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ABSTRACT
Results from six continuous and semicontinuous black
carbon (BC) and elemental carbon (EC) measurement
methods are compared for ambient samples collected
from December 2003 through November 2004 at the
Fresno Supersite in California. Instruments included a
multi-angle absorption photometer (MAAP; � � 670 nm);
a dual-wavelength (� � 370 and 880 nm) aethalometer;
seven-color (� � 370, 470, 520, 590, 660, 880, and 950
nm) aethalometers; the Sunset Laboratory carbon aerosol
analysis field instrument; a photoacoustic light absorp-
tion analyzer (� � 1047 nm); and the R&P 5400 ambient
carbon particulate monitor. All of these acquired BC or EC
measurements over periods of 1 min to 1 hr. Twenty-four-
hour integrated filter samples were also acquired and an-
alyzed by the Interagency Monitoring of Protected Visual
Environments (IMPROVE) thermal/optical reflectance

carbon analysis protocol. Site-specific mass absorption ef-
ficiencies estimated by comparing light absorption with
IMPROVE EC concentrations were 5.5 m2/g for the MAAP,
10 m2/g for the aethalometer at a wavelength of 880 nm,
and 2.3 m2/g for the photoacoustic analyzer; these dif-
fered from the default efficiencies of 6.5, 16.6, and 5 m2/g,
respectively. Scaling absorption by inverse wavelength
did not provide equivalent light absorption coefficients
among the instruments for the Fresno aerosol measure-
ments. Ratios of light absorption at 370 nm to those at
880 nm from the aethalometer were nearly twice as high
in winter as in summer. This is consistent with wintertime
contributions from vehicle exhaust and from residential
wood combustion, which is believed to absorb more
shorter-wavelength light. To reconcile BC and EC mea-
surements obtained by different methods, a better under-
standing is needed of the wavelength dependence of
light-absorption and mass-absorption efficiencies and
how they vary with different aerosol composition.

INTRODUCTION
Black carbon (BC), or elemental carbon (EC), particles
originate mostly from incomplete combustion of fuels
and are major contributors to aerosol light absorption
(babs, units of inverse megameters [Mm�1]) in exhaust
emissions and ambient air. Both BC and EC affect visibil-
ity, health, and the earth’s radiation balance.1–6 The
terms BC, EC, light-absorbing carbon, and soot have been
used interchangeably by many researchers, depending on
the material sampled, the method used for quantification,
and the uses of the data. This imprecise usage, coupled

IMPLICATIONS
BC can be measured in situ and continuously by optical,
thermal, and photoacoustic methods. The results of these
measurements are highly correlated but have different ab-
solute values. Relationships differ with changes in the sam-
pled particles (e.g., winter vs summer). Both light- and
mass-absorption efficiencies convert light absorption (i.e.,
the Angstrom Power Law [���], assuming � � 1) to BC, and
both are wavelength dependent. The assumption that these
efficiencies scale with inverse wavelength is not true at the
Fresno Supersite and probably not at other locations.
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with method-dependent definitions for BC or EC, has
resulted in much confusion about their comparability.5

The most commonly used methods for determining
BC and EC extract particles from the air onto a filter,
followed by optical and/or thermal analyses.5 In optical
methods, the attenuation of light (babs) with wavelength
(�) reflected from, or transmitted through, the particle
deposit relative to the blank filter is used to estimate
babs(�). The babs(�) is divided by a mass absorption effi-
ciency, �abs(�) (units of m2/g), to obtain the BC concen-
tration in �g/m3. The wavelength dependence for babs

and �abs is often scaled as ��1, following the Angstrom
Power Law (��) where � � 1, but � depends on the chem-
ical and physical properties of the sampled aerosol and
the filter medium. Kirchstetter et al.7 found that the ��1

scaling approximated the behavior of fresh vehicle ex-
haust, but that a ��2 scaling was more appropriate for
biomass burning aerosol.

In addition to �, light scattering in the filter medium,
light-scattering particles deposited on the filter, and filter
loading influence the accurate determination of BC con-
centrations.6,8–10 Fuller et al.11 and Martins et al.12 applied
advanced optical models to different particle composi-
tions, sizes, and shapes to estimate �abs ranging from 2 to
30 m2/g. Empirical measurements of �abs have been re-
ported in a range of 2 to 17 m2/g.6,13 Bond and Berg-
strom14 suggested a �abs(550 nm) of 7.5 � 1.2 m2/g for
freshly emitted particles.

In thermal methods for measuring EC, the filter is
heated so that carbon evolves at specified temperatures in
both nonoxidizing and oxidizing carrier gases. These
methods are intended to separate organic carbon (OC)
from EC. Carbonate carbon, typically in the form of cal-
cite (CaCO3), may also be classified as OC or EC at high
temperatures (�800 °C), but it is found only when ero-
sion of non-weathered crustal material is a large contrib-
utor to the sample.15,16 Although EC will combust in an
oxidizing atmosphere, it is stable at high temperatures
(	700 °C) in inert atmospheres (e.g., helium [He]).

Some thermal methods use optical monitoring to
correct for the charring of OC to EC in nonoxidizing
atmospheres. Different temperature and charring-correc-
tion protocols have resulted in different values of EC even
within the same thermal evolution method.17,18 Currie et
al.19 found that the lowest and highest EC reported by
different laboratories for the same standard filter sample
differed by a factor of 7.

Photoacoustic detection20–22 measures babs(�) on par-
ticles that have not been changed by filter collection. The
photoacoustic analyzer draws particle-laden air into an
acoustic resonator through which a high-intensity, mod-
ulated, monochromatic light beam is directed. A sound
wave is produced at the modulation frequency by expan-
sion of the air when particles absorb energy from light.
Matching the modulation frequency to the resonator fre-
quency reinforces the acoustic wave for measurement
with a sensitive microphone; babs(�) is proportional to the
sound energy, and particle absorption is divided by an
empirically derived �abs(�) to attain a BC concentration.

Recent studies have compared and evaluated several
current optical, thermal, and photoacoustic BC and EC

measurement methods under controlled laboratory con-
ditions.23–26 Saathoff et al.24 generated diesel soot, graph-
ite electric arc soot, organic-coated soot, and mixtures of
soot and ammonium sulfate during the Aerosols, Interac-
tions and Dynamics in the Atmosphere (AIDA) soot aero-
sol campaign in 1999. They found that optical methods
required different �abs(�) for diesel-soot and arc-soot aero-
sols to determine BC concentrations. The �abs(�) deter-
mined by optical techniques varied depending on the
source type, wavelengths used, and measurement
method. Schnaiter et al.25 reported a �abs(450 nm) value
of 10.6 m2/g for diesel soot and 5.6 m2/g for the graphite
electric arc generator. The difference was attributed to
different particle structures. These experiments showed
higher a �abs(450 nm) for coated BC particles, similar to
the theoretical findings of Fuller et al.11 Sheridan et al.26

used laboratory-generated diesel soot and kerosene and
found reasonable agreements among (1) photoacoustic
babs(532 nm); (2) the difference between particle light
extinction and scattering; and (3) filter-based babs.

Watson et al.5 summarized nearly 40 published inter-
comparison studies of optical, thermal, and photoacous-
tic measures of BC and EC. Some comparisons showed
good agreement among the different methods, whereas
others showed wide disagreements for the same methods
applied to different samples. Agreement was typically bet-
ter for laboratory-generated particles than for ambient air
samples. Watson et al.5 concluded that citation of a single
BC or EC comparison study is insufficient to justify com-
parability among the different measurement methods.
Lacking a more systematic understanding of the differ-
ences, aerosol- and instrument-specific comparisons are
needed to use measurements interchangeably.

