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Abstract The Michigan Pollution Assessment Labora-
tory (MPAL) is a mobile air quality monitoring platform
designed to measure conventional, toxic, and green-
house gas (GHG) air pollutants. The spatially and tem-
porally resolved data collected can be used for multiple
purposes, such as mapping spatial patterns and identify-
ing peaks. The truck-based platform includes instrumen-
tation for 11 gaseous pollutants and for particulate mat-
ter (PM), size distribution (7 nm to 20 μm), PM10, black
and brown carbon, and trace metals. MPAL is equipped
with meteorological instruments, a high-accuracy GPS,
forward and reverse cameras, and a data logging and
display system. We selected commercially available
instrumentation based on sensitivity, response time,
and robustness. The vehicle’s power system allows ~
6.5 h of continuous operation with all instruments oper-
ating. This article details the design, construction, and
evaluation of MPAL and summarizes data collected in
its first year (March 2019 to March 2020) of operation.
We completed a series of runs on 84 days in Detroit,
Michigan, an area with a diverse set of traffic, industrial,
and commercial emission sources, and collected
265,816 1-s observations (excluding collocations, zero

checks, and other quality assurance measurements).
Using data from these runs as well as special tests, we
present results of performance evaluations that exam-
ined the response time, PM losses, and wind measure-
ments and compare results to stationary regulatory mon-
itoring data. We highlight key issues and provide prac-
tical solutions to help evaluate and resolve these issues
and share many lessons learned in developing and using
a mobile platform.

Keywords Air quality monitoring .Mobile . Pollutant
mapping . Gas pollutants . Particulate matter (PM) .

Greenhouse gas (GHG)

Introduction

Spatially and temporally resolved information on ambi-
ent air quality can reduce exposuremeasurement error in
health studies, improve risk and disease burden projec-
tions in health impact and accountability studies, and
better identify culpable sources in apportionment stud-
ies. In urban and industrial areas, air quality can exhibit
considerable spatial and temporal variation, a result of
different and highly variable emission sources and
changing meteorology conditions. Considering PM2.5,
for example, local emission sources include thermal
power plants and other industry, vehicle exhaust, tire
and brake wear, biomass fires, and entrained dust,
among others, while regional sources include distant
emission sources. Conventional monitoring stations,
usually established for regulatory purposes, are spatially
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sparse and measure only selected pollutants and provide
little information regarding spatial variation. Remote
sensing data, most commonly using satellite data to
estimate pollutant concentrations, can be used for sev-
eral pollutants, but provide column-integrated measure-
ments at relatively coarse spatial resolution (Duncan
et al. 2014). Dispersion models can provide spatial and
temporal information, but gaps in source inventories and
other limitations increase uncertainties and can lead to
errors.

The use of mobile platforms to measure spatial var-
iation and detect peaks or “hotspots” of air pollutants
has emerged as a monitoring approach that comple-
ments stationary monitors and remote sensing. Mobile
monitoring has been used for a variety of purposes over
the past two decades. Table 1 summarizes prior studies,
which tend to fall into several groups. Most studies have
examined the spatial distribution of ambient concentra-
tions (Bukowiecki et al. 2002; Westerdahl et al. 2005;
Westerdahl et al. 2008; Fruin et al. 2008; Wallace et al.
2009; Adams et al. 2012; Hagler et al. 2010; Baldauf
et al. 2016; Levy et al. 2014b; Levy et al. 2014a; Elen
et al. 2013; Van den Bossche et al. 2015; Apte et al.
2017). For example, in 2002–2003, Bukowiecki et al.
(2002) and Westerdahl et al. (2005) integrated over 10
instruments into their mobile platforms to measure gas-
eous and particulate pollutants, meteorological and po-
sition data in Zurich, Switzerland, and Los Angeles, US,
respectively. A second application is the estimation of
on-road emissions using the “vehicle chasing” tech-
nique (Wang et al. 2009; Lee et al. 2015; Westerdahl
et al. 2009; Wang et al. 2011;Wang et al. 2012), and the
estimation of on-road passenger exposure (Kittelson
et al. 2004; Yamada et al. 2016). Recently, low-cost
sensors have been mounted on bicycles and backpacks
to measure near-road concentrations and assess expo-
sures of pedestrians and cyclists to traffic-related and
other pollutants (Elen et al. 2013; Chan et al. 2002;
Hatzopoulou et al. 2013; Minet et al. 2018). In rural
areas, mobile systems have been used to estimate emis-
sions from agricultural activities (Eilerman et al. 2016;
Wild et al. 2017) and landfills (Hernandez Bennetts
et al. 2012). NOx, black carbon, and methane (CH4)
monitors have been mounted on Google Street View
cars to map pollutant levels, and pipeline leaks of meth-
ane have been detected and quantified (Apte et al. 2017;
von Fischer et al. 2017; Weller et al. 2018; Weller et al.
2019). Most field campaigns using mobile platforms
have been short in duration, often just a few days

(al though several las ted months to a year)
(Bukowiecki et al. 2002; Levy et al. 2014a; Levy et al.
2014b; Apte et al. 2017), and most have focused on a
single pollutant.

Objectives

This study describes the design, development, and eval-
uation of a mobile platform for air quality monitoring
called the Michigan Pollution Assessment Laboratory
(MPAL). We highlight several important issues, e.g.,
potential biases in PM measurements and the effect of
vehicle speed, and provide practical techniques that can
evaluate and resolve these issues. Our intention is to
share the many lessons learned in developing and using
a mobile platform.

Material and methods

Design goals

The design for MPAL had multiple goals. (1) We
wanted to measure a wide range of parameters, includ-
ing criteria, toxic and greenhouse pollutants, as well as
meteorological and position variables. (2) We preferred
reasonably reliable and rugged, automated, and com-
mercially available instruments with sufficient sensitiv-
ity for ambient measurements. Instruments meeting U.S.
Environmental Protection Agency Federal Reference
Methods (FRM) or Federal Equivalent Methods
(FEMs), where applicable, were desirable, as were other
instruments with technical support and known perfor-
mance. (3) We desired high time resolution, ideally
obtaining 1-s measurements, to allow mapping and oth-
er applications while driving at normal speeds. Because
many parameters cannot be measured at this rate, at least
with relatively economical instruments, this goal was
flexible. (4) Instrument characteristics, including ancil-
lary requirements, had to fall within a number of con-
straints, including physical size, power requirements,
inlet flows, and the need for external pumps and com-
pressed gases. Given safety, space, and logistics issues,
we opted not to carry onboard gas cylinders. (5) We
wanted to provide an appropriate environment for the
instruments, specifically which reduced or controlled
vibration, shocks, temperature swings, and condensa-
tion; noise inside the vehicle was also a factor. (6) A
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high degree of system integration was desired to facili-
tate data management and real-time assessment, e.g.,
allowing the vehicle to be positioned downwind, and
to display trends and other results in real time to lay
persons. (7) For the platform itself, we wanted sufficient
space to fit the instrumentation and headroom for stand-
ing but also to keep the vehicle size relatively compact
for maneuverability, easy parking, and navigating rough
and tight streets, possibly with height restrictions. Step
vans or trailers were considered too large. Fuel efficien-
cy was a secondary goal. (8) We wanted the monitoring
system to allow essentially automatic and unattended
operation (after startup and shutdown) so that platform
could be operated by the driver without a second tech-
nician. (9) Our goal was to live within a budget con-
straint of approximately $330,000 for new equipment,
fabrication, and some software development. This ex-
cludes four instruments that we had available on-hand,
which would cost ~ $100,000 new (described below).
(10) Lastly, we wanted the system to be built and
operational within a year.

