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S.1. Thermal/Optical Carbon Analysis Procedure 
Figure S-1 shows the sequence of steps for processing of quartz-fiber filters used for 

carbon analysis (DRI, 2012).  Chain-of-custody procedures and data management systems record 

the disposition of filters at each stage of analysis and storage. An analysis list is prepared prior to 

carbon analyses, and a small batch of samples is transferred from the archive to a laboratory 

refrigerator prior to analyses. Records of system calibration results, comparisons to standard 

solutions, traceability of calibration standards to nationally recognized primary standards, 

acceptance testing results, and thermograms for individual samples are retained and made 

available to auditors and other interested parties when needed to evaluate the measurement 

process and to explain potentially anomalies found by data users..   

Filter inspection, pre-firing, acceptance testing, and archiving of blank filters in Steps 1 

through 4 of Figure S-1 are important parts of the operation.  Each filter is inspected on a light 

table for inhomogeneities, pinholes, or other defects, and unacceptable filters are returned to the 

manufacturer for credit.  Acceptable filters are then baked at 900 °C for 4 hours to remove 

organic vapors, then replaced in their containers, sealed, and refrigerated prior to being loaded.   

The actual analysis in Step 8 is detailed in Figure S-2.  Instrument calibration, quality 

control (QC), and quality assurance (QA) measures are summarized in Tables S-1 and S-2.  Each 

analyzer is calibrated by analyzing samples of known amounts of methane (CH4), carbon dioxide 

(CO2), sucrose, and potassium hydrogen phthalate (KHP).  The flame ionization detector (FID) 

response is normalized to a reference CH4 bolus injected at the end of each sample analysis, and 

the variability of this response is kept within pre-set tolerances.   

Performance tests of each instrument’s calibration are conducted at the beginning and end 

of each day’s operation.  Intervening samples are re-analyzed when calibration changes of more 

than ±10% are observed. Known amounts of American Chemical Society (ACS)-certified 

reagent grade crystal sucrose and KHP are analyzed to verify the OC fractions.  Fifteen different 

standards are used for each calibration.  At least 10% of the samples are analyzed in replicate to 

control the analyses and replicate punches are analyzed on an instrument chosen at random.  

Other tests conducted at the beginning of each analysis day include a system blank check, a leak 

check, and a laser performance check.  
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Temperature calibrations are conducted every six months, or whenever the thermocouple 

is replaced, using temperature-indicating materials (Templar G, Temple Inc., South Plainfield, 

NJ). A Templar G set consists of chemicals that change their appearance at a specific 

temperature (rated temperature). A thin layer (~25 µL) of Templar G is uniformly applied onto 

a glass or quartz disk surface and covered with a sliced quartz-fiber filter punch. When the 

specified temperature is reached, the appearance of the sample changes, as evidenced by R and 

T, and by which the deviation between measured (thermocouple) and sample temperatures can 

be determined (Chow et al., 2005). Triplicate tests are made at 121, 184, 253, 510, 704, and 816 

°C to obtain the calibration slope and intercept, which are then fed back into the temperature 

control program. This procedure ensures that each sample experiences a temperature plateau 

specified by the protocol. A significant change in calibration slope and intercept also triggers 

inspection for possible hardware problems.   

Panteliadis et al.’s (2014) recent interlaboratory comparison demonstrates the importance 

of calibrating for the sample temperature, not just the temperature at the sample location.  

Seventeen different laboratories equipped with similar instrumentation followed similar 

calibration procedures, including those for temperature (Phuah et al., 2009).  For EC, the 

standard deviation among laboratories was 25.5% for the NIOSH870 and 19.5% for the 

EUSSAR2 protocols.  Part of the discrepancy was attributed to O2 infiltration into the inert 

helium (He) atmosphere in these units.  Oxygen (O2) measurements are performed with an 

external gas chromatography/mass spectrometer (GC/MS)  every 6 months to monitor trace O2 

levels that may trigger EC or optical pyrolysis (OP) oxidation and bias the OC/EC split.  

