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A B S T R A C T

High-emitting vehicles comprise a small proportion (< 20%) of the vehicle fleet, yet are responsible for the
majority (> 50%) of vehicle emissions. Plume Chasing is a reliable, high-precision measurement technique
that derives emissions without interfering with the vehicle being tested. Its characteristics make it well
suited for high emitter identification. In this study, the influence of several Plume Chasing measurement and
data processing methods on the results of derived on-road NOx and particle fuel-specific emission factors
are investigated. A range of vehicles, representative of a common vehicle fleet, were tested under different
driving conditions on a test track. The derived results were evaluated against on-board SEMS (Smart Emission
Measurement System) emission measurements. We found that one of the best performing Plume Chasing data
processing methods is based on the use of a rolling minimum for background determination. The average
absolute deviation of the determined NOx∕CO2 emission ratios from the reference was −0.2(46) ppm∕% for the
heavy duty vehicle and 0.3(29) ppm∕% for the light duty vehicles tested. The methods were easy to automate
and suitable for high emitter detection and quantification of emissions from two-wheeled vehicles. Inaccurate
emission factors derived from Plume Chasing measurements occurred only in situations when emissions were
significantly influenced by a strong plume from vehicles driving directly ahead of the vehicle of interest.

1. Introduction

Nitrogen Oxides (NOx) and particulate matter (PM) emissions from
vehicles are major contributors to poor air quality in urban areas.
The vehicle emissions are regulated by the Euro emission standard
(e.g. heavy duty vehicles (HDVs) NOx Euro V: 2000 mg∕k Wh, Euro
VI: 460 mg∕k Wh). In order to comply with increasingly stringent emis-
sion standards, vehicles are applying technologies like Exhaust Gas
Re-circulation (EGR), Selective Catalytic Reduction (SCR), or Diesel
Particulate Filters (DPFs). Throughout their lifespan, vehicles are often
not properly maintained or even tampered, resulting in significantly
higher emissions. Several studies have demonstrated that these high-
emitters are responsible for the major share of emissions (Olin et al.,
2023; Zhou et al., 2020; Vojtisek-Lom et al., 2020a; Boveroux et al.,
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2019; Burtscher et al., 2019). Zhou et al. (2020) found that the high-
est 10 % of HDVs were responsible for 44–70 % of total emissions,
depending on the pollutant. Olin et al. (2023) found that the most
emitting 20 % of vehicles contribute to over 80 % of particle number
(PN) emissions. With the reduction in emissions from new vehicles
due to more stringent regulations, the contribution of high-emitters to
total emissions is likely to increase further. Therefore, it is crucial to
monitor, identify and remove or repair such high-emitters, in order
to significantly improve the overall air quality. Several remote emis-
sion sensing techniques such as Plume Chasing, open-path cross-road
Remote Sensing (Bishop et al., 1989) or Point Sampling (Hansen and
Rosen, 1990) are well capable of quantifying real-world driving vehicle
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emissions and have been further developed in recent years (Ropkins
et al., 2017; Knoll et al., 2024). The main advantages of Plume Chas-
ing over other remote sensing methods are that the emission is not
measured at a snapshot, but averaged over a longer period of time
(typically several minutes), and that Plume Chasing cannot be avoided
by drivers by decelerating through the measurement point or changing
routes, as it is mobile and can be very easily relocated if the information
about the ongoing measurement is circulated among drivers. This gives
a more representative emission value and avoids errors for specific test
conditions. Plume Chasing has proven to be perfectly suitable for high-
emitter identification (see for instance Janssen and Hagberg, 2020;
Pöhler, 2021).

Various data processing methods for Plume Chasing have been re-
ported in the literature, which can be separated into regression-based or
integration-based approaches. The ‘regression’ approach (linear, robust
or rolling regression) derives emissions from the regression slope of
the pollutant under consideration (e.g. NOx or PM) versus CO2 (Zavala
et al., 2006; Vojtisek-Lom et al., 2020a; Olin et al., 2023; Farren
et al., 2023). The ‘integration’ approach, on the other hand, averages
the background (BG) corrected time series of pollutant and CO2 in-
dividually and then calculates an emission ratio (Hansen and Rosen,
1990). For the latter approach, the BG concentrations are in most
cases determined either from a time interval in which there are no
other emission sources, or from a rolling time window in which the
BG is searched (Ježek et al., 2015; Wen et al., 2019; Pöhler et al.,
2020). Approaches for vehicles without CO2 emissions can be found
in Leinonen et al. (2023).

For HDVs, several validation studies comparing the Plume Chasing
technique with the established PEMS have already previously shown
excellent agreement between the observed emission values (e.g. Roth,
2018; Janssen and Hagberg, 2020; Wang et al., 2020; Tong et al., 2022;
Xiang et al., 2023). However, there are only few validation studies with
light duty vehicles (LDVs) (e.g. Pöhler et al., 2020; Simonen et al.,
2019; Ježek et al., 2015) and to our knowledge none with 2-wheeled
vehicles. Most of the Plume Chasing validation studies discussed in the
literature have been carried out in environments with as little influence
as possible from interfering emission sources (e.g. on test tracks Ježek
et al., 2015 or on low-traffic roads Wang et al., 2020; Tong et al., 2022).

We present an extensive validation study done within the frame-
work of the EU project CARES (City Air Remote Emission Sensing)
(Horizon, 2020), comparing different data processing methods and
influences on the Plume Chasing method. Comparisons with on-board
measurements of Smart Emission Measurement Systems (SEMS) for
NOx, Mini Portable Emission Measurement Systems (Mini-PEMS) for
Nitrogen Oxide (NO) and PN instruments measuring directly at the
tailpipe were performed. The study examined emissions by simulating
a typical vehicle fleet consisting of one HDV, three LDVs and two 2-
wheeled vehicles (motorcycle/scooter). We investigate the influence of
dense traffic on the Plume Chasing measurements: measurements are
taken on a test track under controlled convoy driving conditions, with
vehicles of very different emission levels driving at different vehicle
headways and in different driving orders, simulating different driving
situations. The influence of high-emitting vehicles driving close to low-
emitting vehicles is also investigated. The ability of the Plume Chasing
system to identify vehicles with a tampered emission reduction system
under different driving conditions is shown. In addition, real traffic
measurements on busy roads were carried out with one of the LDVs
studied, including on-board measurements of NOx and PN.

2. Methods

2.1. Instrumental setup

The Plume Chasing method uses a measurement vehicle equipped
with various instruments (e.g. gas – always including CO2 – and particle

analysers) to measure the emissions of vehicles (Fig. 1). The measure-
ment vehicle follows the vehicle under study at a safe distance (about
2-second gap). The sampled air from the diluted exhaust plume is
analysed by these instruments in real-time. Assuming that the ratio
between pollutant and CO2 remains unchanged by dilution and that
chemical degradation is negligible on the short timescale, the specific
emissions can be calculated based on the ratio in the sampled air.
Fuel-based (g/k g𝑓 𝑢𝑒𝑙), distance based (g/km) or energy based (g/kWh)
emission factors can be calculated from the pollutant (e.g. NOx) to
CO2 ratio, using assumptions of the CO2 emissions (engine efficiency).
In this study, a comprehensive Plume Chasing setup was chosen for
research purposes to further optimise the Plume Chasing measurement
technique by comparing different instruments and methods. Much sim-
pler setups can be used for routine Plume Chasing and a single ICAD
(Iterative CAvity enhanced DOAS) analyser (Airyx GmbH, Horbanski
et al., 2019) can be sufficient for e.g. investigation of NOx and CO2

emissions (Janssen and Hagberg, 2020).
A VW transporter, type T5 TDI 4 motion (high top) from TNO

(Utrecht, the Netherlands) was used as the measurement vehicle
(Fig. B.13). An ultrasonic anemometer measured the wind speed and
direction on the roof of the measurement vehicle, while a radar deter-
mined the distance to the chased vehicle. A dashboard camera captured
images of the chase to provide additional information for interpreting
the data collected. To analyse the gases NOx, NO2 and CO2 of the
plume signal, an ICAD-NOx-150DE-M instrument (Airyx GmbH) was
installed and a second CO2 measurement was realised with a LI-COR
7000 sensor. PN concentrations in the plume signal were analysed
by a Condensation Particle Counter (CPC) and a TEN AEM Particle
Counter (TEN). The CPC measured total PN with a particle diameter
larger than 2.5 nm (PN2.5, 50 % counting efficiency at 2.5 nm), the TEN
non-volatile PN larger than 23 nm (PN23). In addition, a Scanning
Mobility Particle Sizer (SMPS) measured the PN concentration with
an electrical mobility diameter of around 90 nm (PN@90). A second
ICAD-NOx-150DE-M instrument was used for additional background
measurements with an additional inlet installed on the roof of the
vehicle to test an alternative Plume Chasing measurement approach.
The different instruments for CO2 and PM measurements were used
to investigate which of them are the most suitable for this application.
The ICAD analyser was selected as the NOx instrument since it has been
shown in test measurements prior to this study to be reliable for Plume
Chasing applications and better suited than other techniques such as
Chemiluminescence Detection (CLD). The instruments used allow fast
and simple measurements with high accuracy and a wide measurement
range with a low power consumption (Table 1), ideal for such mobile
measurements. Further details of the instruments installed are given in
Table 1.

Teflon tubing was used for gas sampling and stainless steel together
with conductive silicon tubing for PM. The inlet sampling position was
approximately 30 cm above the road and 10 cm in front of the bumper
of the van (Fig. B.13, right). Two inlets were used on the left and
right (150 cm apart) and merged into a central sampling line before
reaching the instruments. This arrangement was found to give a more
reliable measurement of the plume, being less sensitive to the position
of the exhaust on the chased vehicles and also to meteorological effects
such as crosswinds. For an alternative BG measurement approach (Sec-
tion 2.5.3), a gas inlet was installed approximately 40 cm above the roof
of the measurement vehicle at a total height of 2.7 m above the road
surface. The described inlet positions and the choice of instruments
were optimised in previous experiments during the CARES project.

2.2. Measurement procedure

2.2.1. Test track experiments
In June 2021, controlled Plume Chasing measurements were carried

out on different types of vehicles (Table 2) representative of a common
vehicle fleet. During 5 days on the test track (2.8 km long, circuit;



Atmospheric Environment: X 25 (2025) 100317

3

C. Schmidt et al.

Fig. 1. Schematic of the Plume Chasing method with a comprehensive emission measurement setup.

Table 1
Instruments installed in the Plume Chasing vehicle (VW transporter T5 from TNO).

