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Differences in the OC/EC Ratios that Characterize Ambient
and Source Aerosols due to Thermal-Optical Analysis

Bernine Khan, Michael D. Hays, Chris Geron, and James Jetter
Office of Research and Development, National Risk Management Research Laboratory,
US Environmental Protection Agency, Research Triangle Park, North Carolina, USA

Different thermal-optical methods used to measure OC/EC and
EC/TC ratios in atmospheric aerosols often produce significantly
different results due to variations within the temperature pro-
gramming and optical techniques of each method. To quantify
the thermal and optical effects on these ratios, various source
(residential cookstoves and diesel exhaust) and atmospheric (ru-
ral and urban) aerosols were analyzed using 3 thermal protocols:
(1) two modified versions of the Birch and Cary (1996, Elemental
Carbon-Based Method for Monitoring Occupational Exposures to
Particulate Diesel Exhaust. Aerosol Sci. Technol., 25:221–241) Na-
tional Institute of Occupational Safety and Health (NIOSH 5040)
protocol—designated in this paper as NIOSH and NIST-EPA pro-
tocols, and (2) the IMPROVE (the Interagency Monitoring of Pro-
tected Visual Environments) protocol outlined by Chow et al. 1993
(The DRI Thermal/Optical Reflectance Carbon Analysis System:
Description, Evaluation, and Applications in U.S. Air Quality Stud-
ies. Atmos. Environ., 27:1185–1201)—designated in this paper as
IMPROVE protocol. The use of a dual-optical instrument permit-
ted simultaneous monitoring of the transmission (TOT [thermal-
optical transmission]) and reflectance (TOR [thermal-optical
reflectance]) for each protocol. Results show that the aerosols con-
taining components susceptible to charring (such as water-soluble
organic compounds typical of cookstove and rural aerosols) had
higher OC/EC variability among the methods when compared with
diesel-impacted aerosols (diesel and urban), which showed little to
no “instrumentally calculated” pyrolyzed carbon (PyC). Thermal
effects on the OC/EC ratios among the 3 TOT methods were signif-
icantly lower for diesel-impacted aerosols. Similar OC/EC findings
were observed for the 3 TOR methods. Optical effects (TOT/TOR
ratio) for the OC/EC ratio ranged from 1.37–1.71 (residential cook-
stoves), 1.63–2.23 (rural), 1.05–1.24 (diesel exhaust), and 0.80–1.12
(urban) for the 3 methods, with IMPROVE (TOT and TOR) al-
ways significantly lower when compared with NIST-EPA (TOT
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and TOR) and NIOSH (TOT and TOR) for all sample types. Ther-
mal and optical effects on the EC/TC ratios were similar to those
observed for the OC/EC ratios. Due to their distinct aerosol char-
acteristics, different sample types behave differently under various
thermal and optical conditions. Hence, use of a single TOA method
to define OC/EC ratios for all aerosol types may not be feasible.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

INTRODUCTION
Fine particle matter (PM2.5) in the atmosphere is linked to

human health effects (Kagawa 2002; Pope and Dockery 2006),
reduces visibility (Watson 2002), and alters the earth’s radiative
balance by scattering and absorbing incoming solar radiation
(IPCC 2007). Atmospheric fine aerosols consist of a carbona-
ceous fraction frequently chemically defined as organic carbon
(OC) and elemental carbon (EC) using thermal-optical analysis
(TOA). Long-term atmospheric monitoring and source emis-
sions testing has produced TOA-based OC/EC data used in air
quality, dispersion, and climate models that forecast regional and
global weather patterns (Hansen et al. 2000; Jacobson 2001).
TOA involves collecting aerosol deposits on quartz-fiber filters
and subjecting a filter punch to a 2-phased heating process, first
in an oxygen-free, helium environment (He) and then through
a 2% O2 environment (He-Ox) (Figure 1). Ideally, volatile and
semivolatile OC evolves by thermal desorption in the He phase,
and EC evolves following oxidation in the He-Ox phase of the
analysis. Carbon evolved at each phase passes over a catalyst
bed where it is oxidized to CO2, then converted to CH4 and
detected by a flame ionization detector (FID). A major draw-
back of this analysis is that during the He phase, certain carbon
compounds (presumably OC) pyrolyze or “char” to form an
EC-like material. Both the charred OC and native EC oxidize
simultaneously either during the He phase or He-Ox phase of
analysis. Charred OC and native EC are assumed to possess
similar chemical and optical properties and hence are differenti-
ated by continuously monitoring the formation and evolution of
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128 B. KHAN ET AL.

FIG. 1. Typical NIOSH TOT thermogram. The split point is determined from the laser absorbance in the He-Ox phase to the initial absorbance in the He phase
(designated as horizontal dashed line). Char production is defined by attenuation of the laser signal and char evolution defined by the increase in the laser signal
prior to EC evolution. FID1 (solid line)–-carbon species at 100% signal, FID2 (dotted line)–-carbon species at 25% signal, laser transmission (solid line), and
temperature protocol (dashed line) (color figure available onlne).

charred OC throughout the filter media via transmittance (TOT)
or reflectance (TOR) using an optical laser (λ = 680 nm). With-
out this optical correction, charred OC will be measured as EC,
thus rendering higher EC values. The “automated” OC/EC split
with optical correction by TOA is based on the assumptions that
(1) char originates from OC only and (2) all char evolves prior
to EC evolution.