Mobile platform and configuration

Vehicle

We selected a 2018 Ford Transit truck (width, 8.12 ft.,
2.47 m; length, 18.15 ft., 5.53 m; height, 8.4 ft., 2.56 m;
weight, 3500 kg; fuel type, gasoline) as the platform
(Figs. S1 and S2). This truck has minimally sufficient
headroom for standing inside (1.8 m). A second air
conditioner/heater was installed in the rear of the vehi-
cle. We installed rigid honeycomb insulation in the
interior and covered both side and rear windows to help
maintain constant temperature in the vehicle. Given the
amount of equipment installed, the extended length
version of this vehicle would have been advantageous.
In addition, as noted below, a higher vehicle would have
improved access for the PM instruments, but would
impose some fuel efficiency and handling penalties.
We ordered upgrades for the seats and side mirrors.
The vehicle is comfortable and easy to drive, the driver
has excellent visibility, and the fuel economy is reason-
able (about 15 mpg).

Instruments

Table 2 lists the 13 instruments selected and
installed in MPAL and their measured parameters,T
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measurement principle, and time resolution. Photo-
graphs are shown in Figs. S3–S5. Five instruments
measure gases and five measure particulate matter
(PM). A total of 11 gaseous pollutants are moni-
tored: CO2 (0–5000 ppm; resolution, 1 ppb); CO (0–
1000 ppm; resolution, 1 ppb); CH4 (0–100 ppm;
resolution, 1 ppb; measured using two instruments);
H2O (0–100%; resolution, 0.001%); H2S (0–
1000 ppb; resolution, 1 ppt); NO, NOx, and NO2

(0–1 ppm; resolution, 1 ppb); SO2 (0–10 ppm; res-
olution, 1 ppb); and O3 (0–100 ppb; resolution,
0.1 ppb). PM concentrations and size distributions
over a wide size range (0.01–20 μm) are measured
using three instruments: an aerodynamic particle
sizer (APS, TSI 3321, TSI Inc., Shoreview, MN,
USA) using 12-size bins (0.5–20 μm); an optical
particle sizer (OPS, TSI 3330, TSI Inc., Shoreview,
MN, USA) for number concentrations in 12-size
bins (0.3–10 μm) converted to mass concentrations;
and a scanning mobility particle sizer (SMPS, TSI
3910, TSI Inc., Shoreview, MN, USA) for nanopar-
ticles in 13-size bins (10–422 nm). Other PM mea-
surements included black carbon (BC) using an
aethalometer (AE21, Magee, Berkeley, CA, USA)
using ultraviolet (370 nm) and infrared (880 nm)
absorbance; PM10 using a sharp-cut-point impactor,
heated inlet, and β-attenuation; and PM10 metals
(Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Pb, Al, Si, S,
K, Ca) using X-ray fluorescence (XRF) spectrome-
try. The PM10 and metal measurements used a new
instrument (PX-375, Horiba, Kyoto, Japan) that cap-
tures PM on a PTFE/non-woven fabric membrane
filter tape, which is advanced every 30 min; a sep-
arate workstation controlled this instrument. PM10

concentrations are determined each minute, and
metals every 30 min. The Horiba PX-375 uses a
sealed carbon-14 (< 10 MBq) β-ray source. The β-
ray and X-ray sources in this instrument are fully
shielded using thick stainless steel plates (2.6 kg),
and the system includes an interlock that prevents
operation if the system is opened. The University of
Michigan safety staff check the system biannually to
ensure radiation safety. Gravimetric PM analyseswere
notutilized since systemscanbevibration sensitiveand
notsuitabletoamovingsystem,andmostsystemsdonot
work with a filter tape. Potentially, a tapered element
oscillating microbalance system might be adapted to
providedirectmeasurementsofparticulatematterwith-
out the need for radioprotection measures, although

conventional instruments require more vertical space
and bench space than was available in the vehicle. The
APS, NOx, O3, and aethalometer instruments were on-
handandutilizedforMPALafterfactoryrefurbishment.

In addition to the pollutant measurements, we obtain
GPS, meteorological, and visual data. Wind direction,
wind speed, temperature, relative humidity (RH), and
atmospheric pressure are measured using ultrasonic and
other sensors in an integrated instrument (Fig. S6,
Young 92000, R.M. Young Company, Traverse City,
MI, USA). Vehicle location, elevation, speed, and trav-
eling direction data are monitored using a sensitive GPS
(Garmin 18x, Garmin International Inc., Olathe, KS,
USA). Both meteorological and GPS data are collected
at 1 Hz. Lastly, we record time-lapse photos every 2 s
from forward and rear-facing wide-angle cameras (Fig.
S7; Spy Tec Mobius action cameras), which can help
identify emission sources or explain unusual pollutant
levels.

Sampling inlets and exhausts

Three sampling inlets were installed on the vehicle’s
roof (Fig. 1, Figs. S8–S11). Inlets were ~ 1 m above the
roof and as far forward as possible to avoid or minimize
effects of the vehicle’s boundary layer while driving.
(Later, field tests evaluate the representativeness of the
wind measurements.) The inlet system was also de-
signed to minimize self-pollution from the vehicle’s
exhaust. The inlets were roof-mounted and located ~
3 m above and 1.7–2.5 m in front of the vehicle’s
tailpipe, which was located underneath and at the rear
of the vehicle (~ 0.3 m above ground level and within ~
0.3 m of the rear bumper). No evidence of self-pollution
was identified during sampling. Inlet positions were
constrained by locations of the truck’s roof cross struts
and seals and the instrument racks (described below).
Gaseous samples were collected after a primary rain
shield using a 2-in PVC cap that incorporated a 16-
mesh stainless steel “bug” screen and a secondary rain
shield consisting of a stainless steel separator within the
rain cap. The sample was then drawn at 3.8 L/min into
0.25-in PTFE tubing, then through a droplet separator
and PTFE filter (1 μm) to remove PM, and into a PTFE
and stainless steel manifold that distributed the sample
flow to five instruments (sampling at 0.4–0.8 L/min
each, a total of 2.8 L/min); a small purge pump (linear)
drew an additional 1 L/min as monitored and controlled
by a rotameter/valve to maintain rapid flow through the
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sampling system (Fig. S12). The total length of tubing
upstream of each instrument ranged from 5.1–6.1 m.
The PTFE tubing was placed inside a vertical 1-in (pipe
size) PVC pipe, providing physical support, which
could periscope up and be clamped in position for
sampling (inlet was 0.94 m above the vehicle roof), or
periscope down to minimize height and provide addi-
tional rain protection.

The two PM sampling inlets used straight tubes with
tube sizes and flows selected to match instrument re-
quirements and minimize particle losses. Both used a
primary rain shield identical and could telescope up and
down, also as described above. Alternative inlet and
tubing designs (tubing diameter, length, transitions,
and orientation) and flow rates were evaluated with the
goal of minimizing PM losses in size from 0.01 to
10 μm dia using the Particle Loss Calculator
(https://www.mpic.de/4128325/particle-loss-calculator-
plc), which accounts for losses from diffusion,
deposition, and sedimentation. Losses were highest for
the largest particles (> 5 μm dia) and then the smallest

particles (< 0.01 μm); the selected designs kept
predicted losses below 10% in the large diameter
tubing. Later, field tests are described that help
confirm results and estimate overall sampling losses.

PM inlet 1 drew air directly into a clear 1-in (pipe
size) PVC pipe at a flow rate of 45 L/min. In the truck,
the pipe transitioned to a manifold with a four vertical
probes for distributing flows to four instruments (either
0.25 or 0.125-in dia stainless or brass tubing with a knife
edge). Tube diameters were selected considering each
instrument’s flow rate to achieve near-isokinetic sam-
pling. Static-dissipative polyurethane tubing connected
each instrument to the metal tubing. An additional purge
flow of 16.5 L/min in the main sampling manifold was
provided by another pump, displayed by a rotameter.
The total tubing length from the inlet to the instruments
ranged from 1.63 to 2.74 m.

