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Abstract
Black carbon (BC) is composed of small particles emitted to the atmosphere as a result of
incomplete combustion. BC that is emitted from gasoline or diesel engines in transportation
contributes to air pollution, climate change, and global warming. Many instruments and methods
to measure BC have not been fixed yet, although other air pollutants have air quality standard
limits as well as procedures or methods to quantify them. Meanwhile, many models to predict
the distribution and apportionment of pollutants need BC concentration or emission rate as data
input. This research tested a simple methodology to quantify BC concentrations and emission
rate using a Gaussian dispersion model on the A12 Highway by using hand-held AE51 monitors
and assessing whether a street box model can simulate BC concentration in Nijmegen’s street
canyon, Graafseweg and Oranjesingel. Benchmarking the AE51 instruments against a more
accurate instrument located at the Veenkampen site in Wageningen shows that the AE51
instruments measure about 13% under normal conditions. BC concentrations can be measured
with acceptable precision and accuracy using the handheld devices if BC concentrations are
above 700 ng/m3. The method to quantify BC emission was sensitive to a measurement
uncertainty of the instruments, the choice of measurement distance from the road, and
meteorological stability class as data input. The street box model underestimates 5-minute
measurements of BC concentrations. An underestimate in simulating BC concentrations is
caused by underestimating emission rate in Nijmegen. An agreement between modelled and
observed BC concentrations rises if using an hourly or daily measurement.
Keywords: Black carbon, measurement method, hand-held instrument, Gaussian plume model,
street box model.
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1. Introduction
1.1. Background
Black carbon (BC) is carbonaceous material as a product of incomplete combustion that is
emitted directly into the atmosphere in the form of fine particles (Sasser et al., 2012). Emissions
from open biomass burning (including wildfires), transportation (especially diesel engine),
industry, power plant (coal), and residential cook stoves are the major source of BC globally.
Emitting BC into the environment contributes to climate change. BC absorbs incoming and
outgoing solar radiation at all wavelengths and consequently warms the atmosphere. Deposition
on snow and ice surface will influence the albedo effect and thereby increase heat absorption and
speed up ice/snow melting (EAA, 2013, Goyal and Krishna, 1999b, Sasser et al., 2012).
Exposure of BC on human leads to an adverse impact on health especially through respiratory
diseases and the cardiovascular system (Janssen et al., 2012, Janssen et al., 2011) and BC is
therefore associated with premature human mortality (Anenberg et al., 2011). BC in the air
contributes to impairment of visibility related to particulate matter 2.5 (PM2.5). In the
Netherlands, road traffic emissions contribute to 65% of national emission of BC, while other
important contributions come from other mobile sources and households, 15% and 14%
respectively (Keuken et al., 2013). The concentration of BC near a busy road is relatively high
(Wesseling et al., 2014, Keuken et al., 2012a, Keuken et al., 2012b) but until now, a legal act to
limit BC concentrations in the environment has not been set yet.
Measurement of BC may be useful as an additional indicator in evaluating the impact of traffic
emission on air quality and health (EAA, 2013, Janssen et al., 2012). Developing a new
parameter of air quality standard to address the effects of road vehicles will gain benefit. In
assessing the impact of traffic measures on air quality and health, a study from Keuken et al.
(2012b) shows that BC is a more suitable indicator than particulate matter (PM2.5 and PM10).
There are many stations where BC measuring instruments are installed in Europe (EAA, 2013)
and most of them use fixed monitoring instruments at a particular area that sometimes does not
represent BC concentration from road emission. Concentration of BC from the road will be
different from those in different locations due to variation in wind speed, upwind and downwind
direction, atmospheric boundary layer, temperature, roadside vegetation, and building shape
(Boogaard et al., 2011, Rodriguez et al., 2008, Tiwari et al., 2015, Brantley et al., 2014,
Kamboures et al., 2013).
Car emission can be measured directly at the tailpipe of the vehicle (Wang et al., 2016).
Conducting measurements on a vehicle provides information on one particular vehicle.
Meanwhile, two similar vehicles or combustion processes may also result in different BC
emissions, (Liggio et al., 2012); (Hansen A, 2005). Moreover, emission from a gasoline engine is
different from that of a diesel engine. A Euro 5 gasoline vehicle after treatment with additive and
catalysed particle filter emit 25% more CO2 and 2 to 200 times more particulate number and BC
than Euro 5 diesel vehicles with direct injection system in all driving conditions. But the diesel
vehicles emit and 5 to 150 times higher NOx than the gasoline vehicle (Cédric et al., 2016). A
study from Forestieri et al. (2013) shows that low emission of a diesel vehicle tested at constant
velocity emits BC 4 to 690 times higher than gasoline vehicles. The emissions of BC from
vehicle to the ambient atmosphere cannot be predicted just from knowledge by extrapolating of
1

the fuel consumption rate, trip distance and the number of vehicles. Consequently, it is necessary
to measure BC in the ambient atmosphere close to a location with a high traffic burden.
Atmospheric stability and wind direction influence the dispersion of pollutants to the
surrounding environment. Pollutant concentration in the downwind direction, in general, will be
higher than that of parallel and upwind direction. Observed BC concentrations reach the highest
values during low wind speeds (Brantley et al., 2014). The slower wind speed leads to the lower
pollutant dispersion. The cycles of sea and mountain breezes are combined with road traffic
emissions, influencing pollutant dispersion. Observation in coastal city, Tenerife, Spain at
11:00–17:00, while the inland breeze is blowing, showed lower BC concentrations period. The
lower concentration is a result of higher wind speed in daylight time (Rodriguez et al., 2008). An
increase in the number of vehicles h-1/wind speed ratio tends to increase BC concentrations
higher than that of increasing the number of vehicles per hour ratio.
The US Environmental Protection Agency (EPA) and other similar institutions do not have an
official BC measurement method (Sasser et al., 2012). The BC emission rate is needed for the
development of emission dispersion models (Hagler et al., 2011, Hansen A, 2005, Sasser et al.,
2012). The purpose of this research is to propose and test a methodology to quantify BC
concentrations and emission rate from the road by using a hand-held monitor and to predict BC
concentrations inside the street with a simple model. The accuracy of emission factors from field
measurement is important for studying the impact of BC on air quality and climate. In this
thesis, we wrote step by step how we reached this goal. Firstly, we examined the reliability of the
hand-held monitors and compare their observed concentrations with those measured at a fixed
monitor installed at the Veenkampen station in Wageningen. Secondly, we measured BC
concentration from near the A50 highway and calculate back the emission rate from the road
using a Gaussian plume model and compared to existing estimates. Finally, we tested a simple
methodology to predict BC concentration in the main street of the city and matched to in-situ BC
concentration measurement using the hand-held monitor.

1.2. Problem statement
Due to the increase in traffic intensity, the BC concentration in the atmosphere may reach
unacceptable high concentrations. BC is associated with the detriment of human health, an
adverse impact on global warming and also air pollution. Currently, BC emissions on roads in
the Netherlands are computed as a function of emission factors for light, medium and heavy
vehicle categories, road types and speed limits. The Diesel fraud has shown that vehicle-based
emission tests in laboratory do not always suffice. Moreover, it is known that actual emissions
depend on type of vehicles, driving style, and traffic conditions. There is no independent method
to measure the BC emission rate by traffic on highways and city streets. A simple model without
having complex calculation needs to be developed to calculate BC dispersion in the street. The
model will aid regulatory agency to predict BC in the street.

1.3. General Research Question
How to develop a methodology that can be used by a regulatory institution without using a
complicated calculation? To able to estimate black carbon emission rate using hand-held
instruments, To simulate BC concentrations on the road, and analyse the limitations of using the
method.
2

1.4. Specific Research Questions
a. How reliable are portable BC devices to measure BC concentration compared to an
installed instrument?
b. To what extent can BC concentration difference on the road be measured using BC handheld monitors?
c. To what extent can the source emission rate from the road be traced back using a
Gaussian plume model?
d. To what extent can a street box model predict BC concentration in a street canyon?

3

2. Literature Review
2.1. Measuring BC
The lifetime of BC in the atmosphere is in the range 4-12 days and slightly different in summer
and winter (Cape et al., 2012). In the Baltic region during a winter-spring time, the highest BC
concentrations were about twice as high as in the summer period. The difference of BC
concentration between winter and spring indicated a variation of the atmospheric boundary layer
height (Bycenkiene et al., 2011). BC can be transported over long distances and is primarily
removed by wet deposition (Cape et al., 2012).
Elemental carbon (EC) is described as carbonaceous particle based on chemical composition
while BC is characterized as mostly pure carbon that absorbs solar radiation at all wavelengths
and is resistant to chemical transformations (Sasser et al., 2012, Petzold et al., 2013). BC
concentrations are measured based on physical properties using optical principle rather than
chemical reaction (Quincey et al., 2009). EC is determined by a thermal-optical technique (Chow
et al., 2009). There is a correlation between EC and BC measurements, but the slope of
correlation depend on location and season (Venkatachari et al., 2006, Zhi et al., 2014, Keuken et
al., 2013)
Black carbon can be determined using different techniques such as Multi Angel Absorption
Photometer (MAAP), Photoacoustic, and Aethalometer (Chow et al., 2009, Sasser et al., 2012).
The principle of Photoacoustic system measurements is based on calculating the intensity of the
sound wave. The intensity is equivalent to a number of particles that create heating and cooling
after absorbing laser light. In the MAAP technique, light transmittance through filtered sample is
monitored at 0˚from projected light in combination with reflection measurements at 130 and
165˚ (Chow et al., 2009).
The Aethalometer technique was used in this thesis. The name of the Aethalometer is derived
from a classical Greek verb that means “to blacken with soot”. The blackness of a sample is
equivalent to black carbon content. The principle of the Aethalometer is to measure the
concentration of optically absorbing aerosol particles in real time (Hansen A, 2005, Hansen et
al., 1984).
The Aethalometer Model AE42 is designed for real-time measuring air quality for an extended
period. BC concentration on the road or in the urban area is measured by Microaeth
Aethalometer AE51 (AE51). AE51 is a useful hand-held device for measuring exposure to back
carbon aerosol in the environmental. However, information about the performance of this device
is limited (Cheng and Lin, 2013). In this study, we use the Aethalometer AE42 as a benchmark
for the AE51. Both of them measure real time BC concentration in the air continuously with the
same measurement principle but slightly different in specifications. A detail comparison between
two devices is shown in Table 1.
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Table 1. Comparison Aethalometer model AE51 and AE 42
Specification
Hand-held device AE51
Veenkampen Aethalometer AE
42
Measurement method Optical absorption at 1 Optical absorption at 2 wavelengths
wavelength
Measurement
880 (quantitative for BC)
880 (quantitative for BC)
wavelengths at (nm)
370 (indicates aromatic organic
compounds)
Time bases (second) 1, 10, 30, 60, and 300
60 -3600
Pump Options
Rotary vane pump
Internal pump monitored by mass
flow meter and stabilized by
closed-loop control.
Filter Material
T60 Teflon-coated borosilicate quartz fibre tape, PM 2.5 inlet
glass fibre filter, PM 2.5 inlet
Power supply
rechargeable battery 1950 mAh Internal rechargeable or external
power source/adapter 12 V.
Measurement Range 0-1 mg BC/m3 ,
Data are not available
3
Measurement
0.001 µg BC/m
Data are not available
Resolution
Measurement
±0.1 µg BC/m3 , 1 min avg., ±0.1 µg BC/m3 , 1 min avg., 3 l/min
Precision
150 ml/min flow rate
flow rate