The National Institute of Occupational Safety and Health
(NIOSH) thermal-optical transmission (TOT) (Birch and Cary
1996) and the IMPROVE (Interagency Monitoring of Protected
Visual Environments) thermal-optical reflectance (TOR) (Chow
et al. 1993) methods are 2 widely applied TOA methods. For a
given sample, both methods agree on the total carbon (TC) (i.e.,
summation of OC and EC) but can significantly disagree on the
OC/EC ratio (Countess 1990; Chow et al. 2001; Schauer et al.
2003). Variability of the OC/EC ratio among the methods has
been attributed to the different temperature protocols, specifi-
cally the maximum temperature in the He phase (He-Tmax) (Zhi
et al. 2009) and the optical technique used for charring correc-
tion (Chow et al. 2001). Some studies argue that He-Tmax in the
NIOSH Method (870◦C) is too high and promotes charring or
too low in the IMPROVE method (550◦C) so that OC is not
sufficiently removed (Subramanian et al. 2006). The residence
times at each temperature step within the He and He-Ox phases
are fixed for NIOSH but vary for IMPROVE depending on the
sample composition. Hence, a sample individually subjected to
both methods will encounter a wide range of temperature ramp
rates that can alter sample chemistry and consequently influence

char formation during the analysis. OC/EC discrepancies have
also been linked to the presence of organic vapors within the
body of the filter (a positive artifact during sample collection).
Particulate OC on the surface of the filter, as well as, organic
vapors within the body of the filter both char during TOA. Since
during transmittance (TOT), the laser penetrates the filter media
and during reflectance (TOR), the laser records only the surface
of the filter, charring occurring within the body of the filter is
not recorded when using TOR. OC values under TOT methods
can therefore be higher than TOR methods since the char within
the filter body during TOR is not recorded back to the OC con-
centration. To remove organic vapors and reactive substances
during sample collection, a denuder or a back up quartz filter is
utilized (Mader et al. 2001; Subramanian et al. 2004).

Some studies using ambient samples modify the tempera-
ture protocol of the NIOSH TOT method to minimize char-
ring and other positive artifacts that bias OC/EC ratios (Schmid
et al. 2001; Subramanian et al. 2006; Cavalli et al. 2010). One
study, however, presents a temperature protocol for high- and
low-charring aerosols by optically optimizing the NIOSH TOT
method by altering (1) the He-Tmax and its corresponding resi-
dence time and (2) the heating protocol of the He-Ox phase,
to determine the point at which the mass absorption cross-
section for charring is equivalent to native EC (σ char = σ EC)
(i.e., where Beer’s Law is satisfied) (Conny 2007). The mass
absorption cross-section (σ ) is a measure of the absorbance of a
material at a particular wavelength (λ) per unit area and concen-
tration expressed in units of m2/g. Many of the modified NIOSH
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THERMAL AND OPTICAL EFFECTS ON THE OC/EC AND EC/TC RATIOS 129

TOT methods, including the Conny (2007) protocol, were es-
tablished using atmospheric aerosols obtained from multiple
U.S. locations but have not been extensively evaluated using
source-dominated aerosols.

This study quantifies the thermal and optical effects on
the carbon ratios (OC/EC and EC/TC) obtained from 3
protocols—(1) the Conny (2007) protocol (referred to in this
paper as the NIST-EPA protocol), (2) an upward adjustment of
the Birch and Cary (1996) NIOSH protocol (referred to in this
paper as the NIOSH protocol), which is comparable to what
other studies, including the Ace-Asia study, have used when op-
erating the Sunset Laboratory Instrument (Yang and Yu 2002; Yu
et al. (2002); Schauer et al. (2003)), and (3) the IMPROVE pro-
tocol as outlined by Chow et al. 1993 (referred to in this paper as
the IMPROVE protocol). The 3 protocols were tested on a vari-
ety of source sample types, including biomass burning aerosols
emitted from residential cookstoves and diesel-generated ex-
haust. These sources are substantial contributors to the global
EC inventory (Bond et al. 2004) and residential cookstoves, in
particular, are central to atmospheric brown cloud (ABC) forma-
tion and thus widely modeled (USAID 2010). ABCs are layers
of air pollution consisting of aerosols that contain black car-
bon (BC), OC, and dust that absorb and scatter solar radiation
(Crutzen and Ramanathan 2003). ABCs should not be confused
with brown carbon which is light-absorbing organic carbon. Few
studies investigate the extent to which thermal-optical protocols
may vary the EC/TC and OC/EC ratios in aerosols emitted from
the wide range of cookstoves and fuels currently in use today.
Other samples types included in the present study include atmo-
spheric aerosol samples from a rural U.S. forest and an urban
African location likely impacted by diesel and biomass sources.
All TOA experiments were carried out on a single dual-optical
carbon analyzer (Sunset Laboratory Dual Optics) that moni-
tored charring by simultaneously measuring filter transmission
and reflectance. Use of a single carbon analyzer minimizes an-
alytical uncertainties typically produced when using different
instruments to conduct NIOSH and IMPROVE protocols and
to improve the quantification of OC/EC and EC/TC differences
among TOA protocols. By using a dual-optical analyzer, the
optical effects on these carbon ratios could be examined for the
different protocols (i.e., NIST-EPA TOT and TOR, NIOSH TOT
and TOR, and IMPROVE TOT and TOR) within each individual
sample type. Caution is advised in trying to make comparisons
between Sunset IMPROVE TOR data obtained in this study and
IMPROVE TOR data obtained by the Desert Research Institute
(DRI) IMPROVE system since instrumentation differences may
exist. This study examines only the differences in temperature
programming and optical reflectance/transmittance and not the
differences due to instrumentation.