For this study, eight continuous or semicontinuous
and integrated BC or EC measurement methods, as de-
tailed in Table 1, were used to sample air at the Fresno
Supersite.27,28 In addition to these continuous and time-
integrated carbon measurements, the Supersite provides
continuous data of 1-hr or less for particle number con-
centration (3–407 nm), particle light scattering (bscat [530
nm], units of Mm�1), fine particulate matter (PM2.5) mass,
nitrate (NO3

�), and gaseous nitrogen oxides (NOx), car-
bon monoxide (CO), and ozone (O3) that can be used to
better understand differences among these BC and EC
measurements. The analysis approach taken here can be
applied at other sites that use similar measurements.

EXPERIMENTAL APPROACH
Fresno is located in California’s San Joaquin Valley (SJV),
which is in nonattainment of the PM2.5 National Ambient
Air Quality Standards. Air pollution in central California
is affected by different types of emissions, including point
sources (e.g., steam generators and natural gas combus-
tion), area sources (e.g., residential wood combustion
[RWC] and cooking), on-road and non-road mobile
sources (e.g., gasoline- and diesel-fueled vehicles, high
emitters, and cold starts in winter), agricultural sources
(e.g., tillage, field burning, and fertilizers), and biogenic
sources (e.g., plants and crops).27 OC and EC are impor-
tant components of PM2.5 in the SJV,29,30 and the relative
abundances of OC and EC are used to evaluate source
contributions for emission reduction strategies. The
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Fresno Supersite (3425 First Street, Fresno, CA) is located
near commercial buildings, restaurants, churches,
schools, and residential areas and is 
5.5 km northeast of

the downtown Fresno commercial district. First Street is a
four-lane artery with moderate traffic levels; sampling
inlets are on the rooftop of a two-story building on the

Table 1. Summary of BC and EC measurement methods.

Instrumentsa
Observable

(units) Measurement Principleb
Wavelength

(nm) Inlet
Collection
Medium

Flow
Rate

(L/min)
Averaging

Time

MAAP babs (Mm�1)
BC (�g/m3)

Light reflected from the filter at 130°
and 165° from the illumination
direction are used in a radiative
transfer model to estimate babs

and is converted to BC using �abs

of 6.5 m2/g.

670 PM2.5 cyclone Glass-fiber filter
tape

16 1 min

2-AE babs (Mm�1)
BC (�g/m3)

Attenuation of light transmitted
through the filter tape is
measured and converted to BC
using �abs of 14,625/� (m2/g).

370,880 PM2.5 cyclone Quartz-fiber filter
tape

6.8 5 min

7-AE babs (Mm�1)
BC (�g/m3)

370, 470, 520, 590,
660, 880, 950

PM2.5 cyclone Quartz-fiber filter
tape

6.8 5 min

Photoacoustic babs (Mm�1)
BC (�g/m3)

Light absorption by particles in air
results in heating of the
surrounding air. The expansion of
the heated air produces an
acoustic (sound wave) signal that
is detected by a microphone to
determine babs, which is
converted to BC using �abs � 5
m2/g

1047 TSPb Acoustic resonator 3 5 min

Sunset OC, EC (�g/m3) Particles collected on a quartz-fiber
filter are subjected to different
temperature ramps following the
NIOSH 5040 TOT protocol, and
the resulting CO2 is analyzed by
NDIR. Pyrolysis correction is by
laser transmittance.

660 PM2.5 cyclone Quartz-fiber filter
tape

8.5 1 hr

BC (�g/m3) Light transmitted through the filter is
monitored during the collection
phase to quantify BC.

660 PM2.5 cyclone Quartz-fiber filter
tape

8.5 1 hr

R&P 5400 OC, EC, and TC
(�g/m3)

Particles collected on an impactor
are heated to 275 °C for OC and
to 750 °C for TC, and the
resulting CO2 is measured by
NDIR. EC is obtained by the
difference between TC and OC.

NA PM2.5 cyclone Impactor 16.7 1 hr

PAS-PAH Particle-bound PAH
(fA)

The air stream is exposed to UV
radiation, which ionizes the
particle-bound PAH molecules.
The charged particles are
collected on a filter element, and
the pizeoelectric current is
proportional to the particle-bound
PAH.

225 PM2.5 impactor Filter element
mounted in a
Faraday cage

2 5 min

FRM filter samples
analyzed by
IMPROVE TORc

OC, EC, and TC
(�g/m3)

Particles collected on a quartz-fiber
filter are subjected to different
temperature ramps following the
IMPROVE TOR protocol. The
resulting CO2 is converted to CH4

and analyzed by FID. Pyrolysis
correction is by laser reflectance.

632.8 PM2.5 impactor Quartz-fiber filter 16.7 24 hr

Notes: aMAAP, model 5012, Thermo-Electron, Waltham, MA); 2-AE, model AE-21, Magee Scientific, Berkeley, CA); 7-AE, model AE-31, Magee Scientific, Berkeley,
CA); photoacoustic, photoacoustic analyzer (DRI, Reno, NV); Sunset, semicontinuous Sunset Laboratory Carbon Aerosol Analysis Field Instrument (Sunset
Laboratory, Tigard, OR) following the National Institute for Occupational Safety and Health (NIOSH) TOT 5040 protocol; R&P 5400, ambient carbon particulate
monitor (Rupprecht & Patashnick, Albany, NY); PAS-PAH, particle-bound PAH monitor (model PAS2000, EcoChem Analytics, League City, TX); FRM, Federal
Reference Monitor (Andersen Instruments, Smyrna, GA); bTSP � total suspended particles; NA � not applicable; PAS � photoelectric aerosol sensor; FID �
flame-ionization detector; cIMPROVE TOR as in ref. 5.
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west side of the street. This analysis examines measure-
ments from December 2003 through November 2004.

For the Magee Scientific dual-wavelength (2-AE) and
seven-color (7-AE) aethalometers,31,32 particles are depos-
ited on a quartz-fiber filter tape and the change of light
transmission through the filter tape measured by light
source and detector is used to calculate 5-min average BC
concentrations. The filter tape is automatically advanced
when its optical density attains 0.75. The attenuation is
converted to a BC mass concentration, using a �abs of
14625/� (m2/g). In normal operation, corrections are not
made for filter loading, filter scattering, or aerosol scatter-
ing.8

For the Thermo multi-angle absorption photometer
(MAAP), samples are deposited on a filter tape similar to
the process in the aethalometer.10,33,34 The MAAP mea-
sures reflectance of 670 nm light at 130° and 165° from
the projected light beam. Use of these as inputs to a
two-stream-approximation radiative transfer model min-
imizes filter- and aerosol-scattering biases, returning a
babs(670 nm) comparable to that of the photoacoustic
analyzer for kerosene smoke and electric arc graphite.34

An empirical �abs(670 nm) of 6.5 m2/g was applied to
convert 1-min babs to BC. Comparison of the MAAP sam-
ples with EC derived from the German extraction/thermal
desorption method35 yielded �abs(670 nm) values of 6.4 �
1 m2/g for urban Berlin aerosol, 6.5 � 0.7 m2/g for urban
Bad Korzingen aerosol, and 4.8 � 1.2 m2/g for non-urban
Mount Kleiner Feldberg aerosol with EC 	0.5 �g/m3. The
VDI method reports higher fractions of EC than many
other methods,36 including the Interagency Monitoring
of Protected Visual Environments (IMPROVE) thermal/
optical reflectance (TOR) protocol17,37,38 applied to PM2.5

filter samples at the Fresno Supersite.
The Desert Research Institute (DRI) photoacoustic an-

alyzer measures 5-min average babs(1047 nm).20,39,40 An
empirical �abs(1047 nm) of 5 m2/g was applied to convert
photoacoustic babs(1047 nm) to BC, based on comparison
samples from IMPROVE EC and photoacoustic BC mea-
surements of diesel emissions.40

The Sunset analyzer,41,42 which is based on thermal/
optical transmittance (TOT), draws air through a quartz-
fiber filter for 45 min at 8.5 L/min to obtain the sample.
The sampling port is then sealed for 15 min, and the
sample is heated to 250, 500, 650, and 850 °C in 100% He,
then to 650, 750, 850, and 940 °C in 98% He/2% oxygen
(O2) that backflows through the filter. The evolved carbon
is oxidized to carbon dioxide (CO2), then quantified by a
nondispersive IR (NDIR) detector. Charred OC is moni-
tored by transmittance at � � 660 nm. The carbon that
evolves after the transmittance achieves its original value
is classified as EC. The filter is presumably free of carbon
after the analysis. The sampling inlet is opened, and the
cycle begins again for the next hour. This unit also mon-
itors the transmitted laser signal during the collection
phase to obtain a BC measurement by the same principle
as applied in the aethalometer.