Parameter Instrument Measurement range Accuracy Power

NOx, NO2, ICAD-NOx-150DE-M
0 ... 5000 ppb 0.8 ppb (1𝜎 @ 1 s) < 30 W

CO2 0 ...2000 ppm 1 % slope + < 20 ppm abs. < 2 W
CO2 LI-COR 7000 0 ... 3000 ppm 1 % nominally < 40 W
PN2.5

(𝐷50 = 2.5 nm)
TSI 3776 CPC up to 3 ⋅ 105 #∕cm3 ±10 % < 300.000 #∕cm3 < 335 W

PN@90

(𝑑𝑝 = 90 nm)
SMPS (Electrostatic Classifier
3082 and TSI 3775 CPC)

up to 5 ⋅ 104 #∕cm3

photometric mode up to 107
±10 % < 300.000 #∕cm3 < 535 W

PN23

(𝐷50 = 23 nm)
TEN AEM particle counter 5 ⋅ 103 ... 5 ⋅ 106 #∕cm3 25.000 #∕cm3 of ±25 % < 100 W

Location, Speed Navilock Multi GNSS u-blox 8 2.5 m CEP < 0.2 W
Number Plate ARVOO ANPR camera

(DUO12-35/25m35/25c780)
Distance Continental ARS 308 radar 0.25 ...200 m 1.5 % @ > 1 m < 7 W
Wind speed,
Wind direction

Vaisala WTX530 series, model
536

0 ... 60 m∕s

0 ... 360 ◦

3 %@10 m∕s

3.0 ◦@10 m∕s

< 9.7 W

Fig. 2. Selection of test vehicles at RDW test track, Lelystad, the Netherlands, chasing vehicle at 4th position. Motorcycle and Scooter not shown in the picture.

Table 2
Technical vehicle information for the six test vehicles investigated in this study.

Category Brand Type Fuel type Euro class
N3 Ford F-Max Truck Diesel VI
N1 VW Caddy Diesel 6
M1 VW Transporter Diesel 6
M1 VW Touran Gasoline 5
L3 Yamaha MT-07 Motorcycle Gasoline 5
L3 Yamaha NMAX Scooter Gasoline 5

Fig. 2) of the Rijksdienst voor het Wegverkeer Test Centre Lelystad, the
Netherlands, three remote emission sensing techniques were tested and
compared: Plume Chasing, open-path cross-road Remote Sensing (Opus
RSE) and Point Sampling (Farren et al., 2022a,b). The Opus remote
sensing device and Point Sampling equipment were deployed on a fixed
point of the test track, while the Plume Chasing vehicle chased the test
vehicles on the test track. Some of the test vehicles were equipped
with on-board equipment (SEMS, Mini-PEMS and a NanoMet3) for
measurement validation purposes. In 21 different sessions each vehicle
was followed by the Plume Chasing vehicle for at least one lap (about
2.8 k m) before switching to the next vehicle. The distance to the chased
vehicle was kept constant at between 8 and 35 m, depending on the
vehicle speed. In the different sessions, the emission control systems
(SCR of the Ford truck, the VW Caddy and VW Transporter; DPF of the
VW Caddy) of some of the test vehicles were activated and deactivated
in a blind comparison experiment, resulting in a mixture of low and

high emissions (see Section 3). SCR tampering was achieved by deac-
tivating the AdBlue dosing by manipulating the vehicle’s SCR software
in the case of the truck and by unplugging the diesel exhaust fluid
dosing injector on the VW Caddy and VW Transporter. The DPF was
tampered with a small bypass line of approx. 8 mm around the DPF that
could be activated and deactivated with a manual valve. In addition,
the driving conditions (speed, distance between the vehicles or their
driving order) were varied to investigate strengths and weaknesses of
the different remote emission sensing techniques in identifying high
and low emitters. The test vehicles drove either as single vehicles with
a large distance (> 50 m) to the next vehicle or in ‘convoys’. The
measurement data is flagged as convoy and non-convoy to be able to
investigate the influence of other nearby vehicles on the measurements.
In the case of convoy driving, the first vehicle was not assigned to the
convoy driving as there was no other plume from a vehicle in front
affecting the measurements. During the test track measurements there
was no rain and the wind speed ranged from 6 to 11 m∕s (daily average)
(Table A.6). An example time series of time-aligned NOx and CO2 data
from both SEMS and Plume Chasing is shown in Fig. E.17, along with
information on speed and distance to the chased vehicle. For more
information on the test track experiments, see Farren et al. (2022a,b,
2023).

2.2.2. Real traffic experiments
Plume Chasing measurements of one of the test vehicles (the VW

Caddy) in real traffic conditions were performed on 17th and 18th of
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June 2021, each for approximately 1 h and 40 min in different driving
environments (Fig. A.12 in the Appendix). We divided the driving en-
vironment in two sections, urban/suburban/rural and highway. Traffic
was lower in the urban/suburban/rural environment compared to the
highway. However, in the urban/suburban/rural environment there
were still many other vehicles and emission sources present. For on-
board NOx and CO2 measurements a SEMS was installed. In addition,
on the 18th of June 2021, the TEN from the Plume Chasing vehicle
was installed in the VW Caddy for PN23 on-board measurements. The
VW Caddy was also tampered (SCR+DPF), but no significant differences
in emissions were observed in reference on-board measurements so
that no separation is performed for tampered and non-tampered data
in the data analysis. Why the tampering was not working is unclear,
but the tampering procedure was improved for the following test track
measurements.

2.3. Data analysis

The raw data was first cleaned of corrupted and duplicate data
within the datasets and then time-shifted to account for the residence
time in the tubing and the time shifts between the respective instru-
ments. Then the signals were smoothed with Gaussian filters with
suitable widths in time to account for the different response functions
of the instruments compared to the ICAD CO2 sensor. To determine
the residence time in the tubing and the parameters for the smoothing,
short pollution peaks at the sampling inlets from a lighter were regu-
larly used as a reference. Cross-correlation was used to determine the
time shift between the different pollutants, where the time shift is the
lag corresponding to the maximum cross-correlation coefficient.

In general, we want to determine the average emissions EX of
pollutant 𝑋 from a vehicle. Where 𝑋 denotes any pollutant of interest
(i.e. NOx and PM) emitted simultaneously to CO2. If the pollutant to
CO2 ratio 𝑅𝐸 can be determined, then for known average CO2 emis-
sions (ECO2

), the average emissions of pollutant 𝑋 can be calculated
using Eq. (1).

𝑅𝐸 =
EX

ECO2

(1)

ECO2
of HDVs per k Wh can be calculated from the well-known cor-

relation between the diesel energy content in k Wh∕l and its emission
of CO2/l (i.e. the carbon content of a litre of Diesel fuel). The diesel
energy content is additionally multiplied by the efficiency of the diesel
engine (here we use 40 %) to consider only the energy available for HDV
motion. The average CO2 emission per k m of a LDV is known as its type-
approval CO2 emission, or more precise from real driving CO2 emission
databases. In most cases it is sufficient for this study to determine the
emission ratio 𝑅𝐸 from the measurements.

The emission ratio 𝑅𝐸 of the diluted compounds can be determined
by different Plume Chasing data processing methods. All methods
assume that CO2 and all pollutants are diluted equally and that there is
no chemical loss of species 𝑋 between exhaust pipe and the sampling
inlet. Due to turbulence in the emission plume, a separation of pollutant
𝑋 and CO2 is not to be expected. Since NOx (NO+NO2) is under inves-
tigation in this study, the conversion of NO to NO2 can be ignored here.
For most data processing methods, the measured CO2 and pollutant 𝑋
must be BG corrected (see Section 2.5), as ambient air is mixed into
the plume, which also contains CO2 and 𝑋.

Below is a brief introduction to the different data processing meth-
ods used. A summary of the data analysis methods is given in Table 3.
We developed a simple live data processing method (RolMin) and
compare it with the other processing methods as well as with reference
on-board measurements.

Table 3
Overview of the Plume Chasing data processing methods investigated in this study.

Abbreviation Description

Regression methods
LinReg Linear Regression
RobReg Robust Regression
RolReg Rolling Regression

BG-correction methods
BGinterval BG from BG interval
RolMin BG from CO2 backwards
RolMinSym BG from CO2 symmetric
RolMinInd BG from CO2 and pollutant individual
BGinlet BG from BG inlet

2.4. Regression methods

2.4.1. Linear regression (LinReg)
One of the standard methods to calculate the emission ratios

for Plume Chasing is linear regression (LinReg) (Kolb et al., 2004;
Canagaratna et al., 2004; Shorter et al., 2005; Herndon et al., 2005;
Zavala et al., 2006; Saari et al., 2016; Vojtisek-Lom et al., 2020a). The
data for the pollutant 𝑋 are plotted against CO2. The slope of the linear
regression line gives the emission ratio 𝑅𝐸 , see Eq. (2).

𝑅𝐸 =
𝛿[X(t )]

𝛿[CO2(t )]
(2)

For all regression methods, the time series of CO2 ([CO2(t )]) and of the
pollutant ([X(t )]) have to be carefully time-aligned with each other.
Further, it is assumed that the ratio of pollutant to CO2 is always
the same. This can be critical as the vehicle may exhibit a variable
correlation between fuel consumption and emissions of pollutant 𝑋. In
particular, the emission reduction system can have a variable cleaning
efficiency for the pollutant 𝑋, as is the case for SCR. Another important
aspect is that in a linear regression a single outlier (e.g. from other
emission sources) can have a significant influence on the results (Olin
et al., 2023).

2.4.2. Robust regression (RobReg)
The application of Robust Regression techniques can reduce the

influence of outliers (Wang et al., 2020; Olin et al., 2023; Leinonen
et al., 2023). In this study we use the Huber robust regression method
(RobReg) (HuberT from python package statsmodels with the tuning
constant at the default value of 1.345). The Huber robust regression
uses instead of the mean square error loss (linear regression), the Huber
loss function, which gives lower weight to outliers. We also tested
other robust regression methods (e.g. rstudh, with same parameters for
studentized residual and vector of leverage values for the least-square
fit like in Wang et al., 2020), which showed no significant differences
to the Huber robust regression. As with the LinReg method, it has to be
assumed that the ratio of pollutant to CO2 is constant over time.

For linear and robust regression, the average background of each
individual chase is equal to the intercept with the x- and 𝑦-axis of the
regression line. In some studies the intercept is fixed and set to BG
values determined separately from BG intervals before or after each
chase (Canagaratna et al., 2004).

2.4.3. Rolling regression (RolReg)
This method uses the ‘plume dilution’ rolling regression approach

(RolReg) introduced by Farren et al. (2023). The method was developed
as a single method for different remote sensing techniques, such as
Point Sampling or Plume Chasing. As for the other regression methods,
no BG subtraction is needed. The pollutant to CO2 ratio is determined
from the slope of the regression lines of always three consecutive
measurement points (1 s time resolution). The different slopes obtained
from one chase are filtered according to the following criteria: high
𝑅2 values (> 0.95), a slope filter (𝑅𝐸 > −0.1) and 𝛿[CO2(t )] > 5 ppm.
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It has been shown that this technique is perfectly suitable for high-
emitter identification and the results were found to correlate well with
on-board reference measurements (Farren et al., 2023). The advantage
of the short duration rolling regression method compared to the other
regression approaches is that it can account for changes in the ratio of
pollutant to CO2 throughout a plume chase. Unlike the other methods
investigated, the average emission ratios determined for each session
are not expected to match the average emission ratios of the SEMS
reference data perfectly, as the rolling regression approach uses only
a subset of the chasing data where the CO2 signal changes sufficiently.