2.2. On the road measurement
BC concentrations on roads will be different at different locations due to variation in wind speed,
traffic intensity, upwind and downwind direction, atmospheric boundary layer, temperature,
roadside vegetation, and building shape (Brantley et al., 2014, Kamboures et al., 2013, Tiwari et
al., 2015, Rodriguez et al., 2008, Boogaard et al., 2011). Below the speeds of 20–70 km/h, the
black carbon emission factor due to a variation of vehicle speed is 0.005–7.14 mg/kg-fuel.
Acceleration between 0.5 and 1.5 m/s2 resulted in BC emission factors of 0.05–28.95 mg/kg-fuel
(Wang et al., 2016). A study from Rodriguez et al. (2008) showed that the increase in 200
vehicles h-1 per wind speed (m s-1) ratio has a connection with BC concentration about 0.50 ±
0.29 BC mg m-3 at any time of the day.
Low vehicular BC emission may lead to a measurement uncertainty if the investigation takes
place at the roadside even behind the vehicle on-road. (Kondo et al., 2014, Wang et al., 2016).
Measurement fluctuation in ambient BC concentration can be reduced if the measurement occurs
at the tailpipe of gasoline vehicles (Wang et al., 2016). Choosing the busy road with constant
speed is assumed to emit more BC hence reducing measurement uncertainty.

2.3. Post-processing data
Presenting high resolution of time is needed to characterize BC concentration rapidly but the
resolution (in order of seconds to minutes) will result in much noise and even negative results.
Negative BC concentrations could be measured using the at low actual BC concentrations or at a
high time-resolution (at the very short interval) (Cheng and Lin, 2013). This is caused by the
instrument’s response. Due to Instrumental noise, BC measurement from one time to the next
5

period can cause attenuation values to remain unchanged or even to fall slightly. Consequently,
the noise leads to an erroneous measurement. One time, a BC concentration is measured at
relatively low followed by high value at the next measurement; or vice versa
Real-time aerosol BC data measured by the Aethalometer can be optimized by using the
Optimized Noise Reduction Averaging (ONA) algorithm. This algorithm was developed by the
US EPA. The ONA algorithm diminishes the occurrence of negative values to virtually zero
whereas the trend and time series are still the same (Hagler et al., 2011). First Delta attenuation
from BC measurements oscillates up and down. The ONA algorithm will average BC
concentrations from one period to the next time until delta attenuation reaches desired value. A
study from (Hagler et al., 2011) suggests that 0.05 is a minimum delta attenuation value.
Post processing data has a significant impact especially for data that generated from AE51 which
has more noise and negative yield. Averaging measurement data is carried out by considering the
signal to noise ratio. In comparing BC measurement results from the street using a hand-held
monitor AE51 and a rack-mounted instrument AE 31, averaging every 5-minute measurements
yield high correlation. (Cheng and Lin, 2013)

2.4. Verification
To compare BC measurement result in Veenkampen station, the AE 42 is used as a benchmark
for the AE51, following statistical tools are used (Goyal et al., 1995):
(a) Root mean square error (RMSE)

1/2

𝑛

(1)

(𝐶𝑃 − 𝐶0 )2
RMSE = [∑
]
𝑛
1

Where 𝑛 is number of pairs of samples, 𝐶𝑝 and 𝐶𝑜 are BC concentration from benchmark
and observed respectively. RMSE should be zero for precise concentration measurement.
(b) To compare BC measurement result in Veenkampen station, the AE 42 is used as a
benchmark for the AE51Fraction bias (FB)
𝐹𝐵 =

2 ∑(𝐶𝑃 − 𝐶0 )

(2)

∑(𝐶𝑃 + 𝐶0 )

where 𝐶𝑃 and 𝐶0 are the BC mean concentration from benchmark and observed
respectively. FB should be zero for precise concentration measurement.
(c) correlation coefficient (R2)
2

𝑅2 =

𝑛(∑ 𝐶𝑜 𝐶𝑝 ) − (∑ 𝐶𝑜 )(∑ 𝐶𝑝 )

(3)

√[𝑛 ∑ 𝐶𝑜2 − (∑ 𝐶𝑜 )2 )][𝑛 ∑ 𝐶𝑝2 − (∑ 𝐶𝑝 )2 )]
(
)
Where 𝑛 is the number pairs of samples, 𝐶𝑝 and 𝐶𝑜 are the BC concentration from the
benchmark and observed respectively. R2 should be one for precise concentration
measurement.
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2.5. Emission rate calculation
Air pollutant emission sources are usually considered as point, line, area or volume sources.
Traffic emission can be characterized as line source emission since the road is expected as a
linear, one-dimensional line (Goyal and Krishna, 1999a) (Goyal et al., 1995) (Berger, 2010). The
dispersion of pollutants from the road can be modelled range from a simple model such as
Gaussian line source to more complex three-dimension model (Berger, 2010, Berger et al.,
2010).
The Gaussian plume equation calculates each concentration at various receptor point at (x, y, z)
direction. The concentration of a pollutant emitted from a point source at time t can be described
with the following equation:
C=

Q
f (g1 g 2 g 3 )
2πuσz σy

(4)

where C is BC concentration (g m-3) measured at x meter downwind direction from source; Q
is emission rate (g s-1); u characterises the wind speed at the height of the emission source (m s1
); σz and σz are vertical and horizontal standard deviation of emission distribution (m)
respectively.
Crosswind dispersion is described in equation (5)
𝑓 = 𝑒𝑥𝑝

𝑦2
−0.5( 2 )
𝜎𝑦

(5)

Vertical dispersion with no reflection is described in equation (6) where H (m) is the
emission plume centreline above ground level
z−H 2
)
σz

(6)
g1 = 𝑒𝑥𝑝
When the plume touches the ground, part of it will be reflected back to atmosphere hence
vertical dispersion due to reflection from the ground is defined below.
−0.5(

z+H 2
)
σz

(7)
g 2 = 𝑒𝑥𝑝
The vertical dispersion due to reflection from inversion lid aloft use following equation:
∞
(8)
(z − H − 2mL)2
(z + H + 2mL)2
−0.5(

g 3 = ∑ {exp (−0.5

σ2z

m=1

+ exp (−0.5

) + exp (−0.5

σ2z

)

(z + H − 2mL)2
(z − H + 2mL)2
) + exp (−0.5
)}
2
σz
σ2z

If a row of chimneys is close enough to produce a mix of smoke plume, it will behave as a line
source similar to pollutant from a busy road. The line source is assumed as a line of infinite point
source hence the concentrations of infinite number are summed. Horizontal mixing has no net
effect because the horizontal dilution of the plume from 'point sources' will compensate each
other. Integration equation of crosswind dispersion will equal to 1.
7

∞

𝑦2

(9)

−0.5( 2 )
1
𝜎𝑦
∫ {𝑒𝑥𝑝
}=1
σy

−∞

If the vertical dispersion due to reflection from inversion lid aloft used (g 3 ) is not included in the
calculation, the Gaussian model calculation of downwind concentration at a distance x meter
from line source will be expressed below:
2

2

z−H
z+H
Q
−0.5(
)
−0.5(
)
σz
σz
C=
{(exp
) + (exp
)}
2πuσz

(10)

The meaning of this equation is that the concentration of pollutants is proportional to emission
rate of line source (g s-1 m-1) and inverse linearly with wind speed.

