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Abstract. Thermal—optical analysis (TOA) is a widely used 1 Introduction

technique that fractionates carbonaceous aerosol particles

into organic and elemental carbon (OC and EC), or car-

bonate. Thermal sub-fractions of evolved OC and EC arelhe Interagency Monitoring of Protected Visual Environ-
also used for source identification and apportionment; thusment (IMPROVE, outlined by Chow et al., 1993) and Na-
oven temperature accuracy during TOA analysis is essentional Institute of Occupational Safety and Health Method
tial. Evidence now indicates that the “actual”’ sample (filter) 5040 (NIOSH, 1996) thermal-optical analysis (TOA) meth-
temperature and the temperature measured by the built-iRds have been used widely for decades to quantify total car-
oven thermocouple (or set-point temperature) can differ byPon (TC), organic carbon (OC), and elemental carbon (EC)
as much as 50C. This difference can affect the OC—EC split concentrations in ambient and combustion source samples.
point selection and consequently the OC and EC fraction and" addition, differences in the OC and EC sub-fractions were
sub-fraction concentrations being reported, depending on théSeful in distinguishing between diesel and gasoline emis-
sample composition and in-use TOA method and instrumentsions (Watson et al., 1994; Kim and Hopke, 2004, 2005),
The present study systematically investigates the influencé? characterizing different source and combustion profiles
of an oven temperature calibration procedure for TOA. A (Watson and Chow, 2001; Chow et al., 2011), and in estimat-
dual-optical carbon analyzer that simultaneously measureid the source contributions to suspended particulate matter
transmission and reflectance (TOT and TOR) is used, func{Chow et al., 2004a; Kim and Hopke, 2004, 2005; Lee at al.,
tioning under the conditions of both the National Institute 2003; Maykut et al., 2003).

of Occupational Safety and Health Method 5040 (NIOSH) NIOSH and IMPROVE carbon fractions have been deter-
and Interagency Monitoring of Protected Visual Environ- mined traditionally with instrumentation developed by Sun-
ment (IMPROVE) protocols. The application of the oven cal- Set Laboratory (Tigard, OR, USA) and Desert Research Insti-
ibration procedure to our dual-optics instrument significantly tute (DRI, Reno, NV, USA), respectively. Not only are there
changed NIOSH 5040 carbon fractions (OC and EC) and thdardware design and configurational differences between
IMPROVE OC fraction. In addition, the well-known OC—EC these instruments, but the protocols differ operationally in
split difference between NIOSH and IMPROVE methods is teémperature programming and optical monitoring, as de-
even further perturbed following the instrument calibration. Sctibed by Chow et al. (2001) whereby different OC and EC
Further study is needed to determine if the widespread apvalues can be obtained for many sample types. In one exam-
plication of this oven temperature calibration procedure will Ple of how protocols differ, the maximum burn-off tempera-

indeed improve accuracy and our ability to compare amongures used by the NIOSH method are higher (usually’€70

IMPROVE protocol (usually 550C for the OC and 850C
for the EC). Since the concentrations of OC and EC are fully
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operationally defined and dependent on temperature, the a@ Experimental section
curacy in temperature setting is therefore essential for the
analysis. 2.1 Test aerosols

In a previous study, Chow et al. (2005) evaluated tem-
perature bias (target sample oven temperature vs. measurérosols were produced using a diffusion flame aerosol gen-
temperature) in three thermal—optical instruments (two DRIerator (5201 Mini-CAST burner, Jing, Zollikofen, Switzer-
models and one Sunset instrument) and the effect of the biaeind) and collected on 47 mm pre-baked (880for 12 h)
on the concentration of the IMPROVE OC and EC fractions. quartz fiber filters (Pall Co., Port Washington, NY, USA).
OC and EC sub-fractions were considered for the DRI 2001The propane-fueled Mini-CAST enables controlled and gen-
model only. A temperature bias of up to 80 was observed, erally repeatable£5 %) aerosol output in terms of particle
but did not influence the OC and EC concentrations measize distribution, the number concentration, and the chemi-
sured with the IMPROVE protocol. Limitations of the tem- cal composition. The morphology of soot particles from the
perature calibration method for the DRI analyzer include useMini-CAST is comparable to the soot particles from diesel
of temperature-indicating (Tempilads, Tempil Inc., South  exhaust (Jing, 1999). The aerosols were produced under dif-
Plainfield, NJ, USA) liquids that damage the quartz surfacederent Mini-CAST operating conditions (different difuel
of the sample holder and oven, poison the oxidation cataratios) that result in different percentages of the EC and OC
lyst, and contaminate downstream components, as noted iim the final aerosol samples. Lean flame (lower propeaaie
Phuah et al. (2009). In addition, TempitaG can only be ratio) results in the formation of aerosol with a higher con-
tested at temperatures for which the calibration liquids arecentration of the EC compared to OC, while the richer
available, not at real operating filter temperatures. More reflame (higher propangair ratio) creates aerosol with a larger
cently, Phuah et al. (2009) confirmed the oven-filter temper-amount of OC than EC. Note that this study examioely
ature discrepancy on four different Sunset Laboratory instruthe influence of temperature calibration on the carbon results
ments and reported statistically insignificant differences formeasured under different TOA protocols in the same sample
the IMPROVE total carbon (TC), OC, and EC concentrations(quartz filter) and not the representativeness of the diffusion
after temperature calibration. The calibration method develflame aerosol to the wide range of source and ambient sam-
oped in that study involved a simple hardware change by wayles. Response of the system might be different in the pres-
of a temperature probe introduction that did not harm the in-ence of highly oxidized species found in ambient samples.
strument. However, further information about the effect of However, the use of Mini-CAST and laboratory-generated
oven calibration for the widely applied NIOSH protocol was soot allowed a wide range of OCTC (9-100% OC) and
not offered in Phuah et al. (2009). EC/TC (091 % EC) ratios to be evaluated (Table 1), and

