f er eembd <K i) gridt Arld n gdeast:a (aar)e 25 hn
limit is imposed on the following distances ). Each inked marker represents a median value, while the error bars give

the 25th (bottom) and 75th (top) percentiles. The measurements (mean values calculated over 1 min averaging intervals)

behind the fulli sized van from Rao et al. (2002) are shown as black sidvay s tr i angl es; 1stémdarder r or ba
deviation from the mean. Finally, the modelled results from Bhautmage and Gokhale (2016) for a commercial bus 6f8

height are displayed as black stars

From Fig.2.10 (b), the most rapid decline @ occurs ab < 2 s forheavy duty trucks and at
0 <1 s formid sized vehicles and passenger casir results show th&@ reaches an asymptotecat
> 6 s formid sized vehicles and HDA trucks. A similar asymptote is seen in the data from Gordon et al.

(2012) around =6 s, except for HDB trucks which were found to asymptote latedbat> 7.5 s. If we
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assume there is noterfeence from other vehicles while measuring at largethen this asymptotic value

represents the medianionad background TKE

Q Q Q, (25)

where Q is the ambient turbulence (resulting from local meteorology) &hd is the roadinduced
turbulence.The variableéQ refers to turbulence that is generated by barriers on the highwayag
embankment), by roadside structures such as trees, or thermally induced by solar heating of the highway
surface (Rao et al. 1979; Wang and Zheng 2009). WeestiamateQ for 15 July from the downwind
measurements made at Stop 3, where the TKE was found to be?s 74Tine TKE value measured during
this period includeboth components of EQ.5, namelyQ and’Q ; Stop 3 is located approximatedp
m from the highway edge during essentially perpendiauasient flow with a mean wind o6 g = 2.21
m s. Thus, an air parcel disturbed byiooad traffic will take about 16 s to arrive at Stop 3 and be sampled
From Fig.2.10(b), Q can be estimated as the average biffdedfor mid sized vehicles and HD
Atrucksatd > 6 s Q g4i6wdisA(dthe underestimationin Se@4.1 is assumed, théd 4.9
m? §'2). This value ofQ is very similar to the valueofind downwind of the highway at Stop 3 during
measurements made on 15 July. There is an uncertainty in the v&uesifice data were amalgamated
from drives that occurred on different days, leading to variatior@ iand'Q . Performing a sirtar
analysis on the data obtained by Gordon et al. (2012) in2F@.(a) behind mid sized vehicles and
passengercarsat> 6 s, gi ves a v adanes?fTrewvalueshof tfronsthesedwo o f
campaigns are similar imagnitude since measurements were obtained in the same geographic location
during the summer months, at a similar time of day.
In Gordon et al. (2012) HIB trucks were found to have the largest magnitude of peaking at
0 =0.63swithQ T'Q a 9 247 (see Fig2.10(a). The TKE measured behind KB trucks in
Gordon et al. (2012) is much greater than the TKE measured behind eithArddBiDi B trucks inour
study for6 < 3 s. For example, behind HB trucks atd = 0.88 swe obtanedQ T'Q & &s?m
which is a decrease of about 33% comparéd tomeasuredbehind HO B trucks ab =0.88 s in Gordon
et al. (2012). If the underestimations in S@ct.1 are taken into consideration, then this decrease becomes
48%. Behind the commercial bus®F 3 m in Bhautmage and Gokhale (2016), the modelled TKE at
a 0.20 s i sforsnemidnadindingstehind HDB trucks atd =0.88 sAto  @.20 s they

found that the TKE maximizes ne@r = "Qand decreases approximately linearly util=  0'Q vtl3 an
estimated decrease of about 40% betweenQandg = 0QB8 = 1.2 s however, the
to maximize much lowertax = @ with the TKE decreasing approximately linearly with height up to
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G = 7M.TRis is in contrast to the measurements behind BiBucks, where TKE afi = Mis7
consistently larger in magnitude than TKE measurediat ®ford < 3 s. I n the mo
investigation of Bhautmage and Gokhale (2016), the TKE was simulated within an enclosed road tunnel
opposed to the open atmosphere, which may accouthtefalifferences noted here.

Behind mid sized vehicles, our measurements show a pronounced increase ini th@KB at
0< 1.5 s, while Gordon et ala<(2082)At6pomd behl nd
sized vehicles, we foun®@ T 4.6 n?s'? while Gordon et al. (2012) fourd T &7 n?s?

giving a decrease of about 81% betwebn = Mar®l w = ITY736 when considering the
underestimates in Se@4.1). This is similar to the 70% 90% decrease found behind theifsized van
betweenw = 0.87Qandw = 1Qi2Vang and Zhang (2012) and Rao et al. (2002). Furthermore, the
magnitude of TKE bahd the full sized van in Rao et al. (2002) is comparable in magnitude to our
measurements behimdid sized vehicles, when dmoad background levels are considered. The Rao et al.
(2002) studyha®? & O (Hosker et al. 2003).

Performing an atmospherstability analysis (not shown here) on the measurement days of Gordon
et al. (2012) (using the same method outlined in 2&&8), produces stability classifications very similar
to those given in Tabl.2. This suggests that the differences ndtetiveen our results and Gordon et al.
(2012) are not the result of atmospheric stability. For our measurements, there is no significant difference
in the magnitude of TKE behind broad vehicles while the atmospheric stability was slightly unstable (14
and15 July), compared to measurements made during more unstable atmospheric conditions (7, 11 and 12
July). Thus, in summary, the differences noted between our measurements and Gordon et al. (2012) while
following behind HD B trucks andnid sized vehicles a likely a result of measurement height and overall
proximity to the upper shear layer (Se&td). Lee and Choi (2009) note that the flow within both the wake
region and the upper shear layer contains $sdle vortices, however in the upper shear ldlyese

vortices are particularly strong and concentrated, leading to enhanced levels of turbulence.

2.5.2 Heighti integrated parametrization of oni road turbulence enhancement

In Gordon et al. (2012) a parameterization dfroad turbulencenhancement®/Q ) due to vehicle class

f, was developed by integrating the binnedsLTKE (Q) measured at = 3 m over allo (Fig. 2.10
(&), giving

Yo o Q Q A 00 (2.6)
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where'Ois the number of vehiclesper unit time (§), ‘O(m? s'%) is the value of the integral in EZ6 and
‘Q is the oiiroad background level of the IDTKE (Eg.2.5). Gordon et al. (2012) estimatéd as the
average of2 (calculated from all vehicle classes)at> 8 s. It was assumed in their formulation that the
measured TKE did not vary with height behind the target vehicle. Following the evidence presented in Sect.
25.1, this parametrization of broad TKE enhancaent should be extended to include a héight
dependence.

To represent the vertical variation of TKE for vehicle ciashe vertical domaifd ) impacted by
vehiclg induced turbulencis split intog layers of thicknes¥a. The TKEenhancement in each layép (
is calculated by numerical integration of B, or by using a suitable function to describedc . The

total TKE enhancement¢., the sum o’Q Y& from each layer) is then averaged over the entire domain,

& , yielding an estimated verticaliweraged ditoad TKE enhancemenYQ due to vehicle class,

v

YO —B YO Ya —B OYa. (2.7)

Fromour median binned measurements @moke ofGordon et al. (2012from Fig. 2.10) we can
model the datasQ © Q 0A@P0o , allowing direct calculation dO©from Eq.2.6. Table2 4
lists the coefficients), OandQ ) of this fit for carsij = 0), mid sized vehicles§y 0 ) and HD B trucks
(7 "'OQ. The benefit of applying this modelldd, asopposed to numerically integrating the median
values is the extrapolation of the datasetto< 1 s. This is crucial since this missing portion of the
domainfeatures a very largealueof TKE, significantly impacting the final value @. This method also
allows direct estimation d , whichis found to range between 1.5 and 1%shfor our study and 2.0
and 2.3 ms 2 for Gordon et al. (2012). The values®@f found from theexponentiafits are similar to the
value ofQ estimated for each study in Sezb.1, demonstrating respectable agreement betweenghe fit

and median measurements.
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Table 2.4: Details related to the fitg, %

oni road background TKE (m?s'?), 4 is a constant (nf §2 and p is the exponential decay constant {§. The standard
deviation (-|| p of each fitted variable is also shownk, is the value of the integral in Eq2.6 for each exponential fit

m d m ® = ¢ forthis study and Gordon et al. (2012). Herqg | is the

Study Class,a | m] . T i Trr | A mmta S
m2 s'l'2 m2 s'l'2 s'l'l m2 S'I'Z s'l'l m2 STZ m2 S'I'l
This study "00 1.64 11.8 0.80 1.220 0.103 0.208 14.8
This study 0 1.62 4.50 0.73 0.683 0.149 0.120 6.2
This study 0 1.48 3.96 1.67 0.906 0.308 0.050 2.4
Gordon et al. (2012) "00 2.34 114 0.56 0.838 0.072 0.242 20.4
Gordon et al. (2012) 0 2.01 1.36 0.61 0.273 0.203 0.068 2.2
Gordon et al. (2012) 0 2.30 2.70 1.46 0.724 0.418 0.052 1.8

If we assume a height domaindf= 4 m (in reality this would extend higher) and split it into two
levels € = 2, Y& = 2 m), we can then apply E8.7 to estimate the vertically averaged mad TKE
enhancement, by lettimgur measurements represent the first lei@ 1), corresponding to 0 mé& <2
m (Fig.2.10 (b)) and the measurements made during Gordon et al. (2012) represent the secoitd level (
2), corresponding to 2 & < 4 m (Fig.2.10 (a)). The value ofO at each level can be calculated by
integrating theexponentialfit (Eg. 2.6) giving"O 0] O (the results are displayed in Talf#led). For
Highway 400, Gordon et al. (2012) measilia total traffic flow rate 6O = 2.2 $1, consisting of 89.9%
cars, 4.8%nmid sized vehicles and 5.3% HD trucks. Thisgivesa 1 /'9@a sQ@s'andO & Q. 1
428 Yma 0.24%ndQ 4 221 m
s2. Summing these values gives the total vertically averagédoath TKE enhancement due to a

s'lrespectively. Using these values in B(. givesYQ &

composition of vehicles

yo Yo Yo YQ , (2.8)

with YQ & 3 241 Ifrthe traffic

composition contains even a marginally higher fraction of Blfrucks, then the amount of theiooad

6 2 &2 amdan average per unit flow enhancemen&fj "0 &

TKE enhancement will be significantly higher. Ideally this method of estim3hgvould use more than
two levels measured over a wider range of heights, and include a more diverse selection of vehicle
classificaions, demonstrating the need for additionalvake measurements.

It should be noted that & is theportion of the boundary layer affected by vehiaheluced
turbulence and relates to the lowest vertical level in a numerical prediction model. ingieaé.e.,
the model 6s

decreasing ver ti ¢raad TKE eshantement, snce)thed e cr e

same amount of vehidlenduced turbulence will be averaged over a larger vertical region. However, as the
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resolution of numerical forectisg models increases, it will become increasingly necessary to include a
vehicld induced turbulence parametrization to accurately predict vertical diffusion near highways. Makar
et al. (2010) found that AURAMS overpredicted surface NOx concentrationgdirsguares covering
highways when the model was executed using a horizontal resolution of 15 km. It has been suggested that
this overprediction may be related to insufficient dispersive processes, possibly due to the absence of a
vehiclg induced turbulene parametrization in the numerical model (Makar et al. 2010; Gordon et al. 2012).

In Gordon et al. (2012), their measured valu¥@ffrom Eq.2.6) was added to the Global Environmental
Multiscale model value of2 to determine the influence of vehitladuced turbulence on the vertical
diffusion coefficient { ). The Global Environmental Multiscale model has a variable vertical resolution
with the lowest vertical model level being 42 m (Gordon et al. 2012). They found tiatncreased by

10 to 25% as a result of vehitieduced turbulence, except in the early morning wiers increased by

more than 80%, demonstrating the importance of including an accurate Welicted turbulence

parametrization in numerical models.

2.6 Conclusions
The power spectral density of TKE while following behind mmad vehicles increases significantly for
"» 0.M®M>HH. QP4), consi st ent TRiruckhin Gordom etal.g2)1l)andafub e hi nd
sized van in Rao al. (2002). The same increase is not seen while driving isolated from traffic, which
demonstrates the large enhancement of TKE in the presendaaddwehicles. Furthermore, a broad peak
in the TKE power spectra centred near afrequencyof XHe@ . 2, & a 10 m) i s obser\
behind a tractdtrailer and a commercial bus. Beyoifd 8 Hz (Q> 0. 4, & < 4 m) the
density begins to decrease with increasing frequency with a clear indication of an inertial subrange. This i
in contrast to Gordon et al. (2012) behind aniBRruck and Rao et al. (2002) behind aifsiked van,
where the TKE power spectra remains relatively flatfar 1 Hz . The TKE power speé
while stationary downwind of the highway is fourallie consistently greater than the power spectrum
measured slightly upwind of the highway during parallel ambient floicior 0 ."'Q4 50 .(0 1) . Thi s
consistent with Kalthofét al. (2005) for measurements obtained downwind of a German motorway, and in
Gordon et al. (2012) for measurements made near Highway 400.

The normalized TKE produced byionad vehicles was found to decay with increasing following
distance according tomowei law relationship, with decay ratebffom Table2.3, with following distance
normalized by vehicle height) of 0.76, 0.71, 0.90 and 1.11 for passengemithsized vehicles, HDA
trucks and HDB trucks respectively. The results for hebayty trucks compare reasonably well with
Gordon et al. (2012). However, forid sized vehicles, the decay rate is much greater, probably because we

obtained measurementstat= 1. 7 m whi ch i s midsizéd vehicles ¢fx WRalkne zone

31



From our resliis and those of Gordon et al. (2012), the variation of TKE with height is quantified.
Comparison between the present results and those obtained by Gordon et al. (2012) suggests that TKE
maximizes in the upper shear layer and decreases quickly aboventidmsized vehiclesab = 0. 6 3 s,
the TKE decreases by about 81% from a height d©% height 1.% This decrease agrees with the
findings behind the flillsized van in Rao et al. (2002). Below the upper shear layer, the TKE decreases are
0.88 s, the TKE was found to dec

more moerate; for HD B trucks ab
of 0.7CQto a height of 0.0

The parametrization developed in Gordon et al. (2012) is extended to include a height dependence
on the magnitude ofehiclé induced turbulence. By splitting the measurement domain into levels,ithe on
road enhancement of TKE in each level is calculated. Using only two levels, the fiataadmTKE
enhancement per unit traffic flow is found to¥i@j "0 & 3 24! foma typical peak traffic pattern on
Highway 400. As model resolution increases it will become crucial to include the variatidredd i KE
enhancement with height in order to properly model vertical diffusion over highways and pollutant levels
in the vicinity.

There is a need for additionalionad measurements to obtain a more detailed vertical profile,
especiallyfor < 1. 5 m &n dn. iFoadmeaswemem campaigns should also be performed
in the overnight and eailynorning hours, anth different seasons, to assess the effect of atmospheric
stability and varying weather conditions on the magnitude of vélmclaced turbulence. With additional
measurements, future work should also attempt to relate the TKE enhancement higloiad wehicles to
the standard deviation of the crosswind, alavigd and vertical displacement of pollutanis,(, , ., )

used in Gaussian diffusion models.
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Abstract

Turbulence near the surface can be intermittent and may have a large variation over a short distance. The car offers
an affordable and practical way to samatemospheridurbulence near the surface over a large spatial domain, but
l'imited studies have investigated the instrumented ca
covariances, especially in less ideal conditidds.20 and 22 Aug 2019, a small tripwvas outfitted with a sonic
anemometer and placed in a highway shoulder to compare with measurements made on an instrumented car as it
travelled past the tripod. The rural measurement site in this investigation was selected so that the instrumented car
travelled past many upwind surface obstructions and experienced the occasional passing vehicle. To obtain an accurate
mean wind speed and mean wind direction on a moving car, it is necessary to correct for flow distortion and remove
the vehicle speed froméhmeasured velocity component parallel to vehicle motion (for stidiiggatmotion). In this

study, the velocity variances and turbulent fluxes measured by the car are calculated using two approachés: (1) eddy
covariance and (2) wavelet analysis. The tssshow that wavelet analysis can better resolve low frequency
contributions, and this leads to a reduction in the horizontal velocity variances measured on the car, giving a better
estimate for some measurement averages when compared to the tripod.léliWwased approach to remove the

effects of sporadic passing traffic is developed and applied to a measurement period during whichdaityetawgk

passes in the opposite highway lane; removing the times with traffic in this measurement period givas agby

a 10% reduction in the turbulent kinetic energy. The vertical velocity variance and vertical turbulent heat flux
measured on the car are biased low compared to the tripod. This low bias may be related to a mismatch in the flux
footprint of the caversus the tripod, or perhaps related to rapid flow distortion at the measurement location on the
car. When random measurement uncertainty is considered, the vertical momentum flux is foundttditierent

from the tripod in the 95% confidence intaiyand significantly different than zero for most measurement periods.
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3.1 Introduction

Measurements of atmospheric means, variances and covariances obtained from an instrumented mobile car
can provide low cost, in situ observations close to the groand over a large measurement domain.
Hereafter 0Oi nstrument ed mo broatl eehices thai coulce Sewe & at o al
measurement platform, including cars, sport utility vehicles, pickup trucks, minivans, or larger mobile
laboratorieghat use a heavguty truck. Previous investigations have largely used instrumented mobile
cars for the measurement of riearrface atmospheric means, but minimal attention has been given to their
use for the measurement of turbulence (i.e., variances@maiances). In the nocturnal boundary layer
characterized by stable conditions and weak flow, turbulence near the surface mainly originates from poorly
understood ndrstationary mechanical shear and submesoscale motions (@ah2012; Van DéNiel
et al.2012) such as loilevel jets, thermotopographic wind systems (i.e., katabatic flow) and breaking
gravity waves (Salmond and McKendry, 2005). In the &table boundary layer the generated turbulence
is often intermittent and results in the tial transport of scalars (i.e., heat, pollutants), but stationary
towers may be tispecbsbladbetioaadefueately sample the
turbulence (Salmond and McKendry, 2005). The mobile car, however, can measgra dligven path,
which may provide a more representative sample of turbulence near the surface compared to a stationary
tower. In addition, the mobile car may also be used to obtain in situ wind and turbulence measurements
near the surface within the urb&oundary layer, measurements that may help validaté riefgblution,
street level models. In the neasurface urban boundary layer, the strength of the wind and the intensity of
turbulence are influenced by the composition of buildings and trees (Moehala2008; Gromke and
Blocken 2015; Hertwigt al.2019; Krayenhooét al.2020), and can have a significant impact on pedestrian
comfort (Huntet al.1976; Yuet al.2021), and neighborhookbvel pollutant dispersion (Aristodemet
al. 2018; Suet al.2019). The mobile car involves less logistical limitations (i.e., permits, vandalism) and
potentially affords a greater spatial coverage when compared to the installation of a stationary tower in a
highi density urban area. Furthermore, as the resolufionmerical weather prediction models continues
to improve, the measurement of localized variations iniseigiace heat, momentum and moisture fluxes
may improve the prediction of convective storua(kowskiet al.2017).

The instrumented mobile car Haesen used in various investigations to measure atmospheric means
near the surface (Bogren and Gustavsson 1991; Sitaia 996; Achberger and Barring 1999; Armi and
Mayr 2007; Mayr and Armi 2008; Taylat al.2011; Smithet al.2009; Whiteet al.2014,Curreyet al.
2016; de Boeet al.2021). Gordon et al. (2012) and Miller et al. (2019) used the instrumented car for the
measurement of velocity variances on highways to quantify véhideced turbulence. Despite the

increasing number of investigationsing instrumented mobile car systems for atmospheric measurements,

34



there are limited studies that examine their performance and accuracy for the measurement of the mean
flow, velocity variances and covariances.

Achberger and Barring (1999) investigathd accuracy of mean temperature measurements made
on a minibus in lowspeed driving conditions (8 to 11 ft)sby installing four thermocouples at various
heights (0.5 m, 1 m, 2 m, and 4 m). From their results they developed a spectral correctianéastred
air temperature to remove the effects due to thermal inertia of the thermocouples. More recently, Anderson
et al. (2012) evaluated the feasibility of using passenger vehicles (9 in total) to collect mean air temperature
and air pressure measurertgean roads, with the end goal of improving road weather forecasts to reduce
weather related traffic fatalities. They found good agreement for mean air temperature measurements made
on passenger vehicles when compared to mean air temperature measurerderiy stationary weather

stations, and poor agreement for air pressure.

Figure 3.1: A front view of instrumented car (also referred to as a mobile car platform or mobile car laboratory) used in
this investigation.

B e | weal. 014) is the first known study to evaluate a ildmeensional sonic anemometer
(model CSAT3, sampling frequency of 20 Hz) affixed to a passenger vehicle for its accuracy at measuring
atmospheric variances and covariances, in addition to atmaspheans. In their setup the sonic
anemometer was supported by a sophisticated arm and lattice aluminum frame; the arm held the sonic above
the vehiclebébs top at a height of 3 m from the gro
Recently Hanlon and Risk (2020) investigated how the placement of a sonic anemometer on the vehicle

affects the accuracy of velocity measurements, by applying computational fluid dynamics modelling in
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combination with mobile car measurements. The anemometerplaeeel vertically upward on top of the
vehicleds roof .

If 1 min averages are assumed, then measurements (i.e., wind velocity, gas concentration) obtained
from an instrumented car travelling at ridaghway speeds (i.e., 15 to 25 M sre made over agmificant
spatial path on the order ofi@eters, where surface variations (i.e., vegetation, building structures, other
traffic) can be significant. A single spatial path measured by the vehicle may therefore feature flow
conditions that are not statiary and an upwind surface that is not homogenous. This calls into question
the applicability of the eddyovariance (EC) method which requires iigtationary conditions to reduce
uncertainties in the estimation of variances and covariances. Duringitheieis t i gat i on Bel ugi c
made car measurements on a nearly flat, homogenous portion of remote rural highway, without traffic and
without large upwind obstacles such as trees and houses. Therefore, their investigation represented an
fii de alse.£edsb, theyafound instances where thenteasured horizontal velocity variances were
significantly overestimated compared to measurements made by a nearby stationary tower. They concluded
that nofistationarity of the flow was the likely cause leagito the anomalously large tameasured
horizontal velocity variances. Their results demonstrate thatstetionarity of the flow cannot be ignored
when measuring on an instrumented mobile car. Recently Schaller et al. (2017) applied wavelet analysis as
an alternative technique to estimate turbulent methane fluxes measured by a fixed towestatiooary
conditions. For periods fulfilling the stationarity requirement, the wavelet flux was in excellent agreement
with eddyi covariance flux, but for periodshere the stationarity requirement was violathé wavelet
flux was found to be more reliable and provided a better estimate. Since their work, wavelet analysis applied
to analyze turbulent fluxes has become more common (von der Heyyde2018; Gockedeet al.2019;

Conteet al.2021).

The present work investigates an instrumented mobile car setup (shown in Fig. 3.1) by comparing
cali based measurements with measurements made by a small roadside tripod. Our setup differs from
Bel ugi ¢ e ttwoarlain walys2ndidhdane necassary to make the vehicle safeifayaghdriving
with other vehicl es: (1) our sonic anemometer s
front end and (2) the sonic anemometer is held closer to the groartteaght of 1.7 m, which is near the
height of the vehicleds top. We selected this des
held closer to the vehicle and still provide measurements that are representative of the mean flow and
turbulencenear the surface, allowing rdaghfe vehicle operation without compromising the measured data.
While farmland is common in our measurement domain, the car also travelled past many large trees, houses,
and experienced the occasional passing vehicle travelithe opposite direction. Therefore, we investigate
if the mobile car measurements are still representative of the turbulence statistics near the surface in a less

idealized case, where the upwind surface and terrain is not homogenous, and the riieassrafiected
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by many surface obstacles including other traffic. Thus, this work aims to help desigr codbw
experiment to measure and analyzéroad velocity variances and covariances using an instrumented car,

in the presence of sporadic passirgffic and upwind surface inhomogeneities. This study investigates

how these inhomogeneities affects the calculated statistics. Wavelet analysis is considered as an alternative
technique to eddyovariance for the estimation of velocity variances andrcwees measured on the car

and is applied to quantify and remove the effects of sporadic passing traffic. The potential sources of

measurement uncertainty on the car are quantified and discussed.