2.6. Estimation of vertical dispersion as a function of stability classes
Estimating vertical and horizontal dispersion is expressed by the standard deviation of plume
distribution (σ). σz and σy are representative of plume height and width that depends on the
stability of atmospheric condition and the distance from the source. It can be seen from equation
11 that σz and σy are proportional to the distance from the source.
(11)
σy = Fx f and σz = Gx g
Different atmospheric stability classes resulted different vertical dispersion estimation. Empirical
values to estimate the vertical the dispersion of pollutants are shown in Table 2.
Table 2. Constant value (unit less) for calculating vertical and horizontal length of plume (Van
der Molen et al., 2015)
Stability
Class
Unstable
Neutral
Stable

(σy )
F
0.40
0.32
0.31

f
0.91
0.78
0.71

(σz )
G
0.41
0.22
0.06

g
0.91
0.78
0.71

A method from Turner (1969) classifies stability classes based on wind speed; incoming solar
radiation and cloud cover (Table 3). The Table shows that stabilities categories are given in with
six classes. Class A is described as the most unstable atmospheric condition with the most rapid
dispersion rates. While class F is the most stable atmospheric condition and the lowest dispersion
rate. Classes A, B, and C relate to unstable condition. Class D is associated with neutral
conditions. Classes E and F correspond to stable conditions (Venkatram, 1996). Classes
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Table 3. Pasquill stability categories (Turner, 1969)
wind speed at
10 m (ms-1)
<2
2-3
3-5
5-6
>6

Day
Incoming solar radiation
Strong Moderate Slight
A
A-B
B
A-B
B
C
B
B-C
C
C
C-D
D
C
D
D

Night
Thin Overcast, or 4 Less than 4 octas of
octas of cloud or more cloud
E
D
D
D

F
E
D
D

2.7. Barrier effect
Obstacles can prevent the dispersion of BC from the road to surrounding area. Vegetation barrier
from varied-type trees stand on near-road in different configuration show declining in BC behind
the barricade up to 22% during the late afternoon when winds blow from the road and 7.8%
lower for parallel wind (Brantley et al., 2014).
High buildings surrounding the road (street canyons) will affect pollutant concentration. The
building will prevent the spreading of pollutant outside the urban area. Hence the concentration
in a street canyon will be higher compared to an open street with same emission rate and
meteorological conditions (Berger, 2010). Fewer building obstacles in the rural area or other
hindrances surrounding the road are usually associated with highways.

2.8. Calculation of emission rate and estimation of BC
concentrations over street canyon using a street box model
An analytical model has been developed by (Mensink et al., 2002) to calculate pollutant
concentrations in a street. The model that is called street box model can be used to simulate air
pollutant in the street without requiring complex computational calculation. The model assumes
an unvarying concentration over the street canyon where tall buildings surround a street and with
of specified length and width. The model considers turbulent intermittency in the shear layer
shed from the upwind roof level as the driving force and does not assume recirculation of the
flow in the street canyon (Mensink et al., 2006). Pollutant concentrations in the street correlate to
pollutant mass flux balance of a continuous road transport emission source, a turbulent diffusive
vertical flux, and a horizontal convective flux. The correlation is described in this formula
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𝐶 − 𝐶𝑏𝑔𝑟 =

Q

(12)

𝐻
𝑊
𝑊𝑈= ( 𝐿 ) + [(𝐷 + 𝑙𝑈≠ ) ( 𝐻 )]

Where,
Q
emission rate per unit length (μg m-1 s-1)
C
measured concentration in the street (μg m-3)
𝐶𝑏𝑔𝑟 background concentration (μg m-3)
W
width of the street (m)
𝑈=
wind speed parallel to the street responsible for the ventilation of the street (m s-1)
H
height of the street (m)
L
length of the street (m)
D
diffusion coefficient at low wind speeds (m2/s)
l
a typical mixing length caused by turbulent eddies shedding off at roof level (m)
𝑈≠
wind speed perpendicular to the street responsible for the vertical exchange of the
pollutant (m s-1).
l
characteristic length (m).
The annual average of pollutants (NOx, SO2, PM10) that were measured in Antwerp’s main road,
Belgium, was relatively well predicted by a street model box. The model gave realistic results on
a yearly base but a more sophisticated approach is needed to calculate the hourly urban
background (Mensink et al., 2006). The average measurement of benzene concentration over five
days demonstrates a significant correlation to the model calculation (Mensink et al., 2002). This
simple formula would be used to calculate emission rate of BC from the road and predict BC
concentration on an hourly basis.

10

a

3. Methods
3.1 Instrument
Microaeth Aethalometer model AE51 serial number 910 and 1001 (called AE51A for 910 and
AE51B for 1001 in short) from Magee Scientific USA were used to measure BC concentrations
in the field. Aethalometer Microaeth model AE42 as installed monitor was used as a benchmark
for hand-held devices. Wind speed in the field was measured by Kaindl Windmaster 2
anemometer. All measurement results were recorded and converted into local time (Central
European Time/CET).

3.1.1 The measurement uncertainty and the limit of detection
Based on AE51’s manual, the AE 51 operates up to 30 hours after full battery capacity with flow
rate setting at 50 ml min-1. Increasing flow rate in order to increase surface absorption rate on
the filter especially at lower emission will reduce the operational time of the device. The battery
life will go down gradually after many cycles (~ one year use|). At a certain time, perhaps the
device will not be able to measure real-time BC concentration continuously without connecting
to a power supply. Hence measuring BC concentration to see the effect of a diurnal cycle, for
instance, is carried out with support from the power supply. We conducted all measurements
using the AW51s powered by rechargeable battery.
There are four steps to explain how the Aethalometer works to measure the BC concentration
(Hansen A, 2005):
(a) Collecting aerosol sample: a continuously operating pump draws air sample at constant
flow rate. BC accumulation of rate on the filter spot is proportional to BC concentration
in the atmosphere, and air flow rate.
(b) Measuring optical attenuation: The optical attenuation of the BC deposit on the filter is
determined by measuring the intensity of light transmitted through the spot on the filter.
High intensity LED lamps emit light at 880nm is chosen specifically to detect BC. The
increase in spot darkness as the increase in BC content will reduce the quantity of light
that detected by the photodiode.
(c) Calculating the rate of increase of the BC:
The ‘Optical Attenuation’ ATN is defined as the ratio of the intensity of light
transmitted through the original filter (I0 ) and the filter on which the aerosol deposit (I)
with 100 as a numerical convenience.
I0
(13)
ATN = 100 ∗ ln
I
When the lamps are off, sensing beam detector zero offset output (sz) and reference
beam detector zero output with lamp off (rz) can be measured. When lamps are turned
on, sensing beam detector output (sb) and reference beam detector output with lamps
turn on can be identified.
I0
𝑟𝑏 − 𝑟𝑧
(14)
ATN = 100 ∗ ln = 100 ∗ ln (
)
I
𝑠𝑏 − 𝑠𝑧
At the end of measurement at a certain period, there is an increase in surface loading of
BC on the filter (B, g.cm-2) with attenuation at the end measurement (𝐴𝑇𝑁𝑡 ) is higher
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than that of starting measurement ATN0 . The specific attenuation cross-section for
aerosol black carbon on the filter using optical component Aethalometer (SG, m2g-1) can
describe this equation:
(15)
∆ATN = ATNt − ATN0 = SG ∗ ∆B
If the increase of loading black carbon on the filter surface is proportional with black
carbon concentration (Cbc), flow rate of air through the filter (F, liter per minute) and
sampling time based period (T, minutes) but opposite to aerosol collecting spot area (A,
cm2), hence we can write:
Cbc ∗ F ∗ T
(16)
∆B =
A
(d) Displaying and recording the data: Volume of air sampled can be calculated (V) as
(17)
V= F∗T
Hence concentration of black carbon in sampled air stream can be calculated with
formula below and expresses and mass of BC per volume, (ng.m-3)
( ATNt − ATN0 ) ∗ A
(18)
Cbc =
SG ∗ V
ATNt is used as starting value ATN0 for the next period of measurement series. Due to
Instrumental noise, BC measurement from starting value to the next period can cause attenuation
to increase or even to fall slightly. Consequently, the noise leads to an erroneous measurement.
The quality of measurement result is determined by the measurement uncertainty, therefore the
reliability results can be assessed (Desimoni and Brunetti, 2011). The hand-held measurement
uncertainties and the limit of detection were carried out by measuring BC concentration at a
known concentration. The portable instruments were placed in a sealed container during the
measurement period to measure zero BC concentration. These measurement data were taken
after one-hour measurement inside the container to eliminate remaining BC during measurement
and to warm up the instruments for their stability of measurement. The results were then
averaged for 5 consecutive data. A method to report the uncertainty of the measurement result as
an uncertainty interval is given by (ISO10576-1:2003., 2003). According to the ISO approach in
formula (19), in determining n independent measurements with a combined standard uncertainty
α
𝜎𝑦, with confident level (z − 2 ) at 95% is 1.96, and mean measurement concentration is µ,
measurement uncertainty interval (MUI) is expressed as:
α 𝜎𝑦

MUI = µ ± (z − )

(19)

2 √n

The smallest BC concentration that can be measured in the absence of BC differently from zero
concentration is determined by the limit of detection (LOD). The limit of quantitation (LOQ) is
the lowest BC concentration in the air that can be determined with acceptable precision and
accuracy under the stated conditions of a test (Shrivastava and Gupta, 2011, Sanagi et al., 2009).
LOD and LOQ are calculated by this expression:
LOD = mean + 3 standard deviation
LOQ = mean +10 standard deviation
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(20)
(21)

3.1.2 Instrument comparison
The results from field measurement between the hand-held monitors and a fixed instrument were
compared. The Aethalometer AE 42 was used as a benchmark for correcting measurement
results from the two portable instruments. The first step in these experiments was to calculate the
difference in concentration between the hand-held monitors and the fixed instrument. Second,
the standard deviation based on the absolute value of the difference in BC concentration between
the benchmark and the hand-held monitor was calculated. Third, three times the standard
deviation was set as limit value. The outlier data that were clearly separated more than this value
were eliminated. The final step was averaging measurement results at calculated window size (5minute). The correction factors for the hand-held devices were expressed as a linear equation.

