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To assess diesel vehicle particulate mass emissions in a timely 
manner as function of engine operating conditions and driving 
mode, instruments having a time resolution of about 1 second 
are needed. This is important because much greater particulate 
mass emissions occur during transient operation, such as hard 
acceleration, than during steady driving conditions. Despite this 
requirement, commonly used tests depend on instruments 
yielding results taking anywhere from minutes to hours to 
obtain and that often provide poor temporal resolution during 
transient engine operating conditions. As discussed in

, H. Moosmüller and 
colleagues at the Desert Research Institute, in Reno, Nevada and J. Collins and 
colleagues at the University of California, Riverside address this problem by 
investigating and reporting their evaluation of five promising fast response 
instruments.
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The measurement of diesel vehicle exhaust particulate
mass is currently accomplished using filter collection methods
according to the Code of Federal Regulations (CFR).
Such filter methods limit time resolution to a minimum of
several minutes, making it impossible to study emissions during
transient operating conditions. Extensive testing of five
different measurement methods has demonstrated that fast
response measurements of diesel exhaust particulate
mass concentrations, consistent with CFR filter measurements,
are feasible using existing technology. The measurement
principles of choice are the real time weighing of exhaust
samples as implemented in the tapered element oscillating
microbalance (TEOM) and the measurement of light scattering
from exhaust particles as implemented in the DustTrak
nephelometer. Each of these two instruments has distinctive
strengths. The TEOM excels in the area of constant
calibration, independent of vehicle. For the DustTrak, this
calibration varies by vehicle. On the other hand, the
DustTrak has an excellent signal-to-noise ratio, freedom
from interference due to other exhaust sample properties,
good time resolution, and simplicity. The strengths of
the two measurement methods are complimentary, so an
obvious suggestion is to integrate them. The nephelometer
would obtain a fast response signal, with near real time
calibration provided by the microbalance.

Introduction
The measurement of diesel vehicle particulate mass emissions
is commonly accomplished using Code of Federal Regulations
(CFR) defined filter collection methods on exhaust sampled
from a dilution tube (1, 2). To ensure reproducible measure-
ment of volatile and semi-volatile components absorbed on
the filter and on collected particles, the methods require
that the filters equilibrate (usually 6-24 h) in a standard
atmosphere at defined temperature and humidity levels
before each mass determination (3). The time required for
the CFR filter sample collection can vary from several minutes

to a few hours per filter, resulting in poor temporal resolution
during transient engine operating conditions. Therefore, CFR
filter methods are unable to determine particulate emission
factors as function of speed, acceleration, and operating mode
as needed for modal emission models. All together, the
minimum time needed to obtain a mass emission value for
a specific experiment is about 1 day.

To study diesel vehicle particulate mass emissions as
function of engine operating condition and driving mode,
instruments with a time resolution on the order of 1 s are
needed. This kind of time resolution is particularly important
as significantly greater particulate mass emissions occur
during transient operating conditions such as hard accelera-
tion. In addition, real time or near real time data availability
is desirable for the timely evaluation of test results. Driving
distance-based mass emission rates can be calculated from
these concentrations if vehicle speed and tunnel flow rates
are known.

Evaluation of such fast response instruments is nontrivial
as neither reference measurement methods nor reference
sources exist. Criteria that can be used for evaluation include
(i) degree of correlation of time-integrated results with CFR
filter measurements, (ii) reproducibility, (iii) noise and
interference from nonparticulate mass sample properties,
(iv) time resolution, and (v) simplicity and cost.

Five promising candidate methods (four optical, one
inertial mass) were identified, and instruments based on these
methods were developed or acquired. To test these fast
response instruments, three diesel vehicles were operated
on a chassis dynamometer using the Federal Testing
Procedure (FTP) driving cycle. Particulate data were collected
during these driving cycles with CFR filter methods and by
the fast response instruments.

