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Abstract
Light absorbing components of aerosols, often called black
carbon (BC), are emitted from combustion sources and are
believed to play a considerable role in direct atmospheric
radiative forcing by a number of climate scientists. In addition,
it has been shown that BC is associated with adverse health
effects in a number of epidemiological studies. Although the
optical properties (both absorbing and scattering) of
combustion aerosols are needed in order to accurately assess
the impact of emissions on radiative forcing, many models use
radiative properties of diesel particulate matter that were
determined over two decades ago. In response to concerns of
the human health impacts of particulate matter (PM),
regulatory bodies around the world have significantly tightened
PM emission limits for diesel engines. These requirements
have resulted in considerable changes in engine technology
requiring updated BC measurements from modern engines
equipped with aftertreatment systems. In this study, a variety
of common ambient monitoring techniques were used to
characterize the light absorbing properties of diesel aerosol.
Aerosol optical properties were directly measured with an
Aethalometer and Photoacoustic Extinctionmeter and
compared to filter based analysis. The results showed
2
excellent correlation (R = 0.95) between aerosol light
absorption at the short IR wavelength with elemental carbon
(EC) concentration from a thermal optical reflectance, NIOSH
5040 method. Resulting EC mass absorption cross-section
efficiencies differed by 25 to 30% from manufacturer published
values indicating the optical properties used by the instrument
may not be representative of modern diesel engine emissions.

Introduction
Vehicular emissions are a prominent source of particles found
in urban environments [1]. Particulate matter (PM), although
remains the only regulated criteria pollutant that is not
chemically defined, is one of the most important due to its
adverse impact on human health, atmospheric conditions, and
climate. A multitude of epidemiological studies have shown an
association between ambient PM and harmful cardiovascular
and pulmonary health effects [2, 3]. In addition to the health
concerns related to PM, the optical behavior of a given aerosol
is of growing concern due to its effect on atmospheric radiative
forcing [4]. In response to these concerns, worldwide
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regulatory bodies have significantly tightened particulate
emission limits for light and heavy duty vehicles. Since 2007 in
the US, on-highway diesel engines have been using diesel
particulate filters (DPFs) to meet PM mass emission standards.
However, many off-highway applications are able to meet PM
mass emissions standards without a DPF, only using a diesel
oxidation catalyst (DOC) and selective reduction catalyst
(SCR). The application of modern PM control strategies
significantly changes the chemical, physical and optical
properties of diesel PM [5]. These changes to the makeup of
emitted diesel PM require updated measurement methods to
understand the possible environmental impact of control
strategies.
Atmospheric modeling has shown that PM mitigation strategies
have the potential of reducing mean projected global warming
by ~0.5°C by 2050 [6]. Carbonaceous PM can be divided into
Black Carbon (BC) and Organic Carbon (OC), where BC has
been defined by the U.S. Environmental Protection Agency
(EPA) as “a solid form of mostly pure carbon that absorbs solar
radiation (light) at all wavelengths.” [7]. BC is not the only
constituent of PM which affects the radiative forcing potential of
an aerosol. A coating of OC has been shown to enhance light
absorption at all wavelengths; this phenomena can be
explained by the OC behaving like a lens, focusing the incident
radiation into the BC core [4]. The term “Brown Carbon” (BrC)
has been applied to the absorption of light by OC and is
thought to be significant in overall aerosol light absorption
measurements. This study aimed to reduce the impact of BrC
on absorption measurements, as BrC measurements are still
under development and add considerable uncertainty to light
absorption.
Controlling BC emission has the near term benefit of reduced
global mean radiative forcing as compared to other Green
House Gases (GHGs) due to their reduced residence time in
the atmosphere. Atmospheric BC concentrations have been
measured across the country and the world for over 20 years.
In the US, over half of BC emissions in 2005 were due to
mobile sources, in which nearly 90% were attributed to diesel
engines [7]. Measurements in California have shown the effect
of reduction of diesel PM emissions on atmospheric BC
concentrations [8]. The determination of optical properties of
the aerosol is crucial for the accuracy of radiative transfer
modeling, unfortunately many models use values over two