3.2 Methodology

3.2.1 Instrumented car

A sport utility vehicle (SUV) was outfitted with instrumentation fastened to the vehicle using a roof rack

as shown in Fig. 3.1. A 40 Hz, thieBmensional sonic anemometer (Applied Technologies, Inc., model

type AAO0 o rstallédor @suppavtarsn located at the front end of the vehicle, at a height of

=1.7 m. Since the fAAO0 type is rated for higher f|

installed and the AVx0 typetestvlaowthe spetificeomidanembindtes ¢ h a
mo d e | affects t he measur ed vel ocities. The A C
(AVo is used on the roadsi dwithinaimgasu@mentiaage ef +80m acc u

sl +20m &, and + 15m St respectively. To limit the effect of vibrations on the measurements made by
the sonic anemometer, the horizontal arm holding the anemometer was supported by two metal rods
attached to the vehiclebs front Ilevarel F750Tdaskcant (80r war d
frames per second), which encodes 1 Hz measurements of latitude, longitude, and vehicle) sizeed (
metadata in each mp4 file.

The coordinate system of the sonic anemometer on the car is defined (assuming an observer is
sitting inside of the vehicle facing toward the front hood) so that measured velocity parallel to vehicle
motion @ ) is positive toward the car, the measured lateral velagity {s positive toward the right, and

the measured vertical velocity () is positve upward. Subscrigt denotes a raw measured value.

3.2.2 Roadside tripod

On 20 and 22 Aug 2019 a small tripod was assembled and placed at the roadside (i.e., in the highway
shoulder) to compare with measurements made by the instrumented car adeédti@as the stationary

tripod. The tripod was equipped with a thrdienensional sonic anemometer (Applied Technologies, Inc.,

mo d el type AVO) that recorded at either a frequen
sonic was installed at a m&urement height @ = 1.4 m.On 22 Aug, the tripod also had a Thinkware

X700 dashcam (30 frames per second) installed to record passing Traffiwestigate the effect of tripod
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vibrations on the measurements, we tied down the systengwjtivireson the 22 Aug, but left it free to

vibrate on the 20 Aug.

3.2.3 Measurement site

The measurement site was agricultural fields located on either side oflarterdiighway. The traffic on

22 Aug passing our measurement site was more significant thanAung2€ne traffic composition on 22

Aug included occasional large trucks and we did not observe any large trucks passing our measurement site
on 20 Aug. Both days featured fair weather, with sky conditions ranging from mainly sunny on 20 Aug to
partly clowdy on 22 Aug. The wind direction measured at nearby Egbert weather station (maintained by
Environment and Climate Change Canada with measurements obtained at a H€ightrahged between

160° and 200° on 20 Aug and 310° and 340° on 22 Aug. The medmanged between 4.2 it and 5.6

m s1on 20 Aug and 3.8 nisand 5.0 m'd on 22 Aug. The Egbert weather station is located about 16 km
north of the measurement site.

The road is relatively flat near the tripod location, but in general, the terraiat iflat and
homogenous in this area. The study area (which spans about 10 km) has several hills with slopes up to 10°.
The elevation ranges between 200 and 300 m above mean sea level and there are areas with numerous trees
and some structures located upaof the highway. The tripod was located at an elevation of 277 m on 20
Aug, and at an elevation of 222 m on 22 Aug (estimated from Google Earth). For reference, the Egbert
weather station is at an elevation of 251 m.

In this work ameasurement tradlefers to the specific ground path driven by the vehicle, while a
measurement passfers to a specific set of measurements made on a particular track. Each measurement
pass can be further divided into denbytewvahicldloBa, r ep
particular track. On each day, two different 1000 m tracks (Track #1 and Track #2) are chosen to compare
with measurements made on the tripod. Track #1 is centered on the location of the tripod and consists of an
equal amount of highay on either side of the tripod (i.e., 500 m before the tripod and 500 m after the
tripod). Track #2 however begins 120 m away from the tripod and continues for 1000 m, thus it does not
include the highway directly in front of the tripod. Track #1 anccKr#2 (for each day) are displayed in
Fig. 3.2 as yellow and blue lines, respectively. The location of the tripod in Fig. 3.2 is displayed as a marker
with a star enclosed. Track #1 and Track #2 are chosen to examine how the choice of measurement track
impacts the comparison of turbulence statistics between the car and Tigiel3.1 gives the number of
measurement passes performed on each day, and the amount of measuremehapassesiuded due
to traffic ahead of the instrumented car. Two extriEilue measurement passes corresponding only to Track
#2 were also analyzed on 22 Aug, where the car was parked at the tripod and then drove away (a constant

vehicle speed was attained before 120 m).
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Table 3.1: The number of measurement passesompleted m 20 and 22 Aug.

Date Track #1 Track #2 Unique Measurement Passes Excluded (traffic ahead)
20 Aug 6 6 7 1
22 Aug 5 7 9 2

20 Aug: _~

Track #1

w_'nﬂ!n“

Google Earth

Track #1 >\// g

22JAuUg Q T
“Tripod

Google Earth

Figure 3.2: The measurement site on 20 Aug (top) and 22 Aug (bottom) with the 1000 m tracks driven by the car
superimposed. Track #1 is shown as a yellow line and Track #2 is shown as a blue line. Track #1 is centered on the location
of the tripod and therefore 500 m of highway is included in Track #1 on either side of the tripod location. Track #2 begins
120 m avay from the tripod and therefore it does not include any measurements made on the highway directly in front of
the tripod. © Google Earth Images.

3.2.4 Flow distortion and senor corrections

Measurements made on an instrumented car may be significantly impacted by flow distortion. Flow
distortion originates from vehicle movement (spepdnd from the ambient horizontal wind () that is
present even when the vehicle is stationaryjmay be at an angle to the vehicle, potentially leading to
flow distortion in both components of the measured horizontal velocitydi.41) ). Further impacts on

the measurements can occur from sensor misalignment and sensor limitations that oceneaghiling
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in high flow velocities. Flow distortion at the location of the sonic anemometer is investigated by analyzing
measurement passes that are separated into part A and B. A and B are each driven on the same length of
highway, but in opposite direots (following Belusic et al. 2014). Before investigating flow distortion,

the sonic anemometer data are filtered for spikes. Here a spike is defined as an unrealistic sequence of 2 or
less data points and is identified by applying aitioear median fikr according to Starkenburg et al.

(2016). For the measurements considered in this paper, the effect of this spike removal on the calculated
statistics is minimal (i.e., in any measurement pass there are 2 or less flagged values). Measurements flagged
as pikes are removed and replaced with linearly interpolated values. If it is assumed that the mean ambient
vertical velocity0 & 0 " amd that the flow is in steady state during A and B with measurements made

at a constant vehicle speedhenfollowing Belusic et al. (2014) and Miller et al. (2019), we can assume
three relationships (hee: uppercase variabler(w, & , "Y represents an averaged or binned value, while

a lowercase variable represents an individual measurgment

I.  Without flow distorton, the average measured vertical velogity @t any measured longitudinal
velocity (Y) is expected to be equal to 0, over a sufficiently long record. Thatisnot expected
to have any dependence & However, in the presence of flow distortion the mobile carp
becomes a function 0¥,

Il.  The average velocity recorded over both travel directidns &s a function ofY is expected to
follow the relationshigY Y 1 “Y Y "Y Y  “Ysince any wind component parallel to
the dilection of vehicle motion is cancelled out by travelling the same distance in both directions.

Ill.  The lateral velocityo measured over all of A and all of B is expected to follow the relationship
® ™o o 1, since the coordinate system rotates 180° when the vehicle changes

direction.
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Figure 3.3: (a) The measured vertical velocity (red) plotted as a functionof the measured longitudinal velocitys and the
corrected vertical velocitysr 4 (blue) after application of Eq. 3.1; (b) the measureg: as a function of vehicle spee«ﬂ (after
application of Eq. 3.1). Measurements are binned using a bin size of 1 M. Data shown are for both 20 and 22 Aug. Black
dashed lines give a least square fit: (@ =0.03 +0.1&({ =0.99) and (b} =i2.34+1.14f({ =0.98).
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Figure 3.4: Corrections as shown in Fig. 3.3, except for 30 AuBlack dashed lines give a least square fit: (g = 0.45 +

0.1% (@ =0.96)and (b =0.44+0.94 { =0.92).

Figure 3.3 (a) show® binned according to¥, with binning conpleted using a bin size of 1 ii.sThe
data shown in Fig. 3.3 includes all baakd forth passes completed on 20 and 22 Aug. The anemometer
was not removed from the vehicle between 20 and 22 Aug, therefore the results should be consistent across
bothdays. Figure 3.3 (a) demonstrates that flow distortion at the measurement location is significant in this

study, andv increases linearly with increasing(coefficient of determinatiorly = 0.99. The measured
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velocity field is corrected by applyingcaordinate rotation to give a zero mean vertical velocity (assuming

there is no flow distortion effect in ) as

6 6 AT-60 OEL (3.1a)

0 6 OEF 0 AT-O (3.1b)

Here—is set to the median ef-, where— = A O Al Y and subscripforepresents individual binned
values of 1 m'd size (i.e., from Fig. 3.3 (a))— does not show any dependencéior the vehicle speeds
investigated in this study (i.e., fov> 15 m &'; see Fig. D1 in the supplementary material). For the data
shown in Fig. 3.3 (a};= 7.5 (interquartile range of 0.32°).

Figure 3.3 (b) show® binned according tdY In Fig. 3.3 (b) atY> 17 m & the results suggest
that™Y is overestimated. The same analysis performed on 30 Aug did not show this overestiniation in
for higher"Y(Fig. 3.4 (b)), however the setup on 30 Aug used a sonic anemometer that is rated for higher
flow velocities, up to 60 m'5(Applied Technologis, model @AAO0). This suggests
in"Y on 20 and 22 Aug foiY> 17 m &' is likely an instrumeritrelated limitation rather than a direct effect
of flow distortion. Taking the difference between the least square fit and the expelagonship (i.e.,

Y "Ythe overestimation ia (i.e., after applying Eq. 3.1) is

6 i T A@h ¢t ™ TiX. (3.2)
The overestimatiorg i isthenremoved from to gived as
0 i 0 i o} i. (3.3)

No corrections are applied to since there is no clear relationship with any measured variablEi¥.,

see Fig. D? The corrections outlined in Eqg. 3.1 through Eq. 3.3 are applied to all vehicle measurements
from 20 and 22 Aug, for which> 0 m $*. After correction for flow distortion the 1 Hz vehicle speed is
linearly interpolated to 40 Hz and then removed fiono give the meteorological wind speed component

parallel to the direction of motion aBdlusicet al.2014
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6 o6 . (3.4)

3.2.5 Wavelet analysis and the quantification of sporadic passing traffic
The continuous wavelet transform of a discrete time ser@mtainingd data points, measured at a time

stepYois calculated as (Torrence and Compo, 1998)

O w B w T (3.5
The wavelet coefficients are calctdd as the convolution oswith a dilated () and translatect( wavelet
function] , where®is referred to as the wavelet scale and a localized time (position) index.[lf is

complex, then the complex conjugat {s used to calculaté®© & . Following Torrence and Compo,

(1998), the analyzing wavelet is normalized to have unit energy, so that
“r. (3.6)

Where in this work is the complex Morlet walet,

[ — « 8 Q I | (3.7)

The Morlet wavelet is chosen since it has been shown to be well suited for the analysis of atmospheric
turbulence (Strunin and Hiyama, 2004; Salmond 2@@halleret al.2017). The total energy (or walet
variance) of the entire time series is preserved in the wavelet transform and can be recovered by summing

the scaletlaveraged wavelet power over all scal@afd timesg),

» —B B —"0& , (3.8)

where3’Cx 0.25 determines the spacing between discrete sbalesd ¢ (0 = 230) andd T8 X @
is a wavelet specific reconstruction factor for the Morlet wavelet. The Morlet wavelet scale can be converted
to an equivalent Fourier scale (i.eeripd) asdo  p8t . Like the wavelet variance, given time series

andw , the wavelet covariance (or turbulent flux) can be calculated as
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e —B B —P O &0 &, (3.9)

where the real parb() of the wavelet crogspectrum defines the waveletiepectrum, and the imaginary
part gives the wavelet quadrature spectrum (Strunin and Hiyama, 2004; Rater8816). For a 1000 m
track consisting ob "WYO("YN u is the integer second lengthtbe track) measurements the wavelet

variance including time scales up to indéxcan be calculated as

— B B —0& . (3.10)

In Eq. 3.10index valuedS represents the maximum wavelet scale, which is set to riéshclosely as
possible’O @& is calculated from a time series with a temporal length 11 times that of , and the
times corresponding tp are at the center of the peridthe additional dathefore and after

(equivalent tcabout10 km) representslriving in the vicinity of the tripodandin most cases on the same
road.The instrumented catid not come to resduring this additional drivingexceptbriefly (< 5 s) at a

stop sign or to reverse directmhe inclusion of the extra time series before and after the actual track
ensursthat the wavelet transform coefficients used to calculate wavelet varemtesvarianceare not
impacted by edgeffects for scales up t@ (i.e., they do not lie outside of the cone of influence), while
still retaining good computational efficiency (Torrence and Compo, 1988; Sakizdlie2017) ,, can

be decomposed to give the wavelet variance for each second of the track (likewiseaieshup to index

@), as

) —B ,/ B -0 |, (3.11)

where’Q mipfB AY p, 0 prYoand

, -B , . (3.12)
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The wavelet variance calculated for each second allows the effects of sporadic passing traffic to be removed
by excluding times when traffic is likely affecting the measurements made on the car (as determined by
marual inspection of the video recordings), calculated as

” _B 1 ” b (3-13)
ThE@&@O A £&E.A
wheré Ri OE A oax”@% AB

Using the real part of the wavelet coefficients, the original time ser@s be reconstructed at
eacht. By limiting the scales (for example selecting sciles) to =0 ) a wavelet filtered time

series can be constructed at eacs

) 1 B —P O & (3.14)

wheref 1 “ 8 for the Morlet wavelet. Calculation of the wavelet transform is computationally
intensive when Eq. 3.5 is used. By applying the convolution theorem, the wavesdorirartan be
completed much faster in Fourier space and this approach is used here; the software developed to perform
the continuous wavelet transform has been converted to IGOR Pro from Matlab code available online by
Torrence and Compo (1998).

3.2.6 Coordinate rotation

To compare the measurements made on the tripod to those made on the car, the coordinate systems must
be consistent. The initial step is to rotate the individual measurements made on the vehicle into a
meteorological coordinate gesn (i.e.,06  positive toward the east add positive toward the north)
using the veThhiicsl erbost ahteiaodni nigss. necessary since the
measurement path, leading to a varying sonic anemometer cooryisi&t@ along a driven path. For driven

paths with large curvature, not performing the transformation to meteorological coordinates gives incorrect
mean values (and variances) that are used to determine the rotation angles needed for transformation into a
streamwise coordinate system. For the highways investigated in this study, the vehicle heading remains
rather consistent over their length; hence our analysis only applies to straight vehicle motion, and we do

not determine uncertainties due to measuresignbugh road curvature.
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After rotation into meteorological coordinates, each track (on the car and tripod) is then rotated into
a mean streamwise coordinate system following Wilczak et al. (2001), wlethe mean wind anal”
0 T The wavelet variazes and covariances are likewise rotated into mean streamwise coordinates

(unless otherwise indicated) using the same rotation angles applied to rotate tlweealignce results.

3.2.7 Sampling errors

a. Random measurement uncertainty

For thecalculation of turbulence statistics, the use of a finite record length gives rise to a random
measurement uncertainty since the record will not contain enough independent samples to accurately
represent the ensemble mean (Lensclkowl. 1994). Further nadom measurement uncertainty can be
introduced by noistationarity in the record and white noise in the measured signal (RarahiR016). In

this work, the magnitude of the random measurement uncertainty is estimated using two methodologies.
All uncertainty estimations are after correction for flow distortion and rotation into a streamwise coordinate

system. The first method developed by Mann and Lenschow (1994) can be defined as

| ¥As— — p &h (3.19)

with the integral time scaléd ) calculated as

O _ Y t A8 (3.16)

‘O is estimated by numerically integrating the autocorrelation function to the first zero crdsdity.

3.15,& e m near the surface, —— is the correlation coefficient betwean andr, and”Yis the

averaging period (in seconds) over which the covariance is calculated. For neutral s@bilign be
approximated agfi (Finkelstein and Sims, 20D1For a vehicle with a measurement heighéiof= 1.7

m, a mean wind speed 6f 2.5 m !, and a constant vehicle speed ef25 m §},"0  0.07 s. For the
stationary tripodi(= 0) at a slightly lower height @ =1.4 m,O =0.56 s fo the same wind speedfor

a covariance of scaldywith the vertical velocityo , the instantaneous flux is calculatedeas 0 1

O U A n ande isused to estimate the autocorrelation function needed for calculation of the integral
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time scale® ) from Eg. 3.1§Ranniket al.2016).The instantaneous flux is introduced since the ¢ross
correlation is an asymmetric function making it unsuitable for estimation &the
The second methodology outlined in Finkelstein and Sims (2001) givestmmation of the

variance of a covariance ( ,
1 Oodbae -B s g B T/ AT FAN h (3.17)

whered is the number of samples required to ensure the integral time scale (ITS) is sufficiently captured.

[ v N and’ j N are the unbiased autocovariance and ¢amssriance respectively, expressed as

[ m N —B 0 O 0 0 h (3.18)
and
7 N —B n N o 0 8 (3.19)

The value ofd is determined by calculating as a function of and choosing the value at which
reaches a constant or asymptotic valué asfurther increased-or the roadside tripod a valuedof 300
s is determined, while for the vehicle measureménts 30 s (see Fig. D4 and Fig. D5)

For wavelet analysis, Eqg. 3.14 is applied to generate a wavelet reconstructed time) sames (
0 ) for scales up ta3. Thus, the reconstructed time series will exclude low frequency contributions
attributed to wavelengths> 1000 m. The reconstructed time series are then rotated into mean streamwise
coordinates and subsequently used in Eq. 3.d&an3.19 to estimate for the wavelet covariance (and

likewise for wavelet variances).

b. Random measurement uncertainty due to instrument noise only
The sonic anemometer6s signal may be i mpacted
uncertinty. Lenschow et al. (2000) consider a stationary time series with its mean removead.¢.,

that is impacted by (uncorrelated) white ndis@, , where the autocovariance function is
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g T e Teele Tee Oa@e UVde Vx| féx 8 (3.20)

Sinceb 0 andj O are uncorrelated, 0) is present only at zero lag and&d T Equation 3.20 then
reduces td 5 T UVOaee , with[ ; ™ U f[e. Based on the inertial subrange theory by

Kolmogorov, the autocovariance functitmexpected to follow (Lenschoet al.2000; Wulfmeyeret al.
2010; Boniret al.2016),

'R T 0 6fh (3.21)

where constart is associated with turbulent eddy dissipation. To estimateEq. 3.21 is typically fit to

the first 5 lags of the autocovariance function, corresponding to time lags of 0.1 to 0.5 s for a 10 Hz signal
of a sonic anemometer (Ranrek al. 2016). For Dppler lidar measurements of the vertical velocity in
convective conditions, Bonin et al. (2016) fit Eq. 3.21 to the autocovariance function for time lags up

half the integral time scale (i.e.= 0.50 ). The fit is then extrapolated back to zeag to givg  ©

1, and the variance attributed to white noise in the measured signal is then estimated as (Lenschow et al.
2000; Maudeket al.2013)

i Y n R TR O (3.22)

Some authors report a poor fit to Eq. 3.21 mstead apply a linear fit extrapolation back to zero
lag to determine Eq. 3.22 (Lenschat al. 2000; Mauderet al. 2013; Langfordet al. 2015). For
measurements obtained on the tripod and instrumented car, a linear fit extrapolation in additior2tb Eq. 3.
are used to estimdte . For tripod measurements time lags up to 0.5 s are used to determine the fit, but for
the car travelling at vehicle speeds near 20'osly the first 3 points (up to 0.075 s) of the autocovariance
function are used. Eq. 3.2day lead to an extrapolated value at zero lag largerf thantt , which gives
6negatived and.Bonmetsal (2046 mofed ansendar finding in their investigation when
fitting the autocovariance function to Eq. 3.21 for the vertretdcity measured from Doppler lidar. They
hypothesize that the undefined occurs when the genuine white noise in the signal is minimal and the
smallest scales of turbulence remain unresolved. Therefore] whismegative and undefined we assume

that the true white noise is minimalandthatd 0. Thus, for] thd@amal ysi s he
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3.2.8 Comparison of mobile car measurements to tripod measurements
In this work, we follow the approach of Belugtal. (2014) and select a fixed ground path to investigate
means, variances and covariances on the car. Two different fixed 1000 m ground)pathsdnsidered
referred to as Track #1 and Track #2, and these tracks are compared to measuremditshaadpod
(see Sect. 3.2.3).

The averaging periodY on the tripod is set to 5 min for atmospheric means, but for atmospheric
variances and covariance&aries depending on the mean wind speed measured by the &jpat¢rding
t o Tay lemhygbthesié d¥0 Bj 6, whereb = 1000 m. For the two measurement days investigated
here,” Yon the tripod ranges between 6 and 8 min. For consistency, the averaging period used for calculation
of the tripod means, variances and covariances is cerderix time that the instrumented car passes the
tripod (for both Track #1 and Track #ZXefer to Table 3.1 for the number of measurement passes
corresponding to each dalyor the car, any measurement pass that follows closely behind a vehicle is

excludedrom the results

3.3 Results and discussion

3.3.1 Mean wind speed and mean wind direction

Figure 3.5 shows a scatter plot of (a) the 5 min mean wind direction on the tripod compared to the mean
wind direction measured on the mobile car and (b) thérbmean wind speed measured on the tripod
compared to the mean wind speed measured on the mobile car. The mean wind speed shown is after rotation
into streamwise coordinates. The grey lines in Fig. 3.5 denote a specific percentage of the tripod measured
value (i.e., 100% gives a ofnmi one relationship) and this convention is used in the figures that follow

The mean bias error; " % pf0 B ) 0 , and the root mean squared err@r- 3 %

pfb B 0 0 are given in Table 3. Here, the subscripfsandorefer to the car and the tripod.

The tripod is therefore used as a 6ground trutho

Table 32: Statistics calculated over all measurement passes (i.e., on both tracks ora®@ 22 Aug). Subscript[r fdenotes a
statistical variance or a covariance calculated using edigovariance. A subscriptsr denotes a variance or covariance
calculated using wavelet analysis.

o o o . E"HH. E "HH E"HH.
EARA. E'AR nENA N ENA _
Car Car Tripod
0 (m2s? 0.90 0.44 1.44 0.75 2.15 1.69 1.26
0 (MS?) 0.20 0.04 0.61 0.44 1.38 1.21 1.19
0 (M?s? i0.11 70.12 0.12 0.13 0.17 0.16 0.29
oa@rafm? s'?) 0.005 0.02 0.08 0.08 i0.13 70.11 i0.14
086K m sl i0.05 10.04 0.06 0.06 0.08 0.08 0.13
6 (médh 0.04 0.53 2.45 2.42
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Figure 3.5: A scatter plot showing the mean wind direction (a) and mean wind speed (b) measured by the tripod and
compared to the mobile car. Dashed grelines denote constant percentages of the independent variable.

The mean wind speed shown in Fig. 3.5 (b) shows relatively good agreement between the car and
tripod; thecar6 = 2.45 m §' while thetripod 6 = 2.42 m & (car2 - 3 24.53 m §"). When the analysis
is separated by tracks, the agreement is best for Track #13 20.43 m & and 0.71 m's for Track #1
and Track #2 respectively (see Table D1 and Table D@mi¢asured othe tripod is used as a normalizing
factor, the normalizetbofi mean squared error 6f(. 2 - 3 %18% and 30% for Track #1 and Track #2
respectively. The mean wind direction on the car agrees well with the tripod on both Track #1 and Track
#2 as shown in Fig. 3.5 (a), where most points fall within 20° of thet@irane line.