2.5. Methods with background (BG)-corrected time series

Another way to determine the emission ratio 𝑅𝐸 is to calculate
the averages of the BG-corrected time series of pollutant and CO2

individually (Hansen and Rosen, 1990), see Eq. (3).

𝑅𝐸 =

∑𝑇

𝑡=0

(
[X(t )] − [XBG(t )]

)

∑𝑇

𝑡=0

(
[CO2(t )] − [CO2 BG(t )]

) (3)

The BG-corrected time series of pollutant and CO2 are first averaged
before calculating the ratio of pollutant to CO2. This is done to make the
measurement more representative of the full driving cycle, similar to
PEMS measurements. If the emission ratio were calculated on a second-
to-second basis, weak and strong emission periods would be considered
equally, even if the weak emission events are less relevant for the total
emission. Furthermore, by averaging the time series first, the result
is more robust to small inaccuracies in time synchronisation between
instruments or differences in response functions. The BG-corrected time
series can be calculated using different methods.

2.5.1. BG from BG interval (BGinterval)
A BG interval before and/or after the chase can be used to determine

the BG (BGinterval) (Wang et al., 2011, 2012; Ning et al., 2012; Ježek
et al., 2015; Lau et al., 2015; Wang et al., 2020; Tong et al., 2022; Xiang
et al., 2023; Leinonen et al., 2023). This approach is also called baseline
approach. Different measures are used, such as the median (Wang et al.,
2020; Leinonen et al., 2023) or the mean (Tong et al., 2022; Ježek et al.,
2015) of the emission concentrations of the BG interval. In some cases,
high impact data is removed from BG interval data (Wang et al., 2020).
The length of the time interval for the calculation of the BG can vary
from a few seconds to several minutes. Some approaches determine the
BG before and after the chase and average the determined BG values to
account for changes during the chase of the vehicle (Wang et al., 2020;
Ježek et al., 2015).

As the BG was very stable throughout the day in our study, we chose
only a few BG intervals during the day (varying from 15 s to 8 min) to
determine the average BG values, see Eq. (4).

[XBG(t )] = [X(t′)]|𝑡′∈ 𝑡BG int er val
[CO2 BG(t )] = [CO2(t

′)]|𝑡′∈ 𝑡BG int er val
(4)

This method often requires a lot of manual work and individual post-
processing to ensure that the selected intervals really do not con-
tain any other significant plumes, especially in heavy traffic situa-
tions. Also, the frequency of chases is more limited with this method
when the background changes a lot, as one needs to make sure that
there is a sufficiently long interval between each chase to take a BG
measurement.

2.5.2. Rolling minimum
Another method is the rolling minimum approach (Wen et al., 2019;

Pöhler et al., 2020; Kelp et al., 2020; Xiang et al., 2023). The BG values
are determined as the rolling minimum or 5th percentile values of the
time series of the measured signals within a specified time interval (a
few minutes) symmetrically around each data point or backwards in
time. To reduce the influence of noise in the derived BG value, the

measurement data may be smoothed with a moving average before
applying the algorithm to search for the BG value.

We applied a slightly modified version of this method and deter-
mined the BG values from the rolling minimum of only CO2. The BG
for the pollutant is then defined as the pollutant value at the time of the
assigned CO2 BG. One advantage of this approach is that the derived
minimum for the pollutant 𝑋 is less influenced by other emission
sources, and avoids underestimated BG value of pollutant 𝑋. Another
advantage is that even if the derived CO2 BG value contains some
proportion of the emission plume, the proportion in the associated
pollutant BG values will be the same and cancelled out in the calcu-
lation. It only assumes that the components of the plume are evenly
distributed as well as that the pollutant and CO2 are emitted at the
same time, so that a minimum of CO2 emissions would be accompanied
by a minimum of pollutant 𝑋 emissions. For a mathematical proof see
Appendix D.

We compare three slightly different methods of processing data
using the rolling minimum approach. They are described below. The
BG is for all three methods determined from the 5 s moving average of
the time series of the measured signals.

BG from CO2 backwards (RolMin)
Here the minimum CO2 value within a specified time interval (120 s)

prior to each data point is designated as the background value (RolMin).
The BG for the pollutant is defined as the pollutant value at the time
of the assigned CO2 BG, see Eq. (5).

[XBG(t )] = [X( arg min
t′∈[t −120,t ]

[CO2(t
′)])]

[CO2 BG(t )] = min
𝑡′∈[𝑡−120,𝑡]

[CO2(t
′)]

(5)

The optimum length of the time interval depends on the road profile,
especially the gradient, and the length of chases. If the BG changes a
lot, e.g. due to different influences from the surrounding or different
road profiles, a shorter BG interval is appropriate. If the BG is relatively
stable and the road conditions are such that constantly high emission
concentrations are measured from the plume (vehicles under constant
load), a longer time interval is recommended.

BG from CO2 symmetric (RolMinSym)
To check the robustness of the RolMin approach, we investigate

whether the chosen time interval has a significant influence. Therefore,
in the second rolling minimum approach the CO2 value is deter-
mined from a time window symmetrically ±60 s around each individual
measuring point (RolMinSym) (see Eq. (6)).

[XBG(t )] = [X( arg min
t′∈[t −60,t +60]

[CO2(t
′)])]

[CO2 BG(t )] = min
𝑡′∈[𝑡−60,𝑡+60]

[CO2(t
′)]

(6)

BG from CO2 and pollutant individual (RolMinInd)
The third rolling minimum approach is in line with most of the

algorithms described in the literature and determines the BG of CO2

and the pollutant individually (RolMinInd). The BG values are defined
as the lowest values within a particular time interval of 120 s before
each individual point of measurement (see Eq. (7)).

[XBG(t )] = min
𝑡′∈[𝑡−120,𝑡]

[X(t′)]

[CO2 BG(t )] = min
𝑡′∈[𝑡−120,𝑡]

[CO2(t
′)]

(7)

This method can have advantages when determining the emissions of
PM, as discussed in Section 3.2.6, but may also have significant draw-
backs due to the influence of other emission sources or variable back-
ground, resulting in overestimated emission values (see Section 3.2.6).
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2.5.3. BG from BG inlet (BGinlet)
In this study we also measured the BG with an additional inlet on

the roof of the chasing vehicle (BGinlet) (see Eq. (8)).
[XBG(t )] = [XBG inlet (t )]
[CO2 BG(t )] = [CO2 BG inlet (t )]

(8)

The location of the additional inlet on the roof of the vehicle was
optimised in previous studies of the CARES project to measure as little
of the plume signal as possible. For this method, the BG data time series
must be carefully time-aligned and offset-corrected to be in line with
the plume signal data set. An offset would lead to emission ratios that
are systematically too high or too low. With the other methods, the
offset-correction was irrelevant, as the BG was determined from the
plume signal time series, so that only a difference signal was formed,
in which offsets play no role.

2.6. Measurements on-board the investigated vehicles

2.6.1. NOx with SEMS
In this study, the average NOx/CO2 ratios of three of the test vehi-

cles (two LDVs and one HDV), determined by different Plume Chasing
data processing methods, are compared with reference NOx/CO2 ratios
from on-board SEMS measurements (Spreen et al., 2016). The SEMS
data was time-synchronised with the Plume Chasing data. For the calcu-
lation of the SEMS NOx/CO2 ratios 𝑅𝐸 , the mass flows of NOx and CO2

are averaged over the chasing time period (see Eq. (9) with [Xr ef (t )] =
[NOx SEMS(t )] and [CO2 r ef (t )] = [CO2 SEMS(t )]). Only CO2 and NOx values
with an associated CO2 level above 1 % CO2 mixing ratio are included
in the average ([CO2 SEMS(t )] > 1 %), as periods with lower emissions
are on average less relevant for the total emissions, but have higher
relative error. Furthermore, in situations with low emissions there is
no detectable plume with Plume Chasing. The ’on-board’ emission ratio
was then determined as:

𝑅𝐸 =

∑𝑇

𝑡=0
[Xr ef (t )]

∑𝑇

𝑡=0
[CO2 r ef (t )]

(9)

[NOx SEMS(t )] is measured with a low-cost NOx sensor, whereas
[CO2 SEMS(t )] is calculated from on-board diagnostics (OBD) readings
(Spreen et al., 2016). Deviations between SEMS and the established
PEMS can reach several percent as the SEMS uses a Zr O2-based sensor,
which has a NOx measurement tolerance of ±20 ppm below 100 ppm (Yu
et al., 2021). The median NOx values measured by SEMS were 118 ppm
for the HDV, 27 ppm for the VW Caddy and 72 ppm for the VW Trans-
porter.

2.6.2. NO measurements with Mini-PEMS
The NO and CO2 emissions of the motorcycle and scooter were

measured by a Mini-PEMS, a highly compact, 10 k g, 40×20×20 cm
portable on-board emission monitoring system developed and validated
for on-road motorcycle measurements (Vojtisek-Lom et al., 2020b). The
instrument was built by the Technical University of Liberec, Czech
Republic. The system uses an NDIR analyser for HC, CO, CO2 and
electrochemical cells for NO, NO2 and O2 measurements and employs
the speed-density method for estimation of the exhaust flow. The
Mini-PEMS were installed on the luggage rack of the motorcycles
(Fig. B.14). The emission ratios were then calculated according to
Eq. (9) (with [Xr ef (t )] = [NOMini−PEMS(t )], [CO2 r ef (t )] = [CO2 Mini−PEMS(t )]
and [CO2 Mini−PEMS(t )] > 1 %).

2.6.3. PN with TEN AEM and NanoMet3
On-board the VW Caddy, PN23 measurements were performed with

the TEN AEM and PN10 measurements with a NanoMet3 instrument
(measurement range: 1 × 104–3 × 108 #∕cm3; 10–700 nm). Both instruments
measure solid (non-volatile) PN. The CO2 data used to calculate the
emission ratios was available from the SEMS data. The emission ratios
were then calculated according to Eq. (9) (with [Xr ef (t )] = [PN10 (t )] or
[PN23 (t )], [CO2 r ef (t )] = [CO2 SEMS(t )] for all data with [CO2 SEMS(t )] >

1 %).

2.7. Data filters

Plume Chasing measurements were only considered valid if the
CO2 mixing ratio exceeded the BG by more than 20 ppm ([CO2(t )] −
[CO2 BG(t )] > 20 ppm) to ensure that only sufficiently strong plume sig-
nals were considered. A threshold of 20 ppm was considered reasonable
in this case since the BG was very stable on the test track. For the
evaluation of the emissions of the motorcycle and scooter, a threshold
value of 5 ppm was used. This was necessary because only a small plume
is measured for these vehicles, especially during high speed sessions
(larger distance to the chased vehicles). The scooter and motorcycle
were always driving either in front of the other vehicles or with a large
distance to the other vehicles (non-convoy driving), so there was no
interference from other vehicles and such a low threshold could be
applied. For measurements in areas with heavy traffic (highways) and
other emission sources, a higher threshold of 30 ppm is recommended.