The present study measured and corrected the tempethis range was comparable to what was observed for other
ature bias but also evaluated the effect of oven temperasources and sampling conditions (Chow et al., 2004a, 2011;
ture calibration on the OC and EC concentrations and the<han et al., 2012). Results from this study will show if the
relevant OC—EC sub-fractions considering both the NIOSHtemperature changes that resulted from temperature calibra-
and IMPROVE protocols. This aim is accomplished usingtion of the instrument have different impacts on the samples
a single dual-optics TOA instrument capable of measuringwith different EC/ OC ratios.
reflectance (TOR) and transmittance (TOT) simultaneously
and running both NIOSH and IMPROVE protocols. Addi- 2.2 Carbon analyzer and temperature protocols
tional experimental benefits of using the dual-optics analyzer
are presented in Khan et al. (2012). The temperature caliA dual-optics carbon analyzer (Sunset Laboratory, Tigard,
bration kit that was used in the present study is now avail-OR, USA) which measured filter transmittance (TOT) and
able from the manufacturer (Sunset Laboratory, Tigard, ORyeflection (TOR) simultaneously was used in this study. Sam-
USA) together with software. At the time when this study ples were analyzed using two temperature protocols: (1) ad-
was performed it was not commercially available. Our resultsjustment modified version of the Birch and Cary (1996)
suggest the presence of a linear oven versus filter temperaNIOSH protocol (referred to in this paper as the NIOSH
ture bias that can be corrected through calibration. Possibl®040 protocol) and (2) the IMPROVE protocol as outlined
causes of the bias are the oven thermocouple position in thby Chow et al. (1993) and referred to in this paper as the IM-
dual-optics instrument used in the present study and the norlPROVE protocol. Details about the residence time and tem-
uniform distribution of heating coils around the filter zone perature ramp rat€C s~1) set points for the NIOSH 5040
and in the sample oven as suggested by Phuah et al. (2009nd IMPROVE protocol can be found in Table 2. The res-
In addition, NIOSH and IMPROVE (TOT and TOR) results idence times at each temperature step within the He and
from the same laboratory-generated samples were compargde—Q, phases are fixed for the NIOSH, but vary for the
statistically before and after calibration to see how OC, EC,IMPROVE depending on the sample composition. The IM-
and sub-fractions are influenced. PROVE protocol does not ramp the temperature until the

flame ionization detector (FID) signal returns to its baseline.
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Table 1. Summary of laboratory test conditions.

Number of TC range OC range EC range

Comparisons samples (MgTH  (ugenT?)  (ugenm?) % OC % EC

IMPROVE before and after TCAL 24 1.80-18.00 0.93-6.15 0.87-15.90 8.90-59.50 40.50-91.10
NIOSH before and after TCAL 24 2.04-17.86 1.23-6.02 0.81-15.18 14.10-62.90 37.10-85.90
IMPROVE and NIOSH before TCAL 32 2.04-29.30 1.04-12.58 0.00-18.60 17.30-100.00 0.00-82.70
IMPROVE and NIOSH after TCAL 68 2.10-19.52 1.29-7.93 0.81-15.60 13.90-65.10 34.90-86.10