PM inlet 2 was dedicated to the PM10 mass and
elemental analyzer (Horiba PX375) due to its special
inlet design and higher sampling rate (16.7 L/min). The
probe was positioned ~ 1 m behind the gas inlet and PM

Fig. 1 Schematic of MAPL monitoring systems. Shows three
sampling inlets, instrument exhaust, monitoring instruments, and
weather station. Lines in the truck represent sample flow paths.

GPS, power system, data acquisition system, and front- and rear-
facing cameras are not shown
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inlet 1 and ~ 0.70 m above the vehicle roof. An external
pump connected to the analyzer drew ambient air into
the sampling inlet and (telescoping) 0.90-m-long tube,
through a short-flex coupling (needed given the shock
mounting of the instruments (see below) to a heated
(50 °C) PM10 sharp-cut impactor, into a transition tube,
and then into the analyzer. The flow path (other than in
the impactor) was straight and vertical and directly onto
the Teflon sampling tape used by the instrument. Due to
limited vertical clearance in the truck, the impactor,
transition tube, and heater assemble had to be removed
to the inlet and connecting tube to telescope downward
into the vehicle’s interior. A higher vehicle would have
improved access without substantial change in PM
losses; a lower rack would be disadvantageous as the
Horiba PX375 instrument requires front access for load-
ing filter tape and inspections. The straight, vertical, and
relatively short sampling configuration for both PM
inlets was intended to minimize particle losses (tested
later).

Exhausts from the instruments were plumbed and
discharged through a single weatherproof roof-
mounted exhaust at the rear of the vehicle (Fig. 1). This
exhaust was probably unnecessary given the normally
high air change rate in the vehicle; however, it provided
safety to the operator in the event of the failure of the O3

scrubber used by the NOx instrument.
Work on top of the truck was conducted in a high bay

area using a scissor lift with a walkway extension. The
larger holes in the vehicle roof (and elsewhere) were
made using a hydraulic knockout punch. Despite these
resources, work on the vehicle roof was awkward and
physically challenging (Figs. S13 and S14).

Electrical power

A power budget was developed based on laboratory
measurements of both warm-up (maximum) and oper-
ating (average) power requirements of each instrument
using an in-line current meter. All instruments utilized
120 VAC power. For all instruments, the warm-up
requirement totaled 1.98 kW, and the average power
was 1.07 kW. Given the power needs and space and
budget constraints, the power system required consider-
able engineering (Figs. S15–S17).

Instruments were powered by a charger/inverter
(Victron MultiPlus, 12 V DC, 3 kW, 120 VAC,
120 A) that provided high-quality AC power. This unit
drew from the truck’s 12 V power (heavy-duty

alternator plus two factory-installed 12-V lead-acid bat-
teries mounted under the driver’s seat) and five 12.8-V,
100-Ah LiFeMnPO4 batteries (Prismatic, AA Portable
Power Corp.), giving a total of ~ 8.8 kWh of storage.
The truck’s alternator was coupled to a DC-DC convert-
er (Sterling Power BBW1260, 60 A, 12 V to 12 V) to
charge the LiFeMnPO4 batteries while driving, provid-
ing an additional ~ 30 A (12 V) while driving. The
LiFeMnPO4 batteries were equipped with a battery
management system and custom designed and built
voltage and current monitors to display status (e.g.,
drain or charge). When parked at our University of
Michigan home, the LiFeMnPO4 batteries were charged
overnight using the charger/inverter and a 20-A 120-
VAC circuit. With fully charged batteries, all instru-
ments on and engine running, the power system sup-
ported ~ 6.5 h of continuous sampling. Much longer
runs could be made by turning off high current draw
instruments, e.g., NOx and PM10 instruments. To reduce
power needs, we used a single pump (with sufficient
capacity) for the two Picarro instruments and replaced
the external heated catalytic scrubber used to destroy
ozone from the NOx instrument with a carbon adsorbent
(carbon was swapped out monthly). Occasionally, we
were able to charge batteries during some of the (1-h
long) collocation events.

The LiFeMnPO4 batteries and related equipment
were mounted under a bench on a low shelf (bolted to
the right-side wall of the truck) and on the vehicle floor,
both in front and behind the rear wheel well. The shelf
was constructed of steel stock and plywood; dense foam
was used to cushion the batteries. The power control and
battery management system (BMS) were placed into the
right wall of the truck, just above the shelf. While this
allowed a relatively compact and attractive layout,
fitting this hardware into the truck was challenging
due to space, weight (110 kg of batteries and electron-
ics), and access issues. In addition, this configuration
required heavy cable (2/0 gauge) to minimize voltage
drops between the alternator, batteries, and inverter/
charger; these cables were run under the truck floor in
protective tubing and in the vehicle wall to keep the
floor flat. Lighter cables (6 gauge) to each LiFeMnPO4

battery were run through the vehicle’s wall to save
space; this installation also was challenging. A long
extension cord (12/3) allowed charging when parked.
For electrical protection and fire safety, the connection
at the vehicle’s lead acid batteries were fused (150 A)
and an armored cable linked this battery to the DC-DC
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charger. In addition, two circuit breakers (150 A and
200 A) were installed in the BMS to protect the
LiFeMnPO4 batteries and inverter, and a ground fault
interrupter and circuit breaker (20 A) protected the 120-
V circuits. We equipped the truck with a fire extinguish-
er. All of the batteries were ventless types and should
not off-gas.

Maintaining constant temperatures in the truck for
the batteries and instruments, especially when parked,
can be challenging. While equipped with a second air
conditioner/heater and rigid honeycomb insulation, to
avoid overheating when the engine was off, the vehicle
should not be parked in direct sun on hot days for more
than about an hour.

In a larger vehicle, batteries might be placed closer to
the alternator or by the truck battery (under the driver’s
seat); additional batteries would provide longer run
times; a higher voltage battery system would reduce
wire size and decrease resistance losses; and 240 VAC
mains would speed charging and decrease wire size. We
learned not to discharge batteries excessively, which
resulted in the inverter automatically shutting down;
repeated shutdowns also lead to the LiFeMnPO4 batte-
ries swelling and failing. The battery management sys-
tem utilized an audible alarm, but this did not always
provide sufficient advance warning, e.g., a manual shut-
down was not feasible while driving on highways, and
several batteries were ruined prematurely.

Physical mounts and ruggedization

The system design started with the physical mounts,
diagrams and weights of the racks, instruments, and
truck. As described below, however, the locations of
the vehicle’s frame, floor ridges, roof joints, and many
other details required flexibility and ingenuity. Instru-
ments, sampling pumps, desktop workstations, and
monitors were securely installed in or on top of mid-
rise equipment racks (Samson SRK16 Universal Rack
Stand). Shelves and drawers were installed in each rack,
as were swivel wheels. We also installed a power strip
and custom power monitor in each rack. We strength-
ened the vertical posts on most of the racks and attached
mounting bolts to the suspension system. The rack’s
vertical posts were modified (folded inward) to provide
the necessary clearance for several of the instruments.

A shock mount system was engineered to hold each
rack securely, yet allow ~ 3 cm of dampened vertical
movement and 1.5 cm of horizontal movement (Fig.