To investigate how the car performs for shorter averaging periodspventapping intervals of 10
S duration are examined on 20 and 22 Aug. There are 263 and 250 such intervals on 20 and 22 Aug
respectively and these represent times ttiatvehicle is driving in the vicinity of the tripod (i.e., within
about 10 km) and not necessarily on a 1000 m track. The results are shown inJ atécB. displays the
average meteorological wind componerits ( andb ), the mean wind diaion, and the mean wind
speed (after rotation into streamwise coordinates). Statistics are also shown in Jainlell&ling the
median, maximum and minimum values in each set and the interquartile range TlgR3tandard
deviation of the wind directiois calculated using the Yamartino algorithm (Turner, 1986). The results
show thathe wind direction is rather consistent on both days for a shorter averaging period of 10 s, where
the wind direction standard deviation is 38° on 20 Aug and 31° on 22V&hide the average of all 10 s
mean wind speeds on 20 and 22 Aug is consistent with the measurement passes shown in Fig. 3.5 (b), there
can be significant variation in each individual interval as demonstrated by the large IQR and

maximum/minimum values (IR = 1.30 m ¢ and 1.86 m'$ on 20 and 22 Aug respectively). This
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demonstrates that using short averaging periods on the mobile car allows measurement of localized flow
variations, where the magnitude of the flow may vary significantly but the dire@roaims relatively

constant in comparison.

Table 33: Statistics of the mean flow measured by the car on 20 and 22 Aug. The averaging period is 10 s; therefore, the
statistics are calculated from a set of noni overlapping intervals. Shown are the wind components in a meteorological
coordinate system ¢ g« On g« the mean wind direction calculated fromé, o and oy  .@s well as the mean wind speed
after rotation into a streamwise coordinate system. Note thdt includes a component due to the vertical velocity, and hence

it may exceed the hoizontal wind speed calculated as | O g « Oo g+« he standard deviation of the wind direction is

calculated using the Yamartino algorithm (Turner, 1986).

20 Aug ¢ =263) 22 Aug ( = 250)
Std ) ) Std ) )
Mean Max | Min | Median | IQR Mean Max Min Median IQR
Dev Dev
00 < T o L
; 0.30 0.82 [ [ 0.26 1.07 1.37 0.96 [ [ 1.29 1.35
(ms?)
Op g « - - . - - .
; 1.63 1.03 [ [ 1.56 1.41 11.73 1.26 [ [ 11.64 1.75
(ms?)
P(°) 190 38.2 [} [} 191 41.9 322 31.0 [} T 318 34.0
¢ (msh | 1.90 0.92 | 454 | 0.18 1.72 1.30 2.42 1.23 6.30 0.14 2.40 1.86

3.3.2 Velocity variances and covariances

Figure 3.6 shows the velocity variances measured on the instrumented car compared to the velocity
variances measured on the tripod. Figure 3.6 (a), (b) and (c) 8how and0 respectively.The

velocity variances measured on the car are calculated using the typical statistical approach, denoted as EC
(i.e., for time seriesywith U points,, pi0 B @ aof )orwavelet analysis (i.e., Eq. 3.10). Only
statistical velocity variances meged by the tripod (and covariances calculated usingiedaariance)

are presented herein. For measurements made on the tripod the effect of applying wavelet analysis to
calculate variances and covariances is minimal compared to the instrumented c&ig(sEs).
Furthermore, for some measurement passes the Morlet wavelet applied to the tripod suffers from edge
effects that cannot be avoided, since the tripod recordings were abruptly ended at the end of each
measurement day. For wavelet analysis, the maxi wavelet scale (inde¥) is chosen to correspond as
closely as possible to the temporal length of the measurement track to ensure that both calculation methods
retain the same spatial scales and are therefore comparable (see Sect 3.2.5). Foet#wicament tracks
investigated here, the temporal length ranges between 40 and 60 s, and all measurement tracks have a

maximum spatial scale of approximately 1000 m.
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Applying wavelet analysis to estimate the horizontal velocity variances leads to a significant
reduction in the magnitude compared to EC for some passes, specifically fopéissss reporting the
largest horizontal velocity variances as shown in Fig. 3.6 (a) and (b). This reduction results in an improved

agreement between the two measurement systems; fowavelet analysigives2 - 3 % 0.75 nt s'2
compared t@2 - 3 %= 1.44 n? s2 for EC. However, retaining larger scales in the wavelet variance
calculation (i.e., corresponding to spatial scales exceeding 1000 m) gives horizontal velocity variances that
are larger and morgimilar to EC. This suggestthat wavelet analysis can better resolve low frequency
variations occurring at spatial scales near and exceeding 1000 m, compared to EC. Low frequency
contributions on the car may arise from variation in the flow that results only from a changing upwind
environment, and therefore this effect would not be captured by a stationary monitoring station. As
discussed in Sect 3.2.5, wavelet analysis is applied to a time series with a temporal length 11 times longer
than the time series used to calculate the B@amces, giving wavelet analysis superior low frequency
resolution compared to eddyovariance.

Despite the improved agreement when wavelet analysis is applied to estimate the horizontal
velocity variances, there are still instances whtereand0 measured by the mobile car are larger than
what is measured by the roadside trip@dzen the pubt highway where the study was conducted, some
measurement passes inevitably have sporadic traffic that was travelling in the opposite direction as the
mobile car (as determined by visual inspection of the video). The passing traffic can significantlty impac
the velocity variances measured on the car due to véimdigced turbulence, especially in the case of
passing heaviyduty trucks (Gordomt al.2012; Milleret al.2019). For the measurement passes shown in
Fig. 3.6, there are two instances where a Yiedwty truck travelled in the lane opposite to the instrumented
car, as well as a few occasions where passenger vehicles (i.e., SUV, cars) travelled past the car.

Figure 3.7 displays thd s wavelet variance calculated using Eq. 3.11 for three different
measurement passes from Track #2 (on 22 Akig);3.7(a) had 2 simultaneous passing sport utility vehicle
(SUV), and Fig. 3.7 (c) had a passing héaty truck followed in quick succession by an SWVavelet
analysis is performed on the measured velegith a meteorological coordinate system (@e., b ),
with &3 extending up the temporal length of the measurement pass (i.e., théysaseel for the wavelet
variances presented in Fig. 3.6). Each measurement pass shown in Fig. 3.7 was performed in the same
direction and in the highway lane closest to the tripod (i.e., on the downwind side of the highway). Traffic

is denoted by a circledrea in the respective figure panel. With these instances of traffic included, the

velocity variances are 1.682ns'?, 1.38 nt s? and 0.21 rhs?for6 ,0 and0 respectively.

Removing the 1 s wavelet variances corresponding temyavédh these passing vehicles (9 seconds in

total), givesa@ ,0 and0 of 1.47 nts? 1.29 nis?and 0.17 rAs? respectively, representing
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about a 10% reduction in the turbulent kinetic energy during this measurement passmbhistigees that

even limited traffic travelling in the highway lane adjacent to the car (and in the opposite direction) can
substantially increase the magnitude of the velocity variances measured by the car on a 1000 m track,
especially heaviyduty trucks.In Fig. 3.7 (a), two SUVs passed by the mobile car in quick succession, but

the passage of these vehicles is not discernable as a localized increase of the 1 s wavelet variances. This
suggests that the vehicle wakes did not advect past the instrumerdedmgthis measurement pass, and

thus no removal is warranted.
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Figure 3.7: Cari measuredvelocity variances on 3 different 1000 m tracks calculated every second using wavelet analysis.
The data shown are from 22 Aug. The black circled areas denote the passage traffic in the lane adjacent to the instrumented
car (i.e., traveling in the opposie direction), as determined from visual inspection of the dashcam video. The text located to
the right of the circle gives the traffic composition. The data shown are measurements from the lane closet to the tripod.
The velocity variances shown are in a nteorological coordinate system.

For the measurement pass shown in Fig. 3.7 (b) there is a noticeable increase in the 1 s horizontal

velocity variances about 450 m into the measurement track. A similar trend is also seen in Fig. 3.7 (c).

54



Before 450 m therare many large trees and houses upwind of the highway, but after 450 m the upwind
environment becomes open farmland (i.e., limited obstructions to the mean flow). The presence of many
trees and houses in close proximity acts as a windbreak, forcingthecflaccelerate and rise over the
surface obstructions. The flow is reduced downwind of the surface obstruction (Taylor and Salmon, 1993;
Mochidaetal2 008) , and close to the surface just after
z o nwhere the horizontal velocity variances are reduced in comparison with the undisturbed upwind flow
(Lee and Lee, 2012; Lyet al.2020). Therefore, the reduced horizontal velocity variances for the first few
hundred meters of the track may be relateddaythiet zone generated by the many trees and houses upwind
of the road. After about 450 m the upwind environment becomes relatively open and the flow measured on
the car increases, and this increase continues over the remainder of the track. The chadgpgeas
along the track introduces a trend in the horizontal velocity record measured on the car.

Figure 3.6 (c) displayd8 measured on the mobile car compared to measured on the tripod.
The instrumented car is biased low by 30 to 50% (" % ™ an?s'?) and applying wavelet
analysis to estimaté does not improve the agreement between the two measurement systems. The
removal of vehicléinduced turbulence from the car measurements (and not the tripod) further decreases
0 ,inturnincreasing the bias between the car and tripod.

Figure 3.8 (a) diplays the vertical momentum flura geand Fig. 3.8 (b) shows the sonic heat
flux (0 &4 Figure 3.8 follows the same conventions as Fig. [3l& 0 , the sonic heat fluxi(e2ée
measured by the mobile car in this study also has a low biastoy5896 compared to the tripod ( %
=10.05 K m §!). There is no improvement in the statistical measures if wavelet analysis is used to estimate
0 e

The discrepancy between the car and the tripod forand0 &éenay be related to a mismatch in
the flux footprint or possibly related to the rapid flow distortion experienced at the location of the sonic
anemometer on the vehicle. The road produces a distinct upward heat flux and an inérease sunny
days because it has a significantly lowHredo than the surrounding grasses and farmland. On 22 Aug we
parked on the upwind side of the highway for approximately 30 min, but the car was also parked on the

downwind side of the highway during assembly and disassembly of the tripod. For thremdee@ min
periods, the average andu &éen the upwind side of the highway are measured at 0?85 and 0.085

K m st respectively. Downwind of the highway andu &éare found to be larger, near 0.33s% and

0.109 K m & on averagef(om 6 independent samples), which are niike the measurements made on

the tripod. These findings far are similar to Gordon et al. (2012) who measused = 0.27 n? s'?

downwind of a fouirlane highway on a sunny day.
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To investigate the flux footprint of the tripod versus the instrumented car, the footprint model of
Kljun et al. (2015) is applied with = 2.5 m &', a boundary layer height &= 1500 m, a friction velocity
of 6. =0.35 m &, an Obukhov length aj
perpendicular to the highway. These noetdogical values represent estimations based on measurements
1.7 m but for the tripod:

130 m,0 =1.5nts?and awind direction that is assumed

made on 22 Aug. For the car 1.4 m. Howeverflow distortion on the

mobile car results in the measurements being representative of a lower height thaghthat ndiich the
instrumentation is installed. Achberger and Barring (1999) explored the displacement due to flow distortion
on a mini bus and estimated that the displacement at 2 m height was typically on the order of 0.2 m.
Therefore, measurements ob&dratd = 1.7 m on the mobile car in this study are probably representative

of a slightly lower height between 1.5 and 1.6 m. For the upper height limit ef1.7 m, the footprint

model predicts that the maximum location of influence to the flakdsit 4.2 m upwind of the measurement
location. Ford = 1.5 m it is about 3.7 m upwind. Since the tripod is positioned in the shoulder of the
highway, 3.7 m upwind of the tripod is near the center of the highway. Assuming the instrumented car is in
thelane closest to the tripod (or about 1.75 m from the edge of the highway), the maximum location of
influence to the flux is near 6 m, or near the edge of the highway furthest from the tripod. Therefore, when
the car is in the lane closest to the tripod,ritteasurements have a flux footprint that includes less influence
from the highway. The footprint model predicts that the influence from the road is minimized when the car
is driving in the lane furthest from the tripod, but for measurements made dusrgjuttly there is not a

significant statistical difference in and0 &éfor the close versus far highway lane. The footprint model
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applied here is strongly impacted by the mean wind speiec lowero gives a location of maximum
influence to thelfix that is closer to the measurement system.

Another factor that may influence the velocity measurements made by the sonic anensometer
rapid distortion of the flow caused by the moving vehicle. Wyngard (1988) shows that the variance of scalar
guantities (such as the sonic temperature or a gas concentration) remains unchanged during rapid flow
distortion. The velocity variances, however, may be altered during stretching and compression of the flow
as it is forced to rise over the front end of the vehiclenalogy to isotropic turbulence and flow over a
symmetric hill (Britteret al. 1981; Gong and Ibbetson 1989). If it is assumed that the low bias in the
measuread on the car is caused by rapid flow distortion alone (i.e., no effect from the higisphslt),
then rapid distortion theory would predict a proportional increase in the velocity variance measured parallel
to the vehicle motion. However, in the case of the measuremeunts afiade during this study, there is
likely a contribution from raid distortion of the flow in addition to a contribution from the flux footprint
mismatch between the car and tripod, but it is not possible to separate the effects in this work.

The vertical momentum fluxesa2 aeneasured by the car and tripod are displayed in Fig. 3.8 (a).
For EC there is no significant bias foa aeneasurean the car compared @ aeneasured othe tripod
The tripod measurements o6& sgenerally fall within the 95% confidence intenadl 6a2 ameasured on
the car (see Sect. 3.81). Thereare instances wheta2 aeneasured by the two systems differ significantly
however, and this suggests a better estimaiaadaizan probably be obtained by averaging multiple passes.
The horizonttmomentum flux,6 gemeasured on the tripod does not agree with measurements made on
the mobile car (not shown), and when sampling errors are cons@eredeasured on the car is not found

to be significantly different than zero within the 66 % fidence interval.

3.3.3 Velocity spectra

Figure 3.9 displays the binned power spectral density (multiplied by frequency) of the velocity components

for measurement Pass 5 (Fig. 3.9 (a)), Pass 7 (Fig. 3.9 (b)), and Pass 8 (Fig. 3.9 (c)) from Trace#1. The
three measurement passes have been chosen since they demonstrate unique features in the car spectra, which
are representative of the spectra from the remaining measurement passes not shown (see Fig. D6). The
frequencies are normalized to give a waveleras_ 07" Qwhere™Qis the frequency (Hz) andl is the

mean ambient wind on the tripod or the car relative flow on the mobile car. Each panel displays the spectra

of 0 (top), L (middle) andd (bottom).In general, the shape of the spectra measured on the mobile car agree

well with the spectra measd by the tripod, however there are some notable differences: (1) Unlike the
tripod, the power spectra 6fand0 measured on the car during Pass 7 and 8 increase at high frequencies

(_ v m). This increase may be related to white noise in the meadgred er perhaps aliasing and is
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present in about 75% of the measured spectra from Track #1. Langford et al. (2015) show that the power
spectra of the sonic temperature increase linearly with a +1 at high frequencies (in the inertial subrange) in
the presace of white noise, resembling the findings in this study fandb. One potential source of white

noise in the measured horizontal velocity components may be road unevenness (SchiehledelR6R5).

et al. (2014) found distinct peaks in their carasigedy spectra near a frequency of 7 Hz which they
attribute to frame vibrations, and by comparing the sonic measurementsittNSP$otion they concluded

that road unevenness did not impact the high frequency portion of the velocity S@@df@o in Pass 7

and 8 as_increases past 100 m, the power spectral density increases on the car while on the tripod the
power spectral density decreases. (3) In Pass 7 andaPpears to be undexampled since the car spectra

do not extend through the emtiinertial subrange. Therefore, sampling at high vehicle speeds (>'1p m s
would probably benefit from a sampling rate greater than 40 Hz. Additionally, in Pass 5 and 8 there is a
general underestimation of the power spectral densityaf the car capared to the tripod faor between

about 5 to 80 m, and this underestimation is a common feature in the measured car spectra.
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Figure 3.9: Binned power spectral density (multiplied by frequency) of the velocity componenés(top), o (middle), and«:
(bottom) measured by the roadside tripod (triangles) and the mobile car (circles). The frequencies are normalized to give a
wavelength f) asOZr.wherelis the frequency (Hz) and¢ is the mean ambient wind speed (or car relative flow fothe
mobile car).

3.3.4 Measurement uncertainties

a. Flow distortion correction angleP

Despite the rather strong relationship between the measured vertical velogitgn@l the measured
longitudinal velocity TY) discussed in Sect. 3.2.4, therstil an uncertainty in the rotation angle-used

to correct for the effect of flow distortion on the vertical velocity. The mediana#lculated using all
binned values is 7.54°, with the lower and upper quartil€& 428 79" being 7.38 and 7.70&spectively
(IQR =0.32°). If instead—= Q25 = 7.38° is used for the flow distortion correction, the mean vertical velocity
measured on the car during all measurement passes increases) gi@e m & (using—= Q50 = 7.54°
gives0 = 0.00 m &Y. In addition, there is an increase in the magnitudé of U &2éando6ad gegiving a
marginally better statistical agreement between the car and tripad fqrd &2éas shown in Table 3.
These results demonstrate that redueidg give0 > 0 m ¢! is not sufficient to improve the agreement
among all turbulence statistics and will not remove the bias noted in Sect. 3(8.2 &md0 &éeSimilarly,

increasing—from 7.54 ° does not remove the bias or improve the agreement between the car and tripod.

Table 34: Statistics calculated over all measurement passes (i.e., Track #1 and Track #2), but witks 7.38°.

EARD, EAR NEnA| NENA| EHH _ | E"HH E"HH, -

Car Car Tripod
6 (m?s?) 0.89 0.44 1.43 0.75 2.14 1.68 1.26
0 (m2s?) 0.20 0.04 0.61 0.44 1.38 1.21 1.19
0 (m2s?) 10.10 i0.11 0.11 0.12 0.18 0.17 0.29
oarm? §'9) 10.04 10.02 0.10 0.08 10.18 10.15 i0.14
0 &6¢K m §7) 10.04 i0.03 0.05 0.05 0.09 0.09 0.13
6 (ms? 0.04 i 0.53 i 2.44 i 2.42

b. Sampling errors

A significant concern when obtaining atmospheric measurements from an instrumented mobile car is the
impact ofsampling errors. Sampling errors on the mobile car may result from (i) the use of a record length
that is too short to be representative of an ensemble mean, (iBtatbanarity of the flow introduced by
microscale variations or inhomogeneities in thieaie and surrounding structures (i.e., trees, buildings), or

(iii) white noise and persistent structured signals introduced by vehicle resonance and vibrations.
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In this work three methods to quantity the random measurement uncertainty are investigated: (
the method of Finkelstein and Sims (2001) referred to as F&S (i.e., Eq. 3.17), (2) the method of Mann and
Lenschow (1994) referred to as M&L (i.e., Eqg. 3.15) and (3) the method of Lenschow et al. (2000) (Eqg.
3.22). F&S and M&L give an estimate of theeoall random measurement uncertainty, while Lenschow et
al. (2000) gives an estimate of random measurement uncertainty attributed only to white noise in the
measured signal. The method of Lenschow et al. (2000) does not include contributions from persisten
structured signals that may occur at a specific frequency (i.e., from vehicle resonance or some other cause
of vibrations such as speed bumps).

Figure 3.10 displays the random measurement uncertainty of the horizontal velocity vadances (
and0 ) measured on the car plotted as a function of the magnitude of the variance. Likewise, Fig. 3.11
shows the random measurement uncertainty of the vertical velocity vanangea(d Fig. 3.12 displays
the random measurement uncertainty of the measuredamoses ¢ U aand0 &4 The random uncertainty
estimates calculated from M&L and F&S agree well on the mobile car platform for velocity variances when
& =30 s. However, foft = 30 s F&S tends to give a slightly greater magnitude of random measiireme
uncertainty than M&L for covariances (i.e., Fig. 3.12). This is similar to the findings of Finkelstein and
Sims (2002), who note that method of F&S contains a contribution from both the autocovariance and cross

covariance function leading to a larger magnitude and more conservative estimate of the sampling error

compared to M&L. Ranni k et al. (2016) note that
uncertainty.
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Figure 3.10: Random measurement uncertainty of the horizontal velocity variance measured on the car, plotted as a

function of (a) the longitudinal velocity variance¢ and (b) the lateral velocity variance,o . Dashed grey lines denote
constant percentages of the independent variable.
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Figure 3.12: Measurement uncertainty of (a) the vertical turbulent momentum flux> & aand (b) the vertical turbulent sonic
heat flux « r#egneasured on the car and plotted as a function of the flux magnitudé®ashed grey lines denote constant
percentages of the independent variable.

The random measurement uncertainty calculated from F&S and M&L scales approximately

linearly with increasing @mgnitude of the velocity variance or covariance, as shown in Fig. 3.10 to Fig.
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3.12. For Track #2 there are several instances wheie large (i.e., 205 n?s?) and  is on the order

of 6 .1 and give 1 standarddeviation of the random measurement uncertainty of a measured
variance or covariancand represents theB®o confidence interva{Rannik et al. 2016) 1.96 and

1.96 givesthe 95 % confidence intervalhus,06 measured on Track #2 is not siggantly different

than 0 in the 95 % confidence interval for some measurement passes. A trend in the velocity record results
in an autocorrelation function that does not fall to zero as expected and instead remains elevated at large
time lags. This suggés that  in this study includes a contribution from rigtationarity in the record,

which is consistent with the conclusions of Rannik et al. (2016) for measurements made on stationary
towers, who found that continues to increase ésis inaeased to 300 s.

Reconstructing the time series using wavelet analysis produces a filtered time series, where the
resolved low frequency contributions are excluded. Applying F&S to the reconstructed time series gives an
estimate of  for the wavelewvariances and covariances (shown in Figs. 3.10 to 3.12 as diamonds). For
0 , wavelet estimates pf follow a similar trend to the uncertainty estimates found using the unfiltered
time series, that is, as the magnitude of the wavelet variancedasre dods . However, for times
when wavelet analysis predicts a smatler,] is also found to be proportionally reduced

Figures 3.10 and 3.11 show the random measurement uncertainty due to white noise in the
measured signal () estimated according to Lenschow et al. (2000). For the measurement tracks
investigated here the use of a linear fit to estilmatgives a much larger uncertainty than Eq. 3.21. In the
case of the vertical velocity, estimated using a linear fit ®apolation is 3 to 4 times larger than the total
random measurement uncertainty accordirig to] is expected to represent a contribution to the total
random measurement uncertainty and thergfore]  (Ranniket al.2016). This suggests thihe linear
fit significantly underestimates the true variance and overestimates the amount of white nmisé &or
power law fit (Eg. 3.21) is used instead of a lineat fitjs reduced and for several measurements passes
1 1 . The difficuky estimating for 0 on the car is not unexpected, sidichas an integral time scale
(ITS) of 0.05 to 0.1 s for vehicle speeds near 20'rarsl this is only 2 to 4 times the sampling interval of
the sonic anemometer. This limits the amount of atacance function time lags that lie within the inertial
subrange, giving a poor fit. Lenschow et al. (2000) note that for a successful power law fit to the
autocovariance function, the I TS must bnsetruiente ver al
For0 measured on the tripod, the use of Eq. 3.21 gives undé&finechile a linear fit gives 1 as
shown in Fig. 3.11 (b).