Due to increasingly stringent air quality regulations, a large
amount of measurement techniques have been developed to
quantify aerosol light absorption. These methods have been
summarized extensively by Moosmüller [9]. Some of the
methods of interest, when regarding diesel engine source
testing, include thermal optical reflectance (or transmittance)
analysis of quartz particulate matter filters (Elemental
Carbon/Organic Carbon), in situ photoacoustic light absorption,
and real time quartz filter tape transmission (Aethalometer).
Integrated filter based methods are widely accepted but lack
time resolution required for transient diesel emissions and
have long turnaround time compared to real time instruments
[9]. Real time instruments have been developed to correlate
with integrated filter measurements (most often EC) [10].
Extensive work has been done characterizing and describing
all aforementioned methods and is out of scope of this paper.
The use of aerosol light absorption measurements in a heavy
duty diesel emissions lab has been limited. Many resources
have been devoted to measuring aged light absorption of
atmospheric aerosols [4, 11, 12, 13, 14]. One of the first
attempts of light absorption measurement of freshly emitted
diesel aerosol from a Constant Volume Sampling (CVS)
emissions measurement system was done by Moosmüller et al
in 2001. Researchers struggled to measure BC emissions with
the aethalometer due to dilution system constraints [15].
Kittelson et al. provided a comparison of carbon
measurements using an aethalometer, NIOSH Method 5040
EC/OC integrated filters and a Scanning Mobility Particle Sizer
[16]. The authors state, ‘Since the aethalometer software uses
2 -1
a constant extinction cross-section value (16.6 m g ) to
calculate BC mass concentration, the importance of field
calibration to determine a unique sigma value for various
aerosols should be stressed.’ [16]. Over the course of this
literature review this sentiment of highly uncertain aerosol
absorption cross-section efficiency (or sigma) for freshly
emitted diesel particulate was common. An analytical solution
for the mass specific absorption efficiency gives a framework
for understanding BC measurement sensitivity.
Absorption efficiency is a function of particle size (Dp), the
wavelength of the incident light (λ) and the complex refractive
index of the particle (m). Eq. (1) describes the mass specific
absorption efficiency of a smooth homogeneous particle.
  , ,

=

 

  , 

(1)

Where ρp is the particle density, Qabs is the dimensionless
absorption efficiency and α is the dimensionless size
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parameter. Liu et al. offer a comparison of three size resolved
particle density corrections [17]. An optical model was run with
constant particle density, but varied over the expected range
(0.2 g/cc to 1.2 g/cc) to demonstrate the sensitivity of optical
properties as a function of particle composition. A numerical
solution for Qabs was provided by Bohren and Huffman [18, 19,
20]. Using a MATLAB based Mie theory model, the mass
specific absorption efficiency were calculated using a refractive
index of 1.68 + 0.56i from Bond and Bergstrom [4]. The results
are presented in Figure 1.
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Figure 1: Mass specific particle absorption efficiency for diesel soot

Figure 1 shows that mass specific absorption efficiency at
small particle sizes (< 50 nm) with a constant particle density
does not change strongly with particle size. However above 50
nm, mass specific absorption efficiency for a constant particle
density can increase by 15% or greater. At a constant particle
diameter, the range of expected particle densities can change
mass specific absorption efficiency by a factor of 5. This
necessitates particle size and composition information for
fundamental understanding of diesel PM absorption
measurements.
Modern diesel engine emission control strategies are known to
change PM composition and particle size distribution (PSD) [5].
Post DPF optical measurements will likely lead to similar
conclusions of PM mass reduction (greater than 99% filtration
efficiency). However, a large fraction of diesel engines that
operate off-highway, are able to meet Tier IV Final regulations
without a DPF. This raises the concern of high BC emission
rates for engines only equipped with a DOC.