S18). We secured three low-profile strut channels to
the vehicle floor and one to the ceiling lengthwise along
the truck and mounted vertical posts between racks
using back-to-back channel struts separated by a gap
to increase rigidity and minimize deflection in the event
of a hard stop. (We calculated a maximum horizontal
deflection of < 1 cm for a 2 G deceleration with fully
loaded cabinets.) Then, each rack was installed using 4
or 6 (depending on equipment weight) elastomer
fastener-mount compression springs (length, 2.31 in;
outer diameter, 2.61 in) installed under each rack; under
the heaviest rack, we also inserted bumpers (two 1-in dia
solid silicon rubber tubes) for additional cushioning.
Similar but smaller compression springs were used be-
tween racks to restrict and dampen horizontal move-
ment. Space for the four racks and five vertical members
was limited, and considerable fabrication was needed to
meet space constraints. The system was strong but
added ~ 180 kg weight (~ 100 kg for 4 racks, ~ 40 kg
for struts, ~ 40 kg for associated hardware). While de-
signed to allow rapid removal of each wheel-equipped
rack, in practice, racks were never removed; thus, the
wheels were unnecessary, and a simpler mounting sys-
tem with potentially fewer racks could have been used.

Additional details of the mounting systems are
shown in Fig. S18. Struts were mounted directly and
indirectly (using brackets) to the vehicle floor and frame
using through bolts, self-threading screws, and rivet
nuts; floor mounting required machined risers to even
out the channels on floor, and hardware needed to pass
through the laminated (rubber/fabric) floor mat. Once
installed, the strut channels provided great flexibility
and convenience since brackets and hardware can be
installed easily at most locations, although bolts that
secured the low-profile strut channel sometimes inter-
fered with the strut nuts used to mount hardware and
brackets. (High-profile channels would avoid this issue
but were not used due to space issues.)

The weather station and GPS instrument were
mounted on the truck’s exterior. The weather station
was mounted on a mast at the front of the vehicle at
120 in (3.05 m) height to minimize vehicle-induced
modifications of the wind flow; this location is 1.83 m
above the truck’s hood, and 0.7 m above and 2.2 m
forward of the roof. The mount used a two-piece alumi-
num mast (1 in diameter, total length of 2.5 m) secured
to the front bumper, and two horizontal (1 in diameter,
1.6–2m long) tubes secured to the lower half of the mast
and opposite sides of the vehicle roof/windshield pillars
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to stabilize the mast. The top half of the mast, with the
weather station attached, was designed to be easily
removable, e.g., for parking in a garage or for access
to the weather station. However, the mast was rarely
removed. After about a year, the signal/power cable to
the weather station connection became intermittent and
required repair. The connection was replaced using a
higher-quality and higher-gauge cable, routing within
the mast to avoid cable movement, and eliminating a
connector in the engine compartment that was prone to
corrosion.

The GPS was secured to the vehicle roof. The
forward- and rear-facing cameras were mounted in the
truck’s interior using swivel mounts: on the dashboard
and in a cutout of the interior insulation at a rear win-
dow, respectively.

In addition to the shock mounting, we attempted to
ruggedize each instrument, e.g., tying down tubes and
wires and hardware both within the instruments and in
the vehicle.

Data acquisition, onboard visualization, initial data
processing

Data from each instrument (except the Horiba PX375 and
cameras) were logged using an onboard desktop worksta-
tion, a serial communications hubwith four USB ports and
15 RS232 ports, and a custom LabVIEW program. A
wide-screen monitor was located above one of the racks;
a second monitor was placed next to the driver. The
LabVIEW program synchronized the instruments, interro-
gated each instrument, and downloaded and saved data
into separate files for each instrument (Figs. S19–S23, Fig.
S24 shows the Picarro software). The program’s main
dashboard provided a real-time display of key instrument
outputs (e.g., concentrations, instrument status, errors),
route driven and location, and elapsed time. Other displays
selected individual instruments, displaying more parame-
ters along with trend plots. While a large undertaking
requiring ~ 5 months of programming and debugging, this
programwas a huge asset in facilitating data collection and
management from 11 of the instruments (five monitoring
gases, four monitoring PM, and two collecting GPS and
meteorological data). It collected and retained 79 primary
outputs from these 11 instruments, e.g., concentrations and
locations, along with 60 diagnostic parameters, e.g., instru-
ment status, flows, temperatures and pressures. Data were
recorded at 1 Hz, a rate equal to or faster than the sampling
frequency of each instrument. Especially older instruments

can have significant latency in RS232 responses, and the
program was optimized to allow data collection from each
instrument, and to be fault tolerant. Potentially newer and a
uniform instrument interface might be advantageous, al-
though it would exclude certain instruments. The program
also calculated, in real time, the estimated ground wind
speed and direction by subtracting the GPS-determined
vehicle speed and direction from the apparent wind speed
and direction, respectively, measured by the onboard
weather station.

Time-lapse photos were stored separately on the on-
board workstation. The Horiba PX375’s workstation,
which ran the manufacturer’s software (Figs. S25 and
S26) to program the instrument, launch/terminate sam-
pling, and schedule XRF analyses, was used to store
PM10 and XRF data and filter tape photos.

Before and after each run, our technician/driver com-
pleted a field datasheet to record drive start/end time,
instrument on/off time, pressure gauge and rotameter read-
ings, collocation and zero check schedules, instrument zero
readings, observed weather conditions, and other observa-
tions. After the run, the field datasheet was manually
inputted into an Excel file and uploaded to the cloud drive,
and the two onboard workstations were connected to the
web via Ethernet and data similarly uploaded. Photos taken
by the front and back cameras, which required consider-
able storage, were manually saved to a portable hard drive.
A day’s run generated considerable data: ~ 3.5 M data
points from instruments and ~ 25,200 photos.

Performance evaluation

Instrument time response and synchronization

A series of tests were conducted to evaluate and optimize
system performance before launching measurement cam-
paigns. First, we estimated the total response time lag of
each instrument, which is critical for synchronizing mea-
surements and developing high-resolution maps. We de-
fined the total time lag as the interval between the time the
sample enters the sampling inlet to the time ~ 2/3 of the
final response is reached as recorded and time-stamped by
the LabVIEW program. This included the sample travel
time (though the inlets and connecting tubing), instrument
processing time, and instrument-to-LabVIEW communi-
cation time. These times were determined using step
changes in test atmospheres (e.g., introducing gases or
scrubbing/filtering air), both with and without tubing and
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inlets. Total lag times ranged from 4 s (TSI instruments) to
900 s (Horiba PX375).

PM sampling system losses while stationary

Performance characteristic of a PM sampling system de-
pends on many factors, including the inlet efficiency,
losses within tubing (e.g., diffusion, deposition, and sedi-
mentation), sizing characteristics of the instrument (e.g.,
cutpoints and penetration curves), particle characteristics
(e.g., shape, size, density), and environmental conditions
(e.g., wind speed, humidity). The following sections de-
scribe experiments conducted that consider losses under
stationary (negligible wind velocity) and moving
conditions.

Two sets of experiments were conducted to help
confirm the particle loss calculations used in the de-
sign of the PM sampling system and to provide over-
all estimates of particle losses in the inlet and tubing;
results of these experiments are extended in moving
tests (described in the next section). The first set was
conducted while the vehicle was parked in a large
garage, and the three TSI instruments in MPAL and
two new handheld optical particle counters (OPCs)
that provided simultaneous and continuous 1-min
measurements of PM1, PM2.5, and PM10 (Aerocet
531 s, Met One Instruments Inc., Grants Pass, OR,
USA) were used. A short (0.3 m) length of tubing was
connected to each Aerocet OPC as an inlet throughout
the tests. One OPC was used as a reference; the
second was periodically collocated with the reference
instrument (e.g., before and after each test period) to
check responses (which were very similar).