For the R&P 5400 carbon monitor,43 particles are
drawn through a PM2.5 inlet, deposited on an impactor,
and heated by a Xenon lamp to 275 °C in air, combusted
to CO2, and measured with an NDIR to determine 1-hr
average OC. The temperature is increased to 750 °C to

measure total carbon (TC). EC is determined based on the
difference between TC and OC.

The EcoChem particle-bound polycyclic aromatic hy-
drocarbon (PAH) monitor44 uses a photoelectric sensor
with an excimer lamp that produces UV radiation (225
nm) to photo-ionize the sampled particles. This photon
energy minimizes ionization of gas molecules. The
charged particles are collected on a filter element
mounted in a Faraday cage, and the electric current is
measured with an electrometer. The photoelectric current
is proportional to the concentration of particle-bound
PAHs, weighted according to an average ionization re-
sponse. This is a relative measure of particle-bound PAH;
therefore, the results are reported in terms of the elec-
trometer output in femptoamps (fA).

These continuous BC measurements are compared
with each other and with EC determined by IMPROVE-
TOR analysis17,37,38 of 24-hr quartz-fiber filters from a
PM2.5 Federal Reference Monitor (FRM)45 operated every
sixth day. Filters were baked at 900 °C for 4 hr before
sampling to remove adsorbed organic vapors.46 For IM-
PROVE_TOR analysis, the sample is heated in successive
steps of 120 °C (OC1), 250 °C (OC2), 450 °C (OC3), and
550 °C (OC4) in He and 550 °C (EC1), 700 °C (EC2), and
800 °C (EC3) in 98% He/2% O2. Evolved carbon is oxi-
dized to CO2 and then reduced to methane (CH4) for detec-
tion by a flame-ionization detector (FID). The pyrolyzed
(i.e., charred) OC is monitored by reflectance at � � 632.8
nm. Until the laser signal returns to its initial value, the
portion of EC1 is assigned to pyrolyzed OC (OP). The OC is
defined by the sum of OC1, OC2, OC3, OC4, and OP,
whereas the EC is defined by EC1 � EC2 � EC3 � OP.

Other continuous measurements examined in this
analysis include (1) ultrafine and fine particle numbers
from nano (3–84 nm) and standard (84–407 nm) scan-
ning mobility particle sizers (SMPS; models 3936N25A
and 3936L10, TSI, Shoreview, MN); 5,47 (2) bscat(530 nm)
by nephelometer (Radiance Research M903, Seattle,
WA);48 (3) PM2.5 mass concentration by tapered element
oscillating microbalance (TEOM; model 1400a, Rupprecht
and Patashnick, Albany, NY);49 (4) NO3

� by flash volatil-
ization (model R&P 8400N, Rupprecht and Patashnick,
Albany, NY);50 (5) NOx by chemiluminescence (model TEI
42, Thermo Electron Inc., Franklin, MA); (6) CO by IR gas
filter correlation (model DASIBI 3008, Environmental
Corp., Glendale, CA); (7) O3 by UV absorption (model API
400, API Inc., San Diego, CA); and (8) meteorology mea-
surements (i.e., wind speed and direction [model 05305L
high-sensitivity wind vane and anemometer, Met One,
Grants Pass, OR], temperature [model CS500L platinum
resistance sensor, Met One], relative humidity [RH; model
CS capacitance sensor, Met One], solar radiation [model
LI200X-L pyranometer, Li-Cor, Lincoln, NE], and atmospheric
pressure [model Met One piezofilm sensor, Met One]).

RESULTS
Comparison of BC and EC Measurements

Table 2 lists comparability statistics, obtained with the
assumed �abs(�), for the different BC and EC measure-
ments. These statistics reflect the differences evident in
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Table 2. Comparison statistics for collocated BC and EC measurements between December 1, 2003, and November 30, 2004

Sampling period

Methodsa

No. of
Pairs

Average of
Ratios

(y/x � SD)

Distribution of Differencesb

(%)
Average

Difference
of y � x
(�g/m3)

Correlation
(r)

Regression
Slope �
Standard

Error

Intercept �
Standard

Error (�g/m3)y x <1�c 1�–2� 2�–3� >3�

DRI/OGC
Photoacoustic at

1047 nm
Dec 2003–Feb 2004 IMPROVE EC 14 2.24 � 0.40 0 0 7 93 1.28 0.97 2.09 � 0.14 0.09 � 0.18
June 2004–Aug 2004 IMPROVE EC 16 1.82 � 0.24 13 38 38 13 0.33 0.99 1.59 � 0.07 0.07 � 0.03

MAAP at 670
nm

Photoacoustic at
1047 nm

Dec 2003 491 1.99 � 0.80 17 26 12 45 1.19 0.99 1.78 � 0.01 0.14 � 0.02
Jan 2004 696 1.83 � 0.27 6 26 24 44 0.88 0.99 1.81 � 0.01 0.00 � 0.02
Feb 2004 672 1.83 � 0.39 19 26 13 42 0.67 0.99 1.80 � 0.01 0.00 � 0.01
Mar 2004 719 1.80 � 0.39 11 18 21 50 0.46 0.98 1.68 � 0.01 0.04 � 0.01
Apr 2004 673 1.75 � 0.54 17 26 18 39 0.25 0.97 1.55 � 0.02 0.04 � 0.01
May 2004 730 1.70 � 0.54 18 25 18 39 0.17 0.96 1.49 � 0.02 0.03 � 0.01
Jun 2004 714 1.71 � 0.43 11 22 23 44 0.19 0.97 1.52 � 0.02 0.03 � 0.01
Jul 2004 743 1.67 � 0.37 9 21 29 41 0.25 0.96 1.44 � 0.02 0.07 � 0.01
Aug 2004 168 1.63 � 0.43 12 35 15 32 0.20 0.95 1.45 � 0.04 0.04 � 0.02

7-AE at 880 nm Photoacoustic at
1047 nm

Dec 2003 514 1.45 � 0.62 27 21 13 33 0.50 0.99 1.33 � 0.01 0.06 � 0.01
Jan 2004 697 1.42 � 0.22 19 30 17 33 0.42 0.98 1.35 � 0.01 0.04 � 0.01
Feb 2004 672 1.96 � 0.71 17 18 11 53 0.77 0.96 1.89 � 0.02 0.05 � 0.03
Mar 2004 720 1.61 � 0.33 15 18 18 48 0.35 0.97 1.50 � 0.01 0.05 � 0.01
Apr 2004 695 1.54 � 0.47 21 22 19 37 0.18 0.96 1.38 � 0.02 0.03 � 0.01
May 2004 714 1.61 � 0.51 18 20 19 43 0.15 0.96 1.42 � 0.01 0.03 � 0.01
Jun 2004 695 1.67 � 0.58 12 21 18 49 0.17 0.95 1.56 � 0.02 0.01 � 0.01
Jul 2004 743 1.58 � 0.36 14 24 23 39 0.22 0.95 1.40 � 0.02 0.05 � 0.01
Aug 2004 743 1.46 � 0.37 25 31 16 28 0.23 0.96 1.37 � 0.02 0.02 � 0.01