Figure 2: Test Cell and Dilution System Schematic

The goal of the present study was to perform a comparison of
the two available direct optical measurements in parallel with
filter based methods. In order to gain a more fundamental
understanding
rstanding of factors affecting aerosol optical properties,
particle size measurements were also done.

Experimental Methods

Hot steady state engine
ngine operating points where chosen to
provide distinct emission composition and particle size
distribution over a representative operating map. Hot steady
s
state testing was
as done to reduce variability in aerosol
formation. The engine was warmed up and allowed to stabilize
stabili
for 30 minutes before any emission samples were taken.
Table 2. Fuel Specifications

Engine Setup
A turbocharged inline 6 cylinder heavy duty diesel engine was
tested in this study.. This engine uses high pressure common
rail direct fuel injection, high pressure exhaust gas recirculation
(EGR) and other common combustion strategies used to meet
EPA 2010 emissions regulations. A DOC was used to reduce
Carbon Monoxide (CO), Total Hydrocarbons
rocarbons (THCs) and some
of the soluble organic fraction (SOF) of PM. It must be noted
that during this study no selective catalytic reduction (SCR)
system was used to reduce
e nitrogen oxides (NOx), as the
effect of SCR on PM optical properties was deemed out of
scope. A General Electric 700
0 HP transient DC dynamometer
was used to load the engine over three engine
ngine modes
described in Table 1. Ultra low sulfur #2 diesel fuel w
was used
during this study. Fuel specifications
ications can be found in Table 2
2.

Density, 15°C

845.0 kg/m3

API Gravity, 16/16°C

36.0

Viscosity @ 40°C

2.67 mm2/s

Flash Point

70 °C

Cetane Number

47.4

Sulfur

6 ppm

Gross Heating Value

45608 kJ/kg

Aromatics

26.3 wt%

Monoaromatics

23.8 wt%

PNA’s

2.5 wt%

Distillation Temp.
IBP

178.6 °C

T10

213.6 °C

T50

260.0 °C

Table 1. Engine Operating Conditions
Idle

B50

C100

Speed

650 RPM

1555 RPM

1912 RPM

Load

10 %

50 %

100 %

T90

322.9 °C

Exhaust Temp.

128 °C

341 °C

424 °C

EPT

352.2 °C
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tape to advance. This requires careful adjustment of total
dilution to prevent filter tape advancement during sampling.

Dilution System
In this study an improved source dilution sampling system
(SDS) was used in conjunction with a critical flow venturiconstant volume system (CFV-CVS) tunnel to dilute diesel
exhaust in a controlled manner [21]. A layout of the dilution
system and test cell is presented in Figure 2. The SDS was
designed to minimize thermophoretic and electrostatic forces
to reduce particle loss. SDS residence time was optimized to
allow sufficient time for volatiles and semi-volatile to nucleate,
condense and coagulate.
Full engine exhaust flow was piped into the CFV-CVS tunnel,
where it is well mixed with HEPA filtered and conditioned
dilution air. During the course of the study primary dilution
ratio was chosen to meet EPA Part 1065 dilution requirements.
HEPA filtered and conditioned secondary dilution air was well
mixed with dilute exhaust sampled from the CVS tunnel using
an annular type mixing chamber on the SDS. Secondary
dilution air was controlled with mass flow controller during the
sample period. Secondary dilution ratio was varied during the
testing campaign depending on engine mode. The secondary
dilution ratio was optimized for filter based and real time optical
analytics. Total dilution varied from 30:1 to 50:1.

Photoacoustic Extinctionmeter
Photoacoustic aerosol measurements have been shown to be
useful for engine development, as the real time in-situ method
allows for immediate feedback for combustion recipe and
aftertreatment development. The Droplet Measurement
Technologies Photoacoustic Extinctionmeter (PAX) was used
for this study. The DMT PAX features an 870 nm wavelength
modulated diode laser which allows for simultaneous aerosol
light scattering and absorption. It should be noted that two
minute averages were done on the real time absorption data
due to high amounts of noise in the instantaneous signal. The
layout of the acoustic chamber is shown in Figure 3.