Concentrations for each carbon fraction (cfraction) are reported for each filter by 

normalizing the area of the sample punch (0.5 cm2) to the exposed area of the filter, which 

depends on the open face of the filter holder (nominally 3.8 cm2 for the URG 3000N 25 mm 

filter holder, 11.8 cm2 for the FRM 47 mm filter holder, and 13.8 cm2 for the Nuclepore 47 mm 

filter holder).  The exposed area should be measured periodically to assure that accurate values 

are used. 

Analysis precisions (Watson et al., 2001) are calculated for different concentration 

intervals as: 
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where: 

CV      = coefficient of variation for each carbon fraction 
 N          = number of samples 
 ci              = concentration of initial analysis for each carbon fraction 
 ci,r          = concentration of sample “i” replicate analysis for each carbon fraction 
 MDL         = minimum detection limit (3 standard errors [3σ] of laboratory blanks) for  

each carbon fraction 
 σcfraction        = precision of cfraction 

 

Data are transmitted to the master data base in any specified format, which usually 

includes a separate record for each sample with the sample ID, filter lot number, analysis date, 

validation flags, values of carbon fractions (µgC/filter), precision for each fraction, and initial, 

minimum, and final R and T values.  These are associated with field data, such as sample 

volume, through the sample ID for a final output in µg/m3.  It is at this stage that field blank 

values are subtracted and the errors propagated according to: 

 

                         (3) 
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where: 
Cfraction   = concentration of carbon fraction (µg/m3)   
cfraction = carbon fraction concentration (µg/filter) 
bfraction = average concentration of field blanks (µg/filter) 

   σcfraction  = precision of cfraction (µg/filter) 
 σbfraction  = standard deviation of field blanks  

V = sample volume (m3) from sampling unit, actual atmospheric conditions 
 σV  = precision of sample volume (m3) 
 
Reflectance and Transmittance Calibration 

Figure S-3 details the procedure for standardizing the transfer standards used to relate the 

mV output of the optical detector to the filter absorbance.  Figures S-4 through S-7 shows R and 
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T across a wide range of wavelengths for each of the transfer standards.  Figure S-8 shows the 

calibration curves for the Model 2001 with helium-neon (He-Ne) laser, complementing the 

Model 2015 calibration curves presented in the main text. 

Equivalence between Model 2001 and Model 2015 Carbon Fractions 
The sample presentation, heating oven, and optical measurements are nearly identical for 

the Models 2001 and 2015, little difference is expected in the measurement of carbon fractions 

on each unit.  Figures S-9 and S-10 compare TC, OC, and EC replicate while Figures S-11 and 

S-12 compare replicates for six of the seven thermal carbon fractions. High temperature EC3 

(840°C) are rarely detected in these samples. Slopes are from Deming regressions with zero 

intercepts.  
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Table S-1.  Summary of Quality Control (QC) activities for thermal/optical carbon analysis, updated from Chow et 
al. (2011). 
QA/QC 
Activity Purpose 

 
Frequency Standarda 

Acceptance 
Criteria Response Action 

Multipoint 
Calibrations 

Establish 
instrument 
response 
curves to 
known 
concent-
rations 

Every 6 
months or 
after major 
instrument 
maintenanc
e 

1800 ppm C 
Potassium 
Hydrogen 
Phthalate 
(KHP) and 
sucrose; NIST 
5% CH4/He, 
and NIST 5% 
CO2/He gas 
standards 

Slopes ± 5% of 
average 

Troubleshoot instrument and 
repeat calibration until results 
within stated tolerances 

Minimum 
Detection Limit 
(MDL) 

Ensure 
cleanliness of 
filter lots and 
establish 
instrument 
sensitivity 

Initially, 
then 
quarterly or 
after major 
instrument 
maintenanc
e 

Lab blanks Within ± 10% of 
previous limits 

Troubleshoot instrument and 
repeat calibration until results 
are satisfactory 

Lower 
Quantifiable 
Limit (LQL) 