EXPERIMENTAL APPROACH

Thermal-Optical Methods
For this study, the 3 thermal-optical protocols (NIST-EPA,

NIOSH, and IMPROVE) were executed on a single thermal-

optical carbon analyzer to reduce instrumental bias. The carbon
analyzer used was the Sunset Laboratory Dual Optics (transmis-
sion and reflectance) Carbon Analyzer. Figure 1 shows a typical
thermogram for the NIOSH transmission method. The temper-
ature protocols for NIST-EPA, NIOSH, and IMPROVE are out-
lined in Table 1. TOA analysis involves 2 simultaneous analyses:
(1) thermal evolution of OC during the He phase and EC during
the He-Ox phase (or sometimes also in the He phase) using a
specified temperature protocol (dashed line in Figure 1) and (2)
optical measurement of the formation and evolution of char via
laser absorbance (solid line in Figure 1). The depression of the
laser signal indicates how much char is formed. As the laser sig-
nal increases, char and EC evolve. Since there is no distinction
between the charred OC and EC, the instrument calculates how
much OC has charred from the time the laser increases to the
point where the laser matches the initial absorbance measured
when the sample was first introduced into the oven (horizontal
dashed line). At this point, the “automated” OC/EC split point
is determined. Note that when using this instrument, the out-
put file designates the evolution of char with a negative sign
(−PyC) if it evolves in the He phase and positive sign (+PyC) if
it evolves in the He-Ox phase. Summation of –PyC and +PyC
indicates how much charred or pyrolyzed OC is added back to
OC (+PyC) or subtracted from OC (−PyC). Throughout this
manuscript, PyC is defined as the “instrumentally-calculated”
PyC. Carbon measured before the split point is designated as
OC, and carbon after the split is considered EC.

The dual-optics instrument utilized for this study was pre-
viously installed and characterized at NIST Gaithersburg,
MD as described by Conny (2007). It was equipped with so-
phisticated PID (proportional-integral-differential) temperature
control. Prior to initiating the study at EPA, the instrument man-
ufacturer confirmed the accuracy of the oven temperature read-
ings and laser alignment and laser power output. The mass
flow controllers used to control gas deliveries were calibrated
using a Gilibrator R© system. Instrument blanks and sucrose stan-
dards were analyzed daily. The average instrument blank was
0.02 ± 0.03 µg-TC/cm2 (for all methods) and sucrose recov-
eries within ± 3% of a known concentration (for all methods).
Daily instrument blanks and sucrose standards were analyzed
using a different method (NIST-EPA, NIOSH, or IMPROVE)
selected at random. Instrumental range for OC was between
7.25–600 µg/cm2 and for EC was 1.45–25 µg/cm2. All samples
were collected on a pre-fired (550◦C, 12 h) Pall Gelman quartz
fiber filter.

Sample Information
A total of 171 aerosol samples, consisting of varying amounts

of OC and EC fractions, from a variety of ambient and
source-dominated emissions were selected for this study. To-
tal carbon loading for the different sample types ranged from
3–113 µg/cm2 (residential cookstove), 9–45 µg/cm2 (diesel),
2–37 µg/cm2 (rural ambient), and 32–175 µg/cm2 (urban am-
bient) (Table 2). Several samples had EC concentrations greater
than the manufacturer-given EC threshold of 25 µg/cm2. The
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130 B. KHAN ET AL.

TABLE 1
Temperature protocols for the 3 methods

NIST-EPA NIOSH IMPROVE

Step Atm.
Temp.
(◦C) RT (s)

Ramp Rate
(◦C/s)

Temp.
(◦C) RT (s)

Ramp Rate
(◦C/s) Temp. (◦C)

Est. RT
(s)∗

Avg. Ramp
Rate (◦C/s)†

OC1 He 200 60 3 310 70 4 120 120 1
OC2 He 400 60 7 475 60 8 250 120 2
OC3 He 600 60 10 615 60 10 450 120 3
OC4 He 785 150 5 870 105 8 550 120 4
Cool He 550 60 9 550 60 9 550 120 4
EC1 He-Ox 620 60 10 625 60 10 700 120 5
EC2 He-Ox 690 45 15 700 60 12 850 120 6
EC3 He-Ox 760 45 17 775 60 13
EC4 He-Ox 830 45 18 890 110 8
EC5 He-Ox 900 90 10

∗RT—residence time at each temperature in the IMPROVE method depend on when the flame ionization detector (FID) signal returned to
the baseline.

†Average ramp rate for the IMPROVE protocol is calculated from a residence time of 120 s. To calculate a residence time of 150 s, multiply
by 1.25.

percent samples over this threshold for cookstove was 22%
(NIOSH TOT), 26% (NIOSH TOR), 24% (IMPROVE TOT),
and 37% (IMPROVE TOR). For urban samples, it was 31%
(NIOSH TOT), 26% (NIOSH TOR), 53% (IMPROVE TOT),
and 42% (IMPROVE TOR). For samples above the threshold,
there was concern that the instrumental laser signal inadequately
responded to pyrolysis due to baseline saturation or “pegging”.
However, visual inspection of the thermograms produced for
the urban samples revealed the laser signal responded to EC
loads of up to 52 µg/cm2. Moreover, the average OC/EC ratios
calculated with and without those samples exceeding the thresh-
old differed by less than 13% for this source. In contrast, the
diesel sample thermograms indicated “pegging” at values below
25 µg/cm2. In this case, we observed that the absorbance varied
with sample load and therefore concluded that “pegging” might
not necessarily be the issue. Instead, it is believed that virtually
none of the diesel samples exhibited pyrolysis. Roughly, 30% of

the cookstove samples showed “pegging” which was estimated
to contribute as much as 25% variability in the overall aver-
age OC/EC ratio reported. Finally, none of the rural samples
exhibit this behavior; the EC concentration for this sample set
was <10 µg/cm2. More information about each sample type is
summarized below:

Residential Cookstove Samples
Forty-six samples were obtained from a study designed by

Jetter and Kariher (2009) to measure performance and pollutant
emissions from a variety of cookstove/fuel combinations using
the Bailis et al. (2004) modified Water Boiling Test (WBT).
Aerosols were collected on quartz-fiber filters during the 3 heat-
ing phases of this test: (1) C—cold start with water at room
temperature with stove operated until water reaches boiling
temperature, (2) H—hot start commences immediately after the

TABLE 2
Total carbon measurements for NIST-EPA, NIOSH, and IMPROVE protocols. There was no difference for TC between TOT and

TOR for the individual protocols

Method Average ± SD Range Method Average ± SD Range
Sample type (µg/cm2) (µg/cm2) Sample type (µg/cm2) (µg/cm2)