The first experiment evaluated overall PM losses (in-
cluding the inlet, large- and small-diameter tubing) by
comparing measurements obtained under two configura-
tions: the “collocation” configuration operated the three
TSI instruments inside MPAL with doors open with no
tubing attached and the two Aerocet OPCs on the roof of
MPAL near PM inlet 1; and the “test” configuration
operated the TSI instruments connected to PM inlet 1
using their usual tubing, the test OPC was placed in the
truck and connected to the PM inlet 1 using a spare
isokinetic probe (like the TSIs), and the reference OPC
remained on the MPAL roof. This experiment had five
phases, sequentially obtaining collocation, test, collocation,
test, and collocation measurements. Each phase collected
at least 5 min of data.

Size-specific particle losses L0,TSI,D (%)were calculated
for each TSI instrument and each experiment as:

L0;TSI;D ¼ 1–CTSI;TEST;D=CTSI;COL;D

� �� �� 100% ð1Þ
where CTSI,TEST,D and CTEST,COL,D = average concentra-
tions for size range Dmeasured during test and collocation
configurations, respectively, for one of the TSI instru-
ments. Concentrations in each particle size range were
obtained by differencing size channels (e.g., PM1–2.5 was
obtained by subtracting PM1 from PM2.5 measurements).
The second collocation period was weighted twice. Time
windows to determine concentrations CTEST,D and CCOL,D

were determined by reviewing trend plots to ensure sta-
tionary measurements (most windows contained the entire
5-min period). In the case of the Aerocet OPCs, the test
OPCwas first calibrated to match the reference OPC using
regression, and then losses (L0,Aerocet,D) were calculated
using Eq. (1) with the calibrated concentrations (Refer to
the SI for details.). Uncertainties of these tests were esti-
mated through error propagation. (Refer to the SI for
details.)

The second experiment estimated PM losses through
the small-diameter tubing (including isokinetic probes and
flexible tubing). Isokinetic probes for the TSI instruments
were detached from the manifold and placed near each
other and near the two inlets of the two Aerocet OPCs,
which were located in MPAL near the TSI instruments
throughout the experiment. Again, two configurations
were used. In the “collocation” configuration, all instru-
ments were run without the inlet tubing attached. In the
“test” configuration, the three TSI instruments and one
Aerocet OPC were operated attached to their respective
small-diameter tubing, and the referenceAerocet OPCwas
operated without the inlet tubing as before. Again, five
sequential phases were used, as described above for the
overall loss experiment.

Overall inlet losses were estimated for submicron par-
ticles at five size ranges (10–42, 42–75, 75–133, 133–237,
237–422 nm) using the TSI 3910, and for micron-sized
particles in five size ranges (0.3–1, 1–2.5, 2.5–4, 4–6, 6–10
μm) using data from the TSI 3321, TSI 3330, and Aerocet
instruments.

PM sampling system losses while moving

PM losses in sampling inlets depend on wind speed. For
mobile platforms, driving speed and wind velocity can
become important. Wind tunnel tests of inlet performance
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for a large vehicle like MPAL are not practical and would
not reflect effects of nearby vehicles and obstacles that can
induce boundary layer effects and flow disturbances. In-
stead, we utilize two field campaigns in which measure-
ments while driving at 15–45 mph (7–20 m/s) are com-
pared to “baseline” measurements obtained while stopped
immediately before and after the driving tests, ideally in an
area and timewhen PM levels are constant.We considered
several sufficiently long (e.g., > 5 km) and flat paved roads
that allowed a range of speeds (i.e., minimal traffic and
posted speed limit of 50 mph) in areas without known PM
sources, or with little heterogeneity in local sources.

A pilot campaign was conducted in Michigan in a
nearby largely rural area. These tests identified the need
for longer-duration baseline measurements and, post hoc,
some interfering PM sources were identified (e.g., fugitive
dust at intersections with unpaved roads). The final cam-
paignwas performed on an 8.4-km-long and flat section of
a road located 1.2 km north and parallel to Interstate 90
(I-90) in northeastern Ohio (Country Road J between
Route 20 and 108), a rural area with no known local PM
sources other than very occasional traffic on unpaved
crossroads (tractors and some personal vehicles). We
avoided periods when fugitive dust from agricultural op-
erations or pollen was present. I-90 has considerable car
and truck traffic: the annual average daily traffic (AADT)
volume is 63,797 vehicles/day and the commercial traffic
(CAADT) is 6851 trucks/day, most of which are heavy-
duty diesel vehicles (Ohio Department of Transportation
2018). There are no exits or ramps to I-90 in this area and
traffic speed tends to be very constant on this straight and
flat and highway segment.

Each test at a given speed had five phases: (1) “base-
line” PM levels were measured for 5 min while parked at
one end of the road section; (2) “moving” PM levels were
measured while driving to the other end of the road section
at the selected speed; (3) baseline levels were again mea-
sured while parked for 5 min at the other end of the road
section; (4) moving PM levels were again measured while
driving back (in the opposite direction) to the starting
location; and finally (5) baseline levels were measured
for a third time while parked. These tests were conducted
at four driving speeds and involved two technicians to
operate the vehicle and to track and document activities.
After excluding transition periods, we took the median
concentrations in each parking and driving phase, from
which we calculated the average baseline concentration
C0,D (weighting the 2nd baseline measurement twice) and
the average driving concentrations CV,D at the specific

speed V (m/s) and particle size range D (μm in diameter).
We then estimated speed- and size-specific inlet sampling
losses LTEST,V,D acquired in the test as:

LTEST;V;D ¼ 1–CV;D=C0;D

� �� 100% ð2Þ

Time windows to determine concentrations CV,D and
C0,D were selected considering the vehicle speed and trend
plots of PM concentrations. We excluded ~ 40 s in the
beginning and end of each phase to allow the vehicle to
reach the desired speed and several periods when PM
levels were non-stationary. The baseline periods averaged
260 s in duration; moving periods ranged from 260 to
980 s in duration, depending on the driving speed. We
estimated standard deviations for C0,D and CV,D and cal-
culated the uncertainty of LTEST,V,D through propagation
of error analysis. Because two of the instruments used for
this analysis (TSI 3321 and TSI 3330) obtained 1-s mea-
surements, and because the median concentrations were
used, results of this analysis are robust. During the field
tests, winds were light (1.8 m/s) southerly winds and low
relative to vehicle speeds (7–20 m/s); also, the apparent
wind speed measured by the MPAL sensor was within
0.2 m/s of vehicle speed. Estimates of LTEST,V,D were
plotted against the apparent wind speed Vw as measured
by the weather station (accounting for vehicle speed and
wind speed) and, where appropriate, fitted regression lines
to the data or estimated an average loss. These analyses
were performed for the five submicron and the five micron
particle size ranges described earlier.

The total particle loss is the product of the stationary
inlet loss (L0,D from Eq. 1) and the moving loss (LV, D as
discussed in this section); thus, PM concentrations were
corrected by the following equation:

CCOR;D ¼ CRAW;D= 1−L0;D

� �� 1−LV;D

� �� � ð3Þ

where CCOR,D and CRAW,D are the corrected and raw
concentrations of particles in size range D, respectively.