Sunset optical
at 660 nm

Photoacoustic at
1047 nm

Dec 2003 297 0.91 � 0.19 79 19 1 0 �0.15 0.99 0.92 � 0.01 �0.04 � 0.01
Jan 2004 717 0.82 � 0.13 59 25 11 5 �0.19 0.98 0.86 � 0.01 �0.04 � 0.01
Feb 2004 540 0.79 � 0.17 48 28 8 14 �0.19 0.99 0.78 � 0.01 0.00 � 0.01
Mar 2004 394 0.89 � 0.22 60 27 4 6 �0.10 0.98 0.79 � 0.01 0.03 � 0.01
Apr 2004 682 0.89 � 0.27 55 27 11 7 �0.06 0.97 0.82 � 0.01 0.01 � 0.00
May 2004 712 0.94 � 0.35 55 28 9 8 �0.04 0.90 0.78 � 0.01 0.03 � 0.01
Jun 2004 694 0.92 � 0.32 57 31 7 4 �0.04 0.96 0.89 � 0.01 �0.01 � 0.00
Jul 2004 717 0.98 � 0.31 69 20 4 7 �0.02 0.85 0.90 � 0.02 0.02 � 0.01
Aug 2004 441 1.00 � 0.32 66 26 4 3 �0.02 0.95 0.95 � 0.01 0.01 � 0.01

Sunset thermal Photoacoustic at
1047 nm

Dec 2003 287 1.18 � 0.42 72 19 3 2 0.18 0.97 1.09 � 0.02 0.05 � 0.03
Jan 2004 691 1.21 � 0.39 62 28 7 3 0.16 0.95 1.08 � 0.01 0.07 � 0.02
Feb 2004 448 1.27 � 0.37 59 27 5 5 0.21 0.96 1.10 � 0.01 0.11 � 0.02
Mar 2004 373 1.28 � 0.56 52 34 6 2 0.12 0.93 1.02 � 0.02 0.11 � 0.02
Apr 2004 319 1.05 � 0.35 54 33 4 3 0.00 0.89 0.82 � 0.02 0.11 � 0.02
May 2004 307 1.34 � 0.79 43 24 6 19 0.06 0.77 0.82 � 0.04 0.12 � 0.02
Jun 2004 396 1.00 � 0.51 41 27 9 15 0.00 0.87 0.94 � 0.03 0.02 � 0.01
Jul 2004 579 1.22 � 0.71 35 29 13 19 0.05 0.62 0.71 � 0.04 0.18 � 0.02
Aug 2004 286 1.08 � 0.35 59 29 4 2 0.02 0.91 0.88 � 0.02 0.11 � 0.02

R&P thermal Photoacoustic at
1047 nm

Dec 2003 322 0.57 � 0.64 17 16 4 57 �0.96 0.81 0.22 � 0.01 0.21 � 0.02
Jan 2004 697 0.77 � 0.84 25 20 13 42 �0.49 0.24 0.15 � 0.02 0.44 � 0.03
Feb 2004 665 0.96 � 1.46 28 21 10 41 �0.37 0.25 0.18 � 0.03 0.31 � 0.03
Mar 2004 703 0.81 � 0.86 28 19 17 36 �0.17 0.13 0.40 � 0.11 0.27 � 0.08
Apr 2004 671 0.95 � 0.62 39 26 12 22 �0.13 0.69 0.26 � 0.01 0.16 � 0.01
May 2004 707 1.13 � 0.72 43 29 12 15 �0.04 0.43 0.29 � 0.02 0.16 � 0.01
Jun 2004 367 1.07 � 0.81 36 30 8 19 �0.07 0.43 0.31 � 0.03 0.14 � 0.01
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Table 2. Cont.

Sampling period

Methodsa

No. of
Pairs

Average of
Ratios

(y/x � SD)

Distribution of Differencesb

(%)
Average

Difference
of y � x
(�g/m3)

Correlation
(r)

Regression
Slope �
Standard

Error

Intercept �
Standard

Error (�g/m3)y x <1�c 1�–2� 2�–3� >3�

PAH
Photoacoustic at

1047 nm
Dec 2003 323 NA NA NA NA NA NA NA 0.91 11.42 � 0.29 1.34 � 0.51
Jan 2004 NA NA NA NA NA NA NA NA NA NA � NA NA � NA
Feb 2004 632 NA NA NA NA NA NA NA 0.95 9.49 � 0.13 �0.78 � 0.14
Mar 2004 720 NA NA NA NA NA NA NA 0.81 8.64 � 0.24 �1.36 � 0.17
Apr 2004 683 NA NA NA NA NA NA NA 0.76 5.25 � 0.17 �0.07 � 0.08
May 2004 706 NA NA NA NA NA NA NA 0.77 4.54 � 0.14 0.22 � 0.05
Jun 2004 695 NA NA NA NA NA NA NA 0.78 3.52 � 0.11 0.30 � 0.04
Jul 2004 720 NA NA NA NA NA NA NA 0.70 4.06 � 0.16 �0.07 � 0.08
Aug 2004 720 NA NA NA NA NA NA NA 0.73 4.56 � 0.16 �0.41 � 0.11

2-AE at 880 nm 7-AE at 880 nm
Dec 2003 719 1.07 � 0.12 87 9 3 1 0.07 0.99 0.99 � 0.00 0.09 � 0.01
Jan 2004 750 1.03 � 0.11 89 9 2 1 0.03 0.99 0.99 � 0.01 0.03 � 0.01
Feb 2004 672 1.04 � 0.11 89 8 3 1 0.01 0.99 0.96 � 0.00 0.05 � 0.01
Mar 2004 720 1.04 � 0.09 94 5 1 0 0.02 0.99 0.99 � 0.01 0.03 � 0.01
Apr 2004 527 1.04 � 0.21 88 8 2 1 0.01 0.98 1.01 � 0.01 0.01 � 0.01
May 2004 252 1.09 � 0.11 83 13 1 2 0.03 0.99 1.09 � 0.01 0.00 � 0.00
Jun 2004 696 1.07 � 0.10 86 10 3 1 0.03 0.98 1.00 � 0.01 0.03 � 0.00
Jul 2004 744 1.09 � 0.11 81 15 2 1 0.05 0.98 1.05 � 0.01 0.02 � 0.01
Aug 2004 744 1.09 � 0.10 84 11 3 2 0.07 0.99 1.08 � 0.01 0.01 � 0.01
Sep 2004 702 1.07 � 0.12 82 14 3 1 0.05 0.98 1.01 � 0.01 0.04 � 0.01
Oct 2004 629 1.14 � 0.19 73 18 7 2 0.13 0.99 1.03 � 0.01 0.09 � 0.01
Nov 2004 660 1.12 � 0.13 77 16 4 3 0.20 0.99 1.08 � 0.01 0.05 � 0.01