In addition, two speed filters were used to reduce the influence of
plumes from other vehicles. Measurements were only considered valid
when the Plume Chasing vehicle speed was greater than 10 k m∕h, as
at higher speeds the vehicle aerodynamics tend to keep the emissions
in the vehicle wake, whereas at lower speeds the emissions can spread
more to the side or ahead. In this case it is then not clear which plume
is being measured; it may even be the plume from the chasing vehicle
itself. Furthermore, measurements were only considered valid if the
wind speed in the driving direction (measured at the roof of the vehicle)
was less than the vehicle speed (to ensure that the vehicle’s own plume
was not measured). In addition, a filter was applied so that only those
times when SEMS data were available were included in the calculation
of the Plume Chasing data.

3. Results and discussion

3.1. Overview of measured vehicle emissions

Table 4 provides an overview of the NOx, NO and PN10 emissions
of the tested vehicles measured by on-board SEMS, Mini-PEMS and
NanoMet3 respectively (see also Fig. 9, left). A distinction is made
between tampered and non-tampered exhaust aftertreatment system
state (SCR, DPF).

The average NOx∕CO2 emission ratios for the HDV Ford Truck
ranged from 0.9 (non-tampered) to 76.8 ppm∕% (tampered). This cor-
responds to energy-specific emission factors of 63 and 5345 mg∕k Wh,
assuming an engine efficiency of 40 %. For the LDVs (VW Caddy and
VW Transporter), the emission ratios ranged from 2.3 (non-tampered)
to 21.3 ppm∕% (tampered). This corresponds to distance-based emission
factors of about 37 and 276 mg∕k m with a type-approval CO2 of 124 and
155 g∕k m for the VW Caddy and VW Transporter, respectively. Median
emission ratios are close to the average values and between convoy and
non-convoy driving there were only minor differences in the measured
reference values (see Table C.7 in the Appendix).

The NOx∕CO2 emission ratios measured by Plume Chasing (RolMin)
are shown in Fig. C.15 and in Table C.7 in Appendix A. The emis-
sion ratios are close to the reference values for the Ford truck, VW
Caddy and VW Transporter. The median NOx emissions of the motor-
cycle and scooter calculated from the Plume Chasing measurements
were between 0.6–2.1 ppm∕%. This corresponds to approximately 56–
110 mg/km, assuming 98 g/km CO2 for the motorcycle and 52 g/km
for the scooter. The median PN emissions of all vehicles measured by
Plume Chasing (Fig. C.16) were relatively low ranging between ap-
proximately 5–207 ⋅1010 #∕k gf uel for PN@90, 6–29 ⋅1013 #∕k gf uel for PN23

and 7–49 ⋅1013 #∕k gf uel for PN2.5. Lower emissions were measured for
the diesel vehicles with DPF (Ford truck, VW Caddy, VW Transporter)
and higher emissions for the gasoline vehicles (motorcycle, scooter, VW
Touran).
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Table 4
Mean NOx∕CO2 emission ratios from on-board SEMS measurements for the Ford truck, VW Caddy, and VW Transporter; mean NO∕CO2 ratios
from Mini-PEMS measurements for the Motorcycle and Scooter; and PN10∕CO2 ratios from NanoMet3 measurements for the VW Caddy. Sessions
in which the tampering status was just changed, as well as cold SCR situations, are excluded from the NOx data.

NOx∕CO2 [ppm∕%] NO∕CO2 [ppm∕%] PN10∕CO2 [#∕k gf uel] ⋅ 1013
Ford truck VW Caddy VW Transporter Motorcycle Scooter VW Caddy

Tampered 76.8 ± 20.3 21.3 ± 9.5 18.2 ± 4.6 4.4 ± 1.7
Non-tampered 0.9 ± 0.8 4.4 ± 3.1 2.3 ± 2.1 0.3 ± 0.5 2.4 ± 2.0 1.2 ± 0.1

Fig. 3. Comparison of different Plume Chasing data processing methods for NOx/CO2

ratios. Compared are the absolute deviation to SEMS ratios. Top: non-convoy driving,
bottom: convoy driving. The median/mean absolute deviation of each method is
given in brackets below each box-plot. The whiskers represent the 5th and the 95th
percentiles. One individual data point is the result of (usually) one lap for one vehicle.
The median/mean SEMS NOx/CO2 ratios are 9∕19 and 7∕17 ppm∕% for non-convoy and
convoy data respectively.

3.2. Comparison of plume chasing data processing methods

3.2.1. Comparison to reference SEMS data
The average NOx∕CO2 emissions per chase and vehicle are calcu-

lated from the Plume Chasing data using the different data processing
methods presented in Sections 2.4 and 2.5 and compared to the average
SEMS NOx∕CO2 emission ratio derived according to Section 2.6. The
absolute deviations for all vehicles are shown separately for convoy
and non-convoy driving (Fig. 3). The average emissions determined
by Plume Chasing show higher values compared to the average SEMS
emission values for all investigated methods, but agree within the
errors of the SEMS. In the non-convoy sessions, the emissions deviate
only slightly from the SEMS values. In the convoy sessions, however,
the deviation is more pronounced. While the different BG correction
methods do not differ significantly from each other, the three different
regression methods show higher absolute deviations from the SEMS
values: The 95th percentile for non-convoy driving is for the different
BG correction and regression methods ∼ 8 ppm∕% and ∼ 14–20 ppm∕%,
respectively. For convoy driving this increases to ∼ 22 ppm∕% and
∼ 21–38 ppm∕% respectively. The deviation (overestimation) of the
RolMinInd method is slightly higher compared to the other rolling mini-
mum methods. This is expected (see Section 2.5.2), as the BG-corrected
time series of the pollutant is strictly higher or equal compared to
the BG-corrected time series of the RolMin or RolMinSym method. The
BGinterval method gives very similar results to the rolling minimum

Fig. 4. Distributions of the absolute deviations of NOx/CO2 Plume Chasing to SEMS
emission ratios of the methods BGinlet (blue), RolMin (green) and RobReg (orange) for
the Ford truck (left), VW Caddy (middle) and VW Transporter (right). Only non-convoy
data is included. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

methods for both, convoy and non-convoy driving. This emphasises
the ability of the rolling minimum approaches to determine similar BG
values to the BGinterval method, with the advantage that they can be
easily automated and that no additional time is required to measure
the BG without interference as for the BGinterval method. The BGinlet
method shows the smallest mean (and median for non-convoy) absolute
deviation. For non-convoy driving this is mainly due to the fact that
the method underestimates the emissions to a greater extent than other
methods (the 5 % percentile is at ∼ −8 ppm∕%). For convoy driving the
underestimation is similar to other methods, but the overestimation is
less pronounced (5 % percentile is with ∼ 19 ppm∕% the lowest).

To see whether there are any differences in the absolute deviations
between the three vehicles studied, their individual density distribu-
tions (only non-convoy) are shown in Fig. 4. Three of the evaluated
methods, RobReg shaded in orange, RolMin shaded in green and the
method with the BG measurement on the roof of the chasing vehicle
(BGinlet) shaded in blue, are shown. The two LDVs show a right-skewed
density distribution, whereas the HDV shows a more symmetrical den-
sity distribution. This means that in this constellation the emissions of
the LDVs tend to be estimated higher by the different Plume Chasing
data processing methods than by the on-board SEMS measurements.
This could also result from higher SEMS uncertainties for lower emis-
sion values (Section 2.6), as the vehicle with the lowest emissions
values (VW Caddy) has the strongest right-skewed distribution (see
also discussion in Section 3.2.5). In case of convoy data (Fig. F.21 in
the Appendix) the density distribution gets broader (higher deviations
from the reference SEMS values) and more strongly right-skewed for
the LDVs, in case of the HDV it appears more strongly left-skewed.
This can be explained by the fact that the LDVs used had a lower
average emission ratio than the HDV for both the non-tampered and the
tampered data combined. The vehicles with the lower emission ratio
are interfered by the vehicle with the higher emission ratio, resulting
in an overestimation and vice versa. Further results of all investigated
methods for each vehicle separately can be found in the Appendix
(Figs. F.22–F.24).

3.2.2. Influence of speed filter, smoothing and the CO2 sensor
As mentioned in Section 2.7, the application of a speed filter can

improve the accuracy of the emission ratios determined from the
measurements. The set minimum speed level depends mainly on the
wind conditions and the type of nearby/chasing vehicle. In this study
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Fig. 5. CO2 and NOx time series for the HDV, measured by Plume Chasing (blue) and SEMS (green) for one lap of the test track (upper panel). The red shaded area represents
when HDV NOx emissions were higher than the rest of the lap (green shaded areas). NOx vs CO2 scatter plots for the Plume Chasing and SEMS (lower left and right panel
respectively). The colour of the data points corresponds to the section of the chase time in the time series shown above. Regression lines of the LinReg (dashed black line) and
RobReg (dotted black line) methods are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

we found the best setting to be 𝑣 > 10 k m∕h. Smoothing the data,
i.e. reducing the time resolution, did not improve the results in our case,
probably because the data was already sufficiently aligned between
different instruments and the choice of instruments was optimised.
Investigations into the use of a medium-cost CO2 sensor vs. high grade
instruments for Plume Chasing found only negligible differences in cal-
culated emission factors. A more detailed analysis of these parameters
can be found in Appendix G.

3.2.3. Constrains of linear and robust regression
Although the LinReg and RobReg methods have the advantage that

no BG has to be explicitly determined (see Section 2.4), the average
emissions determined by the LinReg and RobReg methods deviate more
from the SEMS reference values compared to the methods where the BG
has to be determined (Fig. 3). The assumption for these methods is that
the ratio of pollutant to CO2 is constant at all times (Section 2.4.1). An
example where this is not the case is illustrated in Fig. 5 for one chase
of the HDV. The ratio of NOx to CO2 changes when different subsets of
data are processed. The HDV emissions are higher for a short time in be-
tween (red shaded area and red data points). While the RolMin method
gives an emission ratio (1.4 ppm∕%) with the smallest deviation of 30 %
to the SEMS emission ratio (2.0 ppm∕%), the LinReg method underesti-
mates the emissions by about 50 % (0.9 ppm∕%). The robust regression,
which reduces the weights of the high impact points (high emission

points), underestimates the emissions by ∼ 75 % (0.5 ppm∕%). Such
high impact points which are largely ignored by the robust regression
method, can come from e.g. a variable cleaning efficiency of emission
reduction systems or from engine motoring events (Karjalainen et al.,
2016) or external sources. If they come from external sources, the
RobReg method helps to improve the results by reducing the influence
of individual outliers. This is discussed in detail in Olin et al. (2023).
However, if the short events are caused by the engine or SCR system
of the chased vehicle, they are also ignored and are not included in the
calculated emissions, even though they are part of the relevant vehicle
emissions. Fig. H.26 in the Appendix shows an example where all three
methods work similarly well and where the determined emission ratios
are close to the SEMS emission ratios (1–4 % deviation).