Accuracy of wind measurement

Measurements of wind speed and direction fromMPAL’s
onboard weather station can be affected by turbulence and
boundary layer effects from MPAL itself, nearby vehicles
(e.g., passing trucks), and atmospheric conditions (e.g.,
wind velocity, direction, atmospheric stability). We
contrasted vehicle speed (from MPAL’s GPS) and appar-
ent wind speed and direction (from the onboard weather
station) using data collected at high vehicle speed on
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highways, low speed on local streets, and when stopped.
These evaluations were performed on four mornings that
had a range of wind speeds (1.6–5.5 m/s) as measured at
three local airports. Using 1-smeasurements, we calculated
the wind velocity residual as ΔU= vehicle speed – wind
speed, and the wind direction residual as ΔD= the abso-
lute value of raw wind direction (corrected for quadrant
shifts exceeding 180o). ΔD indicates the shift in wind
direction relative to the vehicle’s forward direction (with
current weather station setup, the vehicle direction is 180°
constant and wind from forward of the vehicle is 0°
constant). To investigate possible effects of local traffic
and vehicles,ΔUwas plotted against simultaneously mea-
sured NOx, CO, and CO2 concentrations, which are indi-
cators of traffic volume. To investigate the effects of
turbulence in front of the vehicle,ΔD was plotted against
ΔU; large deviations from zero suggest the influence of
turbulence on wind measurements.

Quality assurance and maintenance

Zero checks were conducted weekly, usually before or
after collocation (described below). These checks used a
20-L Tedlar gas sampling bag filled with zero air (~ 80%
N2, ~ 20% O2) connected to the gas sampling inlet and an
extended surface area 1μmpore size filter connected to the
PM sampling manifold. Times and instrument readings
after stabilization (after 5–15 min) were documented on
the field sampling datasheet.

Collocations in which MPAL was parked next to a
monitoring site operated by the Michigan Department of
Environment, Energy, and Great Lakes (EGLE) were
performed weekly during field campaigns. To avoid self-
pollution from the vehicle’s exhaust, the vehicle was posi-
tioned facing upwind, or the vehicle’s engine was turned
off if battery power was sufficient to support the day’s
sampling. Because EGLE maintained data as hourly aver-
ages, collocations were scheduled at the start of the hour
and lasted for at least 45 min.

Instrument and systemmaintenance followedmanufac-
turer’s protocols and our standard operating protocols
(SOPs). Seasonally or after ~ 50 days of sampling, we
calibrated the NOx, SO2, and O3 instruments using a
dynamic diluter and certified zero and span gases, and
the CO instrument (Picarro G2401) was checked with zero
and span gases at the EGLE instrument shop in Lansing,
Michigan. The TSI instruments were sent back for calibra-
tion after a year’s operation. Generally, the Magee
aethalometer does not require calibration, though flows

were regularly checked, and the instrument was collocated
with other aethalometers for extended periods (several
days). For the Horiba PX375, we checked the X-ray
intensity and energy calibration every 6 months. The
Picarro G2401 and G2204 were checked using CH4 and
H2S standards. In addition, CH4 is measured independent-
ly by these instruments, and the zero check and typical
atmospheric levels (2.0 ppm) represent additional quality
checks.

Preliminary data validation and consolidation

Initially, the raw (e.g., 1-s) data were reviewed and con-
solidated using a set of Excel workbooks and macros.
These incorporated calibrations, the total lag time of each
instrument, and checks that sample flows, temperatures,
sampling and reactor pressures, and concentration readings
were in acceptable ranges. After this review step, 5-s block
averages were calculated if at least 3 of 5 1-s observations
in the block were valid, and 60-s averages were calculated
if at least 45 of 60 1-s observations were valid. The same
steps were used to validate data from the TSI 3910,Magee
aethalometer, and Horiba PX375 instrument, except that
data were exported with their original time resolution. The
validated and averaged gaseous, PM, and GPS/
meteorology data were consolidated by day for a second
review and then consolidated across days for use in statis-
tical and mapping analyses. Horiba PX375 data were not
presented in this article but will be included in our future
publications.

Application

Study region

Mobile monitoring focused on a 17 × 10 km area in south-
west Detroit that contained a range of emission sources,
including heavy industry, construction, and transportation
sources, which were interspersed among residential areas
(Fig. 2). The nearby industrial sources include several coal-
fired power plants, a petroleum refinery (capacity of
132,000 barrels per day), two steel mills and a coking
plant, a truck assembly plant, gypsum and cement produc-
tion facilities, a large waste water treatment plant, and
many intermodal and logistics hubs, includingmultiple rail
lines and ships at the Port of Detroit. The study area
includes a US-Canada border that 9000 heavy-duty trucks
cross daily; many of these trucks use surface streets in
Detroit. Construction activities related to the Gordie Howe
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International Bridge (GHIB) (starting in late 2018 with
completion anticipated in 2024), including land and struc-
ture clearing, reconstruction of ramps and highways, and
constructing of a new bridge across the Detroit River and a
large customs/immigration plaza, represent additional
emission sources.

Data collection procedures

Mobile monitoring was conducted in the study area from
March 28, 2019 to March 18, 2020, typically on two days
per week (total of 84 days). On most days, MPALwas not
driven on fixed routes; instead, a daily route map was
generated and reviewed to ensure comprehensive and
repeated sampling in the entire region. Typical runs re-
quired 5–7 h, depending on the battery charging condition
and driving mode. Three sampling periods (6:30 am–
1:00 pm; 9:00 am–3:30 pm; 2:00 pm–8:30 pm) captured
morning and evening rush hours, as well as daytime
periods with ongoing GHIB construction. Most runs in-
cluded a high-speed (65 mph = 105 km/h) commute from
Ann Arbor (where MPAL was parked and maintained) to

Detroit some 80-km distant, low-speed sampling (<
15 mph = 24 km/h) on residential roads in the study area,
and moderate speed sampling (< 25 mph = 40 km/h) on
larger roads in the study area. QA and collocations were
performed weekly at EGLE sites in Southwest Detroit
(described earlier).

Results and discussion

Wind speed and direction accuracy

Differences between apparent and actual vehicle speeds
are summarized in Table 3. On neighborhood streets,
speeds averaged 5.6 m/s, including frequent stops at inter-
sections. Data were grouped into stopped and driving (>
3 m/s) conditions. While driving, the apparent wind and
vehicle speedsmatched closely (ΔU= − 0.3 ± 2.5m/s (av-
erage ± standard deviation) and wind directions were
measured reasonably accurately (ΔD = 15.7 ± 24.5o)
(Figs. S27–S28).ΔDwas elevated largely due to sampling
on 03/06/2020 whenwind speeds at the three local airports

Fig. 2 Map of the study area in Southwest Detroit. Green lines indicate sampling region boundaries
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were relatively high (5.5 m/s) and similar to the average
vehicle speed (5.1 m/s). When stopped, ΔU is the wind
speed measured at the vehicle (averaging 2.3 ± 1.4 m/s),
and ΔD is the difference between the wind direction and
MPAL’s orientation. These results indicate that the far
forward and elevated location of MPAL’s weather station
minimized vehicle-induced artifacts while driving at low to
moderate speeds. The results also indicate a moderate
degree of sheltering by trees and buildings in the largely
residential and commercial neighborhoods.

On limited access highways, several effects were asso-
ciated with speed, traffic and congestion, and atmospheric
conditions. In free-flowing traffic (vehicle speed > 15 m/s,
average of 27.2 ± 3.8 m/s), the apparent wind speed
showed a modest decrease from vehicle speed (ΔU=
4.1 ± 2.1 m/s), but wind direction matched the vehicle
direction (ΔD= 3.1 ± 2.2o). Congestion on the highway
occasionally reduced the vehicle speed to a standstill. In
congestion (vehicle speed < 15 m/s), apparent and vehicle
speed and direction diverged somewhat (ΔU = 1.5 ±
2.0 m/s; ΔD = 15.6 ± 29.9o). The stop-motion photo-
graphs showed that cars in front of or passing MPAL did
not affect measured wind speed or direction. However,
when following trucks within 30 m at high speeds (26.7 ±
0.7 m/s), the apparent wind speed decreased (ΔU= 6.7 ±
2.5 m/s, maximum of 13.5 m/s), and NOx, CO, and CO2

concentrations became elevated, suggesting wake and cav-
ity effects (Figs. S29–S30). We also found that ΔU in-
creased during likely nocturnal inversions (based on mete-
orological and pollutant information), e.g., ΔU increased
to 5.0 ± 2.4 m/s during an early morning drive (vehicle
speed of 25.7 ± 7.6 m/s) on May 15, 2019. Additional
micrometeorological data (e.g., temperature profiles) are
needed to confirm these speculations. We found weak
correlation between ΔU and concentrations of traffic-
related pollutants (NOx, CO, CO2) on highways, and
near-zero correlation on local streets (Figs. S31–S32),
suggesting pollutant concentrations alone are not consis-
tent indicators of wind field disturbance.