Direct Measurements
Aethalometer

Figure 3: Schematic of DMT PAX Acoustic chamber [23]

The aethalometer is an instrument which measures the
attenuation of a specific wavelength of light through a quartz
fiber filter tape as it loads with aerosol over time. The Magee
Scientific Model AE31 aethalometer was used in this study.
The AE31 measures attenuation at seven wavelengths, from
370 nm (UV) to 950 nm (IR) in quasi real time (two minute
resolution). Light attenuation through the filter tape is defined
in Eq. (2).

The laser beam is directed through the sampled aerosol
stream and modulated at the resonance frequency (fres) of the
acoustic chamber. Strongly absorbing particles heat up quickly
and transfer heat to the surrounding air producing pressure
waves that can be detected with a sensitive microphone. Eq.
(5) describes the relationship of aerosol absorption coefficient
(babs).



 = ln  

5 =

(2)



Where I0 is the intensity of light passing through a “fresh”
portion of the filter tape and I is the intensity passing through a
loaded filter. As particles deposit on the filter tape during a
time period, ∆t, ATN at a given λ will increase, such that the
nth measurement yields the aerosol attenuation coefficient
(bATN,n) shown in Eq. (3).
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Where A is the area of the sampling spot and V is the
volumetric sample flowrate [22]. Finally to report BC mass
concentration, the internal AE31 software uses the
mathematical relationship in Eq. (4).
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Where Pmic is the microphone pressure at the given fres for the
acoustic chambers conditions (temperature, pressure and
relative humidity). Ares is the cross sectional area of the
resonator, PL is the laser power, γ is the ratio of isobaric and
isochoric specific heat, Q is the resonator quality factor and ϕ
is the phase of the Babs signal relative to the laser power phase
[23]. Similarly to the AE31, the internal software of the PAX
adjusts the absorption coefficient to a mass of BC (Eq. (6)) with
a constant mass specific absorption cross-section efficiency
(σabs).
-./ =

.HI<
3HI<

(6)
2 -1

-./ =

012,$ %
3012 %

(4)
2 -1

Where σATN at 880 nm for the AE31 is set to 16.6 m g .
Maximum filter attenuation is eventually reached dependent on
aerosol concentration and sample flowrate, requiring the filter
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The PAX software uses a σabs of 4.74 m g . This value came
from the Bond and Bergstrom review where fresh soot
2 -1
demonstrated a σabs of 7.5 ± 1.2 m g at 550 nm [4]. As σabs
varies inversely with incident wavelength, Eq. (7) describes the
σabs at 870 nm [23].
Q>

J 870 = 7.5 P

R

S∙

TTU #Q
VWU #Q

Q>

 = 4.74 P

R

S

(7)

Particle Size Distribution

6

70

Two types of PM sampling train setups were used in this study
and are shown in Figure 2. Each train begins with a PTFEcoated aluminum PM2.5 cyclonic separator. PM was sampled
on pre-baked quartz fiber filters (QFF) or TX40 teflon
impregnated quartz filters at a nominal flowrate of 16.7 slpm.
Flow through each sample train was controlled by downstream
critical flow orifices, which were calibrated daily during the
study.
Elemental and Organic Carbon Analysis
QFF were analyzed for the elemental and organic carbon
(EC/OC respectively) content of the sampled PM via thermaloptical method (NIOSH 5040) using a Sunset Laboratory Lab
EC/OC Aerosol Analyzer. EC analytical uncertainty (δEC) is
estimated with Eq. (8) [25].
[R

\Q>

S + 0.05 ∗ Z + 0.05 ∗ _Z

(8)

Where EC is total Elemental Carbon and PC is the pyrolized
carbon adjustment reported by the analysis.
PM2.5 Mass
TX40 filters were analyzed gravimetrically with an EPA Part
1065 compliant MTL filter weighing system. After sampling,
filters conditioned for a minimum of 24 hours in the chamber.
A Mettler Toledo XPU 2000 microbalance was used for pre
and post weighing. Part 1065 buoyancy corrections were
applied to all samples.