3.2.4. Robustness of the Rolling Minimum (RolMin) method
To investigate the robustness of the RolMin results with varying time

intervals for automatic BG determination, we assessed the influence
of firstly a symmetrically (±60 s) determined BG (see Section 2.3,
RolMinSym method) and secondly different lengths of time intervals
(t=60 s, 120 s, 240 s and 480 s) on the RolMin method.

In the case of a symmetrically determined BG (RolMinSym) the
change in average emissions for the LDVs and the truck is very small
with around ±1 %. The change for the two 2-wheeled vehicles is higher
(−6–10 %), likely due to the weak measurement signal compared to
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Fig. 6. Scatter plot NOx/CO2 Plume Chasing (RolMin) vs. SEMS of Ford truck (left), VW Caddy (middle) and VW Transporter (right). Each data point is the derived emission
value of one driving constellation (typically one lap - 2.8 k m), for convoy driving (triangles) and non-convoy driving (circles). The official Euro 6 threshold for the HDV and the
LDVs are shown as red lines. The data includes both tampered and non-tampered measurements. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

the background fluctuation. Not only the mean and median values of
the RolMinSym for the different vehicles agree well with the RolMin
method, but also individual measurements (Fig. I.28, left, in the Ap-
pendix). Only few data points show slightly higher absolute deviation
of several ppm∕%.

When the length of the BG interval is changed, the observed changes
in average emissions for the LDVs and the truck are slightly higher at
±9 % and ∼ ±22 % respectively, with lower emission ratios for longer BG
intervals. Fig. I.28 (right) shows that most of the individual emission
ratios are lower for the longer BG interval and that not just a few
outliers are responsible for the lower average emission ratios. This
could be explained by the greater impact of CO2 uncertainties on
emission ratios compared to pollutant uncertainties (Wang et al., 2011).
If the BG interval is very long (in this study 480 s), CO2 will remain at
the lowest value for the entire chase, even though fluctuations in the
BG lead to higher average CO2 BG values.

In general, it was found that changing the time interval (length and
position around measurement point) has little effect on the determined
average emission ratios per vehicle (Fig. I.27 in the Appendix).

3.2.5. The effect of convoy vs non-convoy driving
A scatter plot of the derived NOx/CO2 ratios measured by Plume

Chasing and calculated with the RolMin method against those of SEMS
is shown in Fig. 6 for the Ford truck (left), the VW Caddy (middle)
and the VW Transporter (right). The Plume Chasing RolMin method
shows excellent correlation with the averaged SEMS NOx data for non-
convoy driving of all three vehicles. The coefficient of determination is
highest for the truck and VW Transporter with 𝑅2 = 0.98 and lowest
for the VW Caddy (𝑅2 = 0.89). The NOx/CO2 ratios agree within
∼ 2 % for non-convoy driving between Plume Chasing and SEMS for
the truck. For the VW Transporter the agreement is within the range
of ∼ 10 %, but for the VW Caddy it is ∼ 35 % significantly lower. Since
the Plume Chasing emission results agree well for the truck and the VW
Transporter, and the VW Caddy was measured in sessions with the same
driving characteristics and with the same Plume Chasing instruments,
the deviations between the SEMS and Plume Chasing NOx/CO2 ratios
could be due to a systematic underestimation of the NOx/CO2 ratios by
the SEMS instrument installed in the VW Caddy. Deviations between
SEMS and the PEMS can reach several percent (Yu et al., 2021; Spreen
et al., 2016). This is because the SEMS uses a Zr O2-based sensor, which
has a NOx measurement tolerance of ±20 ppm below 100 ppm. The VW

Caddy had the lowest median SEMS NOx values (27 ppm, compared to
118 ppm for the HDV and 72 ppm for the VW Transporter) and with
this the highest relative uncertainties for the SEMS measurement. The
underestimation could also be specific to the SEMS installed in the VW
Caddy or due to some vehicle characteristics. This could be investigated
in future campaigns by exchanging the SEMS between vehicles or
validating the SEMS with a PEMS. For the following investigations
in this study the SEMS emission ratios of the VW Caddy have been
corrected by a factor of +35 % unless otherwise stated (it is assumed
here that the SEMS is underestimating the true emissions of the VW
Caddy).

For convoy driving the correlation is lower for all vehicles (𝑅2 =

0.96 for the truck, 𝑅2 = 0.84 for the VW Caddy and 𝑅2 = 0.02

for the VW Transporter). The main cause of larger deviations from
the reference data was found to be situations where emissions are
significantly influenced by other plumes (Fig. 6, triangular data points
for convoy measurements), e.g. a passenger car driving closely behind
a very high-emitting truck with a deactivated SCR system (Fig. 7). In
the case of the VW Transporter, about 𝛼 = 35(5) % of the emission
ratio determined by the RolMin method came from the high-emitting
truck (Veh1) driving directly in front of the VW Transporter (Veh2)
(𝑅𝐸 PlumeChasing Veh2 = (1 − 𝛼)𝑅𝐸 SEMS Veh2 + 𝛼 𝑅𝐸 SEMS Veh1). The weaker
LDV plume (in terms of volume) is therefore overlaid by the stronger
HDV plume. The emission measurements of the VW Caddy, which was
driving in third place behind the high-emitting truck, were only mildly
affected (𝛼 = 6(4) %). If the truck (non-tampered) was measured with
the tampered VW Transporter directly in front, about 𝛼 = 5(2) % of
the measured emission signal came from the high-emitting LDV driving
directly in front of the HDV. In the case of the tampered VW Caddy
driving directly in front of the non-tampered VW Transporter, 𝛼 =

22(18) % of the measured emission signal came from the high-emitting
LDV. In general, a weak plume (weak CO2 signal) is more likely to be
influenced by other emission sources than a strong emission plume.
Conversely, a strong HDV plume will not be significantly influenced
by a weak LDV plume. Possible ways to reduce the influence of other
vehicles on the observed emission value are:

• Avoid busy roads.
• Avoid measuring a LDV behind a HDV.
• If there is a vehicle directly in front of the measured vehicle also

measure the vehicle in front and reject the measurement if the
emission ratio from the vehicle in front is significantly higher.
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Fig. 7. Scheme of the main cause of false positive light duty high-emitters. This situation should be avoided or the HDV in front should also be measured.

The other investigated Plume Chasing methods show similar results
when comparing convoy and non-convoy driving. The general observa-
tions already discussed in Section 3.2.1 can also be observed here. The
BGinlet method stands out in this comparison, showing smaller absolute
deviations from the average SEMS emission ratios for LDVs in convoy
sessions compared to the other methods (−2.5 ppm∕% on average for
the VW Transporter). The average emission ratios determined by the
BGinlet method can be up to 30 % lower than for the other methods.
With this, the influence of the high-emitting truck driving directly in
front of the VW Transporter is reduced by 11 % to 𝛼 = 24(12) %. This
can be explained by the fact that the BG is measured by an additional
inlet on the roof of the vehicle. As a result, the plume from e.g. a
high-emitting HDV driving in front of the non-tampered LDV is also
partly included in the BG. How well the BG on the roof is representative
depends mainly on factors such as the shape of the vehicles in front and
the wind conditions. If contamination from other vehicles or sources
is not well represented in the BG inlet, the BGinlet method will be
less beneficial. In general, however, HDV emissions are slightly lower
(∼ 5 %) for the BGinlet method compared to the other methods, slightly
increasing the difference between SEMS and Plume Chasing (Fig. J.29
in the Appendix). This could be due to the fact that the BGinlet method
measures not only the BG with the BG inlet, but measures also a
significant part of the plume of the measured vehicle directly in front
(HDV). As a result, the BG-corrected signal is lower and there are fewer
data points above the CO2 threshold that count towards the emission
ratio calculation (15 % fewer data points for the HDV compared to ∼ 6 %
fewer for the LDVs). This can increase the differences with SEMS data,
especially for the HDV.

3.2.6. Plume Chasing analysis method for PN
It can be seen that for gaseous compounds such as NOx, the time

at which the measured CO2 concentration has its minimum/maximum
coincides very well with the minimum/maximum of the gaseous pol-
lutants (Fig. E.20 in the Appendix). In the case of PN, this is not
always the case. Factors contributing to a lower correlation between
CO2 and PN data could be the engine or after-treatment system, PN
measurement including volatile and semi-volatile particles, or relatively
low PN measurements accompanied by interference from other vehicles
and sources. If the BG for PN is then defined as the PN value at
the time stamp of the assigned CO2 BG, this can lead to an over-
estimation of the BG value for PN (Fig. E.20 in the Appendix) and
negative average PN values will be observed in a significant number of
cases. To avoid this, the BG of CO2 and PN is determined individually
by using the RolMinInd method. This results in systematically higher
emission values, as with the RolMin method (example in Fig. E.20 in
the Appendix).

All investigated vehicles had relatively low average emissions of PN
(Fig. C.16 in the Appendix). The average PN@90 emissions are between
5 ⋅1010 #∕k gf uel and 2.07 ⋅1012 #∕k gf uel, with the highest PN@90 emissions
measured for the VW Touran. We use the PN@90 measurements for
the discussion because they show the best agreement to differentiate
between different tampering states of the VW Caddy (see Section 3.4).
Differences between the RolMinInd and RolMin data processing meth-
ods are more pronounced for PN (−36.6 % on average) than for NOx

(−11.7 %) and more pronounced for low PN emitters than for higher

Table 5
Overview of the median PN@90 and NOx emission ratios of investigated vehicles
by methods RolMinInd and RolMin. Median values are determined for each vehicle
individually.

Vehicle PN@90 [#∕k gf uel] ⋅ 1010 NOx [ppm∕%]

RolMin RolMinInd RolMin RolMinInd

Ford truck 1.7 5.1 30.4 31.6
VW Caddy 29.8 36.3 6.7 6.8
VW Transporter 9.9 14.2 14.2 14.4
VW Touran 199 207 8.9 9.0
Motorcycle −6.1 21.4 0.6 1.0
Scooter 5.7 26.0 2.1 2.7

emitters (e.g. −67 % for the HDV and 3.9 % for the VW Touran) (see
Table 5 and Fig. K.30 in the Appendix). Particularly for the very low
PN emitters in the study, the RolMin method shows many negative
average emission ratios (approximately 30 % for the HDV, 10 % for
the VW Transporter or 60 % for the motorcycle). The lower the mea-
sured emissions, the greater the influence of non-exhaust emissions,
re-suspension or emissions from other vehicles. Also, it can be observed
that vehicles with tampered SCR systems show a higher rate of negative
PN values. One reason could be that SCR dosing affects PN emissions,
although emissions should generally be higher, as shown by Mamakos
et al. (2019). Determining the BG of the pollutant individually from
the time series results in fewer negative emission ratios (about 0 % for
all vehicles). The extent of this overestimation also depends on the
level of emissions from other sources, or the influence of the volatile
particle fraction, particularly as they are not a conserved quantity. The
particle metrics (e.g. PN, BC), their characteristics (e.g. size range,
including/excluding volatiles) and the instrumentation used have a
significant influence on whether there can be a large influence from
other sources on the results. PN is a general metric that can include
various sources, unlike BC, which is specific to combustion emissions.
The TEN (PN23) instrument measures non-volatile particles in the size
range from 23 nm to several hundred nm, which already limits the size
range to the accumulation (soot) mode particles typical of combustion
engine processes. The SMPS (PN@90) with the 90 nm setting only mea-
sures particles around 90 nm, which specifically filters out if a diesel
accumulation mode is present (Fiebig et al., 2014). In the case of test
track measurements, environmental influences should be low, as the
validation experiments were carried out on an isolated test track. The
influence is limited to the non-exhaust emissions and the emissions
of the other vehicles on the test track. The measurement of solid PN
(excluding volatiles) should be preferred in the future, especially for
high emitter identification, as the results are more reproducible.