Compared ta) , the measured horizontal velocity components on thedcar) have a larger ITS
(on the ader of 1 s) and a larger sightdi noise ratio (SNR). Rannik et al. (2016) argue that the method

proposed by Lenschow et al. (2000) is best suited for dlps#il sensors as opposed to apeth sensors
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and highi precision instrumentation such as sonicraometers. They found that the method of Lenschow
et al. (2000) gives a relatively unbiased estimate of the white noise when the SNR is small and applied the
method to estimate only for0 (not foro or ). Foré andu in this study] typically represents a small
contribution to the total random measurement uncertainty, except for weaker signals (i.e., lower measured
horizontal variances). The presence of white noise in the measareth signals is also supped by the
spectra shown in Fig. 3.9 (b), where a near +1 slope appears at high frequencies within the inertial subrange.
This is not the case fdr, where the spectra do not show a +1 slope at high frequencies and regremtra
have no evidence of whithoise impacting the measured signal. This may suggest thegrestimates the
magnitude of white noise presentin and sq is likely not a reliable estimate of white noisethe
vertical velocity for car measurements made at high vehiclelspesr 20 m's

In addition to Track #1 and Track #2, the car was driven on a gravel road at relatively high vehicle
speedsi(between 20 and 23 mtifor a short (< 5 min) period. The effect of the gravel road is investigated
by splitting the short griod into noiioverlapping intervals of 49 s (yielding 5 unique samples), and
performing the same analysis as outlined in Sect. 3.2. The car measurements on the gravel road are similar
to car measurements obtained on the paved road, for a comparébéemagnitude of the variances and
covariances on the gravel road a differentfrom measurmentson the paved road within the 95 %
confidence interval, and the uncertainty estimates,{ and} ) are the same order of magnitude. The
measured velocity variances and uncertainty analysis for the gravel road are displayed in the supplemental
material (Fig. D7). These measurements suggest that the road surface types investigated in this study have

a limited influence on the measured tudnde statistics.

c. Tripod velocity record contamination from passing traffic

Since the study was designed to investigate measurements iiildesdized conditions, the highway
locations have public access and therefore other vehicle traffic was present during the measurements. The
traffic consisted largely of passenger vehicles l{sas cars, pickup trucks, sport utility vehicles and
minivans), but the traffic on 22 Aug was more significant and was comprised of occasional large trucks
(dump trucks and tractitrailers). For measurement passes on 22 Aug (with video recordings avaitabl

the tripod), the dashcam recorded between 26 and 40 total passing vehicles, of which 0 to 4 were large
trucks. The car takes about 45 s to complete a track, but on the tripod the equivalent averaging period is
between 6 to 8 min. For some measurenpasgses, the mobile car does not experience any traffic
contamination, but this is not the case for the tripod. Therefore, the tripod will measure a different
composition and amount of passing traffic than the car, potentially leading to differences in the

measurements made by the two systems.
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Large trucks produce a significant amount of velfiidduced turbulence, but passenger cars and
sport utility vehicles produce much less in comparison (Méted.2019; Gordoret al.2012). Furthermore,
the wake ha limited lateral spread relative to the vehicle travel direction @ial.2018), except perhaps
for times with significant advection, so the most noticeable effect on the tripod will be from traffic in the
adjacent highway lane (i.e., closet to thpdd). For measurements on the car, passing traffic (particularly
large trucks) is found to enhance the measured velocity variances (i.e., Fig. 3.7 (c)). Like the car, the main
effect of passing traffic on the tripod measurements would also be an enhatrwfaimekelocity variances.
Thus, for times when there is no traffic contamination on the car, the differences shown in Fig. 3.6 between
the car and tripddneasured velocity variances may be underestimated, since the tripod velocity variances
are enhancedue to passing traffic, but the car measurements are not. Therefore, the presence of traffic
measured by the tripod and not the car introduces an additimgartainty into the measurement
comparisons shown in Sect. 3\&hicle wake measured by the reatk tripod are investigated in more

detail in Chapter 5.

3.4 Conclusions

The results presented in Sect. 3.3 demonstrate that the instrumented car design used in this study
can successfully measure the mean atmospheric boundary layer close to the, fwfathe car
measurements may vary significantly based on the surrounding features such as trees, buildings, and other
traffic. Therefore, the interpretation of the idaased measurements depends largely on the specific
application, since the car may nseee turbulence that is localized and not represented in igiroghs
measurements made at a stationary tower. I n the

upwind surface obstructions and no other traffic during their measuremengsteDlae more idealized

environment, their measurements revealed times when the horizontal velocity var@ancasd(L )
measurean the car were significantly larger than a nearby stationary tower, and they suggest that intense,

temporally limited flow structures are to blame. These events dominate the measurements made on the car,

but not on the tripod since the averaging periotbimger. In this investigatiorpy and0 on the car

calculated using EC are also found to be much larger than measured on tripod for some measurement passes
(i.e., a factor between 2 and 5 for with2 - 3 % /- A AT =.2-3% 114%) . When t
measurement uncertainty in Sect 3.3 is considered, theselargee not significantly different than 0 in

the 95% confidence interval, sirice & 6 . Applying wavelet analysis to calculate and0 gives
significantly reluced magnitudes for some measurement passes, particularly those measurement passes

with the largest estimated EC variances. This results in an improved agreement between the mobile car and

tripod for6 andd (foré6 2- 3% /- AAT =.2-3% 60%). The improved
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using wavelet analysis suggests that wavelet analysis resolves length scales near and exceeding the length
of the measurement track (i.e., 1000 m); in this study the change in surface features on Track #2 (fro
windbreak to an open field) may yield an artificial low frequency contribution in the velocity record. Thus,
when measuring from an instrumented car it is important to be aware of changes in terrain and land usage,
which can strongly impact the néground measurements.

Evidence from this investigatioshows that passing traffic (especially large trucks) can also lead
to an increase in the velocity variances measured on the car. However, if the passing traffic is sporadic, the
resulting increase in thmeasured velocity variances from vehid@heluced turbulence can be identified
and removed using wavelet analysis. For a measurement pass in this study that experienced a passing
heavy duty truck and sport utility vehicle, removing the times when the ¢rpffsses the mobile car (9 out
of 46 s) decreases the turbulent kinetic energy by about 10%. This highlights the importance of video
recordings in conjunction with sonic anemometer measurements on a car, so that times with possible traffic
contamination aabe identified in applications where its measurement is not intended.

The sampling uncertainties in Sect. 3.3 suggest that it is possible to measure a statistically significant
vertical momentum flux on the mobile car at vehicle speeds near 2b en(s measured on the car is
typically found tobe not different from tle tripod within the 95% confidence interval, but for some passes
0 0 measured on the car is small (< 0.06 $1f) and not significantly different than 0 in the 95%

confiendence inteml. Therefore, for measurements obtained on the mobile car a better esticmateah

probably be obtained by averaging multiple passe

measurement uncertaingstimates ob 0 by F&S and M&L (which give 1 standard deviation of the
uncertainty) have magnitudes that are typically 10 to 40% of the measureBuithermore, there is no
significant bias ind 0 measured on the car when the entire set of measurement passes is considered
"% ¥ AAI =. - " %aid%and " % T- AAIT =. - " %Ai14%).

The vertical velocity§  and vertical sonic heat flux)@demeasured in this study are found to be
biased low compared tmeasurements made on the tripod (" %a 1 38% for both) and( &ée The
low bias on the car is probably due to the combination of two factors: (1) the footprint measured by the car
contains less of the Idwalbedo highway than the tripod and (2) rapid flow distortion at the measurement
location on the car. Interestingly eife is evidence of a similar low biastin (but not0 &émeasured by
the car inBelusic et al. (2014)where only 4 out of the 19 completed passes measured a greater the
car than the stationary tower (i.e., their Fig. 4). This demonstratesitid tunnel testing or computational
flow modelling of each specific instrumented car design may be useful to quantify the effects of rapid flow
distortion on the measured velocity variances and covariances. Applying the method of Lenschow et al.

(2000)to estimate the magnitude of white noise in the measured vertical velocity signal at vehicle speeds
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near 20 m's likely underestimates the true signal variance and overestimates the amount of white noise
and therefore is not recommended.

The mean windeed and mean wind direction were found to be consistent with measurements made
on the tripod. Foé measured on Track #1 and Track #2,.the " &2% and. 2 - 3a%2% respectively.

Even a short averaging period of 10 s for car measurements made at@sgdec near 20 ' provides

a reliable estimate of mean wind direction on the car; for about 250 unique intervals on 20 and 22 Aug the
interquartile range of the wind direction is 42 and 34° respectively. Despite the rather consistent wind
direction, tle mean wind speed in any individual 10 s averaging period may vary considerably; the
interquartile range fod is 1.3 and 1.9 m'son 20 and 22 Aug respectively. The large variation in the 10 s
mean wind speed likely represents more localized flow tkiatsein a specific location. Therefore, the
instrumented car may prove invaluable for studies that require precise measurement of localized flow,
providing simultaneous measurement of wind speed and direction over a large domain. This study shows
that eve when the sonic anemometer is placed particularly close to the vehicle (comparBdlusib et

al. (2014), for example)t is still possible to correct for flow distortion effects and obtain measurements of
the mean wind and turbulence that aog differentwithin the 95% confidence intervetbm measurments

madeby a nearby stationary tripod.

The results presented in this investigation demonstrate thdias®md measurements of turbulence
require care when selecting the appropriate spatial and temporal averaging, and when selecting the
measurement location, to ensure that the measurements obtained are representative of the specific
application. This is demairated in our measurements, where the highway surface/flux footprint, upwind
obstructions and passing traffic are all found to have a significant effect on the measured values but are not

necessarily errors since they do represent real features thatrematg atmospheric turbulence.
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Abstract

Vehicles emit pollutants that negatively impact human health. While many studies have used instrumended car
measure vehicle emission$ &itu on highways, there has not been dsitn investigation using an instrumented car

that has aimed to quantify turbulent fluxes or concentration variaDoeisig 2016 and 2019 an instrumented mobile

car was used teample particulate emissions and turbulence generatbéawyj duty dieselvehicles(HDDVS) on
highwayswhile travellingat high vehicle speedwar100 km K. The instrumentatiomascoi locatedand included

an aerosol spectrometer, &€B,0 gas analyzer and sonic anemometflowing quantification ofvertical turbulent

fluxes ofaerosolgqtotal numberland CQ while chasing BDDVs. This study presents the firigii situ measurements

of the vertical turbulent flux of aerosols and £ibtainedoehind HIDVs on highwaysThe direction of the vertical

flux at a height of 1.7 nis found to be consistent witiie exhaust location on the measuteehvy duty vehicle

(HDV): negative for HDVs with an exhaust | ocated on the
exhaust locado n t he v ®rmh (neat 056m3, sidnifying a plume expanding downward and upward through

the measurement location, respectivdllie most significant downward fluxes of aeroswméhind HDVs with a top
exhaustoccur only duringimes with a large negative vertical momamt flux, suggesting a relationship between

vertical momentum transport in the wake and the vertical diffusion of aerddusanission of CQ from a
commercial baisfound to be distinctly related to vehicle acceleration, with the measurgoh&s3 density increasing

nearly exponentially with increasing vehicle acceleratfeurthermore, we present evidence of a shift in the mode
diameter of accumulation mode partgElmeasured behind a commercial bus during periods of vehicle acceleration
Specifically,the median size distribution measured dutimgrelease of visible plume has a mode diameter that is

about 20 nm larger than the median size distribution calculiatedthe entire record behind the commercial G

results show that the mode diameter of accumulation mode particles has decreased by about 10 nm between 2016 and

2019, which we suggest may be related to an increasing percentage of biodiesel mide$@htfuel in Ontario.
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4.1 Introduction

Vehicular traffic is known to emit aerosols that can negatively impact human health, causing cardiovascular
and pulmonary disease and cancers (Popet Hl.2002) because of toxic organic and inorganic chemical
components such as black carbon (B@lycyclic aromatic hydrocarbonand carbonyl compounds,
present in both the gas and particulate phase (Pezt@i€2014; Casaét al.2014; Dallmanret al.2012;

Pang and Mu, 2007). BC is a significant component of vehicular emissions in North Amerita.€ttiglg

(2012) measured BC in the Toronto, Canada region usingiaoashmobile laboratory, demonstrating that

BC emission from heavyluty diesel vehicles (HDDV) is significant (mean Binission factorof
approximately 600 mg kge'') and BCemission &ctos from gasoline vehicles, as of 2012, were
underestimated by a factor of nine in Canada (meaemBiSsion factoof approximately 115 mg kge.'

D. A reduction in particulate emissions from motor vehicles over time has been demonstrated by
measuremestin Toronto Canada, however particulate emissions from motor vehicles semsanificant

health concern. Sabaliauskas et al. (2012) show that total number concentration of particles with diameters
< 50 nm decreased by 23 % (in the winter months) bet2686 and 2011; for particles with diameters
between 50 and 100 nm and 100 and 300 nm, the decrease was 17 and 24 % respectively. They partially
attribute the decrease with time to improved,N@ission control technologies used on gasoline vehicle
engines.

The fate of pollutants released from an isol a
interactions of the ambient boundary layer with the vehideerated flow perturbations. It is well known
that the geometry of ignifibaat impacton thd walie structueeg Ahmesl,Nl881)h a s a
Kanda et al. (2006) used a wind tunnel to investigate a model passenger car (scale 1/20 of an actual vehicle)
for low vehicle speeds near 5.6 M (@0 km R1) and an exhaust located under the vehithey measured
large0 over the trunk and immediately downwind of the vehicle, which has the effect of enhancing
vertical diffusion of the plume directly behind the car. After the initial vertical diffusion, the plume is mainly
diffused laterally and downwind. Thompson and kkie (1987) demonstrate that a moving passenger car
may have a counterrotating longitudinal vortex pair, each vortex forming along each side wall of the vehicle,
which forces the flow above the vehicle to descend into the central portion of the vehieleflustking
out pollutants. The flow behind squaback vehicles (i.e., tractarailers, commercial buses) is similarly
complex, owing to the presence of shear layers that emerge along the walls of the vehicle and from the
vehicl eds unde ish201d;yXie tlab 20200 @he Kearnvike is thus characterized by a
recirculation region, where pollutants become trapped and concentrations may be significantly enhanced
(Changet al. 2009; Wang and Wang, 2021). The pollutants may be removed periodicatlythe
recirculation region through ldfrequency wake oscillations or settle downwind of the vehicle in the far
wake at distances up to 150 m (Baker, 2001;eXial.2020).
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When more than one vehicle is present, wake interactions become importaautticdiar interest
is the so called fAvehicle platoon, 0 where a serie
He et al (2019) performed a numerical simulation of a platoon of eight 1/20 scale modeil thegmyucks
with trailers (boxshaped trailer with a fulscale height of 3.5 m). They present the flow and vorticity in
thew wplane, demonstrating that the lateral spread of the wake is least for the first vehicle in the platoon
and greatest for the last vehicle. Similarly, vatyipresented in the & plane shows that the wake height
is greater behind the final vehicle than the initial vehicle in the platoon. A similar increase in the vertical
spread of the wake for each successive vehicle in the platoon is demonstratedHhig Bimd Dominy
(2020) who performed a numerical simulation of the flow field generated by a group of three passenger
cars. The increased vertical and lateral spread of the wake imply greater mixing lengths and hence greater
pollutant diffusion in these dictions (Makaet al.2021).

According to theory developed by Eskridge and Thompson (1967), the wake should be dependent
on vehicle speed, both in terms of its strength and heighat is, for greater vehicle speeds the wake
turbulence increases and thake spreads to greater vertical heights with downwind distance behind the
vehicle. Groneskei (1988) used roadside measurements (1, 10, 30 and 70 m from the edge of the road) in
conjunction with two cars emitting a tracer gas (eithey @FCBrF) to investigate the effect of vehicle
speeds (11 or 22 m!} on the dispersion of exhaust gases. They found that increasing the vehicle speed
resulted in greater vertical diffusion of the exhaust gas, noting a linear relationship between the vertical
diffusion paameter ( ) and the theoretical wake length scaie) (close to the road. Furthermore, they
found that aGaussian distributiowith a maximum concentration at ground leiged good fit to the vertical
profile of the exhaust gas; Xie et al. (2020) similarly found the Gaussian distribution is a good fit to pollutant
dispersion in the far wake of a headwty truck (with a trailer) using large eddy simulatigskridge et al.

(1991) predict that the effect of increased vehicle speed on vertical diffusion in the vehicle wake is most
significant during stable atmospheric conditions. Vehicle speed also has a substantial impact on emitted
aerosols, since it modifies the dilutioatio, which influences the physical processes governing aerosol
growth and formation.

Another factor that has a significant impact on the dispersion and mixing of an exhaust plume is
the location of the exhaust on the vehicle. Chang et al. (2009) gatestithe impact of different exhaust
positions on a passenger vehicle (all beneath the vehicle) and found thaeaisiglhaust (i.e., oriented
perpendicular to the vehicleds travel diredation)
pollutants being trapped in the recirculation region of the near wake (about 10 to 30% of emitted pollutants
are trapped). When the exhaust is orientieedterpar al |
of the vehicle, the number of patants trapped is maximized and the dilution ratio is minimized. They also

investigated an upright exhaust on a héawyy truck without a trailer and found a concentration maximum
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in the near wake near t he veh paedte é&msseéngepvehicethere g et
is greater vertical spread and less lateral spread of the plume released froni dutgaxyck (without a
trailer) with a top exhaust.

The actual number of pollutants (i.e., £@erosols) that are emitted from a nmmvmotor vehicle
is dependent on the vehiclebs operating parameter :
engine load is affected by the driving speed, rate of acceleration, and the roail thaedmgine load is
proportional to the apunt of fuel consumed (Wang and Rhkha, 2017). Lapuerta et al. (2003) measured an
increased particle number concentration with increasing engine load for all particle sizes, except at the
highest engine load where the number of small particles with dianet®50 nm is reduced in favor of
particles with diameters > 250 nm. They suggest that at the highest engine loads, agglomeration of particles
increases the mean particle diameter, leading to a measurable reduction in the number of particles with
diameters< 250 nm. Kim et al. (2017) found a similar result, but specifically for vehicle acceleration and
suggest periods of high acceleration favor particle agglomeration and therefore larger sized particles.

There are considerable modelling and wind tunnedies investigating the dispersion of emitted
pollutants from moving vehicles, but there is a need fosiin measurements to validate the results.
Therefore, based on these previous studies, some questions this work will consider are: (1) For
measuremestmadeata fixed height of 1.7 m behind a moving vehicle, is there a significant difference in
concentration statistics (i.e., mean, variance, vertical flux) depending on the location of the vehicle exhaust?
(2) Do the measurements taken within vehiclekegademonstrate pollutant trapping? (3) Dositu
measurements support the existence of vatiiadeiced shear layers, and if so, can they be linked to vertical
pollutant difusion? (4) Do measurements demonstrate a relationship between accelerati@emigsion
of gases or aerosols? (5) Can the pollutant concentration downwind of the moving vehicle and within the
vehicle wake be predicted using a Gausplame mode?

There have been numerous fAchasingo eaemtted i ment s
by oriroad vehicles, focusing on the measurement of aerosol size distributions or parémitsion
factors (Bukowiecki et al. 2002; Canagarattaal.2004; Kittelsoret al.2004; Kolbet al.2004; Pirjola et
al, 2004; Giechaskiadt al.2005;Johnsoret al.2005; Dallmanret al.2012; Gordoret al.2012; Liggioet
al. 2012; Jezelet al.2015; Wrenet al. 2018). An oiiroad study concentrating on the measurement of
particle number concentration statistics and vertical turbulent nuiakes behind motor vehicles has not
yet been attempted to the authorsé knowledge. Thi
highi frequency andoi locatedmeasurements of the vertical velocity and particle number concentration,
and measwment uncertainties resulting from fistationarity (Miller and Gordon, 2022; Belust al.

2014). While sampling at highway speeds near 100 Rrt2B m $), high frequency instrumentation and

short averaging periods are likely necessary for the gemeiftaccurate concentration statistics. Recently,
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wavelet analysis has been used to calculate turbulence quantities frostationary time series and can
provide estimates for short averaging periods of 1 to 10 s while still retaining longer timéSchkgter
et al. 2017). Typically for an observing station fixed on the ground, concentration statistics including the

mean (), variance ( ), intermittency factor, fluctuation intensity (_j 0) and probability distributions
are used to quantify thidume (Hanna 1984a; Hanna 1984b; Mylne and Mason, 1991). The intermittency
factor is defined as the Afraction of time that r
(Wilson et al. 1985). For determination of this fraction, typically tamount of time the instrument
measures fzeroodo concentration is required; practi
a zerd mean concentration over the record length of interest. However, while measuring on a highway at
speeds near Dkm H?, the background concentration of aerosols and trace gases suchaaslC&D are
highly variable at time scales < 10 s, making the determination of an intermittency factor challenging.

This study presents o6road measurements of aerosols (withnaéters between 60 and 1000 nm)
and CQ gas obtained from highways in the Toronto, Canada region. Using high frequeruy lacdted
instrumentation, we present the first $itu measurements of the vertical turbulent number flux measured
while following behind heaviyduty vehicles in re&lvorld traffic conditions. The intermittency factor
behind heaviyduty vehicles is estimated from frequency distributions generated from measurements
obtained in the near and far wake region. Through assessment of dlte measurements, this study
investigates how flow within the vehicle wake impacts vertical pollutdifilsibn behind heaviyduty
vehicles. Section 4.4.2 gives a brief survey of aerosol characteristics in vehicle exhaust emissions, with a

focus ondiesel exhaust which is utilized by most haalyty vehicle engines in North America.

4.2 Characteristics of exhaust aerosol emissions

The particles in an exhaust plume of ainroad diesel vehicle typically consist of 3 overlapping lognormal
modes: (a}he nucleation mode with particle diameters between 3 and 30 nm, (b) the accumulation mode
with particle diameters between 30 and 500 nm, and (c) the coarse mode with particle diameters between
500 and 2500 nm. While rigid boundaries are given here fa@itkeranges, it should be understood these

are approximations and the modes may extend into each other (Kittelson and Kraft, 2014). Gasoline engines
produce an asymmetric size distribution with a smaller mean diameter of 40 to 80 nm, compared to 60 to

120nm for diesel engine@arris and Maricq, 2001).

4.2.1 Nucleation mode
The nucleation mode consists of volatile compounds (i.e., sulfuric acid, condensable hydrocarbons) that
form during the dilution and cooling of the exhaust. These volatile compoenmdsn in the vapor phase

within the tailpipe anthenundergo gaddoi particle phase transition after they are released into the ambient
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environment to form servolatile droplets (Kittelsoet al.2014). In addition to these volatile compounds,
the nucleion mode may consist of solid metallic ash and small solid carbonaceous aggregates (Kittelson
et al.2022).

The formation of a nucleation mode is influenced by (i) the presence of other particles, (ii) the
dilution ratio and residence time, (iii) the aimtt conditions (i.e., air temperature and relativeiuiity),
and (iv) the sulfur content of the fuel and lubricating oil. If soot dominates the plume relative to ash, then
the formation of a nucleation mode will be suppressed since thévedatie communds and metallic ash
will be scavenged (i.e., adsorption and condensation) by the carbonaceous accumulation mode patrticles
(Kittelson et al.2000). Soot in the context of vehicle exhaust is defined as an aggregate of carbonaceous
particles, which may caain ash, organic and inorganic components as absorbed material. Greater than
90% of the particles by number reside in the nucleation mode, but < 10% by mass. (Kéttels2004).

4.2.2 Accumulation mode
The accumulation mode (or the soot mode) atasif fractdllike carbonaceous agglomerates made up of
potentially hundreds of spherical monomers. The agglomerates are highgpherical, especially as their
size increases toward 250 nm (Chataal.2014). The accumulation mode contains most of the particle
mass. (Kittelsoret al.2000).

Soot particles are formed within the diesel engine system and not after release fraitpifes t
and polycyclic aromatic hydrocarbons (PAH) are considered a significant precursor for soot formation (i.e.,
naphthalene (Hs, pyrene GsHio, coronene €Hio) (Kittelson and Kraft, 2014). The carbonaceous
agglomerates of the soot grow by condeonsaand adsorption, but also through coagulation which is
considered a dominant growth process. The coaguiattmninant growth of soot is expected to result in a
selfi preserving size distribution, dependent only on the Knudsen number (Friedlander & WW&6éy,
However, Harris and Maricq, (2001) have shown deviations from this expected form (which is not
lognormal), and they suggest other soot particle growth processes (i.e., soot oxidation, surface growth,
particle fragmentation) are important.

Additional, non engine related emissions may also occur, such as tire ware due to friction with the
road surface, producing an accumulation mode in the 30 to 60 nm range dufisipsl] turning sharp
corners, or during periods of rapid acceleration (Mathisseth 2011). Additional accumulation mode

particles may be generated by brake ware (Grigoratos and Martini, 2015).