Cookstove NIST-EPA 35.93 ± 30.25 4.65–109.78 Rural NIST-EPA 11.00 ± 6.34 2.90–36.07
Cookstove NIOSH 35.56 ± 30.04 4.61–106.19 Rural NIOSH 10.86 ± 6.40 2.93–35.62
Cookstove IMPROVE 36.30 ± 31.32 3.74–112.87 Rural IMPROVE 10.48 ± 6.43 2.47–35.46
Diesel NIST-EPA 26.05 ± 7.70 9.72–43.09 Urban NIST-EPA 79.60 ± 39.74 32.02–156.37
Diesel NIOSH 26.91 ± 7.91 12.18–44.41 Urban NIOSH 80.18 ± 42.07 32.04–163.08
Diesel IMPROVE 26.69 ± 7.76 10.19–44.27 Urban IMPROVE 82.19 ± 43.00 32.07–174.25
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THERMAL AND OPTICAL EFFECTS ON THE OC/EC AND EC/TC RATIOS 131

completion of the cold start phase. The pot is refilled with room
temperature water and the stove operated until water reaches
boiling temperature, and (3) S—simmer phase begins imme-
diately after the hot start phase with the stove, pot, and water
hot. The stove is operated until water temperature is just be-
low boiling point. Samples selected for this study consisted
of 10 cookstove/fuel combinations for different WBT phases
(Table 3).

Laboratory-Generated Diesel Samples
Forty-six diesel exhaust samples were obtained from a study

designed to investigate pulmonary toxicity from the inhalation
of diesel exhaust particles (Stevens et al. 2009). Samples were
collected from a single-cylinder diesel generator set up outdoors
and operated under steady-state conditions with approximately
25–30% full load. A gas chromatography-mass spectrometry
(GC/MS) analysis identified n-alkanes, organic acids, and poly-
cyclic aromatic hydrocarbons (PAHs) in the diesel PM. The in-
organic fraction was analyzed by wavelength dispersive Philips
PW2404 X-ray fluorescence (XRF) spectrometer and comprised
<5% of the total mass and consisted mostly of S, Cl, Zn, Ca,
and Fe.

Rural Ambient Samples
Sixty samples were obtained from a study designed to in-

vestigate seasonal biogenic OC changes above an experimental
loblolly pine (Pinus taeda) forest located at the Blackwood Divi-
sion of Duke Forest Free Atmosphere Carbon Transfer Scheme
(FACTS1) Research Site in Orange County, North Carolina.
Samples were collected based upon the EPA OAQPS 1-in-6 day
sampling schedule beginning January 2008 and ending January
2009. A URG High Volume 3000DB denuder was used to re-
move organic vapors and a 92.5 SEPM cyclone separator was
placed ahead of the filter to collect PM-2.5. Sampling details are
described in Geron (2009). The rural samples consisted primar-
ily of OC from biogenic VOC oxidation and biomass burning.

TABLE 3
Cookstove/fuel/phase combinations

No Cookstove Fuel WBT phase∗

1 Open fire (3-stone) Kiln-dried Douglas fir S
2 GTZ Charcoal H S
3 Philips Kiln-dried Douglas fir C H S
4 Philips Seasoned oak C H S
5 UCODEA rocket Seasoned oak C H S
6 UCODEA rocket Charcoal H S
7 VITA Kiln-dried Douglas fir C S
8 VITA Seasoned oak S
9 WFP rocket Kiln-dried Douglas fir C H S
10 WFP rocket Seasoned oak C H S

∗C—cold, H—hot, S—simmer (Bailis et al. 2004)

The EC fraction was attributed to biomass combustion and diesel
exhaust from a nearby highway (I-40) and a landfill to the east.

Urban Ambient Samples
Nineteen aerosol samples were obtained from a seasonal

study impacted by vehicle and biomass burning emissions in
an urban environment. Total suspended particles were collected
using a high-volume sampler positioned 20 m above ground on
a building at the main campus of Nairobi University, Nairobi,
Kenya (1.3◦S, 36.8◦E) (Ma et al. 2010). In Kenya, biomass is
used for cooking and heating. Industrial and domestic wastes
that contain carbon are also burned for warmth. GC/MS analysis
showed that the aerosol samples contained C-12 to C-35 n-
alkanes and PAH species typical of major world cities. These
samples also contained high mineral dust content due to the
super coarse diameter cut-off of the sampler.

RESULTS AND DISCUSSION

OC/EC Split Observations
The OC/EC split point was compared between the NIST-

EPA TOT and NIOSH TOT methods. For a given sample, many
showed similar placement of the OC/EC split point. However,
for a few samples the OC/EC split was in the He phase for 1
method and in the He-Ox phase for another method. For the ru-
ral samples, 43 of the 60 samples tested showed the split point at
the higher He-Ox temperature step—900◦C (NIST-EPA) (Fig-
ure S1a, shown in the online supplemental information) and
890◦C (NIOSH) (Figure S1b, shown in the online supplemen-
tal information). For these samples, instrumentally calculated
PyC concentrations were higher than EC concentrations, and
we observed EC-PyC mass evolving over a short period within
the He-Ox phase without a change in laser transmission. The
other seventeen rural samples showed all the EC-PyC removal
in the latter stage of the He phase—785◦C (NIST-EPA) (Fig-
ure S1c, shown in the online supplemental information) and
870◦C (NIOSH) (Figure S1d, shown in the online supplemental
information). For these samples, the laser signal indicated py-
rolysis but the instrument recorded no PyC; EC concentrations
were also very low (typically <1 µg/cm2), and carbon evolution
occurred primarily in the He phase. Early oxidation in the He
phase may be due to the presence of inorganic materials, such
as metal oxides (Chow et al. 2001) or sulfates (Huffman 1996),
which are able to act as oxidizing agents at high temperatures.
The samples represented in the online supplemental informa-
tion, Figures S1a and b were collected from January 1, 2008
to September 21, 2008 and Figures S1c and d from September
27, 2008 to January 1, 2009. To rule out instrumental changes
over time, several of the samples before and after September 27
were re-run 9 months later and the results remained unchanged.
Changes in the chemical composition due to seasonal effects
may be a contributing factor for the different thermal behav-
ior of samples after September 27. However, further chemical
testing will be needed to substantiate this factor.
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132 B. KHAN ET AL.