Provide 
background 
levels in field 
samples 

Quarterly Field blanks Within ± 10% of 
previous limits 

Troubleshoot instrument and 
check filters 

Laboratory 
Blank Check 

Ensure 
cleanliness of 
analytical 
system 

Beginning 
of analysis 
day 

N/A ≤ 0.2 µg C/cm2 Check instrument and filter 
lots 

Leak Check Ensure 
integrity of 
gas tight 
analytical 
system 

Beginning 
of analysis 
day 

N/A Oven pressure drops 
<0.52 mmHg per 
sec. 

Locate leaks and fix 

Laser 
Performance 
Check 

Verify proper 
laser 
operation 

Beginning 
of analysis 
day 

N/A Transmittance >700 
mv; Reflectance 
>1500 mv 

Check laser and filter boat 
positions 

Auto-
Calibration 
Check 

Ensure 
accuracy of 
instrument 

Beginning 
of analysis 
day 

NIST 5% 
CH4/He gas 
standard 

95-105% recovery 
and calibration peak 
area 90-110% of 
weekly average 

Troubleshoot and correct 
system before analyzing 
samples 

Calibration 
Peak Area 
Check 

Check 
instrument 
response 

Every 
analysis 

NIST 5% 
CH4/He gas 
standard 

Counts > 20,000 and 
95-100% of average 
calibration peak area 
for the day 

Void analysis result and repeat 
analysis with second filter 
punch 

Manual 
Injection 
Calibration 

Ensure 
accuracy of 
instrument  

End of 
every other 
analysis 
day 

NIST 5% 
CH4/He or 
NIST 5% 
CO2/He gas 
standards 

95-105% recovery 
and calibration peak 
area 90-110% of 
weekly average 

Troubleshoot and correct 
system before analyzing 
samples 

Sucrose 
Calibration 
Check 

Ensure 
consistent 
calibration 

Three times 
per week 

10 μL of 1800 
ppm C sucrose 
standard 

95-105% recovery 
and calibration peak 
area 90-110% of 
weekly average 

Troubleshoot and correct 
system before analyzing 
samples 
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Table S-1.  (continued) 

QC Activity Purpose 
 
Frequency Standard 

Acceptance 
Criteria Response Action 

System Blank 
Check 

Check system 
cleanliness 

Once per 
week 

N/A 
 

<0.2 µg C/cm2 Check instrument , bake oven 

Sample 
Replicates 

Analysis 
precision 

Every 10 
analyses 

N/A ±10% when OC and 
TC >10 µg C/cm2 
±20% when EC >  
10µg C/cm2 or 
<±1 µg/cm2 when 
OC and TC <10 µg 
C/cm2 
<±2 µg/cm2 when 
EC <10µg C/cm2 

Investigate instrument and 
sample anomalies and rerun 
replicate when difference 
>±10% 

Temperature 
Calibrations 

Ensure oven 
temperature 
steps match 
analysis 
protocol 

Every 6 
months & 
when 
thermo-
couple 
replaced 

Tempilaq 
(Tempil, Inc., 
South 
Plainfield, NJ) 

Linear relationship 
between 
thermocouple and 
Tempilaq values 
with r2>0.99 

Troubleshoot instrument and 
repeat calibration until results 
are within stated tolerances 

Oxygen Level 
in He 
Atmosphere 

Ensure 
integrity of 
gas tight 
analytical 
system 

Every 6 
months & 
when leak 
detected 

Certified gas-
tight syringe 

Less than the 
certified amount of 
He cylinder 

Replace the He cylinder 
and/or CO2 scrubber 

Multi 
wavelength 
calibration 

Normalize R 
and T to the 
same primary 
standards 

Every 6 
months or 
when 
deviations 
are 
detected 

Filters with 
increasing 
deposits 
standardized 
with neutral 
density filters 
for T and 
Spectralon 
diffuse 
reflectors for 
R 

Slope of  T or R vs. 
mW signal varies by 
>5% of previous 
calibration 

Verify light sources, detectors, 
and quartz light pipes.  
Replace when found faulty 
and re-calibraton 
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TableS- 2.  Summary of Quality Assurance (QA) activities for thermal/optical carbon analysis. 