Overall, MPAL’s weather station provided reasonably
accurate and unbiased wind velocity and direction mea-
surements at lower vehicle speeds (< 15 m/s); thus,
differencing the vehicle and apparent wind velocity vectors
would yield accurate estimates of surface winds and plume
directions. At higher speeds, wind speed biases were mod-
est to moderate, particularly when closely following large
vehicles.

On-road exposure

Differences between concentrations on highways and
local streets are shown in Table 3, which compares

Table 3 Summary of wind velocity residuals (ΔU), wind direction
residuals (ΔD), and NOx, CO and CO2 concentration averages on
highways, local streets, and while stopped on local streets. Data

collected on four spring days (4/24/2019, 5/15/2019, 2/12/2020, 3/6/
2020). *Speed occasionally dropped to <6 m/s during congestion

Type Parameter Highway* (>15 m/s) Local Street-Driving
(>3 m/s)

Local Street-Stopped
(<0.01 m/s)

Surface Meteorology Wind speed average (m/s) 3.0 3.6 3.6

Temperature average (°C) 5.2 7.0 7.0

Vehicle Speed Average (m/s) 27.2 5.6 0.0

Range (m/s) 15–35* 3–18 <0.01

ΔU (m/s) Average 4.1 0.3 –2.3

Stdev 2.1 2.5 1.4

Median 3.9 0.6 –2.3

Max 11.3 6.8 0.0

ΔD (°) Average 3.1 15.7 69.1

Stdev 2.2 24.5 47.0

Median 2.7 7.0 59.1

Max 17.6 173.5 174.6

Pollutant concentation NOx (ppb) 108 62 64

CO (ppb) 639 318 289

CO2 (ppm) 492 438 442

*Speed dropped to 0 – 6 m/s during congestion
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measurements at similar times of day (early morning) on
4 days (examined above for ΔU and ΔD). On the
highway, NOx, CO, and CO2 levels were elevated by
74%, 101%, and 12%, respectively, compared to local
streets. On local streets, concentrations while moving or
stopping were similar. The elevated concentrations on
highways primarily reflect the emissions from the great-
er density of vehicles on the busy roads, higher emission
rates due to the power requirements at speed, and a
different vehicle mix, e.g., more trucks; they may also
reflect differences in dispersion characteristics, e.g.,
faster winds and increased turbulence on the highway
as compared to sheltered residential areas, and a weak-
ening and disappearance of the nocturnal inversion.
Pollutant levels in residential neighborhoods likely re-
flect “background” levels or the “urban plume.”

PM losses in the sampling system

Experimentally determined PM sampling losses during
stationary sampling are summarized in Fig. 3A. As
expected, losses depended strongly on particle size:
losses for the smallest (10–42 nm dia) particles
approached 50%, decreased to < 5% for 1–3 μm parti-
cles, and then increased to nearly 70% for 10 μm parti-
cles. Results for 1–10 μm dia particles measured by the
three separate instruments (TSI 3321, TSI 3330, and
Aerocet OPC) were similar, although the TSI 3330
and 3321 instruments had large uncertainties (these
instruments provided 1-s averages). Uncertainties were
smaller for the Aerocet OPCs, due to the 1-min sam-
pling rate and the use of two instruments that better
controlled for possible concentration changes over the
sampling period. All instruments showed large uncer-
tainties for large particles due to the relatively low and
variable concentrations experienced over the sampling
period. Figure 3B combines results from the three in-
struments, showing total losses for 10 nm to 10 μm dia
particles. These results reflect total system losses (in-
cluding inlet and connecting tubing). Experiments quan-
tifying particle losses in the small tubes (a subset of
sampling the system loss) are summarized in Fig. S33.
Again, the three instruments obtained similar results,
which showed slightly smaller losses than the total
system losses, as expected. The most significant losses
occurred for the smallest particles (38% for 10–42 nm
dia particles) and the largest particles (22–70% for 4–
10 μm dia particles). The small tubing losses represent
most (50–96%) of the total system losses.

In summary, experimental results during stationary
sampling show inlet losses below 10% for particles from
42 nm to 2.5 μm in dia. As suggested by the simulations
used to design the system, larger particles (6–10μm dia)
had losses due to inertial and turbulent impaction and
settling, while very small particles (< 40 nm dia) were
lost mostly due to diffusional deposition. Losses could
be reduced by shortening and straightening the tubing
connecting the instruments to the isokinetic manifold,
eliminating the isokinetic manifold and potentially re-
positioning instruments directly beneath the sampling
inlet (as done for the Horiba PX375). However, this was
not possible given MPAL’s compact configuration and
the desire to utilize multiple instruments within the
sampling manifold. Overall, these results suggest that
the design of the sampling system provided acceptable
results for gravimetric PM2.5 measurements since parti-
cles below ~ 50 nm dia represents a very small fraction
of PM2.5 mass.

Effect of wind speed on PM losses

Inlet losses of PMwhile moving at velocities up to 20 m/s
are displayed in Fig. 4. Particle losses are estimated sepa-
rately for the TSI 3330 data (mass concentration) and TSI
3321 data (number concentration) after binning outputs
into four particle size ranges. Piecewise lines in the figure
were fitted to overall trends, as discussed below. For
particles under 1 μm dia, wind speed had little effect,
e.g., PM1 losses ranged from 0.3 to 3.0%. For particles
exceeding 1μmdia, losses increased with particle size and
vehicle velocity and reached amaximum of 56% for PM4–

10 at a wind speed of 20.4 m/s (45 mph). After testing
several alternative formulations, we fitted linear trend lines
through the origin (U = 0 m/s) to match the data; however,
these lines are uncertain for a number of reasons. Variabil-
ity increased for the largest particles, which weremeasured
at low concentrations during the tests, which increased
uncertainties, especially for PM4–10, although the two in-
struments showed similar results. During the ~ 6-h period
needed to collect the field data, ambient PM levels were
constant for most experimental phases (stationary and
moving; see examples in Fig. S34), and winds were light
(averaged 1.8 m/s, maximum < 3 m/s); thus, vehicle speed
was similar to apparent wind speed, supporting the validity
of the tests. Only four wind velocities were tested, and we
had no data below < 7 m/s. For PM1–2.5, the linear model
through the origin fitted all of the data relatively closely
(R2 = 0.64). For the larger size fractions, the fit was
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reasonable at low wind velocities (R2 = 0.50–0.83); a pla-
teau was seen at higher velocities, e.g., PM4–10 losses of
50% for wind velocities from 11 to 21 m/s. Using the
bilinear models, the estimated PM losses at four wind
speeds are listed in Table 4.

The bilinear model was used to adjust the PM1 and
PM1–2.5 concentrations (measured by TSI 3330 and
3321 instruments). Considering data collected in the
Detroit study area (mostly at lower speeds), the inlet
and wind speed adjustments increased PM2.5 by 7%.
Due to uncertainties, PM2.5–10 concentrations were not
adjusted. (Coarse mode PM sampling losses will be
examined in future research.)