3.1.3 Post-processing data experiment
The AE 51 generates data that has more noise and even has negative yields. Optimizing data can
be done by averaging measurement result with considering time resolution. The Optimized Noise
Reduction Averaging (ONA) algorithm from US EPA was used to find optimum data. We set
minimum delta attenuation is 0.05. This value is suggested by Hagler et al., (2011) to minimize
the noise. Another method to process data is averaging measurement data based on the signal to
noise ratio. Two until fifteen consecutive data (window size) were averaged then a graph was
made based on a correlation between standard deviation and window size. The lower window
size yields the higher standard deviation measurement. Optimum condition (averaging) was
obtained when the standard deviation does not change significantly over window size.

3.2 Models
In this part, we would develop a methodology to calculate emission rate from the road using a
Gaussian plume model, and develop a model to predict BC concentration in the street canyon
based on a street box model. To test the Gaussian plume model, we estimated BC emission rate
on the A12 Highway. The street box model was tested in Nijmegen’s main road.

3.2.1 Gaussian plume model
One hand-held monitor was placed on one side of the road (upwind) while another instrument
was used to measure BC concentrations at a downwind distance between 1 and 70 m from the
highway. BC concentration and wind speed were measured at each distance from the road for 5
minutes. One day measurement consists 2-4 serial measurement. The measurement results of BC
concentrations at the same distances were averaged. A rough estimate of the traffic intensity was
made by counting trucks and busses as heavy vehicles and the rest as light vehicles. We set
emission plume height from vehicle tailpipe at 0.5 m and measured BC concentration at 1.5 m
above the ground. Vertical dispersion coefficient depends on the distance from the road, and it
was calculated using formula (11). We estimated the emission rate of the road to atmospheric
concentrations downwind of this source using the Gaussian plume relation:
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Q =

2πCuσz
z−H 2
z+H 2
−0.5(
)
−0.5(
)
σz
σz
(exp
)+ (exp
)

(22)

Q = line sources emission rate (g s-1 m-1)
C = black carbon concentration (g m-3)
u = wind velocity (m s-1)
σz = vertical dispersion coefficient (m)
H = Emission plume above the ground level (m)
z = vertical grid resolution (m)
BC emission rate was calculated based on 3 different atmospheric conditions, the model that
agrees best with the observations were selected. Emission factor for light vehicles was calculated
using formula (23)
𝐸𝐹 =

𝑄
∗ 60
𝐼𝑙 + (𝐼ℎ ∗ 1.8)

(23)

Where
EF
Q
𝐼𝑙
𝐼ℎ
1.8
60

emission factor (mg/km)
emission rate (μg m-1 s-1)
light vehicle intensity (vehicles min-1)
heavy vehicle intensity (vehicles min-1)
ratio BC concentration emitted from heavy and light vehicle
conversion factor to uniform units

3.2.2 Street box model
A simple model without having complex calculation needs to be developed to calculate BC
dispersion in the street. The model will aid regulatory institution to predict BC in the street. The
street box model was developed by Mensink et al (2002). The model predicts relatively well the
annual averages of NOx, SO2, PM10 and benzene concentration in the street canyon. Application
of this model requires the emission rate of pollutant, street geometry data, and, meteorological
data. We will explain how to collect data and verify model in the next sections.

3.2.2.1 Emission rate calculation
Transportation emission rate for some pollutants can be calculated for example by a road
transport emission model named MIMOSA (Mensink et al., 2006). In this experiment, The BC
emission rate in Nijmegen was estimated based equation (24) from Mensink (2002).
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𝐻
𝑊
𝑄 = (𝐶 − 𝐶𝑏𝑔𝑟 ) (𝑊𝑈= ( ) + [ (𝐷 + 𝑙𝑈≠ ) ( )])
𝐿
𝐻
Q
C
𝐶𝑏𝑔𝑟
W
𝑈=
H
L
D
l
𝑈≠

(24)

a

emission rate per unit length (μg m-1 s-1)
measured concentration in the street (μg m-3)
background concentration (μg m-3)
width of the street (m)
wind velocity parallel to the street (m s-1)
height of the street (m)
length (m) of the street
diffusion coefficient at low wind speeds (m2/s)
a typical mixing length caused by turbulent eddies shedding off at roof level
wind velocity perpendicular to the street (m s-1)

To apply this equation, we need: street BC concentrations, background BC concentration,
meteorological data, street geometry, mixing length coefficient and diffusion coefficient. Street
and background BC concentrations in Nijmegen were obtained from Graafseweg and De
Ruyterstraat stations. A more detail of both stations is described in section 3.3.3. Wind speed and
directions were measured hourly from Deelen and Volkel meteorological stations. Diffusion
coefficient at low wind speeds was set to 1.5 m2/s, and a typical mixing length caused by
turbulent eddies shedding off at roof level was set to 1 m. (Mensink et al., 2006). Average
Nijmegen’s BC emission rate was calculated based on an hourly observation data for 5-month
periods (September 2016-January 2017).

3.2.2.2 Simulation of BC concentration in a street canyon
The street box model is a simple model to forecast distribution pollutants a street canyon
Nijmegen’s main roads were chosen to test the model. Graafseweg and Oranjesingel are some of
the busiest streets in Nijmegen which have different street canyon characteristics. Three
locations in these streets (Figure 3) were selected to calculate BC concentrations using the model
(equation 25).
𝐶=

Q
C
𝐶𝑏𝑔𝑟
W
𝑈=
H
L
D
l
𝑈≠

𝑄
𝐻
𝑊
(𝑊𝑈= ( 𝐿 ) + [ (𝐷 + 𝑙𝑈≠ ) ( 𝐻 )])

+ 𝐶𝑏𝑔𝑟

emission rate per unit length (μg m-1 s-1)
measured concentration in the street (μg m-3)
background concentration (μg m-3)
width of the street (m)
wind velocity parallel to the street (m s-1)
height of surrounding building (m)
length (m) of the street
diffusion coefficient at low wind speeds (m2/s)
a typical mixing length caused by turbulent eddies shedding off at roof level (m)
wind velocity perpendicular to the street (m s-1)
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(25)

a

Characteristic and street geometry is presented in Table 4. The height of the buildings and width
of the street, as well as the length of the streets, were estimated from Google earth. Wind
direction measurements were obtained from Deelen and Volkel station and mean wind speed
every 5 minutes was measured in situ using Anemometer at 1.5 m above the ground. The
diffusion coefficient at low wind speeds and typical mixing length caused by turbulent eddies
were set to 1 m. The background concentrations were measured using the AE51 on five-minute
measurements basis.
Table 4. Characteristic of sampling location in Graafseweg and Oranjesingel street
Sampling
Location
Graafseweg (A)
Oranjesingel (B)
Oranjesingel (C)

Street (m)
length width
108
40
87
63
99
63

Building
height (m)
10.7
12.0
12.0

Street angle to Remarks
the north (°)
45
Oranjesingel has more
trees at the road side
70
than Graagseweg
70

Street angle was measured relative to the north. Wind direction was considered parallel to the
street whenever the wind direction measurements from meteorological stations are within 60°
relatives to its street axis. The crosswind was assumed if wind direction is within 60° relative to
its perpendicular axis. Background BC concentration was obtained from Nijmegen-Graafseweg
station for five-month observations. The model was verified with street canyon observation that
is described in section 3.3.4.

3.3 Data
This section describes time and place of data collection to: test the performance of the hand-held
monitors compare to the fixed instrument in Veenkampen station, estimate BC emission rate on
the A 12 Highway and in Nijmegen, verify the street box model in street canyon, and obtain
meteorological data.

3.3.1 Veenkampen station observation
The Veenkampen station is situated in a rural area between Wageningen, Ede, Veenendaal, and
Rhenen, typically around 3.4 km northwest of the Wageningen city center and 3 km from roads
(Figure 1). The measurements of BC concentrations were carried out using the AE 42
Aethalometer (fixed monitor) and the two hand-held monitors AE51A and B. The measurements
were conducted on 3 and 5 November 2016 with instrument setting for inlet flow rate at
50ml/min and interval time base measurement 60 seconds. Data were averaged every 5-minute
interval.

16

Figure 1. Location of Veenkampen station in the northwest of Wageningen and sampling
location on the A12 Highway in three locations

3.3.2 A12 highway observation
The measurements of BC concentrations from road emission were conducted on the A12
Highway, Gelderland, The Netherlands, on 1 and 8-9 November 2016 during weekdays. The A
12 Highway was chosen as a sampling place to measure BC concentrations because the emission
from the road was assumed continuous and to be constant in the absence of intersections, traffic
light, and nearby urban areas. The measurements were started when the forecast of the wind
direction was within 60° relative its perpendicular axis. Sampling Area 1 and 2 (Figure 1) have
street angle 90 and 45 respectively relative to the north. Two AE51 were placed at the fence of
the highway at 1 m above ground level and opposite side of the road (up and wind direction).
In estimating of emission rate using the Gaussian plume model, the experiment took place at
sampling area 1 and 3 (Figure 1) on 19, 22, 23 November and 6 December 2016. The BC
concentrations were measured using the hand-held monitors at 1.5 m above the ground. The
AE51 B was used to measured background BC concentrations (upwind), and the AE51 A was
used to measure BC concentrations between 1 and 70 m from the A 12 Highway.

3.3.3 Nijmegen observation
Nijmegen is situated by the Waal River, in the southeast of Wageningen. The National Institute
for Public Health and the Environment (Rijksinstituut voor Volksgezondheid en Milieu /RIVM)
measures the air quality in Graafseweg (Nijmegen-Graafseweg station / No.1072) and
Ruyterstraat (Nijmegen-De Ruyterstraat station / No.1074) (Figure 2). Graafseweg is one of the
busiest streets in Nijmegen where road traffic emissions have a substantial impact on air quality
in this street. Graafseweg station is surrounded by buildings with an average height of 10.7 m.
The studied part of the street is 108 m in length and 40 m in width. The station measures an
hourly basis of BC concentrations from the road.
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De Ruyterstraat station is classified as a city background station where many people live around
this location, and there are no industrial areas, ports, or busy roads in the immediate vicinity.
Background BC concentrations were also obtained from De Ruyterstraat station. Instrument
specification to measure BC concentrations from both stations is not available, but data from
both stations can be accessed through www.luchtmeetnet.nl. To calculate BC emission rate from
Nijmegen’s road, we used hourly BC measurements between 1 September 2016 and January
2017. Wind speed and direction observation were obtained from Deelen and Volkel
meteorological stations.