2-AE at 370 nm 7-AE at 370 nm
Dec 2003 719 1.16 � 0.26 71 18 6 4 0.22 0.99 1.06 � 0.01 0.09 � 0.02
Jan 2004 750 1.10 � 0.22 71 20 6 3 0.12 0.98 1.02 � 0.01 0.08 � 0.02
Feb 2004 672 1.10 � 0.24 75 18 4 2 0.07 0.99 0.99 � 0.01 0.08 � 0.01
Mar 2004 720 1.07 � 0.16 68 24 5 3 0.05 0.97 1.01 � 0.01 0.05 � 0.01
Apr 2004 527 1.07 � 0.18 72 18 5 3 0.02 0.96 1.02 � 0.01 0.01 � 0.01
May 2004 252 1.14 � 0.16 69 23 2 4 0.04 0.98 1.08 � 0.01 0.01 � 0.01
Jun 2004 696 1.12 � 0.15 67 23 6 4 0.04 0.97 1.00 � 0.01 0.04 � 0.01
Jul 2004 744 1.13 � 0.16 62 26 8 4 0.07 0.96 1.05 � 0.01 0.04 � 0.01
Aug 2004 744 1.14 � 0.15 .67 20 8 6 0.09 0.97 1.10 � 0.01 0.02 � 0.01
Sep 2004 702 1.12 � 0.17 64 22 9 5 0.08 0.97 1.02 � 0.01 0.06 � 0.01
Oct 2004 629 1.18 � 0.23 62 22 10 6 0.16 0.98 1.05 � 0.01 0.10 � 0.01
Nov 2004 660 1.17 � 0.20 64 22 8 5 0.29 0.99 1.11 � 0.01 0.06 � 0.02

PAH 7-AE at 370 nm
Dec 2003 543 NA NA NA NA NA NA NA 0.91 7.03 � 0.14 �0.41 � 0.40
Jan 2004 NA NA NA NA NA NA NA NA NA NA � NA NA � NA
Feb 2004 632 NA NA NA NA NA NA NA 0.92 4.70 � 0.08 �0.40 � 0.17
Mar 2004 720 NA NA NA NA NA NA NA 0.84 5.62 � 0.13 �1.44 � 0.15
Apr 2004 696 NA NA NA NA NA NA NA 0.74 3.71 � 0.13 �0.16 � 0.09
May 2004 719 NA NA NA NA NA NA NA 0.71 2.80 � 0.11 0.33 � 0.06
Jun 2004 696 NA NA NA NA NA NA NA 0.79 2.50 � 0.07 0.25 � 0.04
Jul 2004 719 NA NA NA NA NA NA NA 0.73 3.17 � 0.11 �0.24 � 0.07
Aug 2004 719 NA NA NA NA NA NA NA 0.71 3.59 � 0.13 �0.45 � 0.12

DRI/OGC
MAAP at 670

nm
Dec 2003–Feb 2004 IMPROVE EC MAAP 13 1.18 � 0.18 31 23 23 23 0.98 0.33 1.16 � 0.07 0.01 � 0.16
June 2004–Aug 2004 IMPROVE EC MAAP 12 1.12 � 0.13 67 25 8 0 0.98 0.05 0.94 � 0.06 0.09 � 0.03

DRI/OGC 7-AE at 880 nm
Dec 2003–Feb 2004 IMPROVE EC 7-AE 15 1.64 � 0.32 7 7 33 53 0.95 0.88 1.49 � 0.14 0.13 � 0.24
June 2004–Aug 2004 IMPROVE EC 7-AE 16 1.23 � 0.2 69 25 6 0 0.97 0.12 1.08 � 0.07 0.06 � 0.05

Photoacoustic at
1047 nm

MAAP at 670
nm

Dec 2003 491 0.53 � 0.09 17 26 12 45 0.99 �1.19 0.55 � 0.00 �0.05 � 0.01
Jan 2004 696 0.56 � 0.08 6 26 24 44 0.99 �0.88 0.54 � 0.00 0.03 � 0.01
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Table 2. Cont.

Sampling period

Methodsa

No. of
Pairs

Average of
Ratios

(y/x � SD)

Distribution of Differencesb

(%)
Average

Difference
of y � x
(�g/m3)

Correlation
(r)

Regression
Slope �
Standard

Error

Intercept �
Standard

Error (�g/m3)y x <1�c 1�–2� 2�–3� >3�

Feb 2004 672 0.57 � 0.17 19 26 13 42 0.99 �0.67 0.54 � 0.00 0.01 � 0.01
Mar 2004 719 0.57 � 0.10 11 18 21 50 0.98 �0.46 0.57 � 0.00 0.00 � 0.00
Apr 2004 673 0.62 � 0.17 17 26 18 39 0.97 �0.25 0.60 � 0.01 0.01 � 0.01
May 2004 730 0.64 � 0.17 18 25 18 39 0.96 �0.17 0.62 � 0.01 0.00 � 0.00
Jun 2004 714 0.62 � 0.15 11 22 23 44 0.97 �0.19 0.61 � 0.01 0.00 � 0.00
Jul 2004 743 0.62 � 0.12 9 21 29 41 0.96 �0.25 0.64 � 0.01 �0.01 � 0.01
Aug 2004 168 0.65 � 0.15 12 35 15 32 0.95 �0.20 0.63 � 0.02 0.01 � 0.01

7-AE at 880 nm MAAP at 670
nm

Dec 2003 645 0.75 � 0.08 46 24 11 19 0.99 �0.63 0.72 � 0.00 0.04 � 0.01
Jan 2004 720 0.77 � 0.08 42 32 14 13 0.99 �0.44 0.74 � 0.00 0.05 � 0.01
Feb 2004 672 0.82 � 0.10 55 21 9 15 0.99 �0.31 0.77 � 0.00 0.04 � 0.01
Mar 2004 720 0.90 � 0.09 80 13 3 4 0.98 �0.10 0.88 � 0.01 0.03 � 0.01
Apr 2004 696 0.89 � 0.10 71 23 3 3 0.99 �0.07 0.88 � 0.00 0.00 � 0.00
May 2004 720 0.96 � 0.14 85 10 3 2 0.98 �0.02 0.91 � 0.01 0.02 � 0.00
Jun 2004 695 0.96 � 0.12 87 11 1 1 0.98 0.02 1.02 � 0.01 �0.03 � 0.00
Jul 2004 743 0.95 � 0.14 83 14 3 1 0.97 �0.03 0.95 � 0.01 0.00 � 0.01
Aug 2004 168 0.92 � 0.08 84 10 4 3 0.99 �0.05 0.86 � 0.01 0.02 � 0.01

7-AE at 660 nm MAAP at 670
nm

Dec 2003 645 0.79 � 0.08 52 23 10 15 0.99 �0.53 0.76 � 0.00 0.04 � 0.01
Jan 2004 720 0.81 � 0.08 51 31 12 7 0.99 �0.36 0.80 � 0.00 0.02 � 0.01
Feb 2004 672 0.89 � 0.11 69 19 6 6 0.99 �0.20 0.85 � 0.00 0.03 � 0.01
Mar 2004 720 0.94 � 0.09 92 6 1 0 0.98 �0.06 0.92 � 0.01 0.02 � 0.01
Apr 2004 696 0.94 � 0.11 83 13 3 1 0.99 �0.04 0.92 � 0.01 0.01 � 0.00
May 2004 720 1.00 � 0.13 86 9 3 2 0.98 0.00 0.93 � 0.01 0.03 � 0.00
Jun 2004 695 1.01 � 0.11 90 8 1 1 0.98 0.01 1.05 � 0.01 �0.02 � 0.00
Jul 2004 743 1.00 � 0.16 86 11 2 1 0.97 0.00 0.99 � 0.01 0.01 � 0.01
Aug 2004 168 0.97 � 0.08 90 6 4 0 0.99 �0.02 0.92 � 0.01 0.02 � 0.01