Experimental Section
Real Time Instrumentation. Five different methods with
potential for yielding a simple, accurate, and user-friendly
instrument for the fast response measurement of particle
mass in diesel exhaust have been identified. These methods
include an inertial mass measurement method (tapered
element oscillating microbalance, TEOM) and four optical
methods: a light scattering method (nephelometer, DT); two
light absorption methods, one that measures light absorption
of aerosol deposited on a filter (aethalometer, AE) and one
that measures light absorption in situ (photoacoustic instru-
ment, PA); and a light extinction method (smoke meter, SM).
Some of these methods have previously been used to measure
diesel particulate mass emissions. The five instruments are
described in the following sections.

Tapered Element Oscillating Microbalance (TEOM Series
1105). A continuous measurement of the inertial mass of
aerosol deposited on a filter substrate has been implemented
using tapered element oscillating microbalance technology
(4, 5). This technology utilizes a hollow tube with the wide
end of the tapered tube fixed. The narrow end of the tube
holds a filter cartridge, and a sample is passed through the
filter and tube to a flow controller. The tube-filter unit acts
as a simple harmonic oscillator with its oscillating frequency
being a function of filter mass loading. The system can be
calibrated by placing a calibration mass on the filter and
recording the frequency change due to this mass (6). As the
oscillating frequency is a function of temperature, the tapered
tube, filter, and sampled air are temperature stabilized,
typically at 50 °C. The heating prevents condensation and
provides a standard sample conditioning in respect to the
removal of semi-volatile components. However, this aerosol
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conditioning is different from CFR filter sampling techniques
and may remove more volatile compounds due to heating
(7-14).

A commercially available TEOM designed for the real time
measurement of diesel particulate mass (Rupprecht &
Patashnick Co., Inc. TEOM Series 1105) has been used in this
study (7, 14-16). While this TEOM is capable of operating
with a time resolution of 0.5 s, for our work it has been
operated with a time resolution of 3 s for an improved signal-
to-noise ratio.

Nephelometer (TSI DustTrak 8520). Nephelometers
measure light scattered by aerosol introduced into their
sample chamber. Nephelometers can be fairly simple and
compact instruments with excellent sensitivity and time
resolution. However, scattering per unit mass is a strong
function of particle size and refractive index. If particle size
distributions and refractive indices in diesel exhaust strongly
depend on the particular engine and operating condition,
this may not be an effective way to measure exhaust particle
mass. However, it has been shown that mass scattering
efficiencies for both on-road diesel exhaust and ambient fine
particles have values around 3 m2/g (17-19). Mass scattering
efficiencies for diesel exhaust sampled from a dilution tunnel
may be significantly lower (18).

For this project, a TSI DustTrak 8520 nephelometer (DT)
measuring 90° light scattering at 780 nm (near-infrared) was
used. This instrument displays its measurement as mass
density (i.e., units of mg/m3) through a calibration with ISO
12103-1, A1 test dust. The DustTrak is a very practical,
compact, and low-priced instrument.

Aethalometer (Anderson RTAA-800). The aethalometer
measures optical aerosol absorption in real time by moni-
toring optical extinction through a filter tape while aerosol
particles accumulate on the filter tape (20). Once the spot
monitored on the filter tape exceeds a certain optical density,
the instrument automatically advances the tape to a new
spot. In this manner, the aethalometer can perform months
of ambient monitoring without operator involvement. The
measured extinction is reported as black carbon (BC)
concentration after conversion with an empirically deter-
mined factor. Aethalometers are mostly utilized for ambient
monitoring (21-23). They have also been operated with time
resolution on the order of seconds for monitoring on-road
EC emissions (24). Aethalometer measurements have been
shown to correlate well with thermal EC measurements and
photoacoustic measurements (25-28). However, there has
been some discussion about the proper calibration factor
(27). For this project, a single wavelength ambient aetha-
lometer operating at 880 nm (Anderson RTAA-800) was used
for the measurement of BC.