Figure 2. Location of BC measurement by fixed instrument in Graafseweg (street concentration)
and Ruysterstraat (Background)

3.3.4 Street canyon observation
BC concentrations from the street in three sampling locations were measured using the hand-held
monitors to verify the model. Due to limited hand-held instruments, the measurement was
carried out site by site. BC concentrations in location A, B and C (Figure 3) was measured on 9,
13, and 16 February 2017 respectively between 11 a.m and 16 p.m. The AE 51A monitor was
placed at sampling location at 1.5 m above the ground and 1 m from the roadside while at the
same time the AE 51B was also placed in De Ruyterstraat to measure background BC
concentration. A rough estimate of the traffic intensity was also made by counting trucks and
busses as heavy vehicles and the rest as light vehicles.
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Figure 3. One location in Graafseweg (A), and two locations in Oranjesingel (B and C) to
calculate and measure BC concentration in the street canyon.

3.3.5 Meteorological data
Meteorological observations for wind speed and directions to calculate BC emission rate in
Nijmegen were obtained from the Deelen and Volkel meteorological stations. The Deelen station
is located in 28 km North of Nijmegen, and the Volkel station is 23 Km southeast of Nijmegen.
Two stations measure an hourly basis of wind speed and direction. Wind speed from two stations
was averaged to estimate wind speed in Nijmegen.

19

4. Results
This part consists 4 sections to answer research questions. Section 1 presents result comparison
between the portable BC device and the installed instrument and their relation factor. Section 2
shows the performance of Gaussian plume model in estimating BC emission rate from the
highway. Finally, Section 3 consists modelled and observed BC concentration in street canyon.

4.1 Instruments
This part discusses results from a performance of instruments, post-process data and correction
factors.

4.1.1 Minimum detections
Two hand-held monitors AE51 A and B that were used for the experiments were tested to assess
their signal reliability before measuring BC concentration in the field. The testing methods are
described in section 3.1.1 and 3.1.2. Analysis of noise produced by the instrument was carried
out by observing how large the signal fluctuates at constant, near to zero BC concentration.
Measurement results at zero concentration from both instruments showed that the data was
distributed differently around the real concentration (Annex, Figure 14). Histogram measurement
results at zero concentration for both BC sensors do not look like a Gaussian distribution (Annex,
Figure 15). The Kolmogorov-Smirnov test shows that the data are not normally distributed. The
results are on average 0.8 higher than the standard value (Annex, Table 13). A summary of this
experiment is presented in Table 5. Both devices resulted in average negative values in
measuring zero concentration of BC. At the same 95% confidence interval level, AE51A gives
106 ng/m3 measurement uncertainty while AE51B produced 150 ng/m3 measurement
uncertainty. If we compare average BC measurement at zero concentration (-76 and -90 ng/m3
for both AE51A and AE51B respectively) and the manufacturer specification, these
measurements are still within their specification, ±100 ng/m3. This means the hand-held monitor
can be used measure BC concentration but the measurement results are not accurate (should be
zero concentration). In section 4.1.3, we will correct the bias.
LOD is the smallest concentration in the environment that can be measured with reasonable
statistical certainty. LOQ is used to determine BC concentration quantitatively with suitable
precision and accuracy based on the analytical procedure. The LOQ for both instruments is 466
for the AE51A and 677 ng/m3 for the AE51B. It means a minimum concentration that can be
measured in the environmental using this procedure is around 700 ng/m3. If the hand-held
instruments are used to detect a concentration difference between upwind and downwind
location, in order to avoid noise disturbance due to measurement uncertainty, the BC
concentration difference should be 300 ng/m3 (the sum of uncertainty for each instruments is 256
ng/m3). This can be realised if the measurements were conducted in crosswind conditions.
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Table 5. Comparison of relative uncertainty, the limit of detection (LOD), and the limit of
quantitation (LOQ) for both the hand-held monitors

3

Mean (ng/m ), µ
Standard deviation (ng/m3), σ
Number of samples, n
α

95% confident level, (z − )
α

2

uncertainty (ng/m3), (z − 2 )*(σ)
3

Average mean (ng/m )
Average uncertainty (ng/m3)
Measurement uncertainty interval
(ng/m3), (Mean ± uncertainty)
Limit of detection = µ+ 3 σ (ng/m3)
Limit of quantitation = µ+ 10 σ (ng/m3)
Average LOD (ng/m3)
Average LOQ (ng/m3)

Series 1
-85
56
109

AE51A
Series 2
-59
47
109

Series 1
-91
71
109

AE51B
Series 2
-84
85
109

Series 3
-83
60
109

Series 3
-96
75
109

1.96

1.96

1.96

1.96

1.96

1.96

109

92

118

138

166

147

171
763

130
653

-76
106

-90
150

-76±106

-90±150

82
471
87
466

81
408

98
520

121
615
140
677

4.1.2 Post-processing data
Post-processing is needed to reduce the noise. Averaging the measurement result over an
increasing measurement interval or window size will give a depiction of the signal stability. The
line graph in Figure 4 compares standard deviation of BC concentration at various window sizes.
The standard deviation for AE51 B in all different window size is the highest (450ng/m3), and
decline over an increase in window size and tend to stabilize at 410 after five window size. The
same pattern was also observed for AE51 B but with the different standard deviation. While for
the Veenkampen monitor, the signal becomes stable at a two-minute window size at around 300
ng/m3.

Standard deviation (ng/m3)

AE51 B

AE51 A

Veenkampen

475
450
425
400
375
350
325
300
275
250
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
window size (minutes)

Figure 4. Comparison of the standard deviation of different devices with different window size
for both hand-held and fixed instruments.
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Another method to process the data results is used the ONA Algorithm as described in section
3.1.3. In minimum delta attenuation is 0.05; post-processing results show that longer data are
needed to be averaged to reach the minimum value of delta attenuation. Figure 5 shows data
comparison between original measurements and after processed with the ONA algorithm. This
algorithm cannot differentiate concentration at short–term measurement (5 minutes). Hence, we
will use 5-minute average data to calculate BC concentration and remove short-term variation. A
study from Cheng and Lin in (2013) also shows the same results. BC concentration
measurements on the street using the AE51 based on 5-minute time-variations has highly
consistent with Aethalometer AE31 measurements.
BC Concentration (ng/m3)

2000

AE 51A original

ONA Algorithm

1500
1000

500
0
-500
18:00 18:10 18:20 18:30 18:40 18:50 19:00 19:10 19:20 19:30 19:40 19:50 20:00 20:11 20:21

Time
AE 51B original

ONA Algorithm

BC Concentration (ng/m3)

2000
1500
1000
500

0
-500
18:00 18:10 18:20 18:30 18:40 18:50 19:00 19:10 19:20 19:30 19:40 19:50 20:00 20:11 20:21

Time

Figure 5. An example of comparison original data (blue) and after post-processing data using the
ONA algorithm (red) for the AE 51 A (upper) and the AE 51 B.

4.1.3 Correlation factors
Comparison of the measurement results in the field of all instruments can be seen in Annex,
Figure 12 that shows the relation between BC concentrations over measurement time. A fixed
monitor produces less (100 ng/m3) noise than both AE51 monitors (200-300 ng/m3). When BC
concentrations in the field are relative low less (200 ng/m3), the noise is dispersed wider (around
800 ng/m3) for both AE51 instruments than Veenkampen monitor’s noise. The wider noise at a
lower level of BC is also related to the limit of detection of the hand-held instruments
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(700ng/m3). BC concentrations fluctuate in time, but the noise level is almost constant for both
instruments.
The method to calculate correction factors is described in section 3.1.2. The results of the
sensitivity test of the instruments relative to each other are shown in Figure 6. In Figure 6 (upper
panel) shows a correlation between the fixed instrument measurements and the hand-held
instruments. Some outlier data occurred for example when around 1000 ng/m3 of BC
concentrations are measured by AE 51 A and B, but the fixed instrument only measures at
around 300 ng/m3. This separated data are needed to be removed.
Three times of standard deviation from absolute BC concentration difference between the handheld monitor and fixed instrument was set as a limit of the outlier. The pair of outlier data is
eliminated and linear correlation (R2) for both correlation increases as shown in In Figure 6
(middle panel). The final step is applying a five-minute average data to remove short-term
variations. The results and the correlation between them are shown in Figure 6 (lower panel).
The AE 51A needs to be corrected 0.8331x + 40 to gain accurate measurement while the AE 5B
needs 0.8219x + 53 for adjustment with x is BC concentration in ng/m3 observed by the handheld instruments. In general, the correction of AE51 is about 13% under normal conditions. The
Correlation factor in Table 6 for both hand-held instruments will be applied to all BC
measurement in the next experiments.
Table 6. Correlation factors between the fixed instrument and handheld instruments in measuring
BC concentration (ng/m3)
Instruments
AE51A
AE51B

Correlation factors
0.8331x + 40
0.8219x + 53

Both the instruments have also linear correlation if they measure BC concentration from the field
as shown in Figure 7. At relative high BC concentrations, AE51 B measure around 2% lower
than the AE51 A. In general correlation between AE51 A and B can be described as 0.9786x + 9
with x as BC concentration (ng/m3) measured by the AE51 A. This correlation was calculated
based on five-minute average data.
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y = 0.7514x + 87
R² = 0.87
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Figure 6. Correlation between BC concentration measured by AE 42 fixed monitor as a
benchmark (upper), after outlier elimination (middle) and final step after five consecutive data
averaging (lower) for AE 51 A on left side and B on the right side.
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Figure 7. Correlation of BC concentration measurement result (ng/m3) between the hand-held
monitors AE51 A and B.
If BC measurements in the field are conducted for a longer period, for example, to see the effect
of the diurnal cycle, the measurements need electrical power supply since a rechargeable battery
have limited capacity to measure BC for a long-term period. Correlation factors for the AE 51A
are 0.8454x + 121 to gain accurate measurement while the AE 5B needs 0.7955x + 200 for
adjustment with x is BC concentration in ng/m3 measured by the A 51 with electrical power
supply connection. All BC measurements in the field using the Aethalometer AE 51 were carried
out which powered by rechargeable batteries. Hence the correlation factors in Table 6 were used
to correct the bias.