Results and Discussion
A representative example of the Source Dilution System BC
concentration, calculated using the instrument standard mass
absorption cross-section efficiencies by the AE31 and PAX are
shown in Figure 4. On the secondary axis the SDS particle
concentration shows stable particle concentration over the
sample period.
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Particle size distributions (PSD) were measured with a TSI
model 3080 Scanning Mobility Particle Sizer (SMPS). The
SMPS, described in detail by Liu et al [24], classifies particles
based on differential electrical mobility, via a differential
mobility analyzer (DMA) and counts them via a ultrafine
condensation nuclei particle counter (TSI model 3025a). The
SMPS was configured to measure PSD over a size range of
6.2 – 225 nm across 64 channels per decade with an up-scan
time of 120 s. The SMPS was calibrated prior to sampling for
flows and voltages. Particle mobility was validated by using
polystyrene latex calibration aerosol.
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Figure 4: SDS BC and PM number concentration observed during a
typical sample period

AE31 BC concentration decreases over the sample period,
contrary to the constant particle number and PAX BC
concentration. This apparent decrease in BC concentration
and filter artifact correction is a complex and heavily studied
topic. Aspects of this behavior can be attributed to attenuation
enhancements due to multiple scattering by the filter fibers,
scattering of aerosols sampled on the filter and the reduction of
the optical path as particles accumulate on the filter. These
three phenomena are well documented in filter based
absorption measurement correction literature [4, 9, 22]. An
artifact correction was not applied for this initial measurement
comparison study and should be noted when interpreting AE31
data.
Particle size distributions (PSD) are shown for all three engines
modes in Figure 5. Error bars represent standard error from 3
separate tests. Significant difference in the Idle PSD from both
B50 and C100 PSDs indicates a possible difference in the
specific cross-section efficiencies (σ) as a function of engine
operation. However when considering the mass specific
absorption efficiency curve in Figure 1, it is clear that PSD
differences are not significant enough in the given size range
to play a major role in BC emissions quantification from
modern diesel engines using optical methods. Due to the
similar PSDs for each engine operation mode, all engine
modes were grouped into a common dataset for determination
of specific cross-section efficiencies.

Traditionally, diesel PM is often thought to be composed
mainly of carbonaceous particles which absorb light very
efficiently, it is interesting to fit aerosol absorption to PM2.5
mass. The result of this fit is presented in Figure 7.
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Figure 5: Particle Size Distributions for each engine mode
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The AE31 attenuation coefficient (bATN) at 880 nm was fit
against EC concentrations determined by the NIOSH 5040
method. Similarly the PAX absorption coefficient (babs) at 870
nm was fit against elemental carbon concentrations. The slope
of these fits result in the EC specific attenuation and absorption
cross-section efficiencies (σATN and σabs) and are shown in
Figure 6.
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PAX Absorption / AE31 Attenuation [m -1]

2
σ AE31 = 23.6 ± 4.62 [m /g]
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r2PAX = 0.96
0.5

Figure 7: Aerosol Absorption and Attenuation vs. PM2.5 Mass
Concentration. Dashed lines represent the 95% confidence interval on
the linear fit.
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Figure 6: Aerosol Absorption and Attenuation vs NIOSH 5040 EC
Concentration. Dashed lines represent the 95% confidence interval on
the linear fit.