Photoacoustic Instrument (DRI PA). The photoacoustic
instrument (PA) detects the absorption of a laser beam by
aerosol placed in its acoustic resonator. The laser beam power
is modulated at the acoustic resonant frequency. Light
absorbing aerosol components, i.e., elemental carbon (EC),
convert laser beam power to an acoustic pressure wave
through heating, accompanied by gas expansion. An acoustic
resonator amplifies this pressure wave by its quality (Q) factor.
A microphone detects the acoustic signal that provides a
measure of light absorption (29). Photoacoustic instruments
have been used for the measurement of automotive particle
emissions for more than 2 decades (18, 30-38). The particle
mass absorption efficiency is independent of particle size
for size parameters smaller than the wavelength of light (32).
Therefore, a measurement of aerosol absorption results
directly in a measurement of EC particle mass independent
of particle size. As EC constitutes a sizable part of diesel
particulate mass emissions, this makes the photoacoustic
absorption measurement a potential surrogate for a direct
mass measurement.

The photoacoustic instrument used for this work operates
at a laser wavelength of 532 nm (i.e., green) and with a laser
power of 75 mW. It is an improved version of a prototype
instrument previously used for ambient measurements (28,
29).

Smoke Meter (DRI SM). Smoke meters are based on the
extinction of light by particles. To get a measurable change
in extinction, the sensing volume must contain a large particle
concentration. This makes these instruments less suitable
for ambient measurements in clean environments, while they
are commonly used for emission measurements. Total
extinction is the sum of absorption and scattering extinction
and can be a function of both particle composition and size.
Smoke meters have been previously used with good success
for the measurement of diesel particulate mass emissions
(18, 34).

A custom smoke meter tailored for diesel emission
measurements has been built for this project. This instrument
utilizes a 670-nm, 3-mW diode laser as light source and a
large-area photodiode as detector. The time response is set
to 1 s through the photodiode amplifier. The detector signal
is digitized, recorded, and analyzed by a personal computer.

Dynamometer Facility and Particle Sampling. Instru-
ment testing was done at the Vehicle Emissions Research
Laboratory (VERL) of Bourns College of EngineeringsCenter
for Environmental Research and Technology (CE-CERT) at
the University of California, Riverside. A Pierburg positive
displacement pump-constant volume sampler (PDP-CVS)
exhaust gas dilution system was used to sample exhaust. A
12-in. dilution tunnel dedicated to diesel sampling was
utilized for particulate emission measurements. This dilution
tunnel was fitted with three isokinetic particulate sampling
probes to accommodate simultaneous collection of multiple
samples. Two isokinetic probes were used for drawing filter
samples from the dilution tunnel. The five continuous aerosol
monitors sampled from the third isokinetic probe via a sample
distribution manifold. Filter and instrument flows were
audited using standard DRI field performance audit proce-
dures. All measurements were corrected to standard atmo-
spheric density (i.e., 1013 mB, 293 K).

Results and Discussion
Measurement Overview. Two modern vehicles (1996 Dodge
and 1999 Ford; Table 1) and an older vehicle (1988 Ford;
Table 1) were operated according to the FTP driving cycle
for instrument testing (2). The older vehicle was used during
only one driving cycle to determine if the instruments are
applicable to diesel engines based on older technology. The
FTP consists of three phases. Phase 1 begins with a cold start
and is directly followed by phase 2, which is followed by a
hot soak and phase 3, which is a repeat of phase 1, but with
a hot start. Normally, one filter is used per phase to determine
time-integrated particulate mass emissions. To obtain more
filter data for comparison with real time measurements, each
phase was subdivided into three segments and one filter per
segment was used, yielding nine filter measurements of

TABLE 1. Diesel Vehicles Used

1999 Ford
F250 S.D.

1996 Dodge
RAM 2500

1988 Ford
F250

engine 7.3 l Navistar 5.9 l Cummins 7.3 l Navistar
injection type direct direct indirect
turbo loaded yes yes no
transmission 4-speed auto 4-speed auto 3-speed auto
catalytic

converter
oxidation oxidation none

weight (lb) 7500 7000 6500
mileage 20133 18336 79947
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particulate mass emissions per FTP. Sampling was switched
between filters at zero vehicle velocity, i.e., while the vehicle
was standing still. The timing of the individual segments is
shown in Figure 1 (top panel) together with vehicle speed as
function of time. As only one FTP driving cycle can be run
for each vehicle per day, LA4 driving cycles (FTP phase 1

with hot start followed by FTP phase 2) were used for tests
of instrument response to nonparticulate emissions.