4.2 A 12 Highway experiment
This experiment estimated emission rate from the A 12 Highway using Gaussian plume model
then calculate relative vehicle emission factor.

4.2.1 The A12 Highway BC concentrations
The measurement of BC concentrations was conducted alongside the A12 highway at two
different sites, Area 1 and 2 (method section 3.3.2). Sampling location can be seen in Figure 1.
Area 1 and 2 have street angle 90 and 45° respectively relative to the north. Vehicular BC
concentrations (ΔCBC) were calculated based on the different BC concentration between two
sides of the A12 highway in order to eliminate BC concentration from the background. BC
background concentrations (upwind) and measurement in the Veenkampen station were
measured simultaneously with road measurements. Two-day of measurements on 1 and 8-9
November 2016 during weekdays are presented in Annex, Figure 13.
All data that are presented in Figure 8 and Table 7 were calculated when the prevailing wind was
almost perpendicular relatively to road axis. An average downwind BC concentration on the
A12 Highway between 12.30 and 14.00 CET is 3656 ± 957 ng/m3 when the prevailing wind was
north-westerly as depicted in Figure 8 (upper panel). The vehicular BC emission contributes to a
BC concentration in the environment of an average of 1.299 ±537 ng/m3.
In Figure 8 (lower) shows the measurement in another day on which the average BC
concentration of 754 ±607ng/m3 between 12.00 and 14.00 CET and when the prevailing wind
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was south-easterly. At that time, the average downwind concentration is 2430 ± 760 ng/m3. The
downwind BC concentration between 12.00 and 14.00 CET is higher than that of at 14.30 -19.25.
It is also observed that an average upwind BC concentration and Veenkampen measurement
between 12.00 and 14.00 CET are higher than that of at 14.30 -19.25 (Table 7).
Table 7. Summary of measurement result in A 12 highway in different time and meteorological
conditions (ng/m3)
Date

Time

1 November 2016
8 November 2016

12.00 -14.00
14.30 -19.25

BC Concentration
on the A 12 Highway
(Downwind)
(Upwind)
3656 ± 957
2902 ± 768
2430 ± 760
1132 ± 410

ΔCBC
754 ± 607
1298 ± 537

BC Concentration
at Veenkampen

2567 ± 272
1094 ± 257

All BC measurement results from both the average downwind and upwind concentrations are
higher than the LOQ values. The average BC concentration difference is more than 300 ng/m3.
Hence, ΔCBC are valid based on analytical measurement procedure and noise disturbance due to
measurement uncertainty can be avoided. In order to determine emission rate using the Gaussian
plume model in section 4.2.2, we calculated BC concentration difference (ΔCBC).
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Figure 8. The measurement results of BC concentration at the Veenkampen station, downwind of
the A12 highway, and BC concentrations after background correction (ΔCBC). The measurement
was conducted in Area 2 on 1 November 2016 (upper panel) and the second measurement was
conducted in (Area 1) on 8 November 2016. Y-axis on the right side is calculated when wind
blows perpendicular relative to road axis.

4.2.2 Gaussian Plume model
The Gaussian plume model is used to calculate emission rate on the A 12 Highway. The method
is described in section 3.2.1. It is assumed that the determination of the emission rate using the
model depends on the atmospheric stability. In determining atmospheric stability level, we use
the method from a Pasquill-Gifford dispersion. At midday, the Pasquill-Gifford method only
considers wind speed and incoming solar radiation. We only used wind speed measurement
taken at Veenkampen station but did not determine incoming solar radiation. Therefore we
calculated source emission rates in three different atmospheric stability classes. All calculations
were done for three different atmospheric conditions, and the results can be seen in Figure 9.
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The model is sensitive to the choice of atmospheric stability class. In order to determine emission
rate from three options in different atmospheric stability classes, we chose the model which
agrees best with the measurements. For example, if we look at the measurement on 19 November
2016 (Figure 9 upper-left), it is considered that the measurement occurred in a stable condition
because the model is the best among two models in different atmospheric stability. Prediction
from the models was verified using statistical properties of the agreement. In this paper, the
performance measures were evaluated using three statistical error analysis namely correlation
coefficient (R2), root mean square error (RMSE), and Fractional Bias (FB). The model has good
performance if R2 is close to one, and when RMSE and FB are close to zero. Summary of BC
emission rate from the A 12 highway and statistical calculation are presented in Table 8.
One of three emission rate from three different stability classes was chosen based on statistical
performance and a Pasquill method to determine stability class in Table 3. The method classifies
atmospheric stability during the experiments based on wind speed at 10 m and solar radiation
intensity. When the wind speed is more than 5 m/s, atmospheric stability is unstable-neutral,
depend on solar radiation intensity. When the wind speed is less than 5 m/s, atmospheric stability
is unstable.
Table 8. BC emission rate from the A 12 Highway and statistical performance, error bars
indicate relative instrument uncertainty
Date

Atmospheric Wind
speed*
stability
(m/s)

19 November 2016

22 November 2016

23 November 2016

6 December 2016

Unstable
Neutral
Stable
Unstable
Neutral
Stable
Unstable
Neutral
Stable
Unstable
Neutral
Stable

7.7

7.1

4.6

2.6

Emission
rate
(µg/m/s)

8.0 ± 1.5
3.0 ± 0.6
2.9 ± 0.6
4.8 ± 0.9
3.0 ± 0.6
2.2 ± 0.4
4.5 ± 0.9
3.5 ± 0.7
1.3 ± 0.6
2.0 ± 0.4
0.9 ± 0.2
0.4 ± 0.1

* Average wind speed measured at 10 m.
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R2

(ideal=1)
0.35
-0.11
0.36
0.45
0.02
-0.22
0.80
0.21
-0.75
0.70
0.48
-0.68

RMSE
FB
(ideal=0) (ideal=0)
1244
569
395
452
490
636
438
600
1079
491
300
661

0.40
0.02
0.28
-0.01
-0.10
-0.11
-0.19
-0.16
-0.8
0.16
-0.09
0.62
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Figure 9. Emission rate calculation from the A12 highway using Gaussian plume model in
different atmospheric stability class, measured on 19, 22, 23 November and 6 December 2016
(clockwise from the upper-left), error bars represent the standard deviation of the measurement
results.

4.2.3 Emission factors
Estimated emission rates are presented in Table 9. The emission rate was used to calculate
vehicular relative emission factors (section 3.2.12.5 and equation 23). BC emission factors for
light and heavy vehicles are 2.1 ± 0.7 and 3.8 ± 1.3 mg/km respectively.
Table 9. Emission factors (EF) from light vehicle (LV) and heavy vehicle (HV)
Date of
measurement
19 November 2016
23 November 2016
23 November 2016
6 December 2016

Emission
rate
(µg/m/s)
2.9
4.8
4.5
2.0

Intensity
(vehicle/min)
𝐼𝑙
𝐼ℎ
106.0
3.6
76.4 11.6
80.2 13.6
74.0 11.0
Average
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EF (mg/km)
LV
1.5
3.0
2.6
1.3
2.1 ± 0.7

HV
2.8
5.3
4.6
2.3
3.8 ± 1.3

4.3 Street canyon experiment
This experiment calculated emission rate in Nijmegen as data input for simulating BC
concentrations in Graafseweg and Oranjesingel.

4.3.1 The street canyon BC concentrations
BC concentrations were measured in the street canyon of Nijmegen according to section 3.3.4.
On average, the BC concentration in Graafseweg A is the highest among Oranjesingel B and C
but traffic intensity in Graafseweg A is the lowest (Table 10). If we compare measured local
contribution (ΔCBC), local contribution in the Graafseweg A is still the highest among the
Oranjesingel B and C. It is also observed that temperature and global radiation in the Graafseweg
A are the lowest among other sampling places. It may be concluded that the BC concentrations
on the street canyon are influenced by meteorological conditions.
Table 10. Comparison of local contribution in three different locations and meteorological
conditions. The measurement were conducted between 11am and 16 pm.
Measurement
Date
BC concentration (ng m-3)
ΔCBC concentration (ng m-3)
Traffic intensity Observation#
(vehicles/day)
NSL*
Vehicle
Low
composition*
Medium
High
Temperature at 1.5m (°C)
Average global radiation (W/m2)
Average ambient wind speed (m/s)

Graafseweg (A)

Oranjesingel (B)

Oranjesingel (C

9 February 2016

13 February 2016

16 February 2016

2757 ± 1093
1727 ± 1153
33,750
22,646
95.1
3
1.9
-0.6
79.6 ± 18
1.0

2047 ± 770
1464 ± 686
44,609
29,334
93.2
4.1
2.7
6.1
308.6 ± 95
0.5

2284 ± 993
1537 ± 1163
67,536
37,816
94.6
3.3
2.1
8.1
191.9 ± 22
1.0

* monitoring is based on average annual observation by National air quality program cooperation of the Netherlands (NSL)
#
rough estimation