Sunset optical
at 660 nm

MAAP at 670
nm

Dec 2003 559 0.45 � 0.05 14 27 17 42 0.99 �1.40 0.49 � 0.00 �0.06 � 0.01
Jan 2004 717 0.44 � 0.05 3 24 26 46 0.99 �1.09 0.48 � 0.00 �0.04 � 0.01
Feb 2004 452 0.42 � 0.05 2 29 21 48 0.99 �1.11 0.43 � 0.00 �0.01 � 0.01
Mar 2004 397 0.48 � 0.06 6 22 25 48 0.98 �0.62 0.47 � 0.01 0.01 � 0.02
Apr 2004 361 0.51 � 0.07 6 23 27 44 0.96 �0.45 0.53 � 0.01 �0.02 � 0.01
May 2004 711 0.55 � 0.07 8 37 22 33 0.97 �0.28 0.57 � 0.01 �0.01 � 0.01
Jun 2004 694 0.51 � 0.07 1 19 43 38 0.98 �0.31 0.61 � 0.01 �0.05 � 0.00
Jul 2004 716 0.59 � 0.10 5 42 32 21 0.95 �0.26 0.69 � 0.01 �0.05 � 0.01
Aug 2004 167 0.75 � 0.17 51 28 12 9 0.90 �0.15 0.72 � 0.03 0.01 � 0.02

Sunset thermal MAAP at 670
nm

Dec 2003 559 0.63 � 0.20 33 22 16 28 0.98 �1.05 0.59 � 0.01 0.03 � 0.02
Jan 2004 691 0.65 � 0.17 27 32 16 25 0.96 �0.74 0.60 � 0.01 0.05 � 0.02
Feb 2004 448 0.67 � 0.19 32 29 19 20 0.98 �0.67 0.61 � 0.01 0.08 � 0.02
Mar 2004 373 0.69 � 0.22 31 29 19 21 0.94 �0.40 0.61 � 0.01 0.01 � 0.01
Apr 2004 319 0.58 � 0.25 17 31 20 32 0.88 �0.38 0.56 � 0.02 0.03 � 0.02
May 2004 331 0.68 � 0.39 26 36 16 22 0.88 �0.19 0.89 � 0.03 �0.12 � 0.02
Jun 2004 369 0.63 � 0.26 20 27 25 28 0.88 �0.25 0.59 � 0.02 0.02 � 0.01
Jul 2004 572 0.73 � 0.39 30 30 19 21 0.70 �0.23 0.54 � 0.02 0.11 � 0.02
Aug 2004 94 0.73 � 0.37 33 27 22 18 0.77 �0.20 0.58 � 0.05 0.09 � 0.04

Notes: a7-AE (in �g/m3) at 370, 660, or 880 nm, 7-AE BC (in �g/m3) at � � 370, 660, 880 nm, respectively; MAAP BC (in �g/m3), at � � 670 nm; R&P thermal,
EC (in �g/m3) thermally determined by R&P 5400 ambient carbon particulate monitor; IMPROVE EC (in �g/m3), measured by the DRI/OGC TOR carbon analyzer
following the IMPROVE protocol; Sunset optical, EC (in �g/m3) optically determined (� � 660 nm) with the Sunset Laboratory carbon analyzer; Sunset thermal,
EC (in �g/m3) determined by Sunset Laboratory carbon analyzer following the NIOSH 5040 protocol; PAH, particle-bound PAHs (in fA) measured by photoelectric
aerosol sensor monitor; bFraction of pairs in percent with which the difference (y � x) is less than or greater than one, two, or three times propagated
measurement uncertainty (note that the precision interval, �, is different from the mass absorption efficiency, �abs);

cMeasurement uncertainty of (y � x).
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Figure 1. The average of y/x with its standard deviation,
the distribution of the difference (y � x) between data
pairs where � is the measurement uncertainty (i.e., the
square root of the sum of squared uncertainties), the
average of the differences (y � x), the linear correlation
coefficient (r), and the regression slopes and intercepts
with standard errors are calculated for each comparison.28

Data-pair requirements for carbon equivalence are
met when the regression slope is 1 � 0.05, the regression
intercept is 0 � 1 �g/m3 (r � 0.97), and the collocated
precision is 2 �g/m3 or 5% (whichever is larger).28 Com-
parability is attained when the regression slope equals
unity within three standard errors, the regression inter-
cept does not differ from zero by more than three stan-
dard errors, and r is �0.9. Predictability is attained when
r is �0.9, but the slope and intercept exceeded those
required for comparability. The equivalence criteria were
established for PM2.5 mass comparison by the U.S. Envi-
ronmental Protection Agency and are too stringent for
the comparison of PM2.5 components.

As shown in Table 2, the average difference (y � x)
was typically 	0.5 �g/m3 with a few exceptions, and in
no case did the y � x exceed 1.4 �g/m3 of BC. The
collocated 7-AE BC and 2-AE BC results met the equiva-
lence criteria except during the months of May, August,
and November 2004, when slopes were within 
10% of
unity; hereafter, the 7-AE BC results are used to represent
aethalometer BC. The filter-based IMPROVE EC results are
highly correlated with the photoacoustic BC results

(0.97 	 r 	 0.99), but the IMPROVE EC slope indicates a
1.5 to 2 times higher concentration than the photoacous-
tic analyzer, using the �abs(1047) � 5 m2/g conversion.
Compared with the photoacoustic BC results, the MAAP
BC, 7-AE BC, Sunset optical (BC), Sunset thermal EC, and
PAH values in winter also show high correlations (r � 0.9),
but the slopes and average ratios differ from unity. The
intercepts for these comparisons are well within 1 �g/m3,
but the slopes vary from unity within a factor of 2. Pho-
toacoustic BC was much lower than either aethalometer
or MAAP BC, as evidenced by the high slopes (1.3–2).

Sunset thermal EC results correlate better with the
photoacoustic BC results in winter (December 2003 to
February 2004; 0.95 	 r 	 0.97) than in summer (June to
August 2004; 0.62 	 r 	 0.91), with slopes indicating a
Sunset EC 
10% higher than the photoacoustic BC in
winter and 5–30% lower than photoacoustic BC in sum-
mer. Compared with photoacoustic BC, the distribution
of differences shows that 
80% of the Sunset thermal and

85% of Sunset optical BC values are within �3 precision
intervals. Particle-bound PAH levels show higher correla-
tions with photoacoustic BC for winter (0.91 	 r 	 0.95)
than for summer (0.70 	 r 	 0.78). The R&P 5400 EC is
not well correlated with the photoacoustic BC except for
December 2003 (r � 0.81).

When the MAAP (� � 670 nm) BC or 7-AE value is
used as the benchmark, IMPROVE EC meets the require-
ments for comparability. The IMPROVE EC versus MAAP
BC comparison almost meets the equivalence criteria in
summer except for a lower slope (0.94 � 0.06). The MAAP

Figure 1. Monthly averages of BC or EC concentrations measured by eight carbon methods, particle-bound PAH, and particle number
concentrations in two size ranges (3–84 nm and 84–407 nm) for ambient samples at the Fresno Supersite from December 2003 to November
2004.
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BC values are typically 30–50% higher than the photo-
acoustic and Sunset BC values, with small intercepts
(	0.1 � 0.02 �g/m3). The best comparison is found for
7-AE values at � � 660 or 880 nm and MAAP BC values,
for which �70% of the samples are within �2 precision
intervals and �80% of the samples are within �3 preci-
sion intervals.

Table 3 compares values from each instrument with
the overall averages of all measurements, weighted by the
number of available data points. BC or EC values from
each method correlate well with the average (r � 0.98),
but regression slopes range from 0.64 (Sunset optical BC)
to 1.53 (IMPROVE EC). For the overall averages, Sunset
optical BC and Sunset thermal EC meet the comparability
criteria during summer, whereas 7-AE BC meets the crite-
ria in both winter and summer seasons. Deviations from
unity are 10–20% higher for winter (from �31% [Sunset
optical] to �50% [IMPROVE EC]) than for summer (from
�22% [photoacoustic] to �27% [MAAP]). The distribu-
tion of differences shows that �85% of the samples are
within �2 precision intervals and �90% of the samples
are within �3 precision intervals. All of the samples are
within �1 precision interval for the aethalometer in both
the winter and annual periods and for the MAAP in sum-
mer.