4.2.3 Coarse mode
2 to 20% of the particles by mass reside in the coarse mode (Kitetlab2000). Coarse mode particles

may be accumation mode patrticles that get recirculated through the engine system or crankcase emissions
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(i.e., from lubricating oil) and engine/tire wear (Kittelson and Kraft, 2014; Grigoratos and Martini, 2015).
Additional coarse mode particles may arise due toesuspn of dust; dust suspension by vehicle induced
turbulence is particularly prominent on unpaved roads and roads with ai gessexl shoulder (Williams

et al.2008; Moosmulleet al.1998).

4.3. Methodology

4.3.1 Instrumentation and experimental setup

The data presented in this study were collected in 2016 and 2019. A complete description of the
instrumented car design and sonic anemometers used in 2016 and 2019 are described in Miller et al. (2019)
and Miller and Gordon (2022) respectively. As a brief description, a roof rack was secured to the top of a
sport utility vehicle. A steel frame with an extended arm was attached to the roof rack to hold the
instrumentation and an aerosol sampling line near tim¢ émd of the vehicle (i.e., over the front bumper).
Instrumentation in 2016 included a sonic anemometer (Applied Technologies Inc.), apatp&2Q/H,O

gas analyzer (LICOR, model Li7500) and an ultra high sensitivity aerosol spectrometer (UHSAS,
Droplet Measurement Technologies, Inc). Only the sonic anemometer and UHSAS were present during the
2019 study. The gas analyzer was installed on the frontamitocatedwith the sonic anemometer, and
sampled at a rate of 20 Hz. The UHSAS sampled from destdisteel sampling line, with the line entrance

coi locatedwith the sonic anemometer. Aerosol sampling during this study is described in detail in the

following subsection.

a. Aerosol sampling

Measurements of aerosols with optical particle diameters between 60 and 1000 nm were obtained by the
UHSAS. Sizéresoled optical particle diameters were measured at 1 Hz, and each sample is stored as a
hi stogram consisting of 99 logarithmically spaced
signature produced by illumination with a 1054 nm laser (~ 1 k\Woefer). It then infers the particle
diameter from a calibration curve (which assumes spherical particles); for particles with diameters < 300
nm, infrared scattering is proportional to the sixth power of the particle diameter (i.e., the Rayleigh regime).
The sample flow rate of the UHSAS was held constant at 50 sccm during the 2019 study and 90 sccm
during the 2016 study. The UHSAS sampled from a stairdéssl main line (inner diameter = 4.2 mm;

outer diameter = 6.35 mm) at a tee junction located atthear dr i ver 6 s si de wi ndow.
a tip was installed on the main line (outer diameter = 3.18 mm, inner diameter = 2.16 mm, length = 0.3 m)
and isokinetic sampling at vehicle speeds near 100 k@& m $') was maintained by a pump wiirlow

controller (set to 6 Ipm), used to draw air through the main line. During 2016, the setup did not have a flow

controller, and the main line did not include the 0.3 m tip extension (pump flow rate of 10 Ipm) and
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consequently featured subisokinetiengging at the main line entrance. For a tube aligned with the flow
streamlines, subisokinetic sampling leads to oversampling of larger particles and an overestimation of the
number concentration at the tube entrance (Hinds 1999). A photo of the 2019insidepof the
instrumented car is shown in Fig. 4.1 and the entire sets@d during 2016 and 2019 are described
graphically in Fig. E1 and numerically in Table E1. For the s8tup016 and 2019 we estimated the total
particle loss using the particlescalculator provided online by von der Weiden et al. (2016) and the results
are shown in Fig. E2. The particle loss is estimated to be most significant during the 2016 study, with a
sizdé dependent particle loss between 4 and 11%. In either setup, #tesgrestimated particle loss is for
particles with diameters < 100 nm and patrticles with diameters > 700 nm, because of deposition to the walls

of the tube, due to diffusion and sedimentation, respectively.

ULTRA HIGH SENSITIVITY
AEROSOL SPECTROMETER

Figure 4.1: The aerosol sampling setupsed during the 2019 study. A viewfothe inside of the instrumented car is shown.

The UHSAS has known deficiencies that may affect the measurenvhitis determine the
detection limit of the instrumentai et al. (2008) found that ammonium sulfate \sitbarticle diameter of
62 £ 2 nm is only detected 50 % of the time and suggest this as a lower iz fontthe UHSAS at
times when the total particle number concentration exceeds 308aruiris increased further toward 5000
cm'’3, the UHSAS detectiv efficiency declines toward 90 % (when compared to measurements by a
scanning mobility particle sizer). Cai et al. (2008) attribute this decreased detection efficiency at high
particle number concentrations t mccircwhentwo partigesc oi n c |
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pass through the optics at the same time, but only the particle closest to the laser scatters radiation and so
the second particle passes through undetected. The probability of counting coincidence therefore increases
as the numbeconcentration increases and becomes a significant factor affecting the UHSAS measurements
when the number concentration exceeds 3000. dtoore et al. (2021) found that the UHSAS performs
well for nori absorbing aerosol species, but significantly undess(> 20 %) highly absorbing particles
(fullerene soot and nigrosine dye particles) with diameters greater than 80 nm. Howell et al. (2021) similarly
found that the UHSAS undersized highly absorbing aerosol particles, particularly black carbon. They
demorstrate that black carbon can be significantly heated by the laser beam to its vaporization point,
causing the diameter of the particle to decrease as it evaporates. They suggest a similar effect (i.e., decrease
in particle diameter) may occur for particlibsat are coated with volatile materials, which char to form
black carbon and then are further heated by the laser reducing their diameters.

We investigated the performance of our UHSAS in a lab by comparing its results to a condensation
particle counte(CPC) for total number concentration and to a differential mobility particle sizer (DMPS)
for ammonium sulfate and polystyrene latex for particle diameter. Testing was oatabout three weeks
prior to the start of the 2019 study. For ammonium sulfate particles in the 200 to 500 nm range, the UHSAS
is found to underpredict the total number concentration by up to 24% when compared to the CPC, with the
greatest differences fourfdr the largest particle concentrations, consistent with Cai et al. (2008). The
diameter of ammonium sulfate particles measured by the UHSAS compares well (within £ 5%) to DMPS
measurements for particle diameters < 200 nm, but the UHSAS underestimgizgithe diameter in an
almost linear fashion as the particle diameter increases toward 500 nm. At 500 nm the UHSAS measured
particle diameter of ammonium sulfate is about 15% lower than the diameter measured by the DMPS. For
polystyrene latex particlesdtparticle diameter measured by the UHSAS agrees with the DMPS within £5
%.

b. CQ sampling

The number density of G@nd HO were measured using a fassponse open path infrared gas analyzer
(LI-7500, LFCOR Inc.). Measurements of c@nd HO number density were recorded at a frequency of

20 Hz, and the gas analyzer was collocated with the sonic anemometer. Sineg30@ irleasures number
density, an accurate air temperature is not requi
relative humidity, an error in the tempeaumbet ure of
density. The L7500 is susceptible to vibrations at 132 Hz and 172 Hz when sampling at 20 Hz the LI

7500 is not impacted by vibrations < 132 Hz and i&sor impacts from vibrations > 172 Hz (Zb00

Manual, 2004). At a sampling frequency of 20 Hz, the7R00 has an RMS noise of 0.27 mg at an

ambient CQconcentration 370 ppm. Other sources of uncertainty in thenG@ber density results from

75



zerodrift with changing air temperature (maximum of +0.5 md me r change from 25 )
with changing air temperature (maximum of +0.1 m§me r change from 25 ) anc
to H.O. These sources of measurement uncertainty define tiaetida limit of the instrument.

4.3.2 Study domain and meteorology

The study consists of two sets of data, collected in 2016 and 2019. The study domain and meteorology
corresponding to the 2016 dataset is detailed in Mdteal. (2019). The data colited in 2019 were
obtained on Highway 407 (QMO07) and Highway 400 (OM0O0), located in the Toronto Canada region,

both having a speed limit &00 km k! (27.8 m &'). Measurement days in August included 20, 22, 28, 29

and 30, and meteorology (from Environment and Climate Change Canada) is given in Table 4.1. For
measurement days driving on ©400, the Egbert weather station is given for meteorological comparisons,

butfor days driving on ON4Q7, Toronto Pearson International Airport is reported instead.

Table 41: Meteorology measured by Environment and Climate Change Canada weather stations during the 2019 study.
For ONi 400 Egbert weather station data are shown, buior ONi 407, Toronto Pearson International Airport is reported
instead. The measurement height of data is 10 m.

Temperature Relative humidity Wind speed | Wind direction Highway

() (%) (ms? ©) studied

20 Aug 26.4.1 28.4 5371 59 4271 5.6 16071 200 ONi 400

22 Aug 17.81 20.8 5171 60 3.81 5.0 3007 340 ONi 400
28 Aug 24.97 26.9 3217 48 2.8i 6.7 2107 270 ONI4007ON

407
29 Aug 21.171 23.6 457 50 421 7.5 2107 290 ONi 407
30 Aug 18.81 21.7 3471 50 421 5.6 26071 310 ONi 400

4.3.3 Aerosol number concentration

The UHSAS generates a histogram of the parsiaies recorded over time intervab, which is here set to

the fastest possible rate of 1 s. The UHSAS can record the timing of each individual particle count with
millisecond precisionk nown as fildyi@p a i p a c)fenctibnéliy.bCecasionally the data
stream can overload the computer CPU, and to avoid excessive data loss any data stored in the internal
buffer are discarded and not reported in the histogram or PbP data. However, the UHSAS will report the
number of kown missing particles for which sizing and timing data were discarded. The total number is
not discarded, and the size distributions are scaled upward to account for the missing particles. Only the
2019 study had working PbP data, which is necessarynergte a 40 Hz time series of particle number
concentration for turbulent flux calculation (see Fig. E3 for an example of a 40 Hz time series). The
maximum sampling rate of the UHSAS in 2046s1 Hz. The UHSAS used a sample floW@)(rate of
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either 50 090 sccm in 2019 and 2016 respectively, which is corrected to standard pressure and temperature
0 = 101325 Pa andy = 273.15 K respectively. The aerosol number density # cri®) can then be
calculated from the 1 s particle couat (, Ms'!) each second as

5 —8 (4.1)

Hered 6 6 E 6 ,isthe sum of counts from all 99 size bins measured over a period of 1 s.
Each individual bin can also be normalized to giveThe UHSAS histogram can be converted to a number
distribution ¢ ) based ori 1'CC by dividing eaché by the correspading size rangedl 1'GC). The
UHSAS in this study sampled using logarithmically spaced size bins, $d ti@C= 0.01234Q TOCis
unitless when using a reference diameter of 1 um1(i.&XZ 7p ), so that the number distribution has units
of cm3,

Aerosol size distributions measured from highways are often described as the ¥m Df

lognormal distributionsdorresponding tthe 3 modes discussed 8ect. 4.4.2),

¢ 11q¢ B ——A@D (4.2)

whereU is the total aerosol number concentratign; $is the count median diameter apd is the
geometric standard deviatioRor a lognormal distribution, th# - $is equal to the geometric mean
diameter(Hinds, 1999)For this study only thaccumulation mode is considered, and®o 1. Fitting of
measured data to Eg. 4.2 is completed using IGOR Pro

4.3.4 Calculation of CQ and aerosol fluxes

Flow distortion correction is applied to the measuredndo, as described previously in Chapter 2 and
Chapter 3Following Schaller et al. (2017) and Miller and Gordon (2022), Chapter 3)the vertical
turbulent flux of CQ (or aerosolnumber conentration) is calculated using wavelet analysis, to give a
wavelet covariance)(” ) between the vertical velocity | and the C@mass density’() (or between)

and0 ). Wavelet analysis in this work includes time scales up to 60 s, regastitbesaveraging period

("Y used. Coordinate rotation to give= 0 is not applied here, since the averaging periods used are very
short (1 to 10 s) and the horizontal velocity may change quickly even over such short time periods when
travelling at 100 kn h*. Since measurements obtained by the sonic anemometer and gas analyzer are not

perfectlycai located a time delay occurs betweénand” . To account for this, is shifted to maximize
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the crosscorrelation prior to calculating any turbulence statistics. The sonic anemometer data is not shifted
since it is synchronized with the GPS velocity and the video recordings. For the data presented here, the
time delay between and” is typically on tle order of 1 s. Since thellCORgas analyzerecords at 20
Hz, the sonic anemometer data is dosampled to 20 Hz prior to the calculationiof’ . Foro " |, the
raw vertical CQ flux is corrected according ¥Webb et al. (1980and the sonic temperature is converted
to an absolute temperature followik@n Dijk etal. (2004), Eqg. 3.53.The Webb correctiois applied to
account fordensity fluctuationén the measured trace gasulting from the heat flux and water vapoxflu
(i.e.,rising air parcels have a lower density ttdgscendingir parces). Since the LT COR measures the
CO, numberdensity, a correction 0 " ags thereforerequired.

A similar procedure is applied to calculate covariances betwesmmd( , that is,0 is shifted to
maximize the cro$gorrelation with0 , and for 2016 measurementisjs dowri sampled to 1 Hz to match
the sampling frequency of the UHSAS. The timéagéetween) and( is between 2 and 3 slue to

residence time in the inlet lines.

4.3.5 Plume identification

A plume is identified as a significant enhancement of the measureddd@entration over background
levels. During a typical vehicle chasing record of sufficient duration, there will likely be periods where the
instrumented car measures the background concentration due to plume meandering éCas680).

Ideally, aplume should consist of at least one local maximum bounded by local minima. A single plume
may have several local maxima, therefore further conditions must be imposed to separate the individual

plumes, and we apply an approach similar to Wren et al. (2018)

I.  The background level for GOs set to thed™ percentile of’ calculated from a 90 s moving

window. The background levél () is removed froni , giving the perturbation of tH@O, mass
densityabove the background level attributed to vish@missions”( ).

Il. Local maxima and minima ¢f (determined from the first derivative) are excluded if they are
deemed too insignificant, that is any minimum > 07015 (i.e., 1.5% of background) and any
max i mum” O (i.6..40% obackground).

Il. Boundaries defining the start and end of each plume are identified by searching on either side of a
local maximum (or set of maxima) for the first minimum.

IV. " integrated over a measured plume must be greater than 10°mm@nu have a duration of at

least 10 s, otherwise the plume is rejectdmt limit of 10 mg ¥ is chosen to ensure that the plume
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has an integrated background concentration that exceeds the detection limit o7 H0® laind to
avoidintroducingunrealigic emission ratiogto the analysis
V.  The same boundaries defining each.@me are used to extract the corresponding particle

number concentration) . In this way it is assumed that should correlate with) and
consequently they share nigadentical boundaries. The background levels are removeddrom
identical to step (1), giving

VI.  All identified plumes are visually inspected to eliminate cases where there is little correlation
betweerd  and(

4.3.6 Particle numberemission factors

An emission facto(ER) for particle number concentration is determined from a carbon balance
method and calculated by integrating the background renfovadd( over the duration of a measured
plume (Canagaratret al.2004; Jezelet al.2015; Wreret al.2018),

w®w —0h (4.3)

wherewis the molar ratio between Cand Q@=0 70 =12 g madl'/ 44 gmolt=0.2727) to convert
to equivalentcarbo, = 0. 87 i s the car bon f r al tisithe totaladmber he f ol
concentration after removing background levels {# and”  is the mass density of carbon dioxide after

removing background levels (kg'# The totalnumber concentration is calculated over the size range of

60 to 1000 nm and hence represents the accumulation mode particles and not the nucleation mede. The E
is determined between tinbeand timed which represents the duration of the plume.l-QiEF has units

of # kg * fuel burned. If the number concentration is used to estimate total mass, the unitsFdf¢lcerie

g kg * fuel burned, but this conversion is not applied here due to large uncertainties. Specifically, a density
profile of the meaured particle size distribution must be assumed. For diesel exhaust particles, the effective
particle density decreases from 1.0 gtim 0.2 g cn® as the particle mobility diameter increases from 50

to 300 nm, but there is a + 20% range in the measienrslties in the literature (Pagk al.2003; Maricq

and Xu, 2004; Olferet al.2006).The mobility diameteof an irregularly shaped partidie defined as the
diameter that a spherical particle would have if it had the same chargeigiradion velody as the particle

in questionwhile moving through ateady stateelectric field(Kittelsonet al.2022 DeCarlo et al. 2004

A second uncertainty arises from potential errors in the optical particle diameter measured by the UHSAS

(see Sect 4.3ih), since mass requires calculation of the volume distribution which for spherical particles
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is proportional to the particle diametubed. The assumption of particle sphericity when calculating the
volume distribution is a third uncertainty, since soot in diesel exhaust becomerfoglsiyhericaks their

particle diameter increases from 50 to 300 nm (RRaek.2003;Chinaet al.2014). Integration in Eq. 4.3

should also include carbon monoxide and total hydrocarbons, but these components have been shown to be
small (about 10% of the total carbon) compared te @@limannet al.2012).

4.3.7 Estimating fuel consumption oheavyi duty vehicles
For a heaviyduty diesel vehicle (HDDV) the fuel consumptionliters per second s'!) can be modelled

to a good approximation as (Wang and Rakha, 2017),
066 | | 0o | 0o, (4.4)

wherg h and are vehicle gecific constants anal 0 is the power (kW) required for operation of the

vehicle. The power can be approximated as
0O — YO0, (4.5)

where"Yis the vehicle speed (kmil), &is the instantaneous vehicle acceleration (@) s = 0.94 is the
driveline efficiency,d is the vehicle mass and is the resistance force acting on the vehicle (Xis

calculated as
YO —08608°Y0 oB6— OYO & ufu0d, (4.6)

wherery =1.23 kg M’ is the air density at sea level (assuming an air tempeidu288 K),6 =0.78

is the drag coefficienty p 18t Y'Q is a correction factor for heigf® (km) above mean sea level

andd 10 ntis the frontal area of the HDDS. , & and are unitless rolling resistance parameters. In

this work it assumed that the road is made of asphalt in good condition, givind..25 (Rakhzet al.

2001). For andc we follow Wang and Rakha (2@), and thereforé = 0.0328 and> = 4.575. Finally,

"00 is the road grade which is assumed to be zero since the highway is relatively flat in the study domain.

Assuming diesel fuel has a mass00832kg I'! then the amount of fuel consumed (Ké) $s '@

™) 0"Q00 .
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4.4 Results

4.4.1 A case study: C@and particle emissions from a commercial bus

For approximately 20 minutes the instrumented car followed behind a Coach Canada commercial passenger
bus, at following distances rangibge t ween 10 and 80 m (median & 34 m,
m). The vehicle speed is generally near 28 tait there are two traffic slowdowns due to congestion,
where the bus decelerates and then accelerates back toward highway speeds. hTheaGada bus
(manufacturer MCI, model J4500, year 2006) uses a Detroit Diesel Series 60 engine, with its exhaust pipe
located at the bottom rear of the vehicle, near the ground. This vehicle had many visible plumes that were
recorded by the dashcam viddeigure 4.2 (top image) shows an example of a plume released by the
commercial bus; the series of images shown in the bottom of Fig. 4.2 demonstrates emission of a plume
from a HDDV. While following behind the commercial bus there is visual evidence ofiemiat all

vehicle speeds, and the visible plumes released from the commercial bus correlate temporally with
increasingd and CQ measured on the instrumented car. However, there are times when a plume is

detected in the measurement®ofand CQ without any visible plume recorded on video.

Figure 4.2: Top: still image while chasing a Coach Canada bus on a highway after it has emitted a visible black plume from
its exhaust (from the 2016 study)Bottom: a series of still images (each consecutive second) behind a tractailer as it
changes lanes, showing the emission of a visible plume (from the 2019 study).
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Figure 4.3 (a) shows the 1 s vehicle speed and 1 s following distance while chasing the commercial
bus. Gaps in the time series represent occasions when awetiiele entered the lane ahead of the
instrumented car, and then subsequently changed lanes again. As seen in Fig. 4.3 (a), there were two periods
when the traffic flow moved at speeds less than 20'+-80 km h'). These slow periods were followed
by aperiod of acceleration back to near 28 'm(300 km h'). The estimated 1 s acceleration of the bus
(@) is displayed in Fig. 4.3 (b); also shown in Fig. 4.3 (kpismoothed with ai& running mean. The
portion of highway where the commercial bssampled does not have any noticeable curvature, therefore
only straightline acceleration is considered. Figure 4.3 (c) is the 1 s averageh@3 density”()
calculated from 20 Hz measurements and the 1 s particle number concenfrgti®e(faming a cross
correlation betweeh andw gives atime lag of 3 s, and about 5 sifoandd . This time lag results from
the travel time required for the G@as, and particles generated in the engine and during dilution of the
exhaust, to arrive at and be sampled by the measurement system affixed toFbe aarosolshis time
includes hreeparts: (1) the travel time between the engine to emission fnentailpipe (2) from the
tailpipe to the inlet of the sampling &rand (3) from the inlet of the sampling lin® sampling by the
UHSAS. For CQ/H0 gas, only (1) and (2) are included in the time thg inlet for aerosol sampling is
coi locatedwith thegas analyzefTherefore, the results have been shifted by 3 s and 5 s to maximize the

cross correlation betweén and®, andd andd, respectively.
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Figure 4.3: (a) The 1 s following distances(; ) of the commercial bus and 1 sehicle speed of the instrumented ca|=||0, (b)
the estimated 1 s acceleration of a commercial bug-§ and the acceleration smoothed with aigoint running mean, and
(c) The 1 s averaged Comass density £1) and 1 s aerosol number concentrationd( ). Data are from 11 July 2016 Data
in panel (c) are not background removed.

Figure 4.4 shows (&) and (b)b binned according to the smoothéds& of the commercial bus,
using a bin size of 0.1 M?sThe median of each bin is shown as a marker while error bars (upper and lower
respectively) give the 5and 2% percentile of each bin. If a bin has less than 20 data points, then that bin
is exclueed from the results presented in Fig. 4.4. The mediancreases as the acceleration increases
past 0.1 m'éin an exponential fashion, indicating that vehicle acceleration is a significant cause of CO
emission from the commercial bus. Whileis greatest during acceleration, there is not a significant change
in 0 as the acceleration is increased andemains relatively constant in the median. For times when the
bus is driving at a nearly constant speed ((ea 0 "?)pthesmeasured remains large, suggesting
significant particle emissions even while travelling at a nearly constant speed. For periods of deceleration,
the mediari is reduced and remains relatively constant (with a reduced interquartile thngsinoothed
dataare used instead of smoothed data to generatd Bigthen the effect is iacrease thenagnitudeof

® >0 m ¢ and to give desssignificant increase df in the median and 25th percentile with increasing
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@ . Nonetheless, both the smoothed and unsmoothed hinseigigest that larges produces greater GO

emission.
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Figure 4.4: (a) 1 s averaged COmass density £1) and (b) the 1 s numberconcentration @ ) binned according to the 6 s
smoothed acceleration={=), for measurements made behind the commercial bus (i.e., data shown in Fig. 4.3). Solid markers
connected by lines show the median, and the upper and lower error bar gives the fi%ind 25th percentile of each bin,

respectively.Data are not background removed.

4.4.2 Particle size distributions

Figure 4.5 displays image plots of the time varying (second resolution) aerosol size distribution

(d0 /dlogO for particles with diametrs between 62 and 204 nm measured behind two different HDDVs:

(a) atractditrailer and (b) a commercial bus. Emissions from these two vehicles were both measured during
the 2016 study, with following distances typically between 20 and 50 m and veldeldsspf 24 to 32 m

s'. Superimposed in Fig. 4.5 is a black dashed line which displays the mode di&neter,which is

defined as the particle diamet& J at whichA) ¥A 1 ‘© @ maximized. Even though diameters greater

than 204 nm are not showa,

measured behind these HDDVs never exceeds this upper range. There

are times behind both vehicles wi@n  occurs in the 60 to 62 nm range (the lowest size bin mehsure

by the UHSAS), which suggests the presence of a nucleation mode. However, the full nucleation mode
consists of particles with diameters that are too small to be sized by the UHSAS. Thus, the size bin 60 to
62 nm is excluded in the determination®@f  and is not shown in Fig. 4.5. Figure 4.5 (a) and (b) use
different ranges for the color scale to allow variations in the number concentration to be emphasized. The
image plots demonstrate the there is a large temporal variation in the number ctionembite chasing

behind HDDVsO

However, behind the commercial bus the variatioi®of

has some degree of time variation behind both vehicles within the measured plumes.

is more distinct and follows a wetlefined
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pattern: anincrease, maxi mum and a subsequent decrease, refe

largest variation irD are denoted as circled areas in Fig. 4.5 (b), but there are other events where
variation exists irfO , however it is less signifaat and similar to the variation measured behind the
tractoii trailer shown in Fig. 4.5 (a). In both measurement years (2019 and 2016), we did not measure any
other vehicles that had as much variation in the magnitu@e of as the commercial bus. &lsharp ctit

off in the size distribution of the tracidrailer around a particle diameter of 130 nm (a similar region of
reduced concentration exists behind the commercial bus), is related to the instrument calibration (i.e.,
overlapping gain stages), atiuis is not an actual artifact of the measured distribution.
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Figure 4.5: !l /dlog =0l rbetween62 and 204 nm measured each second behind (a) a tracfiarailer with an exhaust
location on the vehicle top and (b) a commercial bus with an exhaust location near the ground. The dashed black line gives
the mode diameter, ;. m_The panels use different color scales fordt/dlog =10 emphasize variations Size distributions

are not background removed, and ot corrected for particle loss.