It must be noted that the original NIOSH 5040 method 2.3 Temperature calibration
(NIOSH, 1996) does not specify temperatures for either OC
(He phase) or EC (He-Ophase) steps, or the tempera- The temperature calibration kit was provided by the manu-
tures required to measure different OC and EC sub-fractionstacturer of the dual-optics TOA instrument and is designed
Birch and Cary (1996) used 82C as the maximum tem-  to satisfy QA/QC (quality assurance and quality control) re-
perature for OC and 86 as the maximum temperature for quirements, increase the reliability of carbon results, and
EC, while 2 years later Birch (1998) employed a tempera-improve inter-instrument comparisons. The calibration kit
ture program with maximum temperature for OC at 850 andconsisted of a serial temperature data acquisition unit with
940°C for the EC determination. Those later temperaturesprecision+0.3°C for temperature range ¢£80 to 500°C
were adopted in the revised version of the NIOSH 5040 offi-and+0.55°C for the 500 to 1350C range (Model MDSi8,
cial method (NIOSH, 1999) but again without defining tem- Omega Engineering, Stamford, CT), National Institute of
perature ramps for OC and EC sub-fractions. In summaryStandards and Technology (NIST)-traceable thermocouple
the NIOSH 5040 protocol only outlines the necessary prin-(type-K), and front oven interface hardware. The thermo-
ciples for operation without detailing individual temperature couple is an Inconel-shielded K-type thermocouple certified
parameters. As a result, different variations of the NIOSHfor high temperatures required by the experiment (Omega
temperature program and temperature ramps are available iBngineering Calibration Report no. OM-110802626) with
the literature that make data comparison among studies dify / 16in sheath diameter. Thermocouple-produced temper-
ficult. The present study used a protocol that is comparableiture data were recorded at a frequency of 1Hz and with
to what other studies have recently used when operating the.1°C resolution. For calibration, the front oven interface
Sunset Laboratory instrument (Schauer et al., 2003; Khan eyardware outfitted with the NIST-traceable thermocouple
al., 2012) and very similar to the EPA/NIOSH (called also (Fig. Sib in the Supplement) replaced the quartz boat and
Speciation Trends Network (STN) method) described in de-quartz filter (Fig. S1a in the Supplement) used during normal
tail elsewhere (Peterson and Richards, 2002). TOA operation.

The “old” IMPROVE temperature protocol used in the  All temperatures reported here #@s ter (measured by
present study is described in detail by Chow et al. (1993)the calibration thermocouple) represent the temperatures
except that temperature for the last EC sub-fraction (EC3)measured in the center of the filter, while in practice there
is modified from original 800C to 850°C. The new IM-  will be gradients across the filter. In addition, it should be
PROVE protocol termed “IMPROVE_A protocol” (Chow et noted here that the quartz boat with filter media used during
al., 2007) differs from the old IMPROVE protocol in 20— the normal instrument operation compared with the calibra-
40°C higher temperature steps. The new protocol is the retion thermocouple might experience different heating rates
sult of a temperature calibration performed on five Desertinside the front oven of the instrument, given that the heat ca-
Research Institute/Oregon Graduate Center (DRI/OGC) anpacity of the contents inside the oven is different. However,
alyzers (Chow et al., 2005) that attempts to correct the biashis study focused on the temperatures recorded only when
between the oven thermocouple sensors and the actual sanhey reach steady state for each temperature step. The as-
ple temperatures. The calibration results found that the actuadumption for this study was that the steady-state temperature
sample temperatures (filter location) were 202@higher  of the quartz boat with the filter inside of the front oven will
than required by the old IMPROVE target (set-point) temper-pe the same as the steady-state temperature recorded during
atures due to the new hardware used in new DRI Model 200%he calibration with the thermocouple.
analyzers. Given that the purpose of the present study was to The tip of the oven calibration thermocouple was posi-
perform an independent calibration of the dual-optics carbortioned where the center of the quartz filter typically resides
analyzer that is different in design than a DRI instrument, during TOA operation which is about 2 cm upstream of the
the old IMPROVE temperature protocol was used in orderthermocouple used to monitor oven temperature (Fig. S1
to independently measure temperature biases for the Sunsgi the Supplement). This also happens to be where the
dual-optical carbon analyzer under the IMPROVE tempera-aser beamX = 6328 nm) used to monitor pyrolysis passes
ture ramps. through the filter. Oven calibrations were performed using
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Table 2. Filter temperatures measured before calibration for NIOSH 5040 and IMPROVE protocol.