All tested vehicles were fueled with “California Equivalent
Fuel”, i.e., with fuel from an arbitrary California gas station.
To test for any unusual fuel properties, a 1-L sample was
drawn from each vehicle and submitted for testing and

FIGURE 1. Example of speed, CFR filter, and fast response particulate measurements for the1996 Dodge.
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chemical analysis. The fuel was in general compliance with
California standards. Exceptions were some distillation
specifications for all three samples and excessive nitrogen
content for the sample from the 1988 Ford.

Diesel particulate mass emissions were characterized
during 10 FTP cycles with five fast response instruments and
CFR filter measurements. With the exception of the aetha-
lometer, the instruments recorded complete data sets during
all FTP cycles. The filter of the TEOM was exchanged before
each cycle to reduce filter loading and potential interferences
from semi-volatile particles collected during a previous cycle.
The three in-situ optical instruments (PA, SM, and DustTrak)
were operated without maintenance, cleaning, or requiring
supplies. No deterioration of their measurement capabilities
or visible deposition of particles in the instruments was
observed over the course of the testing period. The aetha-
lometer was not able to sample exhaust from the CE-CERT
dilution tunnel directly as it is an ambient measurement
instrument designed for high sensitivity and low aerosol
concentrations. A secondary dilution system was built and
optimized. Toward the end of the testing program, it was
possible to collect complete aethalometer data sets without
gaps resulting from tape advances. The secondary dilution
system introduces additional errors into the aethalometer
measurements due to uncertainties in the value of its dilution
ratio.

An example of fast response and CFR filter measurements
of diesel particulate emissions together with actual vehicle
speed and filter timing is shown in Figure 1 for the 1996
Dodge. The highest particulate concentrations occur during
the accelerations around 25 and 200 s into the FTP, resulting
in peak particulate concentrations between 1 and 2 orders
of magnitude higher than CFR filter mass concentrations.
Only much smaller concentrations are recorded in phase 3
after the hot soak. This behavior, indicative of the warm-up
of the catalytic converter, has also been observed in CO and
THC traces, but not in the NOx trace, as its simple oxidation
catalyst does not reduce NOx concentrations. Note that the
ratio between different peaks is different for each of the
individual real time instruments due to their different
measurement methods. Similar traces of particulate mea-
surements for the 1999 Ford do not show warm-up of the
catalytic converter, and the highest particle concentrations
occur during the hard accelerations around 25 and 2180 s
into the FTP. For the older vehicle (1988 Ford), the filter
sample-determined particulate mass concentrations are
about an order of magnitude larger than for the newer
vehicles. However, the real time measurement peaks are not
substantially higher than for the newer vehicles. Instead the
peaks are wider and more uniformly distributed over the
different operating conditions, resulting in higher time-
integrated emissions. These qualitative observations imply
that time-resolved data are essential for correlating particle
emissions with specific engine operating regimes or driving
modes.

Reproducibility. One of the criteria for a good instrument
is the precision of its measurements, i.e., the requirement
that its measurements are reproducible. Lacking a calibrated
source of diesel exhaust with well-defined reproducibility,
measurements during multiple FTP cycles were performed
for the 1999 Ford (4 FTP cycles) and the 1996 Dodge (5 FTP
cycles). For the aethalometer, not enough data were available
for this statistical analysis. As the vehicles themselves have
somewhat different emissions during each FTP cycle, re-
producibility was judged in comparison to the CFR filter
method. Fast response measurements were integrated over
the nine filter collection segments of each FTP, and averages
and standard deviations were calculated for each segment,
yielding nine averages and nine standard deviations for each
vehicle. These values were averaged for each vehicle over

the nine segments, weighted by the duration of each segment.
Results and the ensuing coefficients of variation are shown
in Table 2. Four of the fast response instruments had a
comparable (i.e., SM) or significantly smaller (i.e., DT, TEOM,
and PA) coefficient of variation as compared to the CFR filter
method. This means either that statistical errors are larger
for the filter method or that some fast response instruments
do not record changes in particle mass concentrations as
well as the CFR filter method.