The aerosol number distributions while chasing various HDDVs are shown in Fig. 4.6. Only times
when 0 is greater than the 75th percentile are included in Fig. 4.6, to avoid including periods more
representative of background levels. The 75th percestitketermined from the entire record behind a
chased vehicle (5 to 15 min). Solid lines in Fig. 4.6 therefore show the median of all data that exceeds the
75th percentile for a particular chasing recofthe data are presented in two panels based on the
measurement year: (a) shows 2019 data and (b) 2016 data. The data presented in Fig. 4.6 were obtained
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relatively close to the back of the vehicle, with < 80 m and typically between 20 and 50 m. For the
median size distributions from 2019 shown in Fig. @), a fit to Eq. 4.2 is successful only for Transport

#3, #5 #9and #10. Here a fit is deemed successful if it can capture the accumulation mode with a fit that
is representative of the measured data (by visual inspetttbr)fits that are deemeasuccessful appear

linear over the entire range of measured particle diameters. These parameters of the function fit to Eq. 4.2
are given in Table 4.2. For most HDDVs measured in 2019 the shape of the number distribution is
remarkably similar, irrespectivef the measurement day. A fit to Eq. 4.2 is possible for all measured number
distributions shown in Fig. 4.6 (b), but rfeig.4.6 (a).

For the data collected in 2019 versus 2016 there are two major differences in the number
distributions, which is reveadl by the lognormal fits shown in Table 4.2. First, the CMD is on the order of
10 nm larger in 2016 than 2019; and second, apart from the commercial bsigreater in 2016 than
2019.0, however, is similar between both 2019 and 2F#8.the data dtected during both 2016 and
2019 particle emission included mainly particles with diameters < 200 nm; thus the 200 to 1000 nm range

is not shown in Fig. 4.6.

(a) (b)

30000
| e —— Transport#1 (29 Aug) 1 —— Commercial bus (11 July)
1 T — Transport#2 (28 Aug) 1 Transport #11 (12 July)
: R : 5 —— Transport #3 (28 Aug, no trailer) : —— Transport #12 (12 July)
= Transport #4 (28 Aug) —— Transport #13 (12 July)

25000 — N Transport #5 (28 Aug, no trailer)

— Transport #6 (28 Aug)

— Transport #7 (28 Aug)

—— Transport #8 (22 Aug) i
Transport #9 (22 Aug) =

—— Transport #10 (20 Aug) 4

—— Background )

5000 — //}

1
T 1 T

60 70 80 200 60 70 80 90

100 100

Particle optical diameter, D, (nm) Particle optical diameter, D, (nm)
Figure 4.6: The median (solid), 25th percentile (lower error bar) and 75th percentile (upperror bars) of d4! /dlog r=ade

while chasing HDDVs for (a) measurements obtained during 2019 and (b) measurements obtained during 2016. The
background levels are not removedSize distributions are not background removed, and ot corrected for particle loss.
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Table 42: Lognormal f i t of

Eq. 4 .

2

to

t he

si ze

di stributions shown

reference is consistent with those shown in Fig. 4.6. The value of each fit parameter is shown + 1 standard deviation.

n

Date / Transport ID 4 # cmid) q "A'E Anm)
20 Aug 2019/ #10 7389 £ 100 1.32+0.01 79+0.3
22 Aug 2019 / #9 3942 £ 134 1.27+£0.01 66+1
28 Aug 2019 / #3 5497 £ 138 1.38+0.01 71+1
28 Aug 2019 / #5 5071+£171 1.33+0.01 68+1
11 July 2016/ CB 4959 = 50 1.31 £ 0.004 81+£0.2
11 July 2016 / #11 3090 £ 82 1.53+0.02 771
11 July 2016 / #12 3843 £ 55 1.40+0.01 87 +0.5
11 July 2016 / #13 2912 £ 65 1.82 £ 0.03 851

4.4.3 CQ and particle number fluxes

a. Variation with following distance

Figure 48 displays (a0 " , (b) the CQ mass density variance () and (c) the C@mass density’()
measured ai = 1.7 m and binned according to following distance using a bin size of 5 m. Likewgse, F
4.8 (d), (e) and (f) show &,

means, variances and covariances shown in F@ré.calculated using an averaging period of 10 s. 2019

and0 respectively, calculated from 22, 28, and 29 Aug 2019 data. All

data almost exclusively measuteehind HDDVs with top exhausts, with an estimated exhaust located at

a height of 4L m. In the analysis presented here, 20 Aug is not included since only one HDDV was sampled,
and it produced anomalously large emissions (see Fig. 4.6 and Table 4.2)dlikely emissions from

other HDDVs that were travelling in its vicinity. Furthermomeeasuremeston 30 Aug did not sample

closely behind HDVs, and so no data from that day are included here. Upper and lower error bars denote
the 75th and 25tlpercentile respectively, and this convention is used in all figures that follow. The
measurements are sorted into two groups based on exhaust location. The exhaust location is determined by
visually inspecting the video: triangles are box shaped HDVtlav e
bottom (BEHD V s )

ocatio
t hat

exhaust |
HDDVs
(TEIf HDVS). An example of a TEHDV and BHEHDV emitting a black carbon abundant plume, while

an

and circles are box shaped

travelling at a speedear 100 km # with negligible ambient flowis shown in Fig. 4.7.
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(b) Bottom exhaust (BE-HDV)

Figure 4.7: | nterpretation of (a) atop exhaust (TE HDV) and (b) a bottom exhaust (BE HDV) vehicle emitting
a black carbon plumethat is spreading with time and interacting with the vehicle induced flow perturbations
Ambient winds are assumed to be weak and negligible (< 1 rit)s Depiction is of thee  » plane.
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Figure 4.8: The median (solid marker), 25th percentile(lower error bar) and 75th percentile (upper error bars) of (a) the
vertical turbulent flux of carbon dioxide (= zug (d) the vertical turbulent flux of aerosols ¢ @ (c) the variance of the
CO2 mass density GZ%Q' (e) the variance of the aessol number concentration (), (c) the average C@mass density £4)
and (f) the average aerosol number concentratior!() made while chasing HDVs with either a bottom exhaust (BE) or top
exhaust (TE). Dashed lines give the bin mean. For aerosalBe measurements shown for BE vehicles were recorded at
Hz, but for TE the measurements shown were recorded at 40 Hz. All measurements for €®ere recorded at 20 Hz (for

BE and TE vehicles). All statistics are calculated over a 10 s averaging peri&hanel (c) and (f) are not background removed.
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Themediand ” < 0 behind TEHDVs atw < 20 m(< 35 m if no Webb correction is applied)
and0 0 <Oatallo measured. Behind TEHDVsthe largest negative 0 are atw betweer20 and
45 m but the largest negative ” occurcloser to the trailebetween 15 and 20 ,nwhich is the lower
limit of measuredo during the 2016 styd There isa drop off in,, nearw =50 m and likewise in,
nearw =60 m measwed behind TEHDVs. At @ <50 m,, increases steadily with decreasiag but
. remains relatively constant and shows little trend with decreasingy and0 are similar tq, and
. respectively, excepat @ < 35 mwhere” and (0 remain relatively constant. IATEi HDVs
investigatechave atrailer accompanying the main catith a length of about 15 nTherefore, thexctual
distance between the instrumented car and the exhaust losagioout 15 m greatéhanw presented in
Fig.4.8 (and Fig. 4.10).

BehindBEiHDVs,0 ” >0atallo measured (in the 85median and 75percentiles)andthe
mediany ” is maximizedat®w between 15 and 20.fhe mediam a&ashows a similar maximuat &
betweenl5and20 m andu a ais typically positive or near zewat allo measuredThereforedownward
(negative) fluxes ofh " and0 aaare much less likely to occur for measurements made |atl.7 m
behindBEi HDVs compared to TEHDVs. Behind BE HDVSs, there isa significantdropin, and0
aroundw =50 m, suggesting dransition regiomear this distancet is useful to point out thgt and
0 @@aeasured behind BEIDVs are calculated from 1 Hgampling. While measuring at high vehicle
speeds, 1 Hz samplingeglectshigh frequency contributionsccurring at frequencies 6.5 Hz (these
contributionsare evident in the cospectralod aeneasured behind TEIDVs, see Sect 4.4).

The effect of applying the Webb correctimn)d ” in this workis to increase the flux, increasing
the flux magnitude whead ” > 0 and decreasing the flux magnitude wbeh < 0. The magnitude of
the Webb correction dominated by the heat flux (not shown).

To investigate the distribution @f in the wake of TEHDVs, 1 s averaged measurements of
are separated into two groups defineduby Group 1 consists of measurementeat< 50 m and Group
2 contains m&@s ur e me n o< 8&rh. ASdemoastrated from the results presented in Edf)4.
these two groups represent distinctly different regions of the iw&keup 1 is likely representative of the
near wake region and Group 2 the far wake region. quigacy and cumulative frequency distribution
generated from each group of data are shown in F8g.Gtoup 1 is shown in Fig. 94(a) and Group 2
shown in Fig. @ (b). The frequency distribution of Group 1 is unimodal and positively skewed, peaking
between 945 and 1015 1P # m'3. Group 2 is bimodal, and less positively skewed compared to Group 1.
Group 2 has a dominant peak (frequenc®.165) between 595 and 66510° # m'3, and a second less
defined peak between 875 and 1015C° # m? that is consistent with the peak of Group 1. The cumulative
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frequency distribution shows that in Group 1 about 22 % ddire < 735 10° # m'3 while for Group 2
approximately 48 % o are <735 10P# m'3.

It is |ikely that the dominant peak in the fa
l evel so0. I n this case, the cumulative frequency di
a threshol d tgo odienfdi n e vteh es 0 b &® I8 (b)this eorrebondato 836 o wn i n
1#m’, with the fraction of t i'One=04& Ehaintermittencfifaceor o c o n
isthenO p "Q =0.52 or 52 %. Using the same threshialdhe near wake region (Group 1) gives
"Q =0.22 andG= 78 %.

(a) x,,< 50 m (N = 4528) (b) 50 < x,,< 80 m (N = 834)
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Figure 4.9: The left axis shows a frequency distribution of the particle number concentration!( ) and theright axis shows
a cumulative frequency distribution, measuredbehind TEi HDV for (a) following distances ;) < 50 m and (b) 50
80 m. The distributions are generated from 1 s averages 8f

b. Impact of averaging period

While measuring at high vehicle speeds near 100 ¥mi1b s corresponds to about 278 m of elapsed
distance. Further, as was shown in Sect. 4.4.2 there areveajationsin the aerosol size distribution on
short time scales of 1 to 5 s, and this may suggest that an averaging period less than 10 ppsoptatea

for the calculatiorof concentration statistic3.hus, in this section the averaging period is reduced to 1 s
(from 10 s).Figure 410 (c), (d) and(f) show0aa0 " afwithout Webb correction appliednd 0
respectively, binned accordj tow using a bin size of 5 mnd calculated using an averaging period of 1

s. ThereforeFig. 410 (b), (c) and (f) demonstrate the impact of using a 1 s averaging period to calculate

a0 " aandl , when compared to analysis completed using a 10 s averaging period as shown in Fig.

4.8 (d), (a) and (f) respectively. Since 2016 used 1 s sampling for aerosols, it is not possible to calculate a
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1 s0 @@ afor BEI HDVs. For TE HDVS, using a 1 s averagimpgriod gives a more defined minimum in the
median and 25percentile fol agebetween 30 and 40 m. The'aercentile of) & aealculated using a 1
s averaging period also suggests that the magnituge2ais reduced toward zeroat <15madw >

60 m. Using a 1 s averaging period to calcubate aeeduces the magnitude of the flux for bothiBIDVs
and TE HDVs. This results in a median ” & 0 for allw behind TEHDVs and for BEHDVSs, the

peak in the mediad " abetween 1%mnd 20 m is less evident.

c. Vehiclé induced turbulence

Figure 410 (a) shows) & aand (d) showsdazsg binned according to turbulent kinetic energy (sing a
bin size of 1 rAs'2 Figure 410 (e) shows the turbulent kinetic energy binned according tasing a bin
size of 5 mLike the previous section, a 1 s averaging period is used to generatel i@g)4(d) and (e).

In Fig. 410 (d) the absolute value ofaais presented ¢azee) since modelling studies suggest the sign of
oazawvill reverse while measuring behind a box shaped HDV, dependent upon which side wall shear layer
is being measured (McArthet al.2016; Heet al.2019). For a scatter plot abazeeplotted againsf) a
power law fit matches the median binned measunesneell, withdare ™ w ™ @8 , and this

fit is displayed in Fig. 40 (d) as a red dashed line. A linear fit givés= 0.48 withdae 1 T

@ ¥)(see Fig. E4) but gives a poor fit for large and small magnitudésaee The linear fit doesotgive
areasonable iyjintercept(i 0.74 nts?) while the power law fit gives physically reasonablgi intercept
near zero when uncertainty in the intercept is considered (i.e., standard devidteynriotercept of power
law fit is 0.06 n3 s2).

Vehicld induced turbulence has previously been quantified using turbulent kinetic energy from
oni road measurements, wiea clear relationship with following distance was demonstrated éRalo
2002; Gordoret al.2012; Milleret al.2019Chapter 2. Likewise, Fig. 410 (e) shows that the 1 s turbulent
kinetic energy’Q) measured behind TEHDVSs (from 2019 datahas a @ar relationship witko , decreasing
with increasingw , which is consistent with prior ®mad studies. The drop off Ris most rapid within
the first 30 m downwind of the trailer, decreasing from 82&fatw = 12.5mto 5.4 ms?byw =28
m. The relationship betweenazseandQis quite pronounced for measurements behindHEVs, and
despite a linear regression to measurements giving a poor fit for large andosasalthe results suggest
about 48 %of the variance iff2can be explained byasee The relationship betweanad aandQis less
pronounced, but the results demonstrate that the labg@stare coincident with larg& Therefore,

vehicld induced turbulence facilitates rapid vertid#fusion of pollutants behind TEHDVSs travelling at

high speeds.
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Figure 4.10: The median (solid marker), 25th percentile (lower error bar) and 75th percentile (upper error bars) of (a) the
vertical turbulent aerosol number flux (- @&aeand (d) thevertical turbulent momentum flux (¢ &binned according to
turbulent kinetic energy (g. Panel (b) shows: adee(c) the vertical turbulent COz flux (o z11 () the turbulent kinetic
energy and (f) the average aerosol number concentratiod! () binned according to following distance ¢ ). Measurements
were obtained while chasing HDVs with either a bottom exhaust (BE) or top exhaust (TE). Dashed lines give the bin mean.
All measurements for CQ were recorded at 20 Hz (for BE and TE vehicles). ABtatistics are calculated over a 1 s averaging

period. Panel (f) is not background removed.
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Fig. 4.11 (a) displays) @@ abinned according t6a2 seand Fig. 4.1 (b) showsdaz sbinned according
to ‘Q The vertical momentum fluxé@@ g has a distinct relationship withaa The most significant
downwardéaefi.e., <i1.5 nt s'?) are coincident with the most significant downwarakee(i.e., <i
150 10° m'2 s'Y) measured behind TEIDVs. The mediarba2 sglecreases nearly lineamith increasing
‘Qup to 7 N3 s'2. For largeQ> 10 nt s'2, downward momentum fluxes are most significant but there are
times whermaz a2 0 (i.e., upward). For measurements behindHIEVs, we do not observaag a2 0 for

significant downwarad) a@ geard therefore whewaz a2 0, the downward turbulent transport of aerosols is

limited.
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Figure 4.11: (a) the vertical turbulent number flux (< & gbinned according to the vertical turbulent momentum flux ¢ ae
using a bin size of 0.2 hs'2, and (b)¢ e abinned according to turbulent kinetic energy (g using a bin size of 1 rAs'2. Data

are from TETHDV. Variances and covariances are calculated using a 1 s averaging period.

4.4.4 Spectra and cospectra

Figure 4.2 displays 1 min wavelet power spectra of (a) the turbulent kinetic energy and (b) the number
concentration. Fig. 42l(c) shows the wavelet cospectrum betwéesnd0 . The frequency axis has been

converted to an equivalent wavelength, 6 j"Qwhere6é is the measured flow parallel to vehicle
motionandQ s t he frequency. This normalization assume
shows three different spectra of THDVSs in different scenariosieasured in 201®ne case is without a
trailer (denoted O6no boxd) and two are with a trali
traffic areincluded for comparison. All spectra were measured at a height of 1.7 m. For a single HDV with

a trailer, there is a distinct peaktire turbulent kinetic energy betweers 10 and_= 20 m. For two HDVs

sidd byi side, the peak is lower, betweern 8 and_= 10 m. When the trailer is removed, the peak broadens
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and becomes much less distinct. Comparing with the background spdetngth, scales less th&@ m

are responsible for enhanced turbulent kinetic energy in the vehicle wake. The concentration spectra
however have influences from much longer wavelengths. These longer wavelength contributions may be
due to variation of the biground levels, due to plume meandering resulting from crosswind flow, or due

to variations in the emission rate and following distance. The emission rate and following distance are not
necessarily constant over the entire 1 min period used to calcutagpditra. However, the following
distance remains within a small range of about 10 m, and therefore should not significantly impact the
measured spectra. The concentration spectra do not demonstrate an inertial subrange, unlike the spectra of
turbulent knetic energy, and have less slope at high frequencies. Cospec@sgémonstrate an increase

in a similar range as the turbulent kinetic energy spewttha,themain contributions t@ a2 afrom _ < 50

m. There are significant contributionsti@ aat frequencies 8.5Hz (the Nyquist frequency of the 2016
aerosol data), and therefara2 aeeported for BEHDVs in Fig. 48 (d) are likely underestimated. Removal

of the trailer has little effect on the shape of the cospectra$dz0 m.
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Figure 4.12: 1 min wavelet power spectra of (a) the turbulent kinetic energy and (b) the number concentration. Panel (c)
shows the 1 min wavelet cospectrum of the vertical velocity and the aerosol number concentration. Measurements were
obtained in 2019 behind heavy duty vehicles with top exhausts. The frequency axis is normalized to give an equivalent
wavelength,y ¢4 }I where¢ is the measured flow parallel to vehicle motion anlis the frequency.

4.4 5Emission factors

Figure 4.B shows a frequency and cumulative frequency distribution of the particle nuemtigsion

factors calculated from data collected during 2016. About 59% oémhission factad ar e 10*#0. 19
kg, and appr oxi mai0é#kyg’ LarGedmisian factod > 0.7 16'0# kg are therefore
relatively uncommon (< 10 %). If tremission facta are separated by vehicle classification, as HDVs or

LDVs (lightiduty vehicles), then HDVs clearly produce the largasission fact®. Emission factor

statistics for each vehicle class are shown in Table 4.3. LDVs include passenger vehicles such as cars, sport
utility vehicles and pickup trucks, while HDVs include dutrucks, tractdrtrailers (with or withoutibox)

and commercial buses. There are times when the instrumented car is isolated with no traffic in the highway
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1006s of m

recorded since there are times with correldtednd? . The video reveals that while there is no traffic

|l anes ahead, except maybe awayg Duri
directly ahead of the instrumented car, there is still significant traffic in the highway lanes moving in the
opposite direction (i.e., acrofge center highway embankment). Thus, it is likely that ledDvission facta

are impacted and biased high as a result, since there may be HDVs which have much higher emissions
travelling in the opposite direction, and these plumes can be advected aetughiray while measuring

behind a low emission LDV. This is supported by a maximemission factorfor LDVs, which is

0.95 10" # kg%, emission factas this large account for < 7% of @&imission facta calculated during

2016. Given these results we dot focus on LDV plume dynamics in this study, since HDV exhaust is
clearly impacting measurements while sampling behind low emission vehicles, giving rise to a large

uncertainty for the LDV class. These values are compared to previous studies in 3ect 4.5.
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Figure 4.13: Frequency (left axis) and cumulative frequency (right axis) distribution ofemission factos calculated from 07
to 15 July 2016.

Table 43: Emission factor statistics based on vehicle classification, as either heédwuty vehicles (HDV) or lighti duty
vehicles (LDV). See text for description of vehicle types included in each classificati@@mission factors have units of 10*

# kg'! and include particles with diameters between 60 and 1000 nm. Data are calculated from measurements obtained
between 07 and 15 July 2016.

Vehicle Type | No. Plumes | Median Q25 Q75 Mean Min Max
HDV 115 0.23 0.14 0.39 0.43 0.04 3.50
LDV 40 0.13 0.10 0.18 0.15 0.07 0.95

n



4.5. Discussion
4.5.1 Pollutant transport and wake characteristics behindheavyi duty vehicles

ForBEHDV s , the effluent is released directly in
crosswinds). Immediately after release, pheme undergoes rapid dilution and cooling resulting from the
enhanced turbulence generated by the | ower shear
rapid dilution limits the amount of buoyari@fiven plume rise, and so plume rise is dor@daby
advection and turbulent transport as the plume interacts with the lower and side shear layed.2020).
For BE HDVs measured in this study the exhaust is estimated to be near the ground, at a height of 0.5 m.

While following closely behind Bi HDVs, we measured a positive 0 and0 ” aat a height of 1.7 m,

which is consistent with release from a figmound level source and a plume expanding upward through

the detection system. For HDVs with a belkaped trailer and an exhaustlocabon t he vehi cl eds
a height of 41 m, the effluent is not emitted directly into the wake region, but instead it is emitted above

the trailer. The trailer is on the order of 15and so the trailer must travel past the emitted pollutants, or

the emited pollutants must be advected downwilodyereleased into the wake region. For measurements

made at a height of 1.7 m aad < 30 m, we measuredl " ax 0 behind TEHDVs, and for allw

investigated we measuréd®ax 0. This is consistent Wi release from an elevated source and a plume
expanding downward toward the measurement height of 1.7 m. Thus, our instrumented setup can
successfully measure the general evolution of a ¢
speeds near0D km H?, since our turbulent flux directions (i.e., positive versus negative) are consistent
with the actual pollutant release point on the targeted vehicle.

For a blockshaped vehicle traveling at highway speeds, a side shear layer emerges from each side
wall of the vehicle, extending downwind (McArther al.2016; Lo and Kontis, 2017). Based on previous
modelling studies, the side shear layer should be evident a®a oéginhanced horizontal Reynolds shear
stress §aeextending downwind of either side wall. When measuring behind ailslbaked HDV, these
same modeling studies suggest thabx 0 in the passenger side shear layerGaaez 0 in the driver sle
shear layer (McArthuet al.2016; Heet al.2019), where the opposite sign@b in either side shear layer
indicates that horizontal velocity fluctuations are orientated inward toward the wake center (Mefrthur
al. 2016). We investigated the dotion oféad@ n r el ati on t o the ambient wir
instrumented carelative to its travel direction:*Gor ambient flow opposite to the travel directi®®0°
for ambient fl ow per pendi c uiléfforanierd fiow in theodwestiod t h e
of traveland +90f or ambi ent fl ow perpendicular to and t ows¢
0 Labehind block shaped HDVs is dependent on which side shear layer is being sampled, then under

crosswind fow it is expected that one side shear layer will be preferentially sampled, and hence one sign
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(i.e., positive, or negative) should dominat@seCarrying out this analysis on the measurements behind
TEi HDVs (see Fig. E5 and Fig. E6) indicates that whéame a mbi ent fl ow i s toward
the vehiclepags 0, but when the ambi e ndmefOlThewmeassrenterdsvinar d t |
this study are biased since the mean ambient flow is oriented more often toward the pa8senges i de o f
vehicle (compared to the drmi.Aszaresust we findthatahstoglamc oi nc
of 6azeeneasured behind TEIDVs is negatively skewed with larger magnitudesifaaee: O (see Fig. E7).
As demonstrated in Sed.4.3 cfrom a leastsquares fit to measurements, about 50% of measured variance
in the turbulent kinetic energy behind iTHDVs can be explained byazaalone. Combined, these results
indicate the presence of two side shear layers extending downfvldc& shaped HDVs, that produce
significant turbulence at a height of 1.7 m and are most intense close to the veloicle<a5 m.
Furthermore, the sign d@fazags found to be dependent upon which side shear layer is being measured
negative for the passengerés side and positive fo
studies of McArthur et al. (2016) and He et al. (2019).