QA Activity Purpose Frequency Standard 
Acceptance 

Criteria Response Action 
Internal Audits Ensure 

compliance 
with 
operational 
and quality 
system 
procedures 

Every year Performed by 
QA Manager 
or designee 

Conformance with 
lab SOPs, QAPPs, 
Quality Manual, and 
2009 TNI standard 

Prepare preventive or 
corrective actions based on 
audit findings and follow up to 
ensure completion of specified 
actions 

Technical 
Systems Audits 

Assess 
adequacy of 
and 
conformance 
with good 
laboratory 
practices and 
QA/QC 
procedures 

Every 3 
years 

Performed by 
EPA audit 
team from 
NAREL 

Conformance with 
good laboratory 
practices and 
adherence to lab 
SOPs 

Prepare and implement 
preventive and corrective 
actions as needed based on 
audit findings 

Quality System 
Audit 

Assess 
adequacy of 
and 
conformance 
with Quality 
System 

Every 3 
years 

Performed by 
TCEQ auditor 
under NELAP 

Conformance with 
2009 TNI Standard 

Prepare and implement 
preventive and corrective 
actions as needed based on 
audit findings 

Performance 
Evaluations 
and Laboratory 
Inter-
comparisons 

Assess 
comparability 
of analytical 
results with 
standards and 
other 
laboratories 

Yearly Performed by 
EPA’s 
NAREL 

Within specified 
limits and 
agreement with 
other labs with 
different criteria for 
carbon 

Prepare and implement 
preventive and corrective 
actions as needed based on 
findings 

aTNI=The NELAC Institute; NELAC=National Environmental Laboratory Accreditation Conference; 
NELAP=National Environmental Laboratory Accreditation Program; NAREL=National Air and Radiation 
Environmental Laboratory; and TCEQ=Texas Commission on Environmental Quality. 
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Figure S-1.  Flow diagram of quartz-fiber filter handling for IMPROVE_A carbon analysis. 
 
  

1.Receive quartz fiber 
filters in lots of 100 and 

assign lot ID 
2.Pre-fire at 900 °C for > 4 

hours 

3.Conduct carbon 
acceptance tests on 2% 

of samples.  Reject 
batches that don't pass 

4.Place pre-fired filters 
into shipping boxes with 
lot ID, vacuum seal, and 

refrigerate 

5.Load filters into filter 
holders and assign 

sample ID.  Associate 
sample ID with lot ID 

6.Ship to field sites in 
coolers, retain under 

refrigeration before and 
after sampling, ship to 

laboratory 

7.Unload samples and 
place into Petri slides 
with sample ID label.  

Scan IDs into data base 
with field data.  Store 
under refrigeration 

8.For an analysis batch, 
submit 0.5 cm2 aliquot of 

sample deposit to 
IMPROVE_A analysis.  

Return remnants to Petri 
slide and long-term 

archive. Scan ID into data 
base 

9.Examine thermogram 
for deviations from 

normal.  Paste analyzed 
punch onto thermogram 

printout and archive.  
Assign validation flags 

10.Re-analyze 10% of 
samples on a randomly 

selected instrument on a 
random day.  Identify 

sample sets for re-
analysis when tolerances 

are unmet   

11.For each batch, 
carbon analysis 

supervisor examines 
each thermogram, 

replicate values, and 
calibration charts.  