Twelve of the 19 urban samples also showed signs of early
light-absorbing carbon (LAC) evolution toward the end of the
He phase [Figures S2a (NIST-EPA) and b (NIOSH), shown in
the online supplemental information]. Mineral oxides (e.g., iron
oxide) from the dust present in the urban samples may have
facilitated this premature oxidation. The other 7 urban sam-
ples showed EC evolution in the He-Ox phase (Figures S2c
[NIST-EPA] and d [NIOSH], shown in the online supplemental
information). These urban samples showed little to no PyC, pos-
sibly due to a diesel component which contains nonpyrolyzing
organic matter, such as PAHs. All the diesel samples showed no
PyC and their thermograms mirrored the urban sample thermo-
grams in Figures S2c and d, shown in the online supplemental
information. As discussed, no pyrolysis was observed for all
diesel samples except for those with <1 µg/cm2.

Figures S3a (NIST-EPA) and b (NIOSH), displayed in the
online supplemental information, show typical thermograms for
the cookstove samples. Like the rural and urban samples, there
appeared to be some early oxidation in the He phase. For very
few samples, the split point was in the He-Ox phase for NIST-
EPA and the He phase for NIOSH for the same sample (Figures
S3c and d, displayed in the online supplemental information).
This discrepancy may be due to “pegging” of the laser signal,
which may randomly rise while drifting or with noise, resulting
in an erroneous split point. A similar trend was also observed for
some of the diesel samples—in some cases the split point was
around the third temperature step of the He phase of analysis for
the NIST-EPA (Figure S4c, shown in the online supplemental
information), while the corresponding NIOSH run was at the
end of the He phase (Figure S4d, shown in the online supple-
mental information). Occasionally a reversal of the split was also
observed for NIST-EPA (Figure S4a, shown in the online supple-
mental information) and the corresponding NIOSH run (Figure
S4b, shown in the online supplemental information). [So, noise
and drift can be an issue for samples that undergo “pegging”
or for those samples that do not pyrolyze (e.g., diesel)]. In gen-
eral, most of the diesel thermograms looked like Figures S4a for
NIST-EPA and d (shown in the online supplemental informa-
tion) for the corresponding NIOSH run. The unusually large step
4 peak in the He phase coupled with an increase in the laser sig-
nal for many of the sample types (urban, cookstove, and diesel)
show early carbon oxidization, possibly due to metal catalysis.

Total Carbon (TC)
TC was virtually identical for both transmission and re-

flectance for all methods. The average and range of TC val-
ues for all sample types are shown in Table 2. All 3 protocols
(NIST-EPA, NIOSH, and IMPROVE) showed relatively good
agreement for each sample type. The r2 ranged between 0.95 and
0.99 and the slope between 0.97 and 1.04 when NIST-EPA TC
was compared with NIOSH TC and IMPROVE TC (Figure S5,
displayed in the online supplemental information). Analysis of
variance between the methods for each sample type showed no
significant differences for TC (α = 0.05). A recursive residual

approach was deployed where effects of removal of individual
TC values on ANOVA statistics was analyzed. This did not re-
veal an outlier effect which changed statistical results. Graphical
analysis also did not show major outlier effects, and log trans-
formation of TC likewise did not reveal method effects on TC.
The low variability between TC values for the 3 methods for the
different sample types suggests uniform sample deposits and
the overall higher NIST-EPA (900◦C) and NIOSH (890◦C) tem-
peratures did not release additional carbon beyond the highest
IMPROVE temperature (850◦C) (Table 1).

Optical and Thermal Effects on Carbon Ratios
The average and range of OC/EC ratios for the different

ambient and source-dominated samples are given in Table 4
with emphasis on the optical differences between TOT and
TOR. By convention, NIST-EPA and NIOSH are TOT meth-
ods and IMPROVE a TOR method. Comparison among the 3
conventional methods shows higher average OC/EC ratios for
the TOT methods (Table 4)—with NIST-EPA (TOT) greater
than IMPROVE (TOR) by 1.82 (cookstove), 2.01 (diesel), 2.73
(rural), and 1.35 (urban) and NIOSH (TOT) greater than IM-
PROVE (TOR) by 1.06 (cookstove), 2.73 (rural), 1.97 (diesel),
and 1.42 (urban). The optical measurement is critical to dis-
tinguishing OC and EC. A TOT/TOR ratio of 1.0 indicates no
difference between the optical measures for a particular sample
type. Not considering temperature differences, the TOT/TOR
OC/EC ratios (Table 4) for each method were highest for the
rural and cookstove samples—which also showed higher aver-
age PyC/OC ratios (Table S1, shown in the online supplemental
information). Diesel and urban TOT/TOR OC/EC ratios were
closer to 1.0. Urban samples had the lowest average PyC, and
diesel aerosol showed little to no PyC. Although the average
OC/EC ratios between NIST-EPA and NIOSH were similar
for most of the samples tested; there were cases, particularly
among the diesel and rural samples, where NIST-EPA (TOT)
values were notably higher than the NIOSH (TOT) causing a
wider range of values for the NIST-EPA (TOT). Reasons for
the higher NIST-EPA to NIOSH TOT values are due to dis-
crepancies in the position of the split point as mentioned earlier.
However, in general, irrespective of TOT or TOR measurements,
IMPROVE OC/EC ratios were always slightly lower than NIST-
EPA and NIOSH. The optical correction of pyrolysis ascribed
to organic vapors can be a factor for describing inconsistencies
between TOT and TOR methods (Chow et al. 2004) for the
cookstove, diesel, and urban samples. It may be less applica-
ble for the rural samples which were collected using a denuder
to filter the organic vapors. For the rural samples, the higher
TOT/TOR ratio (compared with the other sample types) may
be attributed to volatilization of aerosol particles that passed
through the denuder, subsequently adsorbing onto or “in” the
filter. Of all the samples tested, the rural samples contained the
lowest carbon loading (Table 2) which should magnify any ef-
fect due to positive artifact. Another possibility is that liquid-like
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TABLE 4
The percent range and average OC/EC ratios for the 3 temperature protocols using optical transmission (TOT) and reflectance

(TOR) for char correction. The optical (p value) t-test statistic compares between TOT and TOR for each protocol for each
sample type. The thermal (p value) ANOVA-test statistic compares the different temperature protocols within an optical

correction method (transmission or reflection). The p values <.05 are significantly different (shown in bold).