In addition to he side and lower shear layers, an upper shear layer develops along the top of the
trailer. McArthur et al. (2016) and He et al. (2019) demonstrate that the upper shear layer is characterized
by an enhanced zone of vertical momentum transporiasdending downwind near the top of the trailer.
Thus, modelling studies predict a region characterized by a large neggtaee e ar t he trail er 6
extends downwind. Unlikéaagethe relationship betwedra2 aandQmeasured at a height 1.7 maisak:
linear least squardi of 6a@ awersusQgives’Y =0.17 (not shown), comparedo = 0.48 foroazawersus
'Q This is not unexpected, since as demonstrated in modelling and wind tunnel investigations, the upper
shear layer is positioned arethe top of the trailer, and therefore above our measurement height of 1.7 m.
Despite this, we find that the most significant downward fluxeés@bbehind TE HDVs occur only when
oaads minimized (see Fig. 41), suggesting a correlation betweegrtical momentum transport in the
wake and the vertical diffusion of aerosols. If the large negatd@ezorrespond to the upper shear layer
as demonstrated in modelling studies, then these results suggest that the upper shear layer has a significant
impact on vertical pollutant transport in the near wake region foHCE/s, and probably on the initial
transport to the vehicle wake (along the top of the trailer).

In the recirculation region (typically less than 10 vehicle heights downwind)erical simulations
show that pollutants are trapped to some degree within the intenseivgdneeated shear layers that bound
the wake region (Wang and Zhang, 2012; &fieal.2020; Wang and Wang, 2021). This trapping effect
might be indicated by thmeasurements presented in this study (i.e., F&), But the evidencéom
measurements alomenot conclusive. For example, behind eithei IBVs or BE HDVs, the mediar

and0 increases steadily fao <50 m, but fore v 1 there is little change in the median These
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results are more indicative of a sharp change in the wake behaa®0 m range, likely representing the
transition region of the near wake to far wake region

The cospectra ab and0 shown inFig. 4.12 (c) demonstrate that length scales < 50 m are primarily
responsible for vertical turbulent transport of particles in the wake region. The spettrarefexpected

to attaina’i 5/3 slope in the inertial subrange (Hanna, 1986). However, theapéat here do not display

any evidence of an inertial subrange. We see a near +1 slope in the high frequency part of the spectrum,
when plotted a&2"YQ versus'Q which may indicate the presence of white noise (Langéoml.2015).

This implies that there is significant noise in the paiticié particle 40 Hz UHSAS number concentration
measurements, leading to an overestimated varitluretheless, the preserafevhite noise i) should

not impact the cospectra, since white noise preseit imill theoreticallyhave zero correlation with .

Fig. 4.12 (b) demonstrates that other factors aside from vehdileed flow structures influence the
variation ofthe particle number concentration while measuring on highways, such as variations in the
background level with time and much more transient emissions that occur during specific operating
conditions (i.e., acceleration). These effects lead to low frequemtgibutions in the concentration spectra

(at length scales greater than 50 m) that are specific to the time series analyzed and do not correlate with

vehicleinduced turbulence.

4.5.2 Comparison of measure@mission factos and size distributions to @st studies

Emission factes calculated from the UHSAS in this study are much lower than any previous North
American particle numbermission fact@ published in the available literature. A summary of previous
measurement studies is given in Table 4.4. This underestimation is likely due to a difference in the size
range between the UHSAS (only diameters > 60 nm) and other instruments used to de®igsion

factors in other studies. This is especially important since nucleation mode particles are mostly diameters
< 60 nm and caencompass up to 90 % of emitted exhaust particles by nuifitrere studiesKalafuti
Pettibone et al. 201 Kittelson et & 2006 and BanWeiss et al2010 presengraphically thesize resolved
emission fact@ (by number)for measurements made in Mexico CitMinnesota, and San Francisco
respectivg). These studiesneasuredhe largestemission facta for particles with dimeters betweeh0

and  nm (.e., thenucleation mode)regardless of vehicle classificatidBan Weisset al. (2010)also

provides the sizé resolvedemission factas for LDVs and HD\s as supplementarydata (for particle
diameters betweelD and 290 n Using the data, tireemission fact@ have been recalculatett exclude

particles withdiameters < 60 nrgshown in Table 4 )4For HDVs excluding particles with diameters < 60

nm decreases thamission factofrom 40 10" # kgeue ' 1t08.1 10 # kgeuel'?, which is still aboufl9
largerthanthe averagemission factomeasured behind HDVs in this studyowever,Kittelson et al.

(2006) measured lowe&mission fact@ between 60 and 100 nm #dDVs thanBari Weisset al. (2010)

100



but raw datarenot available to recalculate theimission fact®. Nonetheless, the lowemission facta

between 60 and 100 nm measured by Kittelson et al. (2008ld give a loweemission factoover the
larger size range of 60 to 290 mompared tBar Weisset al. (2010).

Table 44: Particle number emission factos from the literature from the last two decades. Only studies that repomission
factors in units of # kgrueL'! are included. Some studies reported with units exponentiated asl0'® while others report as
10 Given our smallemission factos, we report only as 10 for clarity.

Fleet averaged

Study Study type  Vehicle speed Location Size range Emission factor
(msh (nm) 10" # kgruel'?

This study Chasing 107 30 Toronto, Canada 6071 1000 0.30

Wren et al. (2018) Chasing 107 30 Toronto, Canada  4.57 3000 3.71 20.0

Wang et al. (2015) Roadside <14 Toronto, Canada 771 3000 7.531 7.57

Kalafuti Pettibone et al. Roadside Not reported Mexico 117 494 15.6

(2011)

Ylii Tuomi et al. (2005) Chasing 157 28 Finland >7 83

Kittelson et al. (2004) Chasing <28 Minnesota, USA 37 1000 227 110

HDV (heavyi duty vehicles)

Study Study type  Vehicle speed Location Size range Emission factor
(m €Y (nm) 104 # kgruel'*

This study Chasing 107 30 Toronto, Canada 607 1000 0.43

Larson et al. (2017) Chasing 27112 Seattle, USA > 50 2971 62

Hudda et al. (2013) Chasing 137 31 Los Angeles, USA > 10 42

Park et al. (2011) Chasing >13.0 Los Angeles, USA 107 1000 14

Bani Weiss et al. (2010) Tunnel Not reported  San Francisco, USA 1071 290 40

Bani Weiss et al. (2010) Tunnel Not reported  San Francisco, USA 607 29C¢ 8.1

Bani Weiss et al. (2009) Tunnel 81 24 San Francisco, US/ >3 4771 400

LDV (light i duty vehicle)

Study Study type  Vehicle speed Location Size range Emission factor
(msY (nm) 10 # kgruer't

This study Chasing 2071 30 Toronto, Canada 607 1000 0.15

Zimmerman et al. (2015) Roadside Not reported Toronto, Canada 2.57 3000 37 8

Hudda et al. (2013) Chasing 1371 31 Los Angeles, USA > 10 4.3

Park et al. (2011) Chasing >13.0 Los Angeles, USA 107 1000 5.5

Bani Weiss et al. (2010) Tunnel Not reported  San Francisco, US# 107 290 2.8

Bani Weiss et al. (2010) Tunnel Not reported  San Francisco, USA 6071 29 0.38

Wren et al. (2018) do not give a size range, except to note themission factorincludes ultrafine particles, which may be considered
ambiguous (see for example, Kittelson et al. (2022)). Gordon et al. (2012) also report CRUISER measurements, which ahgesmobile
system used in Wren et al. (2018). They report that the condensation particle counter sizes patrticles in the range of 43080 nm, and
this is the range that is presented here.

2Caclulated from supplementary data provided by BaiiWeiss etal. (2010) corresponding to their Fig. 2.

It is useful to point out that Larson et al. (2017) measured accumulation and coarse mode patrticle

emission facta for HDVs in Seattle, USA, and obtained laegeission facta more typical of those that

includemeasurement of the nucleation mode. Their measurements were made at lower vehicle speeds < 12

m st and during September and December (in the Northern hemisphere), which probably represent more
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favorable conditions for nucleation mode formation. The foionadf a nucleation mode is enhanced at
low vehicle speeds, low air temperatures and high relativadmy (Kittelson et al.2004; Ronkkeet al.
2006). Furthermore, nucleati@md accumulatiomode particles may be better sampled in the lower size
range 6their instrumentation (5@ 100 nm), since they measured a maximum number concentration near
57,000 # cri¥ and a mean number concentration near 20,000 # Buaring our 2016 study the maximum
number concentration is much lower, around 8000 ¥,doutthe UHSAS has known deficiencies with
particle detection especially when the total number concentration is high (i.e., counting coincidence), or
when particles have diameters < 100 nm (see Secti 4)3The accuracy of the UHSAS at measuring total
numberconcentrations exceeding 10,000 # thas not been reported, but it is likely that a considerable
number of particles are not sampled due to instrument deficiefidiesefore, the lovemission facta
presented here, compared to previous studies showakile4.4, arelikely due to (1) missing nucleation
mode patrticles, and (2) a low bias in the total number concentration measured by the UHSAS.

If it is assumed that measurements are missing 90% of the total particle ndugbéo a
combination of (1) ad (2)as describeth the previous paragrapthen including this additional 90% would
give emission fact@ that are about 10larger than those measured by the UHSAS. Thus, for HDVSs, the
inclusion of 90% more particles would give a meanission factoof 43 10" # kg-uel'* and for LDVs
15 10“# kgruel't, which for HDVs is consistent with tleenission facta presented in tHiteerature when
the nucleation mode is included (except for Larson et al. (2017) who measured low vehicle speeds). As
noted in Sect. 4.4.5, there are times that the instrumented car is clearly measisgign factar from
traffic on the opposite sidd the highway embankment. If a higimission factoplume is measured while
sampling behind a low emission vehicle class (i.e., due to advection), the result will be an artificial inflation
of the averagemission factofor that vehicle class. This is thkely reason why the average LDamission
factor, when scaled to include probable missing particles, is large compared to the previous studies
highlighted in Table 4.4.
As noted in Sect. 4.4.2, there is a clear trend in the data whereby the pasidistsizutions measured in
2016 suggest larger sized particles than measured during 2019. One reason for this difference could be fuel
composition and emission standard changes that were implemented in Canada between the two
measurement campaigns. Spesifiy, in 2017 Canada lowered the allowable limit of sulfur in gasoline
from 30 mg k&' to 10 mg k&', but diesel fuel regulations did not change and had an allowable limit of 15
mg kd?! in both 2016 and 2019. However, in Ontario Canada, regulations for biodiesel fuel did change
between 2016 and 2019, with the mandated percentage of biofuel blended into diesel fuel increasing from
3% in 2016 to 4% iGneengrisel Rpws!| gtéifinistrysaif Environneent @and
Climate Change, Ontari®016). Kim et al. (2008) measured a shift in the accumulation mode toward

smaller particle diameters, with a reduction between 20 to 30 nm, for biodiesel compared to diesel fuel.
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Other inveggations have measured a similar result for biodiesel fuel (Chuegieaid?011; Armaset al.

2013; Guoet al.2017). These same studies have also demonstrated a reduction in the total number of
accumulation mode particles for biodiesel fuel, but a réoluéh the total number concentration between
2016 and 2019 is not demonstrated by our measurements. Aside framghasolinesulfur content and
biodiesel regulations, vehicles produced in the year 2017 onwards were expected to conform to more
stringentparticulate emission standards. For HDVs the particulate emission standard was reduced from
0.01 to 0.008 g milé, with 40 % of all 2019 model year vehicles expected to conform to this emission
standard. However, it is unlikely that the implementatiomofe stringent emission requirements would

be a significant factor in our 2019 study, since most HDVs are likely to be older models built before 2017
Aside from fuel and emission standards changes, there is also the possibility that subisokinetic sampling
leads to larger particles being measured in 2016 compared to 2019; subisokinetic sampling leads to
oversampling of larger sized particles and an overestimation of the particle number concentration at the
probe inlet (Hinds, 1999). Therefore, aside from iticrease in biodiesel use in Ontario that may result in
larger particles being emitted in 2016 compared to 2019, the measured particle diameters may also be biased
high in 2016 due to subisokinetic sampling. Furthermore, there is a concern that the fioritber of
individual vehicles sampled in 2016 (Fig. 4.6b) limits the statistical significance of the comparison between
2016 and 2019, and hence limits the ability to draw firm conclusions about the cause of the difference in
particle diameter betwee®26 and 2019. Despite the limited number of individual vehicles, each vehicle
shown in Fig. 4.6 was sampled continuously for at least 5 min (some as much as 30 min), giving at least 75
independent samples exceeding th® J&rcentile that determine eacledian curve shown in the figure.

The results shown in Fig. 4.5 demonstrate that the mode diameter measured behind HDDVs is not
constant and has significant temporal variation on short time periods of 1 to 5 s, and this variation is most
pronounced behincheé commercial bus. One possibility for the large variations measured behind the
commercial bus may be related to changing engine load, since periods of large acceleration favor larger
sized particles (Kimet al. 2017). We investigated the relationship ©Of measured behind the
commercial bus to vehicle acceleration (Fig. E9) and thesenmeevidence of large© in the mean
at large acceleration. Furthermore, the largest variatid@s in (circled in Fig. 4.5 (b)) correspond almost
exclusively to periods of acceleration (not shown), and times that a black plume released from the bus is
obvious on dashcamideo. Therefore, the rapid variations@n are probably caused by acceleration,
because during periods of acceleration the bus occasionally emits visible plumes with significant black
carbon that have largepticaldiameters than typical emissimeasured during cruise conditions. Figure
4.14 shows the aerosol size distribution measured behind the commercial bus, duringwhick 90
nm and a visible plume is obvious on the dashcam video recordings. The solid black line gives the median

calculated from 55 independent samples (i.e., 55 s of data) of black carbon plumes, witich has
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101.5 nm, and this is about 20 nm larger than the aerosol size distribution calculated from all measurements
behind the bus greater than thé"fierentile (shown as a red line in Fig. 4)1Yokelson et al. (2011)
suggest that black carbon is largely undetected by the UHSAS, but the results indkigndohstrate that

the blackcarbon plumes emitted by the commercial bus are sampled by the UHSIAS8eaant as a very

clear shift in the particle size distribution toward larger particle diameters. The distribution of the measured
black carbon plumes &pproximatelyjognormal; the blue line ikig. 4.4 is a lognormal fit to the median

measurementand the error bars give the 28ower) and 7% (upper) percentiles

20000 -
—— Median (visible soot plumes only)
18000 - - - - Mean (visible soot plumes only)
--=-- Lognormal fit to median
- . ‘ CMD = 92.9 nm; g, = 1.30
16000 — X —— Median, all measurements, as in Fig 6 (b)
. \‘l
14000 | g
o ‘
£ 12000
®
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o) .
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o
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©
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2."'-.,
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Figure 4.14: The solid black line gives the median aerosol size distribution measured behind the commercial bus,
determined from times when a visible plume is obvious on the dashcam video recordings apd. m > 90 nm. The black
dash line gives the mean, and theashed blue line gives a lognormal fit to the median measurement&tror bars give the
25" (lower) and 73" (upper) percentiles.Also shown as a red line is the aerosol size distribution for the commercial bus, as
shown in Fig 4.6 (b).Size distributionsare not background removed, or corrected for particle loss.

Previous studies investigating particle size distributions of diesel vehicles have reported a wide
range of geometric mean diameters that are representative of the accumulatigrario@s, sometimes
< 60 nm (Xueet al.2015), which is below the size range of the UHSAS. A lognormal mode centered below
a particle diameter of 60 nm could explain the poor fit to measurements for most HDDVs measured in 2019
(see Fig. 4.6 (a)). Sincedldetection efficiency of the UHSAS drops off rapidly for particles with diameters

less than 100 nm, the result would likely be a measured patrticle size distribution that is skewed toward
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larger particle sizes, giving the appearance of an accumulationcaottged at a diameter > 60 nm. This

is similar to the appearance of the size distribution for most HDDVs measured in 2019 and shown in Fig.
4.6 (a). Lognormal distributions fitted to the accumulation mode of diesel exhaust have previously reported
» inthe range of 1.5 and 2.5 (Abdihaleket al. 1998; Harris and Maricqg, 2001; Virtanehal.2004;

Xue et al.2015). For the lognormal distributions calculated in this stpdyn some cases wund to be
below this range, between 1.27 and 1.82. The smallest calculated for data measured in 2Q19nay

also be underestimated if the particle distribution is distorted by the UHSAS at particle diameters < 100

nm.

4.5.3 Plume modelling

The evolution of pollutants in the far wake region (and the region above the wake) have previously been
described with good success by a Gaussian distribuEimongskei 1988; Xiet al.2020. Recently, Makar

et al. (2021) assumed a Gaussian distributiomodel the vertical variation of turbulent kinetic energy

within vehicle wakes in a numerical prediction model. For a pollutant released downwind of a source, the

gradient transport model as described by the advécliffusion equation canbe usedtord el t he p | u m¢
evolution
— 06— VUV~ 0 0 — — 00— —U0U— —0—8 (4.7)

This is valid only when the plume size has a greater size than the dominant eddy size, and if the plume is

assumd to be nonreactive. If advection dominates the downwind diffusion of the plumeo theh

— 0 — . For small particles (< 100 nm) and gases, the settling velocity 0. If the plume is timie

independent (steadgtate)|(jT & 0) and he coordinate system is aligned so tat 0 1, then Eq. 4.7
reduces to

6— — 0 — — 0 —38 (4.8)

The solution to the advectibdiffusion equation (without deposition) is the Gaussian plume equation
(Ermak 1967),

0 ofufy ———0 Q Q A (4.9)
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where the error term has been neglected. Here we assume that the turbulent number flux is proportional to
the number concentration gradient (i.e., Fickian diffusion), and the vertical number flux can be described
as

Oae U —h (4.10)
with constant eddy diffusivities (Lushi and Stockie, 2010),
0 —and0 —38 (4.12)

Differentiating @.9) with respect to height, combined with10) gives
00 ohuf 0 — ———0Q ¢ca ¢'Mm ¢ ¢ M 8 (4.12)

For a TEHDV with a trailer, the exhaust is above the main cab, upwind of the trailer. However,
based on previous evidence, it is assumed that the end of the trailer can be viewed as a secooelary
location: pollutants that are trapped in the upper shear tagereleasedt the end of the trailer into the
wake regionwithout substantial diffusiom | o n g t h e. Fortha THHBVs dngestigateg in this
work, the trailer has an estimdtbeight of Q= 4.1 m For median binned measurement® ob aenade at
&= 1.7 m at various locations downwind of the trailer, estimatés af , 0 and"Yare obtained by iterating
through various combinations of these variables to determine whinbination will minimize theotal

normalized rodtmean square errd2 - % ) of Eq. 4.9 and Eq. 4.12 simultaneoysly

T
-B  0jp 0 (4.13)

The RMSE is normalized by thenaximum measured concentrati@lh ; ) or maximum
magnitude of the measured fl(g 0 s ) for EQ. 4.9 and Eqg. 4.12 respectiveRhetotal RMSE is
calculated as the sum of each normalR&ISE,and this is the variable that is minimiz&there are several
assumptions implicit in the application of this optimization approach: (1) the following distance has no

uncertainties, (2) the insimented car is always measuring along the plume centerline, (3) crosswind flow

106



is negligible and hence does not affect the placement of the plundeafd) Yare stationary and hence do
not vary with time, (5)0 and0 are constant in all directisn(vertically, laterally and horizontally
downwind), (6) there is no effect from vehicleduced flow structures behind the vehicle (i.e., no
recirculation region or shear layers). Furthermore, the data for HDVs are calculated from many different
sampled ehicles of the same type. Therefore, this approach does not consider differences that may exist
between individual vehicles, such as their emission rate, the length of the trailer or orientation of the exhaust
pipe. To remove the need to optimige the neasured concentration or fldiar eachindividual vehicle
profile could be normalized by the closest measurement (smallgstHowever, in this study the
measurement rangef each individual vehiclarenot identical (i.e., different smalleat ) which creats
a large differencen the normalized profilepreventing then from being combined to form a single profile
representative of that vehicle class. There are insufficient data to apply this ojdimagaproach to each
individual vehicle, and therefore this approach is not applied here.

It is useful to obtain an initial guess for the source stredthcompare with the optimized value.
For HDVs the mediaemission factofrom Table 4.3 is 0.2310™ # kguel'*. Assuming a vehicle speed of
100 km h! (28 m $1), no accelerationQ = 0 km, vehicle specific constants|of = 2.16 103,| =
7.98 10°%| =1.0 108and a vehicle mass af = 7092 kg (i.e., convex model of HDDT 8 from Wang
and Rakha, (2019), representing a 2001 model vehicle), Eq. 4.4 gives a fuel consumptiori@ate of
T 0'Q00 =0.007298 kgei . For anemission factoof 0.23 10" # kguel ! and rate of@ =0.007298
kge S'%, an initial guess of the particle emission raté is2.02 10 # 1. The mean wind speed at 10 m
height recorded by stationary monitoring stations in the vicinity of tieoad measurements ranged
between 3 and 8 mqsee Table 4.1).

Two optimizationsare presented in Fig. 4Ior measurements obtained at a height of 1.7an:
and (b)show optimization of andv " afor BEi HDVs ('Q= 0.5 m) while (c) and (d3how optimization
of 0 andv aafor TEI HDVSs, respectivelyFor” and0 the background levels are removed following
the procedure outlined in Sect 4.3.5. Foii ABVs the optimized solution predicts a magnitudé® othat
is similar to measurements@at > 30 m. However, the Gaussian solutiomlerestimates the decrease in
0 atw >50m. Furthermore, a < 30 m, the optimized solution gives a poor fit to measurements, since
the modelled solution gives decreasingwith decreasingo while the measurements remain relatively
constant. This poor fit fa < 30 m is not unexpected, considering the complex flow structure in the near
wake region and a recirculation region where pollutants become trapped. The relatively éorfetait
< 30 m might indicate pollutant trapping in the recirculation region, since the optimized solution suggests
that0 should rapidly decrease far < 30 m. Despite the poor fit i , the shape and magnitude of the

optimizedy a amatches the masurements well (Fig. 41b)). For BE HDVSs, the optimized solution gives
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with a magnitude similar to measurements, but the solution does not show an incteasein< 20

m which is present in the measuremefitse optimized value ad = 4.2 10"°# $* and 0.0058 kg'éfor

0 and”

respectively. These are lower than the estimates given in the previous paragraph but are of a

similar magnitude especially when considering the uncertainties involved.
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Figure 4.15: (a) and (b) show the optimized solution fol! (and = & afor top exhaust vehicles, withe = 6 m 81, L, =0.038
m2s't ky=0.175nstand |k = 4.2 10°# 1. Panel (c) and (d) show the optimized solution faand o zyador bottom
exhaust vehicles, withg =7 m %, L, =0.14 n?s'%, Ly = 0.19 n?s'Tand |- = 0.0058 kg &. The median measured flux and
concentration are used to complete the optimaions, which is completed simultaneously for both Eq. 4.9 and Eq. 4.12. The
measured concentrationsz(%andJ 4 have had background levels removed according to Step | in Sect. 4.3@ta in panel
(a) and (c) are background removed.