MPAL’s measurements of PM10 (Horiba PX375)
and BC (Magee AE21) include PM over a range of
particle sizes. Because these instruments collect 1 to
30-min measurements, results were more variable than
those obtained by the TSI instruments, which collected
1-s measurements. In most cases, BC results will be
dominated by particles in approximately 0.3–2.0 μm
dia size range, based on the particle distributions ob-
served during the tests, suggesting that sampling losses
for larger particles may not be consequential. For BC,
we observed ~ 5% losses for vehicle speeds below
11.3 m/s, and ~ 10% losses at vehicle speeds above
15 m/s. These results have relatively large uncertainties,
and further investigation with longer (> 15 min) station-
ary and moving phases appears warranted. PM10 mea-
surements by the Horiba PX375 did not yield useful
estimates of inlet losses, probably due to the long lag
time. Since PM inlets 1 and 2 were identical and simi-
larly placed, we expect comparable results. (The Horiba
PX375 data will be discussed in a future publication.)

Data completeness and comparability

Data collected during the initial year of operation, which
included runs on 84 days from March 28, 2019 to
March 18, 2020, is summarized in Table 5. The dataset
was consolidated into 5-s average observations (N =
376,415), most of which were collected in the study region
shown in Fig. 2 (N= 265,816, excluding collocations and
zero checks). An example of validated, 5-s data for one
sampling day (01/10/20) is shown in Fig. S35; the corre-
sponding driving route is shown in Fig. S36.
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Data completeness over the study period exceeded 90%
for most instruments. Exceptions included the Picarro
G2204, which was returned to the manufacturer for repair
(June–August, 2019), which as a result reported only 78%
valid CH4 data and 50% valid H2S data (28% of H2S
measurements were negative and removed); the Thermo
Scientific 43iQ had a sensor connector fail and calibration
problems (in June and July 2019), resulting in 33% com-
pleteness, and the aethalometer (84–86%) due to its lag in
response time (one or two data points were missing at the
end of each sampling day since data were not completely
generated before stopping the LabVIEW program). Most
(85%) measurements in the study region were collected
between 9 am and 5 pm; however, 3.4% were obtained
during morning rush hour (7–9 am) and 9.5% during
evening rush hour (5–7 pm). Most (87%) measurements
in the study areawere obtained on local streetswith vehicle
speeds below 10 m/s (22.3 mph; Fig. 5); however, 2.8%
were acquired at speeds above 15 m/s (34 mph). 32.9% of
the data were acquired when the vehicle was stopped (<
0.01 m/s).

Pollutant concentrations in the study area (Table 5)
were compared with averaged measurements collected at
2–7 EGLE sites (depending on the data availability) in
Detroit for the periods corresponding to sampling.Average
concentrations measured by MPAL for O3 and CO
(26 ppb and 265 ppb, respectively) were within 20% of
the EGLE data (33 ppb and 274 ppb). We measured NOx

(31 ppb) and BC (1003–1044 ng/m3) levels that were 23–
31% higher than the EGLE measurements (25 ppb and
795 ng/m3), reflecting MPAL’s on-road measurements of
these traffic-related pollutants. Adjusted PM2.5 concentra-
tions (TSI 3330) averaged 7.1 μg/m3, slightly below the
EGLE’s average (9.8μg/m3, data collected on seven sites).
Further experiments and analyses of PM10 loss might
increase corrected values. Our average SO2 concentration
(0.9 ppb) was 46% lower than the stationary measurement
(1.6 ppb); however, several of the EGLE sites were at SO2

“hotspots” and levels outside these areas tend to be very
low. We measured an average CO2 concentration of
419 ppm, slightly above the 415-ppm monthly average
atmospheric CO2 concentration; (Monthly Average
Mauna Loa CO2 2020) as noted, traffic emissions may
elevate CO2. The Picarro G2204 and G2401 detected
average CH4 concentrations (2.05–2.06 ppm) that were
comparable to the 1.9 ppm global average for 2020 report-
ed by the NOAA Global Monitoring Laboratory (Global
CH4 monthly means 2020). CH4 peaks were detected at
several locations within the study area, likely due to natural
gas pipeline leaks. The peaks were typically 20–40 s in
duration (or 100–200 mwide along the driving route), and
the maximum concentrations were 34 ppm and 70 ppm as
measured by the Picarro G2204 and G2401 instruments,
respectively. We noticed differences in peak concentra-
tions reported by the two Picarro instruments (to be report-
ed on elsewhere). Occasionally, unreasonable concentra-
tions are reported for pollutants. For example, Table 5
shows that the minimum O3, NO, H2S, CO, and SO2

concentrations were negative, and the minimum and max-
imum levels of CO2 (311 ppm and 1316 ppm) appear
unlikely. These outliers are likely errors that can result
from several sources, e.g., measurements near the instru-
ment’s detection limits, very rapid concentration changes,
or physical disturbances (after a big bump). These outliers
are generally infrequently and mostly short-lived (1–20 s
in duration), and improved algorithms to filter out events
will be used in future data processing.

Conclusions and future applications

This article discussed the development and evaluation of
a mobile platform for air quality monitoring. The Mich-
igan Pollution Assessment Laboratory (MPAL) in-
cludes 13 instruments (five instruments monitoring gas-
es, five measuring PM, GPS, weather station, and front

Table 4 Summary of estimated PM losses (in %) for PM1 and PM1-PM2.5

PM Size Wind Speed (m/s) Inlet Loss (%) Loss due to Driving (%) Total Loss (%)

PM1 All speeds 2.0 1.9 3.9

PM1–PM2.5 0 2.8 0.0 2.8

7 2.8 7.9 10.5

12 2.8 13.6 16.0

25 2.8 28.3 30.3

Inlet and PM1 losses are constant. PM1–PM2.5 losses increase with apparent wind speed
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and back wide-angle cameras) that measure both toxic
and greenhouse gas pollutants, particulate matter, and
other parameters. We detail the design, construction,
and operation of MPAL and present results of tests that
evaluated time lags of each instrument, PM inlet losses,
and wind measurement accuracy. We developed an
algorithm to obtain corrected PM concentrations as a
function of driving speed and particle size range. The
onboard wind speed and direction measurements are
unbiased at lower vehicle speeds (< 15 m/s); we saw
bias at higher speeds and on highways following large
vehicles. Deployment over a 1-year period in southwest
Detroit, Michigan, is a very large data set with high data
completeness; average pollutant levels were comparable
to levels collected at local regulatory sites.

We illustrated only a few preliminary analyses of
MPAL data in this article. Analysis of the very rich
dataset collected by MPAL is underway. These may
include the following applications: peak finding algo-
rithms that detect concentration and emission “hotspots,”
e.g., CH4 peaks can show natural gas pipeline leaks;
pollutant mapping to provide highly resolved exposure
information; further analysis of collocation data to con-
firm quality of MPAL monitoring; evolution of PM size
distributions and the formation of secondary pollutants
(O3 and PM2.5); receptor modeling and source apportion-
ment (potentially using the trace metal measurements
obtained by the Horiba PX375); trends over time in
pollutant maps; and exposure levels and the linkage to

traffic patterns and industrial emissions, including the
impact of the GHIB. Other potential applications may
include detecting new emission sources, coupling the
concentration maps to epidemiological or health impact
analyses, environmental equity studies, and evaluation or
verification of mitigation policies and actions.

Supplementary material The online version of this article
(https://doi.org/10.1007/s10661-020-08769-2) contains
supplementary material, which is available to authorized users.
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