Characterization of Interferences. Instruments for the
measurement of particle mass emissions may be sensitive to
other properties of the sampled exhaust such as gaseous
composition, temperature, and pressure. Such interferences
have been characterized during LA4 driving cycles after
removing all particles from the exhaust sample with two
“HEPA” filters in series. The capture efficiency of these
commercial, high-capacity HEPA filters was verified by a
condensation particle counter directly downstream from
them. With particles removed from the exhaust sample, each
fast response instrument still registers some signal. Averages
and standard deviations (to characterize fluctuations) of these
signals were calculated for each segment of the LA4 driving
cycle. Results are summarized as averages over the individual
test segments in Figure 2. Values for two optical instruments
(PA, SM) were converted from the inverse distance to particle
mass concentration with an estimated conversion factor of
10 m2/g and should therefore only be used qualitatively.

The DustTrak has by far the smallest interference from
nonparticulate sources. Its average signal and standard
deviation are comparable in magnitude. Most of the time,
the DustTrak reads 0 mg/m3. Sometimes its zero calibration
is not perfectly stable, and it switches to one of its smallest
readings of (0.001 mg/m3. Occasionally a higher reading is
observed, which generally consists of a single data point.

TABLE 2. Reproducibility of Particle Mass Measurements

CFR filter
(mg/m3)

TEOM
(mg/m3)

DT
(mg/m3)

PA
(km-1)

SM
(km-1)

1999 Ford
weighted average 2.01 1.89 2.41 15.01 12.88
SD 0.17 0.09 0.13 0.49 1.20
coeff of variation (%) 8.6 4.8 5.5 3.3 9.3
normalized coeff

of variation (%)
100 57 64 39 109

1996 Dodge
weighted average 1.35 1.13 1.77 7.66 6.62
SD 0.25 0.15 0.23 0.39 1.13
coeff of variation (%) 18.6 13.0 12.8 5.1 17.1
normalized coeff

of variation (%)
100 70 69 28 92

FIGURE 2. Fast response measurements of particle concentrations
for particle free exhaust.
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Overall, its performance is excellent in respect to gaseous
interferences.

Readings from the other four instruments are often
correlated with each other especially for larger values. This
indicates that these instruments are not just noisy but that
other physical exhaust properties interfere. The aethalometer
has a very low average reading, while its 2 orders in magnitude
larger standard deviation indicates fluctuations around zero
with a positive peak generally being followed by a negative
one. The TEOM data also exhibit negative peaks after positive
ones. However, the magnitude of this effect is more than an
order in magnitude larger for the TEOM than for the
aethalometer. No such oscillatory behavior is observed for
the other instruments. The aethalometer and TEOM are the
only instruments depositing particles on a filter and calcu-
lating time-resolved properties by differentiation with respect
to time. A positive peak followed by a negative one could be
interpreted as material being deposited or condensed on the
filter and subsequently being removed.

The photoacoustic instrument and the smoke meter both
have relative high average values combined with smaller
standard deviations. In the case of the photoacoustic
instrument, the relatively large average is most likely due to
the optical absorption by nitrogen dioxide (NO2) at its green
operating wavelength (i.e., 532 nm). Operation at a different
laser wavelength in the near-infrared (i.e., 1047 nm) with
negligible gaseous absorption has been shown effective in
removing this interference. For the smoke meter, operating
in the red at 670 nm, NO2 interference is about 1 order of
magnitude smaller than at 532 nm and does not explain
most of this interference.

The TEOM average is about as high as those of the
photoacoustic instrument and smoke meter, and its standard
deviation is by far the highest of all instruments. Its signal
is relatively noisy and seems susceptible to interference from
temperature and pressure fluctuations, semi-volatile material
depositing on its filter, and vibration. Some of these effects
can be observed in the FTP data shown in Figure 1. During
the hot soak, the TEOM has by far the noisiest signal. During
this period, a negative TEOM signal coincides with the turn-
on of the dilution tunnel pump. Similarly, the pump turn-on
before and turn-off after the FTP cycle coincide with sizable
TEOM signals. Negative TEOM signals are common and may
represent the evaporation of semi-volatile material from the
TEOM filter and temperature and pressure fluctuations.