3.3. Real traffic measurements

The average NOx/CO2 emission ratios of the real traffic Plume
Chasing measurements are shown in Fig. 8 on the left. On-board
SEMS measurements are shown in orange. Plume Chasing shows higher
average NOx emissions compared to the SEMS emissions (∼ 150–300 %).
The deviations are more pronounced than for the test track results for
the VW Caddy (∼ 40 %). It should be noted that the NOx emissions of the
VW Caddy are very low. Therefore, a high percentage deviation from
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Fig. 8. Average NOx/CO2 (left) and average PN@90/CO2 and PN23/CO2 (right) for urban/suburban/rural and highway sections. The average Plume Chasing emission results of
different methods are displayed (green, blue) as well as average on-board measurements (orange). The Euro 6 N1 emission standard (red line) as well as the suspicious (blue
dashed line) and high-emitter (blue solid line) NOx thresholds for Euro 6 vehicles (see Section 3.4) are also displayed. The average SEMS NOx/CO2 values are corrected by a factor
of 35 % (see Section 3.2.5). The whiskers represent the 1.5 interquartile range (IQR). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

the reference is still only a small deviation in absolute terms. The higher
Plume Chasing results are still close to the Euro 6 emission standard
of the VW Caddy (8.5 ppm∕%). The low emissions of the VW Caddy
compared to the general fleet on the road result in a higher interference
from other vehicles. An average of 18 ppm∕% was determined for the
fleet from Plume Chasing measurements (76 HDVs and LDVs) on 17th
and 18th June 2021. This is in line with other studies of vehicle
emissions in the Netherlands (van Eijk et al., 2024; Ligterink, 2024) and
more than ten times the average SEMS NOx emissions of the VW Caddy.
The BGinlet method gives about 30 % lower NOx emissions compared
to the RolMin method for both measurement sections and is therefore
closer to the SEMS reference results. All methods give higher emissions
for highway driving than for urban/suburban/rural driving. This is
consistent with the SEMS emission results.

The average PN@90/CO2 emission ratios are shown in Fig. 8 on the
right. On-board TEN PN23 measurements are displayed in orange. The
TEN PN23 results are shown on the secondary axis in Fig. 8 due to
the different scale of PN23 compared to PN@90. Plume Chasing real
traffic PN@90 results of the VW Caddy show higher emissions than the
PN@90 test track measurements (Fig. C.16). The median emissions from
e.g. the urban/suburban/rural section (48 ⋅ 1010 # k gf uel) are about 50 %
higher than those of the VW Caddy on the test track (30 ⋅ 1010 # k gf uel,
Table 5, RolMin method). As expected, the RolMinInd method shows
higher emission levels than the RolMin method. The TEN on-board
measurements show no major differences in median emissions between
urban/suburban/rural driving and highway driving, whereas the PN@90

emissions determined by Plume Chasing are higher by a factor of
about 2.7 for highway driving. This could be due to increased inter-
ference from other vehicles, from non-exhaust particles (brake wear,
re-suspended particles from the road surface) or from other emission
sources. As PN@90 and PN23 are not directly comparable, differences
could also be due to differences in the particle size distribution (PN@90

measures only particles with a mobility diameter of approximately
90 nm) or to some extent due to a different semi-volatile fraction (which
is part of PN@90 but removed in PN23), e.g. due to rapid formation
of semi-volatile particles from precursors immediately after exiting
the tailpipe (Karjalainen et al., 2019). Further Plume Chasing studies
using instruments and on-board measurements that measure the same
parameter (e.g. same metric and/or same size range) are needed to
better investigate which of the methods is more suitable to reliably
measure vehicle PM emissions.

3.4. High-emitter identification

3.4.1. Tampered SCR system
An important application of Plume Chasing is the high-emitter

identification. The Plume Chasing NOx thresholds for a tampering
classification are approximately two (suspicious emitter) to three (high-
emitter) times higher than the official type approval Euro emission
standards. These Plume Chasing thresholds were optimised in previous
studies (e.g. Pöhler, 2021) to avoid false positives and to minimise
false negatives. With these thresholds, the RolMin method was used to
successfully evaluate the SCR status (tampered/non-tampered) of the
Ford truck, VW Caddy and VW Transporter on the test track. The on-
board SEMS NOx∕CO2 emission ratios of the HDV (Ford truck) and two
LDVs (VW Caddy and VW Transporter) are shown in Fig. 9 on the left
and for Plume Chasing on the right. The measurements are divided
between sessions where the SCR system was non-tampered (blue) and
where it was tampered (green). Sessions in which the tampering status
was just changed leading to unexpected emission values for the SCR
state are excluded. This occurred due to the study design, but would
not occur in real traffic. Cold SCR situations are also excluded as the
emissions change due to SCR warm-up. Plume Chasing can identify
such SCR warm-ups from the time series but this cannot be reflected in
the averages. In real driving cold SCR systems can be avoided by choos-
ing an appropriate measurement location. The SCR state of both, HDV
and VW Transporter, can clearly be separated based on the emission
measurements of SEMS. The SCR status of the VW Caddy cannot always
be clearly separated because the measured emission distributions of the
VW Caddy with and without manipulated SCR for SEMS and Plume
Chasing overlap. With the set thresholds no false positive high-emitters
are determined in non-convoy driving by Plume Chasing. In convoy
driving, LDVs are incorrectly classified as high emitters when a high
emitting HDV is driving in front (outliers of VW Transporter). Such
situations should be avoided or it must be validated that the vehicle
in front is not an interfering high-emitter (see Section 3.2.5). For a
more detailed description of the results, also in comparison to the other
Remote Emission Sensing Techniques, see Farren et al. (2022b).

3.4.2. Tampered DPF system
In about half of the sessions, the DPF of the VW Caddy was tampered

(bypass open). The PN10/CO2 emission ratios determined by on-board
measurements of the NanoMet3 (Fig. 10, left) show that the two tam-
pering states can be clearly separated. The median PN10/CO2 emission
ratios with tampered DPF are about 4 times higher than those with
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Fig. 9. NOx/CO2 emission ratios of HDV (Ford truck) and two LDVs (VW Caddy and VW Transporter) with tampered SCR (green) and non-tampered SCR (blue) determined by
on-board SEMS measurements (left) and Plume Chasing (right, determined by RolMin). The suspicious (dashed) and high-emitter (solid) thresholds for Euro 6 vehicles are shown
in red for the HDV and blue for the LDVs in the right panel. The average SEMS NOx/CO2 values are corrected by a factor of 35 % (see Section 3.2.5). The whiskers represent the
1.5 interquartile range (IQR). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Distribution of on-board PN10/CO2 emission ratios measured by NanoMet3 (left), Plume Chasing (determined by RolMinInd) PN@90/CO2 (SMPS, middle left), PN2.5/CO2

(CPC, middle right) and PN23/CO2 emission ratio (TEN, right) of VW Caddy. The data is divided in sessions with tampered DPF (green) and non-tampered DPF (blue). The whiskers
represent the 1.5 interquartile range (IQR). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

non-tampered DPF. This is a rather small difference between tampered
and properly functioning DPFs, which are typically about two to three
orders of magnitude apart (Boveroux et al., 2019). This is likely because
the DPF bypass in this study was too small.

Despite the low PN emissions of the VW Caddy, the SMPS (PN@90)
was able to distinguish between sessions with tampered and non-
tampered DPF (Fig. 10, middle left), whereas the CPC, which measured
PN2.5 (Fig. 10, middle right), could not distinguish between the two
states. For the TEN instrument (Fig. 10, right, measuring solid PN23),
only a weak differentiation between the two states could be observed.
The TEN instrument was optimised for follow-up studies after the test
track measurements to improve drifts and noise. The CPC was not
suitable for detecting high emitters for several reasons. Firstly, the
measurements include volatile compounds which make the results less
reproducible (higher uncertainty). Secondly, the CPC uses a size cut-off
of 2.5 nm, which can include both core mode and accumulation (soot)
mode particles. It is not clear from the literature when non-volatile
core mode particles are present, but they are often much more in
number than accumulation mode particles and can significantly affect
the results for tampered DPF detection (Melas et al., 2021). In addition,
CPC measurements were sometimes in the coincidence correction range
as no diluter was used, which introduces higher uncertainties. While the
measurement of 90 nm particles with the SMPS was useful to correctly
determine the tampering status (bypass open/closed) of the VW Caddy,

such a complex measurement system cannot be easily applied for such
an application. Other instruments are required to measure particle
metrics (e.g. PN, BC) which are suitable for high emitter identification.

3.5. Plume chasing of 2-wheeled vehicles

As part of the test track experiments, two 2-wheeled vehicles were
examined to assess the ability of Plume Chasing to determine the
emissions of these vehicles. In the setting of the test track experiments
the emissions of the 2-wheeled vehicles could be well determined with
the investigated methods. The average CO2 value above the lowered
threshold of 5 ppm was 14 ppm for the scooter and 21 ppm for the
motorcycle (see Fig. E.19 for an example time series of a scooter
chase). The NO/CO2 emission ratios of the scooter and motorcycle
determined by Plume Chasing are comparable to the on-board Mini-
PEMS NO/CO2 emission ratios (Fig. 11). Both methods determined
smaller NO emissions of the motorcycle compared to the scooter. The
median emissions of the scooter are 1.4 ppm∕% lower by Plume Chasing
than by on-board measurements, while the median emissions of the
motorcycle are 0.5 ppm∕% higher. As the measured 2-wheeled vehicles
were always measured in a non-convoy situation and the BG was very
stable on the test track, no significant effects on the Plume Chasing
measurements are expected. Especially for these low emission values,
differences may be due to uncertainties in the Mini-PEMS data and also
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Fig. 11. Average NO/CO2 emission ratios of the scooter and motorcycle determined
by Mini-PEMS (left) and Plume Chasing (right); non-convoy driving. The whiskers
represent the 1.5 interquartile range (IQR).

due to data gaps in combination with varying emission ratios. PN/CO2

emission ratios could also be determined for the 2-wheeled vehicles
(Fig. C.16 in the Appendix). PN measurements of the 2-wheelers show
increased emissions of sub-23 nm particles.