Designate re-analysis 
when tolerances are 

unmet.  Assign validation 
flags 

12.Submit validated 
results to data base for 

unification with field data 
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Figure S-2. Major components of a carbon analysis: 1) removing a sample from the laboratory refrigerator; 2) 
scanning the laboratory code and initializing the analyzer; 3) removing a 0.5 cm2 punch from the filter—three such 
punches are available, thereby permitting replicate analyses on a randomly-selected analyzer; 4) placing the punch 
into the quartz sampling boat (the thermocouple/pushrod precisely positions the sample in the analysis zone); 5) 
placing the analyzed punch on the thermogram (the analyzed punch may have a red or yellow hue when minerals are 
abundant); and 6) inspecting the results and entering analysis validation flags. 
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1)  

     

2)  3)  
 

4) 

 

5) 

 

6) 

 
7) 

 

8) 

 

9) 

 
Figure S-3.  Procedure for calibrating quartz-fiber transfer standards for R and T:  1)  sample filter holder, transfer 
standard, and forceps for handling filter with gloved hands in a laminar flow hood; 2) transfer standard in a custom 
filter cassette designed to minimize distance between the filter and the integrating sphere inlet; 3) filter cassette in 
standard Lambda 35 sample holder (a UV/VIS Spectrometer, PerkinElmer, Waltham, MA); 4) scan across 
wavelengths for 100% T with beam unblocked and Spectralon reflectance standard (Labsphere, 2000); 5) scan 
across wavelengths for 0% T with beam blocked; 6) insert filter with deposit toward beam (to mimic Model 2015 
optical configuration) and scan across wavelengths for measurement; 7)  scan across wavelengths for 100% R with 
beam unblocked and Spectralon reflectance standard (Labsphere, 2000); 8) scan across wavelengths for 0% R with 
beam blocked; and 9) insert filter with deposit toward beam (to mimic Model 2015 optical configuration) and scan 
across wavelengths for measurement. 

“Transfer Standard” 

Empty filter case 
Filter cassette in sample holder 

Spectralon® reflectance  
 

Mirror 

Direction of light 
Reference 

beam 

Integrating 
sphere and 

detector 
Mirror 

Spectralon 
reflectance 

standard 

Blocking light 

Filter cassette 

Spectralon 
reflectance 

standard 

Spectralon 
reflectance 

standard 

Filter cassette 
Spectralon 
reflectance 

standard 
removed 
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Figure S-4.  Reflectance and transmittance as a function of wavelength for diesel exhaust samples with different 
loadings.  Vertical lines correspond with the seven wavelengths used in the Model 2015.   
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Figure S-5.  Reflectance and transmittance as a function of wavelength for flaming pine needle  samples with 
different loadings.  Vertical lines correspond with the seven wavelengths used in the Model 2015.  
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Figure S-6.  Reflectance and transmittance as a function of wavelength for smoldering pine cone samples with 
different loadings.  Vertical lines correspond with the seven wavelengths used in the Model 2015. 
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Figure S-7.  Reflectance and transmittance as a function of wavelength for smoldering peat samples with different 
loadings.  Vertical lines correspond with the seven wavelengths used in the Model 2015. 
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Figure S-8.  Optical calibration of the Model 2001 with 633 nm laser and various transfer standards. Results are 
similar to those for the Model 2015 as illustrated in the main text. 
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Figure S-9.  Model 2015 vs. Model 2001 scatterplots of TC, OC, and EC for the 67 Fresno Supersite samples.  
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Figure S-10. Model 2015 vs. Model 2001 scatterplots of TC, OC, and EC for the 73 IMPROVE network samples. 
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Figure S-11.  Model 2015 vs. Model 2011 thermal carbon fraction scatterplots for 67 Fresno Supersite samples.  
EC3 was below detection limits for most of these samples and is not shown. 
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Figure S-12.  Model 2015 vs. Model 2011 thermal carbon fraction scatterplots for the 73 IMPROVE samples.  EC3 
was below detection limits for most of these samples and is not shown. 
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