Seasonal Variation
As shown in Figure 1, monthly averaged BC or EC con-
centrations were 
2.2 to 3.4 times higher during winter
than summer. This is because of higher BC or EC contri-
butions from traffic emissions in cold conditions, heating
(including RWC), and accumulation of pollutants in a
shallow surface layer during non-daylight hours. PM2.5

BC and EC concentrations among different methods dif-
fered by as much as a factor of 5 during the winter, with
IMPROVE EC being the highest and R&P 5400 EC being
the lowest. Despite their similarities, the three thermal
methods (IMPROVE, Sunset, and R&P 5400) yielded
monthly EC concentrations ranging from 0.2 �g/m3 (Sun-
set) to 3.1 �g/m3 (IMPROVE), with 3-fold higher EC con-
centrations in winter (1.39 ug/m3) than in summer (0.46
�g/m3). Different temperature- and charring-correction
protocols give different values of EC at Fresno.17,29

The three optical methods (MAAP, 7-AE, and Sunset
optical) yielded monthly BC concentrations from 0.25
�g/m3 (Sunset) to 2.38 �g/m3 (15.5 Mm�1; MAAP), also
approximately three times higher in winter (1.42 ug/m3)
than in summer (0.54 �g/m3). The monthly averaged
PAH concentration was consistent with the variation of
BC or EC concentrations, with PAH concentrations six
times higher in winter than summer.

Table 3. Comparisons of carbon measurement methods with overall averages of BC or EC for collocated periods between December 1, 2003, and November
30, 2004, at the Fresno Supersite.

Sampling Period

Methods

No. of
Pairs

Average of
Ratios

y/x � SD

Distribution of Differences (%)

Correlation
(r)

Average
Difference
of y � x

Regression
Slope �
Standard

Error
Intercept �

Standard Erroryb x <1�a 1�–2� 2�–3� >3�

IMPROVE EC All methods average
Winter 15 1.58 � 0.22 20 67 7 7 0.98 0.85 1.50 � 0.08 0.07 � 0.15
Summer 15 1.38 � 0.14 67 33 0 0 0.99 0.18 1.19 � 0.03 0.08 � 0.02
Dec 2003–Aug 2004 45 1.45 � 0.21 62 20 13 4 0.98 0.42 1.53 � 0.04 �0.07 � 0.05

7-AE at 880 nm All methods average
Winter 15 0.98 � 0.09 100 0 0 0 0.99 �0.03 0.96 � 0.04 0.03 � 0.08
Summer 15 1.14 � 0.01 93 7 0 0 0.99 0.08 1.15 � 0.05 0.00 � 0.03
Dec 2003–Aug 2004 45 1.08 � 0.12 100 0 0 0 0.99 0.04 0.96 � 0.02 0.08 � 0.03

Photoacoustic at
1047 nm

All methods average

Winter 15 0.72 � 0.06 71 21 7 0 0.99 �0.41 0.72 � 0.02 0.01 � 0.04
Summer 15 0.76 � 0.06 87 13 0 0 0.99 �0.13 0.78 � 0.02 �0.01 � 0.02
Dec 2003–Aug 2004 44 0.74 � 0.07 73 23 2 2 0.99 �0.24 0.72 � 0.02 0.01 � 0.02

Sunset optical at
660 nm

All methods average

Winter 14 0.57 � 0.06 21 71 7 0 0.99 �0.66 0.69 � 0.02 �0.16 � 0.03
Summer 14 0.73 � 0.12 86 14 0 0 0.98 �0.13 0.96 � 0.06 �0.11 � 0.04
Dec 2003–Aug 2004 41 0.66 � 0.14 73 12 15 0 0.98 �0.34 0.64 � 0.02 0.01 � 0.03

Sunset thermal All methods average
Winter 14 0.81 � 0.08 86 14 0 0 0.99 �0.30 0.76 � 0.03 0.08 � 0.06
Summer 12 0.75 � 0.18 92 8 0 0 0.98 �0.12 0.98 � 0.06 �0.11 � 0.04
Dec 2003–Aug 2004 35 0.78 � 0.18 96 4 0 0 0.98 �0.21 0.81 � 0.03 �0.01 � 0.04

MAAP at
670 nm

All methods average

Winter 14 1.30 � 0.07 57 36 7 0 1.00 0.50 1.35 � 0.02 �0.05 � 0.04
Summer 12 1.21 � 0.06 100 0 0 0 1.00 0.10 1.27 � 0.03 �0.02 � 0.01
Dec 2003–Aug 2004 41 1.24 � 0.10 71 15 12 2 1.00 0.26 1.34 � 0.02 �0.05 � 0.02

Notes: aThe precision interval, �, is different from the mass absorption efficiency, �abs;
bSee Table 2 for different measurement method specifications.
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Ultrafine particle-number concentrations in the 3–84
nm size range [N(3–84 nm)] were higher during the sum-
mer, whereas the accumulation mode particle-number
concentrations in the 84–407 nm range followed the BC
or EC seasonal pattern. Watson et al.47,51 observed fre-
quent secondary ultrafine particle events during late
spring through early fall. BC or EC are derived from pri-
mary emissions that accumulate during the winter when
dispersion is low.50

Figure 2 shows how BC and EC concentrations varied
with PM2.5 throughout the year. The ratio of BC or EC to
PM2.5 ranged from 7% to 23% during winter and from 3%
to 12% during summer (exclusive of the R&P 5400). Fig-
ure 3 shows how OC/EC ratios varied throughout the
year. PM2.5 OC/EC ratios were �78% higher during the
summer (5.7) than during winter (3.2). This may result
from (1) many EC concentrations during summer that
were near the lower quantifiable limits, resulting in
higher uncertainty in the denominator (EC concentra-
tions were 	1 �g/m3 for 
75% of the days during sum-
mer); (2) higher contributions from secondary organic
aerosol (SOA) during summer; (3) larger contributions
from cold-vehicle starts during winter, which produce
larger portions of EC in the exhaust; and (4) contributions
from summertime forest fires in the surrounding moun-
tains.

Ultrafine SOA47,51 in relation to carbon levels is ex-
amined in Figure 4. N(84–407 nm) was reasonably corre-
lated (r 
0.75 to 0.78) with BC concentration regardless of
the season. However, N(3–84 nm) was not related to BC
levels in summer, consistent with condensation of or-
ganic vapors on sulfuric acid nuclei formed by photo-
chemical.

Mass Absorption Efficiencies
The 24-hr averaged babs from the MAAP, the 7-AE, and the
photoacoustic analyzer were compared with filter-based
IMPROVE EC to estimate �abs applicable to the Fresno
aerosol. As shown in Figure 5, �abs is 5.5 m2/g for MAAP
(670 nm), 10 m2/g for 7-AE (880 nm), and 2.3 m2/g for the
photoacoustic analyzer (1047 nm); these values are sub-
stantially different from the assumed values of 6.5, 16.6,
and 5 m2/g for the MAAP, 7-AE, and photoacoustic ana-
lyzer, respectively. The wavelength dependence of babs(�)
and �abs(�) and the different exponents (�) in the ���

scaling factor, owing to changing particle compositions
and shapes, lead to different relationships between BC
and babs. Table 4 compares �(670 nm) for ��1, ��2 (typical
of biomass burning7), and ��2.7 (found in ambient Den-
ver, CO, aerosol by Moosmüller et al.52) for these instru-
ments. The �abs(670 nm) values for the 7-AE and photo-
acoustic analyzer increase by a factor of 3 with �
increasing from 1 to 2.7. At � � 2, �abs(670 nm) values for
the 7-AE and photoacoustic analyzer differ only by 4 and
12% from the default �abs, respectively. With ��2 scaling,
the MAAP and photoacoustic analyzer had similar
�abs(670 nm) values of 5.5 and 5.6 m2/g, respectively.