4.3.2 Calculation of emission rate using a street box model
Hourly BC concentrations from the street (Nijmegen-Graafseweg station) and a background area
(Nijmegen-De Ruyterstraat station) are shown in Figure 10 (left). On average, the BC
concentration in the street is higher than the BC concentration in the background area. The BC
concentration starts to rise in the morning then it is almost stable at 2.5 μg m-3 before they
decline in the evening. In the day time, the BC concentration difference between street and
background location are larger than in the early morning and at night. The increase in the BC
concentration difference relates to the increase in traffic intensity in the street.
BC concentrations from street and background station in Nijmegen were used to calculate BC
emission rate in Nijmegen Figure 10 (right). The calculation is described in Section 3.2.2.1. An
hourly average for 5-month observations shows that the results are distributed between 1.0 and
8.5 µg m-1s-1. At the beginning of the day, emission rates are lower, and in the morning they start
to rise and reach the highest value in the afternoon then decline after evening rush-hour. The BC
concentration difference in the morning is lower than that of in the evening and at night but
emission rate for those time is almost similar. A possible explanation is wind speed and direction
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play a role in diluting BC in the environment. The averaged BC emission rate is 4.47 ± 7.78 µg
m-1s-1. This emission rate was used to calculate BC concentrations in three street canyons in
Nijmegen.
If this emission rate is used to calculate EF using equation 23 and traffic intensity data in
Graafseweg-Nijmegen derived from Table 10, EF for a light vehicle is 16.4 mg/km and 49.2
mg/km for a heavy vehicle. Comparison of calculated EF for light and heavy vehicles with
literature values can be observed in Table 12.
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Figure 10. Nijmegen’s BC concentrations from the Graafseweg observation and background area
over time (left) and Daily averages emission rate calculated by the street box model for 5-month
observation in Nijmegen (right), error bars represent standard deviation of the measurement
results.

4.3.3 Simulation of BC concentrations and validation the street box model
The model was applied to Graafseweg A, Orangjesingel B, and C in the city of Nijmegen (Figure
3). The method that calculates BC concentrations on the street is described in section 3.2.2.2.
The results are compared with observations from street measurements in the same street. The
measurements were carried out every 5 minutes on different days. Measured BC concentrations
are the sum of vehicle emissions and background BC concentrations. Result comparison between
the model and observations in three different locations are depicted in Figure 11. All
measurement results of BC concentrations on the streets exceed the LOQ value.
In Location A, the modelled BC concentrations tend to stable at 1450 ng m-3, but the observed
BC concentrations show measurement variations at 2757 ng m-3. In location B, when the
modelled BC concentrations estimate a decrease in BC level between 11 and 12 in the morning,
the same pattern is also shown in the observed BC concentrations but with higher BC level. An
afternoon BC observation in location B shows that BC concentrations start to rise as well as an
increase in the modelled BC concentrations. In location C, both the modelled and observed BC
concentrations show measurement variations but average the observed BC concentrations is
twice higher than the model.
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On average, the modelled BC concentration underestimates the observed BC concentrations from
the street. It is observed based on the statistical performance shown in Table 11, where fractional
bias (FB) is less than zero and linear correlation (R2) between model and observation in three
locations is not sophisticated, less that 0.5 with 1 is an ideal correlation.
Table 11. Averaged BC concentration from model and observation
Date

Street
measurement
area

9 February 2016 Graafseweg (A)
13 February 2016 Oranjesingel (B)
16 February 2016 Oranjesingel (C)

BC concentration
(ng m-3)
Observation
Model
2757 ± 1093
1450 ± 296
2047 ± 770
1412 ± 890
2284 ± 993
1024 ± 550
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Error
Analysis
FB
R2
-0.58 0.01
-0.35 0.42
-0.74 0.01
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Figure 11. BC concentrations in the street as modelled by street box model and measured every 5
minutes from different locations in Nijmegen’s street canyon.
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5. Discussion
This discussion consists of four sections to explain whether we can use the BC sensors to
quantify emission from the roads or not. Section 1 presents the reliability of the portable BC
device. Section 2 discusses the performance of Gaussian plume model in estimating BC emission
rate from the road and the relative emission factor. Section 3 presents BC road measurements
using the handhelds monitors. Section 4 discusses modelled and observed BC concentration in
street canyons.

5.1. Instrument reliability
Determination of BC concentration with valid analytical methods was carried out by the
procedure described in 3.1.1. BC concentrations that are measured by the AE 51 instruments
based on one-minute interval result in much noise. Averaging five minutes of data for both AE51
devices is effective to reduce the noise since the standard deviation tends to become small
(standard deviation difference between window size is less than 2 ng/m3). A study from Cheng
and Lin in (2013) also shows the same results. BC concentration measurements on the street
using the AE51 based on 5-minute time-variation was highly consistent with Aethalometer AE51
measurements.
Measurement results at zero concentration from both instruments in Annex, Figure 14 shows the
AE 51’s have a tendency to have a negative bias, but the two hand-held instruments perform
according to their specifications. Based on a comparison with the fixed instrument at
Veenkampen, the measured values can be corrected. The underestimated value (13% less than
normal condition) needs to be corrected if the instruments are used in the field. However, the
stability of these correction formulas has not been tested yet for example in different filters and
speed rate of the rotary pump. A minimum concentration that can be measured in the
environmental using AE51A’s with reasonable statistical certainty is around 700 ng/m3. Noise
disturbance due to measurement uncertainty in measuring of the BC concentration difference
from the road can be avoided if the measured BC concentration differences in downwind and
upwind are higher than 300 ng/m3.

5.2. Gaussian plume model
In an ideal condition, BC concentrations will decrease sharply when the measurement are taken
farther from the road. However, several experiments indicate differently. In calculating emission
rate, the BC concentrations fluctuate. But, we cannot explain exactly the cause of fluctuation. A
study by Brantley et al. (2014) shows that vegetation barriers from various types of trees stand
near the road in different configuration reduce BC concentrations up to 22% during the late
afternoon when winds blow from the road and 7.8% lower for parallel wind. To avoid the
influence of vegetation of the dispersion of BC from the road, we carried out measurements as
much as possible in open areas. However, most of the A12 highway is surrounded by some
vegetation (3 m from road side) which probably influenced the dispersion of the road emissions.
The Gaussian plume model is a model that represents average conditions. The model assumes
that wind direction perpendicular relative to road axis with constant wind speed. During the
experiments, wind speed fluctuates, and we cannot ensure if the wind blows do not change. One
spot BC measurement last for 5 minutes. It seems this short-term measurement is not enough to
measure BC concentrations using the hand-held instruments. The proposed methodology to
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measure emission rate using the Gaussian plume model has an insufficient performance and need
to be improved.
Besides the fact that the instruments have measurement uncertainty, determining the emission
rate with the Gaussian plume model causes uncertainty as well. Determination of emission rate
was carried out by adjusting the line source models to observation, but this action may lead to
result uncertainty. The uncertainty is caused by choice of distances from the road to measure BC
concentrations. For example, BC concentrations that were measured at distances between one
and seventy meters from the road in Annex, Figure 16 shows the model with emission rate 4.5
μg m-1s-1 resembles the observations, but at a distance more than twenty meters, the model with
emission rate 13 μg m-1s-1 resembles the observation best. The range of emission rate was large,
the maximum value of emission rate can be three times higher than minimum value’s.
Downwind BC measurements at more than 70 m from the road do not differ significantly from
measurement at 70 m. The nearer distance from the source the higher BC concentrations were
measured exceeding the LOQ value. The higher BC concentration that can be measured the
lesser the probability that the BC concentration overlaps in the different spot of measurements
because of measurement uncertainty.
If we ignored reliability emission rate measurements and chose the best estimation, based on the
result in section 4.2.3, BC emission factors for light and heavy vehicles are 2.1 ± 0.7 and 3.8 ±
1.3 mg/km respectively. If we compare calculated light vehicle EF and existing EF
measurements (Table 12), calculated light vehicle EF is larger than the current measurements
except for EF from a diesel engine (Volkswagen Jetta). It seems that this model is suitable for
calculation of EF from light diesel vehicles. An underestimate in calculating EF may be caused
by inaccuracy in estimating emission rate, vehicle intensity, and type of vehicle. Vehicle
intensity was estimated roughly, and we only consider two type of vehicles rather than light,
medium, and heavy vehicles. Moreover, actual BC emissions depend on a type of vehicles,
driving style, and traffic conditions. This calculation only counts a relative emission factor.
Calculated relative EF for heavy vehicles is based on the assumption that a heavy vehicle emits
BC 1.8 times higher than a light vehicle (RIVM, 2016).
In order to improve the methodology to calculate emission rate accurately, we recommend: 1) to
determine atmospheric stability class, 2) to measure BC concentrations longer than 5 minutes in
different spots (distance from the road) simultaneously, we cannot recommend how long
measurement time since we did not carry out an experiment on optimum time, 3) to conduct
twice or more measurements in the same day to calculate emission rate, 4) to measure the BC
concentrations close to the source, the distance of more than 20 meter from the road, measured
BC concentrations on average is below than the LOQ value, 5) to measure BC concentrations
when wind directions are within 60° relative perpendiculars to road axis, and 6) to count vehicle
intensity based on intensity of light, medium and heavy vehicles.
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Table 12. Emission factor (EF) for low emission vehicles in the USA (Forestieri et al., 2013)#,
heavy-duty diesel vehicles (HDDV) in China (Zheng et al., 2015)*, Highway in The Netherlands
(RIVM, 2016)@, and from calculation.
Type of vehicle
mean of BC emission factor
(model, production year, fuel type)
(mg / km)
Low emission vehicle (measurement on hot running condition)#
Ford Windstar 1998
0.04 ± 0.012
Chevy Cavalier 2001
0.03 ± 0.006
Toyota Tacoma 2003
0.45 ± 0.062
Cherokee Laredo 2002
0.22 ± 0.043
Nissan Pathfinder 2003
0.11 ± 0.012
Chevy S-10 2002
0.06 ± 0.006
Ford Taurus 1997
0.37 ± 0.430
Toyota Solara 2003
0.02 ± 0.001
Low emission vehicle (measurement on constant velocity test)#
Volkswagen Jetta 2004 (Diesel)
4.3
Hyundai Sonata (Gasoline direct injection)
1.2
Chevy Cavalier 2001 (low emission vehicle) 0.02
Hyundai Sonata (Ultra Low Emission )
0.04
Heavy Vehicles Standard* (measurement)
Euro II
369 ± 70
Euro III
105 ± 136
Euro IV
76 ± 105
Euro V
36 ± 5
2017 Emission factor in Highway (120km/h)@ (prediction)
Heavy vehicle
15.6
Medium vehicle
19.8
Light vehicle
9.8
2017 Emission factor in non-highway, normal condition (15-30km/h)@
Heavy vehicle
47.0
Medium vehicle
42.7
Light vehicle
7.0
Bus
42.7
The Gaussian plume model calculation (Highway)
Light vehicle
2.1 ± 0.7
Heavy vehicle
3.8 ± 1.3
The street box model calculation (street canyon)
Light vehicle
16.4
Heavy vehicle
49.2
@
conversion result from elemental carbon into BC using correlation factor
from Wesseling et al. (2014)
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5.3. Vehicular BC concentrations in the A 12 Highway and street
canyon
The higher BC concentration differences (ΔCBC) in the A 12 highway between 14.30 and 19.25
compared to measurement between 12.00 and 14.00 (Table 7 and Figure 8) may be explained by
the evening rush hour between 14.30 and 19.25. The evening rush contributes to an increase in
BC concentrations in the highway. But, if we compare BC concentration in the A 12 Highway at
that time, averaged BC concentration between 14.30 and 19.25 is lower than that of between
12.00 and 14.00. This may be explained by the role of atmospheric. It could be that on the day of
measurement (between 14.30 and 19.25), the weather condition may tend to be more unstable.
Therefore BC in the air was dispersed easily, thus decreasing BC concentration. The background
BC concentration observed from Veenkampen between 14.30 and 19.25 was also lower than the
BC concentration measured between 12.00 and 14.00 at the same place. Thus BC concentrations
in A 12 Highway are influenced by the vehicle emissions and regional BC concentrations.
Measured local contribution (ΔCBC) in Graafseweg A is higher than that of Oranjesingel B and C
(section 4.3.1), but the measurement results are inversely proportional to their traffic intensity. It
may be explained by the role of atmospheric stability. Street BC concentrations measured in the
Graafseweg A were lower than in the Oranjesingel B and C. The observation results show that
Graafseweg A has less traffic intensity and the lowest temperature and global radiation but has
the highest ΔCBC. According to (Zhang et al., 2012), temperature affects pollutant dispersion in
urban street canyons. The warmer temperature and more global radiation in Oranjesingel B and
C than Graafseweg A lead to more disperse pollutant in street canyon, and it is observed that BC
concentrations in Oranjesingel B and C are slightly lower.
From the explanation above, the BC measurement in the highway and street canyon using the
hand-held instruments and compared to background area measurements can quantify the BC
concentration differences. The ΔCBC concentrations have relation with vehicle emission rate, but
this relation is also influenced by stability class and wind direction. Unexpected increases in BC
concentration with a distance that occurred during the Gaussian plume model experiments may
be caused by measurement uncertainty in five-minute measurements. If we analyse 2-hour
measurements (section 4.2.1) in the A12 Highway when wind direction is almost (within 60°)
perpendicular to road axis, it seems that above explanation about ΔCBC concentrations, wind
direction, and stability class make senses. Averaging 2-hour measurements seems more reliable
to measure ΔCBC concentration than five-minute measurements when measurements are
conducted in a crosswind condition.