Method TOT TOR

Sample type Average ± SD Range Average ± SD Range Avg. TOT/TOR Optical (p value)

Cookstove NIST-EPA 2.29 ± 2.68 0.28–12.80 1.34 ± 1.15 0.29–5.39 1.71 .1512
Cookstove NIOSH 2.59 ± 3.20 0.24–15.33 1.86 ± 2.00 0.19–9.13 1.39 .1143
Cookstove IMPROVE 1.73 ± 2.17 0.24–11.62 1.26 ± 1.43 0.23–6.67 1.37 .0346
Thermal (p value) .7772 .2696
Diesel NIST-EPA 2.16 ± 3.87 0.24–22.58 2.06 ± 3.91 0.13–22.58 1.05 .3165
Diesel NIOSH 1.54 ± 2.12 0.27–12.79 1.44 ± 2.16 0.17–12.78 1.07 .3024
Diesel IMPROVE 0.46 ± 0.22 0.10–0.97 0.37 ± 0.25 0.12–0.99 1.24 .0091
Thermal (p value) .0001 .0001
Rural NIST-EPA 17.68 ± 12.86 2.61–84.43 10.83 ± 21.41 1.63–31.04 1.63 .0001
Rural NIOSH 17.67 ± 10.09 3.48–58.16 7.92 ± 4.85 3.88–31.03 2.23 .0001
Rural IMPROVE 13.97 ± 6.21 1.70–25.71 6.48 ± 3.80 1.17–21.70 2.16 .0001
Thermal (p value) .2230 .2460
Urban NIST-EPA 2.85 ± 0.77 1.41–4.47 2.54 ± 0.74 1.27–4.40 1.12 .2010
Urban NIOSH 2.99 ± 0.76 1.84–5.25 2.79 ± 0.90 1.46–4.75 1.07 .3307
Urban IMPROVE 1.69 ± 0.42 1.05–2.60 2.11 ± 0.65 1.18–3.57 0.80 .0175
Thermal (p value) .0001 .0293

particles penetrated the filter to the point where each of the op-
tical measurements interrogated the sample differently.

A plot of the NIOSH TOT-to-NIOSH TOR ratio for the
OC/EC split versus total carbon shows that for many of the
diesel samples, the ratio was 1.0 (Figure S6, shown in the on-
line supplemental information), as expected in the absence of
PyC. However, there were inconsistencies between IMPROVE
and NIOSH values for the diesel samples. OC concentrations
were compared between NIOSH TOT (at 550◦C) and IMPROVE
TOT (at 550◦C). Of the 46 diesel samples, 32 had a NIOSH TOT
(870◦C)/IMPROVE TOT (500◦C) ratio greater than 1.4. Figure
S7 in the online supplemental information shows that by com-
paring NIOSH TOT (550◦C) to IMPROVE TOT (550◦C) for
the samples having a ratio greater than 1.4, NIOSH values were
closer to IMPROVE at the same temperature. A similar analysis
between NIOSH TOT (550◦C) and IMPROVE TOR (550◦C) for
a ratio greater than 1.5 also showed better OC correspondence
for 33 of the 46 diesel samples. For these diesel samples, the
better correlation at 550◦C (between NIOSH and IMPROVE)
suggest that in the absence of PyC the lower temperature proto-
col may be applicable.

The average and range of EC/TC ratios for the different
sample types using the different methods are summarized in
Table 5 (and graphically displayed in Figure S8 in the online
supplemental information). Results from a 2-tailed t-test are
also displayed in Table 5. The test was applied following a

logistic transformation of the EC/TC values to normalize the
distribution of data bounded between 0 and 1. The thermal
effects on the EC/TC ratio show that for the TOT protocols,
cookstove and rural samples were not significantly different
(p > .05). However, for the diesel and urban samples there
were significant differences between the methods (p < .05).
The TOT protocol driving this difference was the IMPROVE
protocol for both the diesel and urban samples. Similar findings
were observed for the TOR protocols. An optical comparison
between TOT and TOR for the different protocols within a
particular sample type shows that cookstove NIST-EPA, diesel
IMPROVE, urban IMPROVE, and all of the rural protocols
shows some degree of difference because of the optical means
of detection. EC/TC for the TOR protocols was generally higher
than for the TOT protocols. Analysis of raw, untransformed
values of EC/TC yielded similar results.

From a global climate modeling perspective, the large EC/TC
range for the cookstove samples (0 to 0.83) is interesting.
Cookstove samples tested in this study encompassed 23 cook-
stove/fuel/WBT phase combinations (Table 3). Figure 2 pro-
vides a visual snapshot of the EC/TC ratios for these 23 com-
binations using the conventional methods (NIST TOT, NIOSH
TOT, and IMPROVE TOR). Generally, IMPROVE TOR EC/TC
ratios were somewhat higher than for NIST-EPA TOT and
NIOSH TOT. WFP rocket stoves gave off the highest over-
all EC/TC and, oddly enough, EC/TC ratios were low or not
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TABLE 5
The percent range and average EC/TC ratios for the 3 temperature protocols using optical transmission (TOT) and reflectance

(TOR) for char correction. The optical (p value) t-test statistic compares between TOT and TOR for each protocol for each
sample type. The thermal (p value) ANOVA-test statistic compares the different temperature protocols within an optical

correction method (transmission or reflection). The p values <.05 are significantly different (shown in bold)