Comparison of daily averaged 7-AE values with BC
values at � � 370 nm versus � � 880 nm (Figure 6) shows
that the built-in ��1 scaling is consistent during summer,
whereas a ��1.3 better approximates the situation during
winter. As shown in Table 2, aethalometer (� � 880 nm)
and photoacoustic analyzer (� � 1047 nm) BC values were
correlated (r � 0.95–0.99) for winter and summer. Com-
parison between the aethalometer BC value at � � 950 nm
and photoacoustic BC yielded similar results. Absorption
at longer wavelengths is less prone to deviation than

Figure 2. Monthly averages of PM2.5 by TEOM and the ratio of BC or EC to PM2.5 by IMPROVE, by MAAP (� � 670 nm), by 2-AE (� � 880
nm), by 7-AE (� � 880 nm), by photoacoustic instrument (� � 1047 nm), by Sunset optical (� � 660 nm), by Sunset thermal, or by R&P 5400.
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absorption at shorter wavelengths. The assumed aethal-
ometer �abs(880 nm) of 16.6 m2/g may not apply because
of a lack of consideration of multiple scattering effects in
the aethalometer. This is evident in Figure 7a, as 7-AE
babs(670 nm) ranges from 2.63 (winter) to 3.38 (summer)
times higher than the MAAP babs, although they are
highly correlated (r � 0.98–0.99). As shown in Figure 7b,
MAAP babs is 1.52 (winter) to 1.23 (summer) times higher
than the photoacoustic babs, still with a high correlation
of 0.96–0.99. Better regression slopes of 1.33 (winter) and
1.07 (summer) can be obtained for the MAAP versus pho-
toacoustic comparison if � � 1.3 is used (determined by
Schnaiter et al.25 with diesel exhaust).

As noted earlier, the �abs(1047 nm) of 5 m2/g for the
photoacoustic analyzer was derived from simultaneous
measurements of diesel exhaust by IMPROVE EC.40 As
shown in Tables 2 and 3, this is not an appropriate as-
sumption for the Fresno summer or winter aerosols. The 5
m2/g assumption is also inconsistent with the suggestion
of Bond and Bergstrom14 cited above for fresh particle
emissions, which yields a 1 SD range of 3.3–4.6 m2/g at
� � 1047 nm assuming a ��1 scaling. This range is 1.7–2.5
m2/g with a ��2 scaling. An � between 1 and 2 might be
more appropriate for mixed and aged aerosol such as that
found at the Fresno Supersite.

It is evident that wavelength has an important effect
on the conversion of babs to BC. BC values obtained at
different wavelengths might be useful in separating veg-
etative burning from other sources by use of receptor
models.53–55

Diurnal Variations of the Single Scattering
Albedo

The single scattering albedo (� � bscat/[bscat � babs]) was
calculated using bscat(530 nm) values obtained by nephe-
lometer and babs (scaled from 1047 to 530 nm assuming
��1) values obtained by the photoacoustic analyzer.
Higher values of daily � were observed in winter (0.89)
than in summer (0.80), consistent with particles contain-
ing more scattering species during winter. Higher RH in
winter increases bscat and therefore contributes to the
higher �. As shown in Figure 8, in winter the lowest �
occurred during the early morning rush hour of 
7:00
a.m. Pacific Standard Time (PST) and at 
8:00 p.m. PST.
In summer, the lowest � occurred at 
6:00 a.m. and at
7:00 p.m. PST. Times of low � coincided with the peak babs

occurrences. Although the evening babs peak was higher
and broader than the morning babs peak in winter, the
values of � were comparable during both seasons.

Diurnal Variations of BC Concentrations
As shown in Figure 9, the dual peaks for hourly average
BC levels were 7:00–8:00 a.m. PST and 8:00–10:00 p.m.
PST in winter. The large evening peak persisted through
midnight and early morning of the following day. This is
consistent with increased emissions from morning and
evening traffic and from RWC emissions that accumulate
under the surface inversion during winter evenings.50 In
summer, the morning BC peak occurred at 
6:00 a.m. PST
with a small evening peak at 
8:00 p.m. PST. The times of
the peak concentrations of PAH, NOx, and CO coincided

Figure 3. Twenty-four hour averages of OC and EC concentrations, and the OC/EC ratio measured by the DRI/OGC TOR carbon analyzer
following the IMPROVE protocol for the period of December 2003 to November 2004.
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with the BC peak, and these followed similar seasonal
patterns (i.e., the evening peak was more dominant in
winter than in summer). The morning PM2.5 peak lagged
behind the BC peak by 1 to 2 hr. PM2.5 NO3

� levels
increased after 7:00 a.m. PST in winter. The time for
increasing NO3

� is consistent with times for increasing
temperature and decreasing BC, NOx, and CO. This is
consistent with NO3

� formation above the surface layer
with downward mixing when the layers couple.50 During
summer, the NO3

� concentrations increased until 
8:00

a.m. PST and then decreased until the late afternoon,
consistent with evaporation as temperatures increase.

CONCLUSIONS
PM2.5 BC or EC concentrations at the Fresno Supersite are
higher in winter than in summer. This is consistent with
primary combustion emissions from traffic and home
heating that accumulate under a shallow surface layer
during winter nights. Similar seasonal patterns are ob-
served for PM2.5 mass, NO3

�, PAH, NOx, CO, �, and

Figure 4. Particle number concentrations in the size ranges of (a) 3–84 nm and (b) 84–407 nm by the SMPS versus BC concentration by
7-AE (� � 880 nm) for daily average in winter (December 2003 to February 2004) and summer (June to August 2004).
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number concentration for particles in the accumulation
mode [N(84–407 nm)]. The diurnal pattern of BC is con-
sistent with those for PAH, NOx, and CO, indicating that
primary combustion emissions accumulate during early
morning and night and decrease as the mixing layer in-
creases, especially during the winter. Higher ratios of BC

at � � 370 nm to BC at � � 880 nm occur during the
winter, consistent with a larger contribution from RWC
that absorbs more in the UV part of the spectrum. The
number of ultrafine particles (3–84 nm) and the OC/EC
ratio are lower during winter than summer, both of which
are consistent with formation of SOA through vapor con-
densation.

Compared with IMPROVE EC, mass absorption effi-
ciencies for Fresno are 5.5 m2/g for the MAAP at 670 nm,
10 m2/g for the aethalometer at 880 nm, and 2.3 m2/g for
the photoacoustic analyzer at 1047 nm. These differ from
the assumed values of 6.5 m2/g for the MAAP, 16.6 m2/g
for the aethalometer, and 5 m2/g for the photoacoustic
analyzer.

Intercomparisons show good correlations among all
BC or EC measures except for the R&P 5400 EC, but with
slopes ranging from 0.2 to 2. The degree of comparability
differed between winter and summer, reinforcing the dif-
ference in aerosol composition with the season; �abs does
not scale as ��1 at Fresno.
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Figure 8. Diurnal variation of the single scattering albedo (�) calculated by use of particle light scattering (bscat) from the nephelometer (� �
530 nm) and light absorption (babs) from the photoacoustic analyzer (� � 1047 nm) averaged by the time of day in winter (December 2003 to
February 2004) and summer (June to August 2004).

Park et al.

490 Journal of the Air & Waste Management Association Volume 56 April 2006



Figure 9. Diurnal variations of BC, NO3
�, PM2.5 mass, particle-bound PAHs, NOx, and CO averaged by the time of day for (a) winter

(December 2003 to February 2004) and (b) summer (June to August 2004)
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