Difficulties in measuring 2-wheeled vehicles are the small exhaust
flow rate and the low absolute emissions (Fig. E.19), which makes it
difficult to capture their plume. Therefore, the CO2 threshold had to be
lowered to 5 ppm for the test track data (see Section 2.7) to have enough
values for the emission calculation. This makes it difficult to measure
2-wheeled vehicles in dense traffic with many external sources, where
even a higher threshold than 20 ppm is recommended. A raised inlet line
for Plume Chasing may improve the signal as the exhaust is relatively
high up for 2-wheeled vehicles, but this will reduce the signal for
other vehicles. Another difficulty is the ability of 2-wheeled vehicles
to accelerate very fast. Especially during the high acceleration sessions
it was impossible for the slow Plume Chasing vehicle to follow the
motorcycle. This could be even more pronounced in real traffic but
can be compensated with a smaller and more powerful Plume Chasing
vehicle.

4. Conclusions

In this study, we showed optimisation strategies for Plume Chas-
ing to accurately measure vehicle emissions and reliably detect high-
emitting vehicles. While most of the previous studies have mainly
focused on HDVs, we demonstrate the applicability of the Plume Chas-
ing method to LDVs and 2-wheeled vehicles. We designed the study to
include convoy driving with different types of vehicles with different
levels of NOx emissions, simulating normal traffic situations with low
and high emitters.

We evaluated and compared different Plume Chasing data process-
ing methods, including different BG correction-based and regression-
based approaches. For NOx, the different data processing methods show
only a small bias (0.3–4.7 ppm∕% on average, 0.6–3.8 ppm∕% on median,
95th percentile at around 7–17 ppm∕%) and excellent correlation (𝑅2

between 0.88 and 0.98) to on-board SEMS measurements for a variety
of vehicles types. It underlines the robustness and reliability of the
Plume Chasing method.

Conclusions from comparing different methods to analysing Plume
Chasing data are:

• The methods using a rolling minimum approach (RolMin, RolMin-
Sym, RolMinInd) to derive the BG show better performance com-
pared to the regression based methods and are comparable to
other BG determination methods. They feature low operational
effort and can be applied in real time analysis. For NOx, the best

result is obtained if the BG of the pollutant is taken at the same
time as for CO2.

• The rolling (RolReg) and robust regression (RobReg) methods
depend on the stringency of the used filters. The results depend
on the optimised parameters for the specific purpose. The high re-
quirement on the well matched response of the different measured
parameters makes its application more complex but the methods
do not require any BG determination. The RolReg method can also
be applied to real-time data analysis.

• The linear and robust regression method can cause significant
wrongly derived emission values if the ratio of the pollutant to
CO2 changes over the measurement period, e.g. due to an engine
change or a change in the SCR efficiency. In an example of such
a case, method LinReg underestimated the emissions by 50 %,
RobReg by 75 %. This problem can be reduced with the short
duration rolling regression method as it can account for changes
in the ratio of pollutant to CO2 throughout a plume chase.

• There is no significant observed difference (±1 %) between deter-
mining BG from a BG interval symmetrically or backwards from
the point of measurement (RolMin or RolMinSym). The change in
the length of the interval in which the BG is determined plays a
greater role. If a BG interval of 480 s is used instead of 120 s, the
emission ratios are on average up to 9 % lower and 9 % higher for
60 s.

• The method using an additional measurement on the roof of the
chasing vehicle (BGinlet) performs slightly better for measuring
LDVs behind high-emitting HDVs or in heavy traffic situations. In-
stead of ∼ 35 %, the influence of the HDV can be reduced to about
∼ 24 %. However, performing a second measurement on the roof is
very costly compared to the relatively small improvement in data
quality. Whether this is worthwhile depends on the application.

• For PN emissions, the RolMinInd method of searching for CO2 and
PN BG individually is advantageous as long as the influence of
other emission sources is small. The method is more appropriate
because PM and gaseous emissions can occur at different times.
The derived emission values are on average higher and the data
processing method may cause an overestimation. How much de-
pends strongly on the measured metric and on other interfering
emission sources. Further research is needed to determine which
particle metric (e.g. PN, BC) is most appropriate for identifying
high emitters.

• The average absolute deviation of the determined NOx∕CO2 emis-
sion ratios (using the RolMin method) from the reference was
−0.2(46) ppm∕% for the HDV and 0.3(29) ppm∕% for the LDVs
tested (non-convoy driving). The average absolute deviation of
the determined NO∕CO2 ratio for the two-wheeled vehicles was
0.2(27) ppm∕%.

Plume Chasing measurements can be influenced by other emission
sources and other vehicle plumes. From convoy driving we estimated
the influence of different emission sources. A high-emitting LDV in front
of a low-emitting vehicle have a moderate influence of up to 22 % on the
measured emission levels. Around 35 % of the measured emission signal
of a low-emitting LDV can come from a high-emitting HDV driving
directly in front of it. Such interfering plumes from high-emitters can
lead to false positive detection for LDVs. We suggested strategies to
avoid them. Apart from those situations Plume Chasing was able to
distinguish reliably between tampering and non-tampering of the differ-
ent vehicles tested (no false positives). The RolMin method has proven
effective in identifying high-emitters in real-time. We showed that high
PM emitters can be effectively identified using SMPS 90 nm data in a
Plume Chasing setup and correlate well with on-board measurements.
The data from a CPC shows none, and the data of the TEN AEM only
slight separation between low and high PM emitter states. Further
research is needed to develop a reliable, simpler and less expensive
approach to PM measurement. The combination of an ICAD and a
suitable PM measurement instrument can provide a simple setup for
Plume Chasing and robust and reliable high-emitter identification for
NOx and PM emissions.
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Table A.6
Weather conditions during the test track measurement campaign. Averages are calcu-
lated for the time of measurement.

Date 𝑇 [◦C] 𝑣wind [m∕s] Wind direction RH [%]
21.06.2021 15.0 10.7 NE 89.2
22.06.2021 16.0 11.3 NE 68.6
23.06.2021 15.8 7.1 NE to SE 69.3
24.06.2021 16.2 6.1 NE to SE 70.7
25.06.2021 15.5 7.8 SW 80.1
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Appendix A. Measurement conditions

The average ambient air temperature, wind speed, direction and
relative humidity for the days of the test track measurements can be
found in Table A.6. The temperature was similar on all measurement
days (≈ 16 ◦C), whereas the wind speed was stronger during the first
two days (≈ 11 m∕s) than during the remaining three days (≈ 7 m∕s).
There was no precipitation on the days of measuring and the relative
humidity was about 70 to 90 %.

The test route of real traffic measurements is shown in Fig. A.12.

Appendix B. Measurement setups

The used Plume Chasing vehicle from TNO is shown in Fig. B.13
with its inlets (two at the front and one on the roof of the vehicle).

The Mini-PEMS were installed on the luggage rack of the motorcy-
cles (see Fig. B.14).

Fig. A.12. Test route, urban/suburban/rural segments marked in orange, highway
segments in blue. The start/end point at TNO in Utrecht is marked in yellow. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. B.13. Plume Chasing vehicle.

Fig. B.14. Mini-PEMS installed on the Yamaha MT-07 Motorcycle (left) and Yamaha
NMAX Scooter (right).

Appendix C. Average 𝐍𝐎𝐱∕𝐂𝐎𝟐 and PN/𝐂𝐎𝟐 ratios of different
vehicles and instruments

The NOx∕CO2 and PN10∕CO2 emission ratios determined from on-
board reference (SEMS and NanoMet3) as well as Plume Chasing
measurements separated into convoy and non-convoy data are shown
in Table C.7. The average NOx/CO2 emission ratios of all investigated
vehicles determined by the RolMin Plume Chasing method can be found
in Fig. C.15.

The average PN/CO2 emission ratios (PN∈ [PN@90,PN23,PN2.5]) of
all investigated vehicles determined by the RolMinInd Plume Chasing
method can be found in Fig. C.16.
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Table C.7
Mean and Median NOx∕CO2 and PN10∕CO2 emission ratios determined from on-board reference (SEMS and NanoMet3) as well as Plume Chasing
(RolMin) measurements of the Ford truck, VW Caddy and VW Transporter. Separated into convoy and non-convoy data.

Ford truck VW Caddy VW Transporter VW Caddy
On-board NOx∕CO2 [ppm∕%] PN10∕CO2 [#∕𝑘𝑔𝑓 𝑢𝑒𝑙] ⋅ 1013

Convoy
Tampered

Mean 81.9 ± 17.4 26.8 ± 6.4 18.1 ± 2.2 3.8 ± 1.7
Median 79.3 28.7 17.7 3.0

Non-tampered
Mean 0.7 ± 0.4 3.1 ± 2.3 3.0 ± 2.7 1.33 ± 0.02
Median 0.9 2.5 2.6 1.3

Non-convoy
Tampered

Mean 75.7 ± 21.3 19.1 ± 9.8 18.3 ± 5.4 5.1 ± 1.8
Median 82.5 20.2 17.6 4.8

Non-tampered
Mean 1.0 ± 0.9 5.1 ± 3.3 1.8 ± 1.5 1.2 ± 0.1
Median 0.9 5.2 1.5 1.2

Plume Chasing (RolMin) NOx∕CO2 [ppm∕%] PN@90∕CO2 [#∕𝑘𝑔𝑓 𝑢𝑒𝑙] ⋅ 1010

Convoy
Tampered

Mean 83.8 ± 11.0 28.7 ± 6.3 17.0 ± 3.2 64.7 ± 26.4
Median 83.0 32.0 16.4 65.3

Non-tampered
Mean 1.2 ± 0.5 4.8 ± 2.1 12.3 ± 11.5 7.6 ± 1.7
Median 1.1 4.4 7.0 7.6

Non-convoy
Tampered

Mean 75.0 ± 19.5 16.4 ± 12.3 20.6 ± 6.3 64.9 ± 49.6
Median 81.2 12.9 21.0 44.3

Non-tampered
Mean 0.6 ± 0.8 4.9 ± 3.2 2.7 ± 2.3 3.5 ± 7.4
Median 0.4 5.2 2.2 3.4

Fig. C.15. NOx/CO2 emission ratios of all different vehicles measured by Plume Chasing. The RolMin method is used for determining the emission ratios. Sessions in which the
tampering status was just changed, as well as cold SCR situations, are excluded.