•

•
Dashed lines give the 95% confidence interval on the linear fit.
The AE31 attenuation coefficient correlates well with EC
2
concentration, yielding an R value of 0.95. The PAX
absorption coefficient also correlates well with EC
2
concentration, resulting in an R value of 0.96. The relative
uncertainty for EC specific attenuation cross-section efficiency
was 20%. This error can be attributed to lack of artifact
correction to the AE31 attenuation signal and error in the EC
measurement. The relative uncertainty for the EC specific
absorption cross-section efficiency was 17%.
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In this study, five different aerosol measurement techniques
were compared to understand their suitability for determining
aerosol black carbon mass concentration from modern diesel
engines. Significant differences between measurement
techniques were seen, but with proper understanding, each
has its individual benefits and drawbacks. The following
conclusions may be drawn from this study.
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Dashed lines once again represent 95% confidence intervals
on the linear fit. Unlike the EC fit, aerosol absorption and
attenuation coefficients do not correlate well with PM2.5 mass
concentrations.
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•

•

The AE31 attenuation signal decayed over the sample
period, indicating significant sampling artifacts, which need
to be addressed when reporting BC concentrations with an
AE31.
The PAX and SMPS did not suffer from filter associated
artifacts over the sample period due to their in-situ
measurement techniques.
For all engine modes tested, the DOC out PSDs were not
geometrically different enough to affect aerosol absorption
properties.
The AE31 attenuation coefficient at 880 nm correlates well
2
with NIOSH 5040 EC concentrations (R = 0.95) resulting
2 -1
in a σATN of 23.6 ± 4.62 m g . The measured σATN is 30%
higher than the manufacturer published σATN.
The PAX absorption coefficient at 870 nm correlates well
2
with NIOSH 5040 EC concentrations (R = 0.96) resulting
2 -1
in a σABS of 6.20 ± 1.06 m g . The measured σABS is 24%
higher than the manufacturer published σABS.

•

•

•

•

These results indicate a difference in optical properties of
the sampled aerosols as compared to the aerosols used to
develop these instruments. A number of changes in diesel
emissions control technology and sampling conditions
(aged vs. fresh aerosol) could explain the differences in
σATN and σABS.
Both the AE31 attenuation and PAX absorption
coefficients (batn and babs) do not correlate with PM2.5 mass
concentration.
For measuring real time single wavelength aerosol
absorption and scattering, the DMT PAX performed well
with very dry and dilute exhaust sample.
The AE31allows for multiple wavelength aerosol
absorption measurements in quasi-real time. Multiple
wavelength attenuation permits researchers to investigate
BrC emissions as well as BC. The AE31 suffers from filter
artifacts, as expected, but are easily corrected with wellestablished methods. However, the AE31 has been
discontinued and the new version has a built-in filter
loading correction, the linear correction methodology has
not been evaluated for use with diesel source emissions.
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DMA

Differential Mobility Analyzer

DOC

Diesel Oxidation Catalyst

DPF

Diesel Particulate Filter

EC

Elemental Carbon

EGR

Exhaust Gas Recirculation

EPA

Environmental Protection Agency

FTIR

Fourier transform infrared
spectroscopy

GHG

Green House Gas

IR

Infrared

λ

Wavelength

OC

Organic Carbon

PAX

Photoacoustic Extinctionmeter

PM

Particulate Matter

PM2.5

Particulate Matter < 2.5 µm

PSD

Particle Size Distribution

PSL

Poly-Styrene Latex

RTC

Residence Time Chamber

SCR

Selective Catalytic Reduction

SDS

Source Dilution Sampler

SMPS

Scanning Mobility Particle Sizer

σATN

Attenuation Cross-Section
Efficiency
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Definitions/Abbreviations
BC

Black Carbon

BrC

Brown Carbon

bATN

Attenuation Coefficient

bABS

Absorption Coefficient

σABS

Absorption Cross-Section
Efficiency

CFVCVS

Critical Flow Venturi Constant
Volume System

UV

Ultraviolet

CPC

Condensation Particle Counter
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