Method TOT TOR

Sample type Average ± SD Range Average ± SD Range Optical (p value)

Cookstove NIST-EPA 0.34 ± 0.23 0.00–0.78 0.43 ± 0.21 0.00–0.78 .0391
Cookstove NIOSH 0.34 ± 0.24 0.00–0.78 0.41 ± 0.21 0.00–0.75 .1724
Cookstove IMPROVE 0.39 ± 0.24 0.00–0.80 0.50 ± 0.21 0.00–0.83 .0690
Thermal (p value) .2583 .293
Diesel NIST-EPA 0.48 ± 0.20 0.04–0.80 0.52 ± 0.24 0.04–0.88 .3165
Diesel NIOSH 0.51 ± 0.18 0.07–0.79 0.55 ± 0.21 0.07–0.85 .3024
Diesel IMPROVE 0.70 ± 0.09 0.51–0.91 0.75 ± 0.11 0.50–0.89 .0091
Thermal (p value) .0001 .0001
Rural NIST-EPA 0.07 ± 0.04 0.00–0.28 0.14 ± 0.06 0.01–0.38 .0001
Rural NIOSH 0.07 ± 0.03 0.02–0.12 0.13 ± 0.05 0.00–0.24 .0001
Rural IMPROVE 0.08 ± 0.05 0.00–0.37 0.16 ± 0.07 0.00–0.46 .0001
Thermal (p value) .0637 .0587
Urban NIST-EPA 0.27 ± 0.06 0.28–0.49 0.29 ± 0.06 0.21–0.46 .2010
Urban NIOSH 0.26 ± 0.04 0.18–0.42 0.28 ± 0.07 0.19–0.44 .3307
Urban IMPROVE 0.38 ± 0.06 0.16–0.35 0.33 ± 0.06 0.17–0.41 .0175
Thermal (p value) .0001 .0293

detected when charcoal was used as the fuel. However, results
from a more comprehensive cookstove study currently being
conducted are forthcoming. This study includes 21 cookstoves
tested using 6 fuel types under high and low moisture con-
ditions for each WBT phase. Over 200 cookstove/fuel/WBT
phase combination samples in triplicate will be collected and
analyzed from this study.

“Instrumentally Calculated” Pyrolyzed Carbon (PyC)
A major drawback of the TOA analysis is the susceptibility

of certain carbon compounds to char via pyrolysis. Pyrolysis

is a form of incineration that chemically decomposes organic
materials by heat in the absence of oxygen. Inaccurate assign-
ment of charred OC results in inaccurate OC/EC ratios. In this
paper, PyC measurements were based on the “instrumentally
calculated” PyC. It is important to point out that when the
laser transmission or reflectance detector is baseline saturated,
neither the “instrumentally calculated” PyC nor the “degree of
change in the transmission or reflectance response” may be
an accurate assessment of how much OC charred. Hence, use
of “instrumentally calculated” PyC is only a semi-quantitative
indication of charring. For each protocol, the method for

FIG. 2. EC/TC ratios for the different cookstove/fuel/WBT combinations for the conventional methods (NIST-TOT, NIOSH TOT, and IMPROVE TOR) (color
figure available onlne).
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determining “instrumentally calculated” PyC was identical,
making comparisons between protocols possible. Table S1 (dis-
played in the online supplemental information) shows the aver-
age and range of the “instrumentally calculated” PyC/OC ratio
for the different methods within each sample type. All sample
types, except for the diesel samples, showed appreciable char-
ring. For the diesel samples, when PyC evolution occurred, it
originated in the He phase and values were overall very low,
mostly below the instrument’s detection limit (0.2 µg/cm2).
Seventeen of the 60 rural samples also showed early PyC evolu-
tion in the He phase (Figure S1c and d, displayed in the online
supplemental information). All other samples showed PyC evo-
lution beginning in the He-Ox phase.

For rural, urban, and cookstove samples showing PyC val-
ues, IMPROVE PyC values were highest among the 3 protocols,
irrespective of whether optical correction was TOT or TOR, sug-
gesting that the pyrolytic behavior of the samples is sensitive to
the IMPROVE temperature protocol (Table S1, displayed in the
online supplemental information). The heating rates in the He
phase for NIOSH and NIST-EPA ranged between 3 and 10◦C/s
and was less than 4◦C/s for IMPROVE (if the residence time
was 120 or 150 s) (Table 1). The residence time can directly
affect the extent of charring, (i.e., the shorter the residence time,
the less time for which the sample is subjected to the char-
ring temperatures). Hence, charring may not be complete if the
residence time is too short. The higher residence times of the
IMPROVE methods may account for the higher PyC. Increas-
ing OC loading also increased PyC for the rural, urban, and
cookstove aerosol samples (Figure S6, displayed in the online
supplemental information). While the rural and urban samples
for the conventional methods showed higher PyC values for IM-
PROVE TOR than NIOSH TOT, the cookstove values showed
little partiality towards either method. Similar results were found
between IMPROVE TOR and NIST-EPA TOT. The OC concen-
trations measured in the cookstove samples were lower than in
the rural and urban samples. Of the total carbon, the average
%OC values for the rural, urban, and cookstove samples were
84%, 67%, and 50% (IMPROVE TOR); 93%, 72%, and 49%
(NIOSH TOT); and 93%, 73%, and 52% (NIST-EPA TOT),
respectively.