It should be kept in mind that these interferences are
small as compared to particulate signals observed here.
During FTP cycles, peak signals of tens of milligrams per
cubic meter and average signals of a few milligrams per cubic
meter are common, resulting in good signal-to-noise ratios
for most instruments and an adequate signal-to-noise ratio
for the TEOM.

Correlation with CFR Filter Methods. The correlation of
real time measurements with CFR filter measurements
indicates the degree to which the five fast response instru-
ments can serve as fast response replacement for CFR filter
measurements. If the correlation is good, the values of the
slope and offset can be used as calibration coefficients for
the individual instruments. These calibration coefficients may
be valid only for an individual vehicle, a class of vehicles, or
all vehicles. Coefficients that vary between vehicles result in
a poorer correlation if different vehicles are included in a
single correlation analysis by linear regression. Correlations
of FTP data are presented for the newer vehicles (i.e., 1996
Dodge and 1999 Ford), for the 1988 Ford, and for all vehicles.

Three of the instruments (i.e., DustTrak, TEOM, and AE)
yield measurements with the same dimension as the CFR
filter measurements (i.e., particle mass/gas volume) and units
of milligrams per cubic meter are used. This results in slopes
of unit one (1) and offsets of unit milligrams per cubic meter.
The other two instruments (i.e., SM and PA) yield measure-
ments with dimensions of inverse distance and units of 1/km
are used. This results in slopes of m2/g and offsets of 1/km.
The slope value can be interpreted as the extinction and
absorption efficiency of the emitted particles for the smoke
meter and photoacoustic instrument, respectively.

Newer Vehicles. For the newer vehicles (i.e., the 1999
Ford and 1996 Dodge), the best correlation with the CFR
filter mass is achieved by the DustTrak nephelometer and
the TEOM microbalance (R 2 ) 0.87; see Table 3). Both
regressions have very small zero offsets and slopes of 1.3 for
the DustTrak and 0.88 for the TEOM. These slopes reflect
DustTrak calibration with a different aerosol and potential
losses of semi-volatile particles for the TEOM. The light
absorption instruments (i.e., PA and AE) have relatively poor
correlation coefficients (0.59 for PA and 0.48 for AE) and
moderate zero offsets. The slope of the photoacoustic
instrument (i.e., absorption efficiency) is a reasonable 4.7
m2/g and the aethalometer slope is 0.64, in general agreement
with the EC mass content of diesel particulate emissions.
The correlation coefficient of the smoke meter ranks again
between those of the nephelometer and photoacoustic
instrument, reflecting its sensitivity to both particle scattering
and absorption. The corresponding zero offset is small (1.3
km-1) and the extinction efficiency (slope ) 4.8 m2/g) is
reasonable.

1988 Ford. For the 1988 Ford, the DustTrak and the TEOM
have the best correlation with CFR filter measurements, both
with excellent correlation coefficients (R 2 ) 0.98; see Table
3). Zero offsets are small for the TEOM (i.e., -0.23 mg/m3)
and moderate for the DustTrak (i.e., 1.7 mg/m3). The slope
for the TEOM (0.80) is comparable to that for the newer
vehicles (0.87), while the slope for the DustTrak (0.55) is more
than two times smaller than for the newer vehicles (1.3). This

TABLE 3. Correlation of Time-Averaged Fast Response Data with CFR Filter Data

TEOM DT AE PA SM

Newer Vehicles
slope 0.88 1.3 0.64 4.7 m2/g 4.8 m2/g
offset 0.04 mg/m3 -0.09 mg/m3 0.55 mg/m3 3.2 km-1 1.3 km-1

R 2 0.87 0.87 0.48 0.59 0.74

1988 Ford
slope 0.80 0.55 0.18 0.65 m2/g 0.81 m2/g
offset -0.23 mg/m3 1.7 mg/m3 1.98 mg/m3 23.3 km-1 15.0 km-1

R 2 0.98 0.98 0.80 0.37 0.57

All Vehicles
slope 0.77 0.65 0.27 2.1 m2/g 1.7 m2/g
offset 0.21 mg/m3 1.0 mg/m3 1.2 mg/m3 7.7 km-1 6.7 km-1