Both optimizations give very similar valueswf, whichis predicted to be 0.175 and 0.19 sit

for TEi HDVs and BEHDVs respectivelyd is optimized to be quite different depending on the exhaust
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location, with0 = 0.038 and 0.14 f% * for TEf HDVs and BEHDVs respectively. These results suggest
that there is little lateral diffusion behind THDVs compared to BEHDVs, at our measurement height.
Furthermore, for TEHDVs the optimized results suggest that almost all diffusion is occurring verticall

within the vehicle wake. The ROADWAY model parameterizes the vertical diffusion coefficient at height

aon highways as a 0 ,whered s predicted from vehicle wake theory (Eskridge and Rao, 1986;
Eskridge and Rao, 1991). Alsb, is predictel to increase with increasing vehicle velocity (ike.? "Y),

leading to increased vertical diffusion at higher vehicle speeds (Eskridge and Rao, 1991). Using
measuremestof 0  made behind TEHDVs, the ROADWAY model parameterization suggests that
should range between 2 and 3 sit, but0 = 3 n? s'lis aboutl? times larger than estimated from the
optimized Gaussian fit behind a singleiHDV (assuming constant in all directions). Sistla et al. (1979)

lists 0 values used in four different highway models (i.e., their Table 8), that can be used to predict
pollutant concentrations downwind of a highway a&teight o2 m,0 values used in these models range
between 0.05 and 0.55 ! under neutral conditions witmassumeroughness length of 1 m. One outlier

is the DANARD model which has an upper value of Zosifor 0 at 2 m height. Sedefian et al. (1981)
analyzed data from nédrighway stationaryawers and estimatad due to traffic only at a height of 1.5

m, with values ranging between 0.13 and 123t Eskridge et al. (1979) suggest slightly larger more
consistent with results from the ROADWAY parameterization applied to measuretllonetheless, the
values ofv reported in the literature from néaighway studies are in a similar rangeitoestimated

from the dudloptimization approach applied here, even thoughn this work represents aniiwake

vertical eddy diffusivitynear the ground.

4.6. Conclusions
This work investigated the emission and diffusion of,@@d accumulation mode aerosols emitted from
heavy duty vehicles using high frequency instrumentation. In Sect. 4.4.1 we asked five questions, and it is

worthreturning to those now to conclude what this study has demonstrated:

1. The exhaust location is found to impact the concentration statistics measured at a height of 1.7 m behind
heavy duty vehicles. Specifically, measuredand( and their variances are larger behind BBVs
than TE HDVs. Furthermore, the direction of ” aand0 aa¢s specific to the exhaust location, and
0 " aisof greatest magnitude behind BEDVs. These results have implications since pedestrians are
at ground level (< 2 m height) and soiBEDVs are more likely to lead to a higher dose of pollutants
near ground level. For BEIDVs, there is a very abrupt decreasd)inand,, near 50 m. For TE

HDVs, this decrease occurs later, near 60 m, and is much less significant compared b/BE
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2. Measurements combined with plume modelling in Sebt34lo support pollutant trapping in the near
wake. For TEHDVs the Gaussian solution predicts a rapid dro ifior @ < 20 m, since under no
crosswinds, downward vertical spread can only happen at the end of the trailer, and the downward
spread of the plume would take time. Therefore, just downwind of the trailer the total particle number
concentration is mimized. However, this is not supported by the measurements, which shows a slight
increase i) asw decreases. For BEIDVs where less assumptions about the location of the exhaust
are required, an optimized Gaussian solution does not give a good fiat smallo The measured
" increases rapidly ab < 20 m, but the optimized solution remains constant or decreases. Thus, the
plume model when combined with measurements would suggest that pollutant trapping is occurring at
@ <30m.

3. Measurements abazadbehind TEHDVs do demonstrate the existence of side shear layers. At a
measurement height of 1.7 ndagaecorrelatesmoderatelywith measured) andoazaswitches sign
depending on the direction of the crosswind flow. The upper shear layer is less defined in our
measurements, but there is a clear relationship betvais®ndoa2 aethe most significant downward
0 @ amccur only during significant dowvard 6a2 gewhich might support the assertion that the upper
shear layer entrains pollutants near the start of the trailer that are later released downwind into the near
wake region.

4. The emission of C@s found to bedistinctly related to vehicle accedionwhile measurindehind a
commercial bus, as demonstrated by Fig. 4.4 (a). The medsunecreases in a nearly exponential
fashion aghe b u sabcsleration is increased. Like, there is a clear relationship between vehicle
acceleration andasticulate emission, since vehicle acceleration clearly produces (argdowever,
unlike” atrend in with increasing acceleration is not clear. For particle size there is evidence that
the mode diameter of accumulation mode particles is asexe during periods of acceleration.
Specifically, periods of acceleration correlate with times that a visible plume is released from the bus.
The median size distribution measured during release of the visible plumes has a mode diameter that is
about 20 m larger than the median size distribution calculated from the entire record behind the
commercial bus (for which > 75" percentile).

5. Interestingly, for TEHDVs the optimized Gaussian solution is a good fii 8 afor all @ measured,
even though) suggested by the optimized solution is completely different than measurements for
small ® 8Therefore, the optimized solution gives the best agreement for the far wake, and worst

agreement for the near wake. The conclusions are similar fidi B¥s.
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This investigation demonstrates the feasibility of the instrumented car at meastriogdon
vertical turbulent pollutant fluxes and concentration statistics for short averaging periods of 1 to 10 s, while
travelling at highway speeds, since the digetof the vertical flux of C@and aerosols are consistent with
the exhaust location on the targeted vehicle. Wavelet spectra reveals that length scales < 40 m are
responsible for the vertical turbulent transport of aerosols. The results show thatdiheliamaeter of
accumulation mode patrticles has decreased by about 10 nm between 2016 and 2019, which we suggest may
be related to an increasing percentage of biodiesel mixed into diesel fuel in Ontario, with a legislated
increase fron8to4 % in 2017. Furthermore, consistent with previous studies (i.e., Table 4.4), we find that
heavy duty vehicles produce the largest accumulation mode particulate emissions. This work reveals that
there is a large uncertainty in the quantificationenofissionfactors from low emission vehicles when
measuring on highways with other traffic, given the significant biases that can occur due to drifting high
emission plumes from heawguty vehicles.

111



CHAPTER 5: Stationary measurements of nearground
wake flow and turbulence generated by isolated vehicles

travelling at neari highway speeds
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Abstract

Wakes generated by moving vehicles impact pollutant dispersion and may serve as a source of wind power close to
the ground but limited iri situ high frequency measurements of vehicle wakes eXibis study used amall,
instrumentedtripod placednear the edge of a twikane highwayto investigate vehiclavakesand explore the
possibility ofharvesting theiwind energyInstrumentation includeavideorecording system andsanic anemometer

that measured at a height of 1.4 Tihe highway in thistudy was unique, sincefigaturel manydifferent types of

vehicles (e.g.,passenger cars, sport utility vehicles arashsport truckstravelling at high speadnear80 km H?Y),

and sometimes these vehicles were temporally isqlataiving analysis ofindividual vehicle wakes without
interference from other traffiddoving vehicles induce a wake flow, which is most significant betnartsport trucks

For a passingtransporttruck, the wake flow nearly aligns paralleltotrmadand s ori ented i n t he
direction. Themaximummagnitude of the wakénducedflow behinda passingransport truckis measured to be

about 2 greater than the mean ambient wind speed. Ubimgigh frequency measurements, the start and endstime

of the wake werestimatedand then used tapproximatethe lateral spread dhe vehicle wakegenerated by each
vehicle class. Wakes behitidinsport truckdiave the greatest lateral spread, followed by sport utility vehicles, and
passenger cars. Thateral widthof the wake generated laynoving transportruck is estimated to be about §reater

at 150 mbehind the vehicléhan the wake generated adynoving passenger car or sport utility vehiclée utility of

roadside wind power generation is investigated, and the results suggeshibkasections of 400 series highwaasy

have sufficient transport trucks maintain aconsistentvake induced flowO3 m $* during peak traffic. Assuming

no wake interactiononly transport trucksaind a wind turbine with perfect efficiencthe results from this study
suggesthat0.02 kW h (per rhswept area) oftorable energyould result during peakaffic flow. However, this
estimate is probably underestimated, since on real busy highways many vehicles of different types may travel together
in groups, leading to wake interactions and potentially compoundingficaddition to wakéinduced flow, passing
transport trucks lead to a significant increase in the measured vertical heat dlineight of1.4 m for about 5 s

following their passage, demonstrating ttrahsport trucks generate significant mixing near the road surface.
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5.1Introduction
Vehicular traffic is known to have many impacts on the atmospheric environment. Aside from pollutants
that are directly emitted from the tailpipe, the suspension and subsequent transport of particulate matter
(i.e., fugitive dust) can have @agificant impact on grouridevel air quality (Edvardsson and Magnusson,
2009). This is especially true for vehicles travelling on unpaved roads or roads with an unpaved shoulder
(Williams et al. 2008; Moosmulleret al. 1998). The vehicle pulverizes the road material which is then
suspended by tire rotation. Following suspension, the particulate matter is diffused by vehicle wake
turbulence and advected by the ambient flow. The wake turbulence of a vehicle is deperuamral
factors including vehicle speed, which has been shown to affect pollutant diffusion behind vehicles
(Eskridge and Thompson, 1982; Eskridgeal. 1991). Field studies investigating fugitive dust emission
from ori road vehicles have also found aretation with vehicle speed and vehidleduced turbulence
(Moosmulleret al.1998; Etyemeziaet al.2003).

Aside from vehicle related pollutant and particulate emission, recent interest has also focused on
the vehicle momentum wake, and the abilityhovest its energy. This energy may then be stored in a
battery and used to power streetlights and cameras adjacent to the roagt @i@020; Husseiret al.
2018; Laponite and Gopalan, 2016). Laponite and Gopalan (2016) show that vehicular majemecare
a significant increase in the flow close to the surface, and this flow represents about a 200% increase in the
potential extractable wind power when compared to no vehicular motion. Tian et al. (2020) suggest that
vortex cores present near thdesiof passenger cars are responsible for much of the extractable energy.
Despite these numerical investigations demonstrating the feasibility of wind energy extraction from vehicle
wakes, ifisitu measurement of vehi¢ieaduced flow near highways is lacking

A limited number of iiisitu roadside studigsave investigated vehidlenduced turbulence and
wakd induced flow. Rao et al. (1979) measured accelerated flow paralleigbway resulting from traffic
travelling at speeds between 75 and 90 kh(21l and 25 m'¥). They found that with increased ambient
flow perpendicular to the highway (i.e., crosswinds), the vetiulieiced flow parallel to the highway is
reduced. Chock (1980) summarizes measurements of the mean wind field that resulted fromfa pack o
vehicles travelling down a highway at speeds of 80 khf22 m $%). They present measurements made
1.7 m from the edge of the highway, at heights of 1.5, 4.5 and 10 m above the ground. At a height of 10 m,
they did not find a distinguishable effect tre mean flow resulting from moving traffic. However, at
heights of 1.5 and 4.5 m, there was a clear acceleration of the mean flow in the direction of vehicle travel.
Like Rao et al. (1979), their measurements demonstrate that Véfcieed flow is redusd when ambient
crosswind flow increases. Aloridestebanez et al. (2012) investigated individual vehicles (a car, a van, and
a heavyduty truck) as they travelled past an array of sonic anemometers plageardails near the edge

of a highway. Their study investigated turbulence statistics only and did not investigatei wathided
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flow. They present single tiniaveraged statistics for each vehicle pass, and therefore do not describe the
temporally localized varian that occurs as the vehicle passes the sensor.

Previous investigations have measured spectra near the highway, but for longer averaging periods
of 15 to 30 min, which is representative of a period with many different types of passing vehicles. Rao et
al. (1980) measured spectra near a highway in New York, USA. They found that traffic mainly affected the
spectrain the 0.1 to 1.0 Hz frequency range, with a maximum difference near 0.25 Hz. Kalthoff et al. (2005)
measured turbulence spectra 2.5 m from dway (at a height of 3.75 m), and likewise show an
enhancement in the spectra at frequenei@sl Hz in the presence of moving traffic. Measurements of
spectra have also been made behind vehicles. Baker (2001) presents instantaneous wavelet spectra of
velocity measured behind a model lorry and model train at differeiidimensional times, averaged from
many different realizations. When the indimensional time was small, they found a significant and distinct
peak in the wavelet spectra at a frequenc.bfHz, but as the nddimensional time increased, the peak
quickly disappeared. The wavelet spectra also demonstrate that a second peak exists between 0.05 to 0.1
Hz . Baker (2001) argues that the pealkamnednyerSoHz
represents the main length scale of the wake. The peak near 0.5 Hz agrees with 1 min Fourier spectra
presented in Miller et al. (2019Chapter2) for measurements obtained behind héawyy trucks, where
the dominant length scale is foutmbe consistent with the length of the attached trail&O(t015 m). A
similar increase in the high frequency portion of the velocity spectra was also mea$uoed @y Gordon
et al. (2012) and Rao et al. (2002).

This study presentsiisitu measumments of wake flow and turbulence measured near a highway,
at a height of 1.4 m. The highway speed limit was 80 k(P& m $*), and the traffic was sparse, providing
a unique opportunity to sample different vehicle types inigalation. In thiswork, three vehicle types
are common: passenger cars, sport utility vehicles and hewatyytrucks (also referred to as a trattor
trailer or transport). We thus describe the variation in the wakefflogach0.1s as these different vehicle
types pass thsensoi measurements which have not yet been reported in the available literature. Using
the highi frequency measurements of vehidgteluced flow, we develop a simple parameterization to
estimate the lateralidth of the wakewith increasing distance bieldl the vehicle. The amount of extractable
wind power is estimated as a function of vehicles per minute, to investigate the feasibilityicidead
energy generation. Finally, we present average wavelet power spectra of the measured flow velocity
generatd by passing heavyluty trucks. The wavelet spectra presented in this work are calculated for each
2 s period after the passage of a vehicle, to investigate the temporal variation of the spectra in the vehicle

wake.
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5.2 Methodology

5.2.1Experimental setup

As discussed in Chapter 8 small, instrumented tripod was assembled and placed in a highway shoulder

for measurement of dnoad traffic (on 22 Aug 2019 Theinstrumentation consisted of a sonic anemometer
(Applied Technologies, Inc., model type AVO) that
recording system (30 frames per second). The video recording system used in this work has a lirgieed stora
capacity, and so some of the recorded video near the start of the measurement period was lost and
overwritten by subsequent recordings; the dashcam documents each minute as a separate individual video
file. The sonic anemometer was installed at a heiftit.4 m and was secured with guy lines to limit

vibrations.

Figure 5.1: The tripod setup used on 22 Aug 2019.

Agricultural fields were located on either side of theitlaoe highway. The highway has a posted
speed limit of 80 km 'R (22 m $%) with traffic consisting of passenger vehicles (i.e., cars, sport utility
vehicles and pickup trucks) and the occasional iehwt v t r uc k , hereafter al so
truckso. 22 Aug featured f air wastngofmainlycunmoldsandi on s ,
cirrus clouds. The instrumented tripod and sky conditions are shown in Fig. 5.1. Figure 5.2 shaws a top
down view of the location shown in Fig. 5.1, with the shoulder width and lane width estimated from Google
Earth superimpged. The tripod is located at the edge the shoulder, about 2.7 m from the edge of the
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highway. The wind measured at nearby Egbert weather station (16 km north at an elevation of 251 m) was
between 3.8 and 5.0 mt&t 10 m height with a wind direction beten 310 and 340°. This wind direction
corresponds to a flow across the highway, toward the sensor. Egbert weather station measured an air
temperature bet ween 1 8niddy bedweeh 52ahd 58%. Tleitrigod is lbdatadat v e h
an elevation o222 m, estimated from Google Earth.

715\, @ Sonic anemometer

Figure 5.2: A schematic showing the location of the sonic anemometer and the estimated distances of the highway (estimated
from Google Earth). The coordinate system of the sonic anemometer used in this investigation is given in the image (the
vertical velocity compament is upward, but it is not shown in the figure), as well as the vehicle travel directions.

5.2.2 Coordinate Rotation

The sonic anemometer on 22 Aug was tilted slightly downward with respect to the road, giving a mean
vertical velocity ) 0. The oordinate system is rotated parallel to the mean flow (givirg0) over

the entire measurement period by applying a planar fit correction usiigvestapping Smin mean
velocities (36 in total or 3 hours of measurements). The planar fit method ashenaegical wind speed

can be described by (Wilzat al.2001),

0 ® WO QL 8 (5.1)

For the measurements at the tripod on 22 Augs 0.118 m &, @ =i70.111 ando = 10.02.While the

planar fit approach gives = 0 over the entire measurement period (3 hours), individual periods may not
necessarily have = 0. Since this work investigates short periatsg) while vehicles pass the tripod, it

is not practical to rotate el individual period given the limited sample size, and thus the planar fit
approximation is used instead of siriglen rotationsTable 5.1 gives statistics for each measured velocity
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component, calculated from the entire measurement record, after applying a platetidit As expected
from application of the planar fit methadal,= 0. The maximum measured flow velocities are quite large,
for example maximum and0 are measuredt 7.6 m & and 14.3 m's respectively. However, as will be
demonstrated in Sect. 5.2.3 and Sect. 5.3.2, these high flow velocities measured by the trgroel @ed
with passing vehicular trafficlypically, aspike removal algorithm is applied toréc anemometer data to
remove unrealisticelocities Unrealistic elocitiesmay be due to electronic noise, or result from insects,
large particles or precipitation passing through the sehsthis studyspike removal is not appliesince
there is no evidencef unrealistic values$n the short time seriewhen the effect of @ssing traffic is
considered

In the analysis that followgand Table 5.1)the velocity components are presented so dhat
perpendicular to the highway (positive toward the tripod$, parallel to the highway (in the direction of
traffic flow of the closest lane) and is positive toward the right when looking across the higlomayhe
tripod), andv is positive upward. This coordinate system is chosen so that it aligns with the wake axis that
is generated by passing traffic (assuming no crosswind flow). The coordinate system is shown in Fig. 5.2

for reference.

Table 51: Velocity component statistts after rotation, calculated from the entire record (about 3 hours).

Velocity Standard } )

Mean o Max Min Q25 Median Q75
component deviation
6 (ms?h 1.82 1.01 7.97 16.71 1.18 1.77 2.42
0 (msY 1.19 1.37 14.3 16.59 0.33 121 2.02
0 (ms?) 0.00 0.54 7.58 17.92 710.30 10.01 0.30
YO ) 21.1 0.93 30.3 18.8 20.4 21.0 21.7

5.2.3 Passing Trafft

For the approximately two hours of video recordings, there were 432 vehicles that passed by the tripod.

The amount of vehicles separated by vehicle type is given in Bjgrid the number of vehicles from each

class travelling in the close lane is shaagtmedium red shading. To perform analysis on different vehicle
classes, the recorded O6eventdé must be isolated in
vehicle class alone and not other traffic in the vicinity. A vehicle passing ploel is therefore considered

isolatedif there is no other traffic for at least 10 s preceding the event and for 10 s following the event in
either highway lane. For the period investigated, there were a total of 110 vehicles meeting this criterion
(about 5% of the total number); Table 5.2 gives the number of isolated vehicles for different vehicle
classifications. Only three vehicle classifications have enough samples of isolated vehicles to generate

meaningful statistics for both highway lanes: passenges, sport utility vehicles (SUV) and transport
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trucks(tractoit r ai | er s) . To ensure consistency among samp
defined as the time that the front end of the vehicle is directly in front of the tripoglcasled by the

dashcam. Here we assume that all vehicles are travelling at the same speed of 80.&mthe speed

limit of the highway) The clock that recorded the sonic anemometer measurements was different from the
clock that recorded the tripddwer video. This clock mismatch introduces an uncertainty in the recorded

times that is on the order of £0.5 s, but filn@sed error bars are omitted from the graphics presented herein.

Table 5.2: The number of vehicles in each vehicle class that traled in the close or far highway lane and were deemed to
be isolated. Bolded rows are investigated in this work.

Vehicle Type Isolated close lane Isolated far lane
Passenger car 22 13
SUV 16 14
Passenger van 3 4
Commercial van 2 2
Pickup truck 7 4
Jeep 2 0
Small truck 1 0
Other 1 0
Transport 10 9
Motorcycle 0 0
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Figure 5.3: The vehicles passing the tripod on 22 Aug (433 in total), separated by vehicle class. The number in brackets
gives the total amount of vehicles in that vehicle class. Thaea of each shaded region is proportional to the legend
description, that is: (1) dark red are vehicles that passed in the close lane and were isolated, (2) medium red are the
remaining vehicles passing in the close lane (not isolated), (3), medium orange are vehicles passing in the far lane that wer
isolated and (4) light orange arelte remaining vehicles passing in the far lane (not isolated).

5.2.4. Calculation ofvariances covariancesand means

The procedure to calculate wavelet variances and covariances is detailed in Miller and Gordon (2022)
(Chapter 3, Sect 3.2.8nd references therein. For wavelet analysis in this warkances and covariances

for everyindividual event arealculated foreach 0.1 s of measured data and include time scales up to
approximately 2 minMean valuedor each event aralso calculated foeach 0.1 s of measured déite.,

using 2 data points)he statistics for each eveategrouped according teehicle typeand the highway

lane of travel, giving a set éfrecorded eventS.he set o€ recorded events used as a basis to generate

median values and quartiles for each 0ot measurement

119



5.3. Results and discussion

5.3.1 Wake Flow

Figure 54 shows the measured horizontal flow (i®.and0) as (a) transport trucks, (b) SUVs and (c)
passenger cars travelled past the tripod. Refer to Sect. 5.2.3 for filtering criteria. The top panel 4f Fig. 5.
shows theé component ofielocity, and the bottom shows; each velocity component is further separated

by the highway lane of travel relative to the tripod location (i.e., close, or far). The yellow shading shows
the interquartile range. The wake flow is clear in the measured horizolataityeomponents and is most
significant behind transport trucks in the close I@&weenl.9and 2.4s, the mediab quickly increases

from 1.4 m §' to 3.0m s'. Between 2.5 and 2.7(sis negative, indicating that during this time the flow
direction is reversed and.Fomppodtetls, the mastintease veliidlee 6 st |
induced flow is measured, and the flow direction nearly aligns with the direction ofeviehieel (i.e.p
4mstandd 0.5 m Y. Measured flow oriented with the vehicle travel direction is consistent with
previous nedtighway studies performed by Rao et al. (1978) and Chock (1980) when the measured flow
is averaged over several sads, but these previous investigations did not resolve theGBamperiad of
reversed flowthatis demonstrated in Fig. &. However, the 75percentile ofo suggests that even in the

most intense part of the wake between 3.4 and 6.1 s, the flogtitdrave considerable variation in its
direction. The horizontal flow in the most intense part of transport truck vehicle wakes exceeds the ambient
wind speed by about a factor of 2. For transports travelling in the close lane, the wake flow doesamot app

in the measurements until about 2 s after the start of the event. This 2 s delay results from the time required
for the trailer to fully pass the tripod, plus the time required for the edge of the vehicle wake to spread
laterally or be advected to tlsensor. Even transport trucks travelling in the far lane show a significant
vehicldg induced flow, but with flow oriented in the opposite direction than is generated by vehicles
traveling in the close lane. The weakening of the wake flow is much more bcaduygared to the initial

increase, which is abrupt over about 1 s.
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Figure 54: The velocity measured as (a) transport trucks, (b) sport utility vehicles (SUV) and (c) passenger cars traveled
past the tripod. Each vehicle type has two panels showing the measured velocity: the top showaligned perpendicular to
the road) and thebottom showso (aligned parallel to the road). The median ofl events are shown as thick solid lines; the
thin upper and lower lines give the 75th and 25th percentiles respectively.

SUVs also show evidence of vehidleduced flow in the median and 75th percentile, and to a lesser
extent passenger cars. For SUVs travelling in the closeladmegins to show an increase in the median at
3.6 s, with a similar time fab. For passenger cars travelling in the close ldreegffect on the measured
is similar to sport utility vehicles, but fdr, the effect of passenger cars travelling in the close lane is more
muted and evident mostly in the"2percentile. There iso visible effect onthe measured horizontal
velocity components from passenger cars travelling in the far lane. For SUVs travelling in the far lane, there

is novisible effect ind, but evidence of their motion exists in the mediabetween B and8.2 s, since
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