The aerosol chemical composition can also influence the
amount of PyC. Past analysis of these samples showed that the
OC composition of the rural samples resulted predominantly
from biogenic VOC oxidation (in spring, summer, and fall) and
biomass burning (in winter) (Geron 2009) and for the urban
samples it was a complex mixture of hydrocarbons (Ma et al.
2010). The chemical composition of the cookstove samples
used in the current study was unavailable. However, biomass
smoke is a source of “brown” carbon—a polymeric carbona-
ceous material that is derived from phenolic and sugar deriva-
tives (Sannigrahi et al. 2006). Brown carbon is water soluble
and its absorbance increases strongly from long to short wave-
lengths (Mayol-Bracero et al. 2002). Brown carbon is also a
source of aged biogenic secondary organic compounds in rural

aerosols (Lindberg et al. 1993; Hecobian et al. 2010). Water-
soluble organic carbons (WSOCs), such as “brown” carbon and
humic-like substances (HULIS), are light absorbing organics
that make up 10 to 70% of aerosol OC mass in the southeast
U.S. and char easily during TOA (Andreae and Crutzen 1997;
Yamasoe et al. 2000; Yang and Yu 2002; Shauer et al. 2003).
The presence of “brown” carbon may explain the higher PyC
for the rural and cookstove samples (Table S1) and differences
between TOT/TOR ratios. Other OC compounds, such as those
found in diesel and urban aerosols appear less amenable to
charring. For example, PAHs and their methylated, nitrated, and
oxygenated derivatives typical of motor vehicular exhaust and
motor oil are insoluble in water and do not pyrolyze much (Chow
et al. 2001; Schauer et al. 2003; Ono-Ogasawara and Smith
2004).

Overall, the %PyC for the urban samples, which contained
components of diesel, biomass burning, and mineral oxides,
agreed reasonably well for each TOT method and the corre-
sponding TOR method (Table S1, displayed in the online supple-
mental information). However, the IMPROVE PyC values were
substantially higher for the urban samples than the other sam-
ple types—showing the susceptibility of the IMPROVE tem-
peratures to charring. For the cookstove samples, the average
%PyC for the NIST-EPA (TOT) and NIOSH (TOT) was 2.3 and
1.6 times greater than NIST-EPA (TOR) and NIOSH (TOR),
respectively. The lower TOR PyC averages for the cookstove
were due to the fact that 78% (NIST-EPA TOR) compared with
26% (NIST-EPA TOT) and 67% (NIOSH TOR) compared with
43% (NIOSH TOT) of the samples measured <15% PyC. In
addition, many of the NIST-EPA TOR cookstove values mea-
suring 0 to 5% PyC measured substantially higher PyC under
NIST-EPA TOT (11 and 38%) illustrating how optical effects
can influence the measurements. Overall, TOT values for the ru-
ral and cookstove samples were higher than the corresponding
TOR values. The overall higher TOT values may be attributed
to the laser technique, in that TOT penetrates and records PyC
deposits throughout the filter material, whereas TOR measures
deposits on only the filter surface.

CONCLUSION
Three thermal-optical protocols run on a Sunset Laboratory

Dual Optics (transmission and reflectance) Carbon Analyzer
was used to measure the OC/EC and EC/TC ratios in several
aerosol types. The 3 temperature protocols were: (1) two modi-
fied versions of the Birch and Cary (1996) NIOSH 5040 proto-
col (designated in this paper as NIOSH and NIST-EPA) and (2)
the IMPROVE protocol used by the DRI IMPROVE network
(designated in this paper as IMPROVE). It should be noted
that the DRI network currently uses IMPROVE-A, which is a
modified version of the IMPROVE protocol to accommodate
for an instrumentation upgrade. Each protocol was run utilizing
simultaneous optical transmission (TOT) and optical reflectance
(TOR) for char correction. Intercomparison analysis was
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conducted among the methods to show the extent to which
temperature and optics influenced OC/EC and EC/TC ratios for
aerosol emissions from residential cookstoves, urban aerosol
collected in Nairobi, Kenya, diesel exhaust, and a rural North
Carolina forest.

Results highlight why a single thermal-optical protocol to
measure carbon speciation may not be feasible for all sam-
ple types. Differences in sample chemical composition, sample
behavior under different thermal conditions, optical technique,
and sampling technique (specifically, carbon loading) add to the
complexity of the measurement. High EC loading can mask the
occurrence of charring and cause “pegging” of the laser signal
that may result in an inaccurate OC/EC split point. The diesel
samples examined for the present study showed no appreciable
charring, but may have been susceptible to a similar effect due
to laser signal drift and noise.

Comparison between the 3 TOT protocols (NIST-EPA,
NIOSH, and IMPROVE) for average OC/EC showed that IM-
PROVE TOT was typically lower than the other 2 TOT proto-
cols. Similar findings were observed between the TOR meth-
ods. These differences illustrate the extent to which temperature
influences the OC/EC ratio. Further comparison showed an ad-
ditional reduction in the average OC/EC ratios for IMPROVE
TOR when compared with IMPROVE TOT. This additional re-
duction is attributed to the optical effects on the measurements.
A similar analysis on the EC/TC ratios showed that IMPROVE
TOT was higher than the other 2 TOT protocols, with an addi-
tional increase (except for the urban samples which showed a
decrease) due to optics between IMPROVE TOT and IMPROVE
TOR.

OC/EC TOT and the corresponding TOR ratios showed better
correlation for the diesel-impacted urban and diesel aerosols
but not for the rural and cookstove aerosols. This TOT/TOR
discrepancy can be attributed to lack of charring for diesel and
diesel-impacted samples, which may contain water insoluble
OC that does not easily char during TOA. Rural and biomass
emissions contain sizeable fractions of water soluble OC that
char during TOA. Differences between laser techniques (TOT
and TOR) are have been documented.

On the basis of the overall study findings, no one thermal-
optical protocol for measuring carbon ratios can be considered
applicable for all types of aerosols samples. Additional research
is needed to better understand what happens to a sample during
charring, which compounds char, and better optical character-
ization between charred OC and native EC for the different
aerosol types. In TOA, the sample chemical composition plays
an important role in char production, which in turn is an inte-
gral step to OC/EC determination. However, as observed in the
diesel aerosol, in the absence of charring, thermal and optical
effects can still be observed, especially for the IMPROVE TOR
method. Nonetheless, without some type of standard for OC and
EC in atmospheric particulate matter there will always be some
level of uncertainty in the data.
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