5.4. The street box model
According to the street box model, BC concentrations are proportional to emission rate. The
modelled BC concentrations underestimate the observed BC concentrations. A possible
explanation is an underestimate of Nijmegen’s emission rate. If Nijmegen’s emission rate is
higher than 4.47 ± 7.78 µg m-1s-1, but it is still within a maximum value or measurement error
(12 µg m-1s-1), it will improve the correlation between the model and the BC observation. The
emission rate was calculated using wind speed and directions from meteorological data station
that are not located in Nijmegen. If Nijmegen’s meteorological data are from in situ
measurements, the emission rate can be calculated more accurately.
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Increasing Nijmegen’s emission rate will improve the correlation on an hourly or a daily basis,
but variations in 5-minute measurement still occur. Sort-time measurements of BC
concentrations using the hand-held instruments result in measurement variations. A study from
Mensink et al. (2002), in modelling pollutant concentrations in the street canyon, the street box
model captures well annual observation but cannot estimate pollutant dispersion due to the lack
of hourly variations in the background. In this experiment, we used 5-minute background
variations to simulate BC concentration on the streets. It seems that averaging background BC
concentrations every 5-minute measurements do not agree with the observed BC concentration.
But, averaging more than 5-minute data (e.g. hourly or daily basis) for the background and the
observed BC concentrations will improve a correlation.
During the measurements of BC concentrations in the streets of Nijmegen, the wind directions
were always parallel to the road axis and crosswind did not occur. Wind direction was available
on an hourly basis, but wind speed was measured every 5 minutes. The model is also sensitive to
differences in the wind direction. A change in data input from the parallel wind to the crosswind
can lead to large differences in prediction of BC concentration. Therefore, in using the model,
wind direction influences the model’s result.
The agreement between the model and observation of BC concentration in five-minute
measurements is unacceptable. Since the purpose of this experiment is to examine whether the
street box model can be applied to predict BC concentration without complex computational
calculation, it seems that this simple model can be used to predict BC concentration from traffic
emission if the measurement data were averaged hourly or daily with proper BC emission rate
estimation.
When calculated emission rate (4.47 ± 7.78 µg m-1s-1) from the street box model was used to
estimate EF in street canyon, the result in Table 12 shows that light vehicle EF derived from this
method is higher than other literature values. Calculated EF of a heavy vehicle (49.2 mg km-1)
nevertheless lies between EF of a heavy diesel vehicle in Euro IV and V emission category. The
result is also close to RIVM prediction for EF of a heavy vehicle in The Netherland. It seems that
the method is promising in the calculation of EF for heavy-duty diesel vehicles.
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6. Conclusions
This study focused on a technique to measure BC concentration emitted from vehicles on the
road using the hand-held device. Based on a comparison between the hand-held instruments AE
51 A and B with the more accurate instrument at Veenkampen station, the two hand-held
instruments perform according to their specifications. Both hand-held instruments need to be
adjusted 0.8331x + 40 and 0.8219x + for AE 51 A and B respectively with x is BC concentration
in ng/m3. However, the stability of these correction formulas has not been tested yet for example
in different filters and speed rate of a rotary pump. In order to measure with BC concentrations
with acceptable precision and accuracy using the hand-held instrument (LOQ), minimum BC
concentrations of 466 and 677 ng/m3 for AE 51 A and B respectively should be measured. To
avoid noise disturbance due to measurement uncertainty in measuring of the BC concentration
difference (ΔCBC), measured BC concentration differences should be minimum 251 ng/m3. The
BC concentration differences between downwind and upwind are higher when the wind blows
perpendicular about the street axis.
In estimating emission rate uses Gaussian plume model, the model is sensitive to atmospheric
stability and a choice of distance from the street to measure BC concentrations. The changes in
atmospheric stability can lead to significant differences in emission rate. Hence, we recommend
that the atmospheric stability class needs to be determined accurately. A five-minute average of
BC concentration measurements results in unexpected variations in BC with distance. These
results contain measurement uncertainty that may be reduced by increasing measurement time
more than 5 minutes, measuring BC concentrations twice or more on the same day and taking
sample close to the source up to 20 m from the street. Comparison of modelled EF and literature
values shows that the model estimates EF of light diesel vehicles better than EF of light gasoline
vehicles lower.
The street box model from Mensink et al. (2002) is a simple model to predict pollutants on the
street without using complex computational calculation. The modelled BC concentrations
underestimate the observed BC concentrations in Graafseweg and Oranjesingel, Nijmegen. The
model was verified when the wind blows parallel to the road and has not been verified yet when
crosswind happen. An underestimate in simulating BC concentrations is caused by
underestimating emission rate in Nijmegen (4.47 ± 7.78 µg m-1s-1). If Nijmegen’s emission rate
is raised, an agreement between the model and 5-minute observed BC concentrations is still
weak, but averaging hourly or daily measurement increases the agreement. Calculated EF using
the street box model shows that EF for heavy-duty diesel vehicles is estimated better than that of
light gasoline vehicles if it compared to literature values.
To conclude, in the estimation of BC concentration and EF using these two simple models will
not measure the real condition in the environment precisely but they are promising methods to be
utilized without complex calculation by the regulatory institution for example in managing BC
concentrations from vehicular air pollutants.
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Figure 12. Comparison of black carbon concentration measurements between fixed monitor AE51A (above) and AE51B (below) at
Veenkampen station
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Figure 14. Measurement of BC at zero concentration: 60 seconds, flow rate 50 ml/min using
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Figure 16. Different BC emission rates from Gaussian plume model compared to observation in
unstable atmospheric stability class.
Table 13. Kolmogorov-Smirnov (K-S) test result
Number of sample
Mean
Standard deviation
K-S value results
K-S value minimal
Results

AE 51 A
180
-63
60.5
0.37
0.1
Not distributed normally
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AE 51 B
180
-71
75
0.37
0.1
Not distributed normally
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