Fig. C.16. PN@90/CO2 (upper), PN23/CO2 (middle) and PN2.5/CO2 (bottom) emission ratios of all different vehicles measured by Plume Chasing. The RolMinInd method is used for
determining the emission ratios.
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Fig. E.17. Example of synchronised data time series of Plume Chasing and SEMS within a chasing period (three laps) of the VW Caddy. The time series of measured NOx and
CO2 of SEMS (green) and Plume Chasing (blue, BG-corrected) are shown in the top two panels, the ratio NOx/CO2 (rolling 9 s mean) of SEMS and Plume Chasing and the time
series of speed (solid) and distance (dashed) to the chased vehicle in the lower two panels. The red vertical lines mark the passing time at the location of the other remote sensing
techniques (Opus RSE/Point Sampling). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Appendix D. Calculations RolMin

The derived BG value used for the emission calculation does not
have to be the real BG without the emission, it may still contain some
plume emissions that are cancelled out in the calculation. The measured
signal of the component 𝑋meas(t ) should be corrected by the background
value BGX(t ) to derive the real plume signal Xplume(t ). If the used
background BGX(tmin) at time tmin still contains a part 𝑘 of the plume
signal than the used background would be BGX(t ) + 𝑘 ⋅ Xplume(tmin). As
the fraction of 𝑘 applies for the pollutant and for CO2 in the same way,
the following generally applies:

Xmeas(t ) − BGX(tmin)

CO2 meas(t ) − BGCO2
(tmin)

=
Xmeas(t ) − [BGX(t ) + 𝑘 ⋅ Xplume(tmin)]

CO2 meas(t ) − [BGCO2
(t ) + 𝑘 ⋅ CO2 plume(tmin)]

=
Xplume(t ) − 𝑘 ⋅ Xplume(tmin)

CO2 plume(t ) − 𝑘 ⋅ CO2 plume(tmin)

=
𝑅𝐸 (t ) ⋅ CO2 plume(t ) − 𝑅𝐸 (tmin) ⋅ 𝑘 ⋅ CO2 plume(tmin)

CO2 plume(t ) − 𝑘 ⋅ CO2 plume(tmin)

(D.1)

If the emission ratio 𝑅𝐸 (and the BG) is constant over the period of the
rolling minimum interval, then 𝑅𝐸 (tmin) = 𝑅𝐸 (t ). The above equation
then gives 𝑅𝐸 (t ), similar to if the background were not contaminated
by a remaining plume:

=
𝑅𝐸 (t ) ⋅ CO2 plume(t ) − 𝑅𝐸 (t ) ⋅ 𝑘 ⋅ CO2 plume(tmin)

CO2 plume(t ) − 𝑘 ⋅ CO2 plume(tmin)

= 𝑅𝐸 (t )
(D.2)

Appendix E. Plume chasing time series

Fig. E.17 shows an example time series where the Plume Chasing
vehicle followed the VW Caddy for three laps at speeds between 70
and 100 k m∕h. The red vertical lines indicate the time at which the
location of the other remote sensing techniques (in-situ Point Sampling
and cross-road Opus RSE) on the test track was passed. From vertical
line to line is therefore one lap. The NOx emissions increase from lap to
lap because the SCR has just been switched off before the measurement
and it takes some time for the remaining Adblue to be used up and the

emissions to increase.
Fig. E.18 shows an example time series where, without a speed

filter, the plume from the measurement vehicle itself (Plume Chasing
CO2 and NOx data in the red shaded area) would be part of the emission
ratio determination. The SEMS data of the chased HDV shows that there
were no emissions from the HDV at the relevant time.

Fig. E.19 shows an example time series of the scooter’s CO2 and NO

emissions measured by the on-board Mini-PEMS (green line) and Plume
Chasing (blue line).

Fig. E.20 shows an example time series of CO2, NOx and PN@90 with
the determined BG time series of method RolMin (green) and RolMinInd
(orange).

Appendix F. Absolute deviation to SEMS - separated by vehicle

The distribution of the absolute deviation of NOx/CO2 Plume Chas-
ing to SEMS emission ratios for the different data processing methods
and tested vehicles for convoy data only is displayed in Fig. F.21. In
Fig. F.22 the absolute deviation of convoy and non-convoy data is
shown for the Ford truck, in Fig. F.23 for the VW Caddy and Fig. F.24
for the VW Transporter.

Appendix G. Influence of speed filter, smoothing and the 𝐂𝐎𝟐

sensor

G.1. Speed filter

Analysis of parameters such as speed, acceleration or distance to the
chased vehicle showed that filters such as a speed filter (𝑣 > 10 k m∕h)
can improve the determination of emission ratios. Fig. E.18 shows an
example time series where, without a speed filter, the plume from the
own measurement vehicle contaminate the observed emission ratio.
If the chased vehicle is surrounded by other vehicles in real traffic
conditions (e.g. at a traffic light), the plume from other vehicles could
affect the measurements in the same way. The extent to which this can
affect the measurement depends mainly on the wind conditions and the
type of nearby/chasing vehicle (low-emission or electric vehicles would
have little effect on the measurements).
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Fig. E.18. Time series of CO2 and NOx measured by Plume Chasing and SEMS of the truck, one lap. The red shaded area marks the chasing time with a chasing velocity < 10 k m∕h.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. E.19. Example time series of CO2 and NO from Plume Chasing and Mini-PEMS measurements of the scooter. Non-convoy driving.

Fig. E.20. Example time series of CO2, NOx and PN@90 with BG time series of method RolMin and RolMinInd.
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Fig. F.21. Distributions of the absolute deviations of NOx/CO2 Plume Chasing to SEMS emission ratios of the methods BGinlet, RolMin and RobReg for the Ford truck (left), VW
Caddy (middle) and VW Transporter (right). Only convoy data is included.

Fig. F.22. Comparison (absolute deviations) of NOx/CO2 Plume Chasing and SEMS of different methods for a HDV (Ford truck); top: convoy driving, bottom: non-convoy driving.
The median/mean absolute deviation of each method is given in brackets below each box-plot. The whiskers represent the 5th and the 95th percentiles.

G.2. Smoothing

Smoothing the data, i.e. reducing the time resolution, may improve
the result by reducing the sensitivity to, for example, the different
response times of instruments (Xiang et al., 2023; Wang et al., 2020).
For the data from the test track, a 5 s-average was tested, but no
improvements were found. This could be due to the fact that we
have optimised the time synchronisation and instrument response time
correction as described in Section 2.3, as well as the instrumentation
for this type of measurement.

G.3. LI-COR 7000 CO2 sensor

A main requirement is a fast response time of the analysers of
better 5 s. A response time and resolution of 2 s like for the used ICAD
instruments is recommended. We found that the medium-cost CO2

sensor used in the ICAD with a slope accuracy of 1 % (+ absolute error
of 20 ppm) correlates well with high-precision CO2 sensors with absolute

Table H.8
VW Transporter NOx/CO2 emission ratios determined by different Plume Chasing
methods and SEMS for a chase on 22.06.2021.

SEMS LinReg RobReg RolMin

NOx/CO2 [ppm/%] 21.1 21.4 21.3 22.0

error of 1 % (e.g. LI-COR, see Fig. G.25). The use of medium-cost
CO2 sensors in applications such as Plume Chasing or Point Sam-
pling is therefore feasible, as only negligible differences in calculated
emission factors were found compared to high grade instruments (see
also Sugrue et al., 2020).

Appendix H. Linear and robust regression

An example where both the LinReg and RobReg method give average
emission ratios close to the SEMS emission ratios is illustrated for one
chase of the VW Transporter (Fig. H.26). The ratio of NOx to CO2 is
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Fig. F.23. Comparison (absolute deviations) of NOx/CO2 Plume Chasing and SEMS of different methods for a LDV (VW Caddy); top: convoy driving, bottom: non-convoy driving.
The median/mean absolute deviation of each method is given in brackets below each box-plot. The whiskers represent the 5th and the 95th percentiles.

Fig. F.24. Comparison (absolute deviations) of NOx/CO2 Plume Chasing and SEMS of different methods for a LDV (VW Transporter); top: convoy driving, bottom: non-convoy
driving. The median/mean absolute deviation of each method is given in brackets below each box-plot. The whiskers represent the 5th and the 95th percentiles.
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Fig. G.25. Comparison of CO2 measured by a LI-COR 7000 and ICAD-NOx-150DE-M instrument (Airyx GmbH). The data is shown for one day of measurements.

Fig. H.26. Time series (top) of CO2 and NOx measured by Plume Chasing (blue) and SEMS (green), one lap, chased vehicle was the VW Transporter. The NOx data are plotted
against the CO2 data for the Plume Chasing measurements on the bottom left and for the SEMS measurements on the bottom right. Regression lines of the methods LinReg (dashed
black line) and RobReg (dotted black line) are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. I.27. Comparison of average NOx/CO2 emission ratios of different BG intervals (60 s, 120 s, 240 s and 480 s) for the RolMin method. The average emission ratios of the RolMinSym
method (symmetrically ±60 s) are also displayed. The results are plotted separately for all vehicles.

Fig. I.28. Comparison of NOx/CO2 emission ratios of methods RolMin vs RolMinSym for all vehicles (left) and of different BG intervals (480 s vs 120 s) for the method RolMin
(right) for all vehicles.

constant over time. The methods RolMin, LinReg and RobReg are all
close to the SEMS emission ratio of 21.1 ppm∕% with 22.0, 21.4 and
21.3 ppm∕% respectively (see Table H.8).

Appendix I. Robustness of RolMin

In Fig. I.27 the average NOx/CO2 emission ratios of different BG
intervals (60 s, 120 s, 240 s, 480 s backward or ±60 s symmetrical) show,
that the exact BG interval used for the BG search does not change the
results significantly.

In Fig. I.28 (left) the average emission ratios obtained by the
RolMinSym method are plotted against those obtained by the RolMin
method. Each data point is the derived emission value of one driving
constellation, typically one lap (2.8 k m). In Fig. I.28 (right) the average
emission ratios determined from the RolMin method with a BG interval
of 480 s is compared to the one with a BG interval of 120 s. The
comparisons show that only few data points deviate by 10–20 ppm∕%,
all others are in good agreement.

Appendix J. Convoy vs non-convoy driving

A scatter plot of the derived NOx/CO2 ratios of Plume Chasing
calculated with the BGinlet method against those of SEMS is shown
in Fig. J.29 for the Ford truck (left), the VW Caddy (middle) and
the VW Transporter (right). Compared to other Plume Chasing data
processing methods, the average emissions show lower deviations to
the SEMS values in situations where a high-emitting HDV is driving in
front of a low emitting LDV (e.g. triangular orange dots). However, the
underestimation of the HDV emission ratios by the BGinlet method is
also clearly visible.

Appendix K. Comparison of RolMinInd and RolMin

The PN@90/CO2 emission ratios of the RolMinInd and the RolMin

method are compared in Fig. K.30.
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Fig. J.29. Scatter plot NOx/CO2 Plume Chasing (BGinlet) vs. SEMS of Ford truck (left), VW Caddy (middle) and VW Transporter (right). Each data point is the derived emission
value of one driving constellation, typically one lap (2.8 k m).

Fig. K.30. Comparison of PN@90/CO2 emission ratios of the RolMinInd method vs the
RolMin method.

Data availability

Data will be made available on request.
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