R 2 0.98 0.89 0.65 0.65 0.65
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indicates that the fraction of semi-volatile mass is comparable
for all three vehicles, while the mass scattering efficiency (in
m2/g) as measured by the DustTrak is substantially smaller
for the 1988 Ford than for the newer vehicles. The aetha-
lometer results also correlate well with the CFR filter mass
(R 2 ) 0.80); however, only 4 (out of 9) data points were
available, making this less meaningful. The slope is about
2.5 times smaller than for the newer vehicles, and the
aethalometer zero offset is quite large as compared to the
small slope. For the smoke meter (SM) and photoacoustic
instrument (PA), the correlations with the CFR filter mass
are relatively poor (0.57 and 0.37, respectively) and the zero
offsets are quite large. The slopes (absorption efficiencies)
are in these cases about five times smaller than for the newer
vehicles. These results indicate that the particles emitted by
the 1988 Ford have a lower scattering efficiency and much
lower absorption and extinction efficiencies than for the
newer vehicles.

All Vehicles. Grouping all three vehicles together and
judging the correlation between averaged fast response and
CFR filter measurements indicates how applicable these
methods are, with a single calibration, for this class of vehicles.
Particulate mass emission rates are nearly an order of
magnitude larger for the 1988 Ford than for the newer
vehicles. Performing linear regression analysis on the data
set including measurements for all three vehicles results in
a slope, which is largely determined by the 1988 Ford values,
a zero offset largely determined by the small values from the
newer vehicles, and a correlation coefficient that indicates
the overall ability to calibrate the respective measurement
method for these diverse data. Note that the single FTP results
for the 1988 Ford have a disproportionate influence on all
linear regression results. The regression line connects the
“near-zero” cluster of measurements for the newer vehicles
with the few high value measurements for the 1988 Ford. For
all instruments, with the exception of the TEOM, one clearly
sees a slope within this near-zero cluster, different from the
overall regression slope. The TEOM measurements have
excellent correlation with the CFR filter mass measurements,
showing by far the highest correlation coefficient (R 2 ) 0.98;
see Table 3) of all real time instruments. The TEOM zero
offset is very small (0.21 mg/m3) and the slope is 0.77
indicative of the loss of some semi-volatile material. The
excellent correlation coefficient reflects the near constant
regression results of the TEOM data for all three vehicles.
While the DustTrak had similar correlation coefficients as
the TEOM in all other regressions, its substantially lower
scattering efficiency (slope) for the 1988 Ford reduces the
correlation coefficient when all measurements are analyzed
together. While its correlation coefficient of 0.89 is still very
good, it reflects the need for individual, vehicle-dependent
calibration for this instrument. The DustTrak slope of 0.65
is largely determined by the 1988 Ford slope of 0.55, and its
zero offset is small (1.0 mg/m3). The smoke meter, photo-
acoustic instrument, and aethalometer have identical cor-
relation coefficients of R 2 ) 0.65, moderate offsets, and small
slopes, indicating that these instruments respond to only a
fraction of the exhaust mass, likely the elemental carbon
component.

Overall Instrument Evaluation. From the measurements
and analysis presented above, it can be concluded that real
time measurements of diesel exhaust particulate mass
concentrations, consistent with CFR filter measurements,
are feasible using existing technology. The measurement
principles of choice are the real time weighing of exhaust
samples as implemented in the TEOM and the measurement
of light scattering from exhaust particles as implemented in
the DustTrak nephelometer. Each of these two instruments
has distinctive strengths. The TEOM excels in the area of
constant calibration, independent of vehicle, relative to CFR

filter mass measurements. For the DustTrak, this calibration
varies by vehicle (type). However, it compensates for this
weakness with an excellent signal-to-noise ratio, freedom
from interference due to other exhaust sample properties,
good time resolution, simplicity, and low price. The strengths
of these two instruments are quite complimentary, so an
obvious suggestion is to operate them together to utilize the
strengths of each instrument. The DustTrak would obtain
the high time resolution signal, with high signal-to-noise
ratio, while the TEOM would be used to calibrate this signal
in near real time, say every 30 s. Adding a light scattering
detector to the TEOM would fulfill the same purpose and
yield a more integrated instrument.
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