NIOSH 5040 IMPROVE
Carbon TsgtpoinT 7TrLTER Ramprate  Residence AT °C TsetpoiINT TriLTER Ramprate  Residence AT °C
fraction cC) (°C) ccs (s) (% difference) ) °C) ccs (s) (% difference)
OC1 310 278 4 70 32 (10) 120 88 1.25 150 32 (27)
oc2 475 435 8 60 40 (8) 250 211 25 150 39 (16)
0OC3 615 569 10 60 46 (7) 450 407 3 150 43 (10)
Ooc4 870 800 8 105 70 (8) 550 501 4 150 49 (9)
EC1 550 482 9 60 68 (12) 550 501 4 150 49 (9)
EC2 625 563 10 60 62 (10) 700 639 5 150 61 (9)
EC3 700 637 12 60 63 (9) 850 777 6 150 73(9)
EC4 775 707 13 60 68 (9)
EC5 890 813 8 110 75 (8)

both the NIOSH 5040 and IMPROVE temperature operat-temperature calibration (TCAL) on the OC—-EC fractionation
ing conditions. Details about residence time and temperaturand to be sure that results found are consistent and selec-
ramp rate {C s™1) set points for the NIOSH 5040 protocol tion of optical correction is not a reason for possible changes
can be found elsewhere (Khan et al., 2012) and in Table 2found in the carbon results. The following scenarios for sam-
For calibration during the IMPROVE protocol, the residence ple analysis were compared in the present study: (a) IM-
time at each temperature step was 150s. PROVE carbon fractions and sub-fractions before and after
Two temperatures sets were recorded during the oven calfCAL; (b) NIOSH carbon fractions and sub-fractions before
ibration routine:Toven as measured by the built-in oven and after TCAL; and (¢) IMPROVE versus NIOSH carbon
temperature sensor arifk ter as measured by the cal- fractions before and after TCAL. A summary of the tests per-
ibration kit. Both temperatures were recorded when theformed is shown in Table 1. For each filter sampile=(12),
readings for the sample ovefidyen) were stable at each four punches (1.5cf) were taken and analyzed by TOA.
set-point temperatureTéetpoint required by the NIOSH  For scenarios a and b, two punches each were analyzed be-
5040 and IMPROVE protocol for each temperature step.fore and after the TCAL was performed. For scenario c,
Before calibratiolsetpoint= Toven. However, the previ-  two punches each were analyzed using the IMPROVE and
ous studies showed tha@k ter # TsetpoinT @nd therefore  NIOSH protocols. These duplicate sample measurements al-
TrLTER # Toven. Differences amondl'setpoint, TOVEN lowed the evaluation of reproducibility and sample homo-
and TrLTER Were determined, and temperature coefficientsgeneity. Acceptance criteria for duplicate measurements are
(approximately equal to temperature biases measured) in thieased on the relative percent difference (RPD) of the dupli-
instrument control software parameter files were adjusted s@ate measurements. The acceptance criterion for samples at
that TriLter = TseTpoinT: In other words, coefficient values  low filter loadings & 5 pg cnt?) is < 20 % RPD; at medium
were adjusted to force the temperature at the sample ovefilter loadings (5-10 pg cfif), < 15 % RPD; and at high fil-
thermocoupleToven) to reflect the value required to achieve ter loadings ¢ 10 pg cnm?), <10 % RPD.
TsetpoinT at the filter becaus@oven # TriLTER €ither be- Differences between each TC, OC, and EC fraction, as
fore or after the calibration. For each TOA method (NIOSH well as OC and EC sub-fractions for the IMPROVE and
5040 and IMPROVE), the oven calibration procedure wasNIOSH temperature protocols, were investigated before and
performed in triplicate with the calibration unit removed and after TCAL. Pairedr tests were performed to determine
then replaced for each trial. This was accomplished beforavhether the calibration produced statistically different con-
adjustment of the temperature coefficients. After the coeffi-centrations for TC, OC, EC, and sub-fractions for both meth-
cients were adjusted in the software, the calibration/checkingds or if significant differences were observed when com-
procedure was performed again in triplicate to measure angharing the NIOSH method with the IMPROVE protocol and
record T LTer during each temperature step required by their main carbon fractions before and after TCAL. Con-
NIOSH 5040 and IMPROVE methods and to be sure thatcentrations were statistically different if the null hypothe-

TriLTER = TSETPOINT sis was rejected aP <0.05. Depending on the sign of the
average differencey(— x) and if the average ratioy(/ x)
2.4 Sample analysis is greater than or less than 1, one can infer if the cali-

bration produced significantly higher or lower results than

IMPROVE carbon results have been usually TOR-corrected!0€ Obtained without temperature calibration. Linear re-
gression results (slope, intercept, and correlation coeffi-

and NIOSH carbon results TOT-corrected. However, in this®. i dt luat val d bilit
study, for the IMPROVE and NIOSH protocols, both TOT C'fe” 'L) were “Set ‘i.e"a gafe eq“"éa ?ctnceTaC”ALco":jpbarta ity
and TOR results were used to evaluate the effect of the oveR' c2rPON concentrations betore and after andbetween
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the IMPROVE and NIOSH methods to gain improved under- o
standing of the impact of calibration. Criteria described by AFTER TCAL
the US Environmental Protection Agency (EPA) (1997) for _ &° e e
PMy 5 Federal Equivalent Methods (FEM) to meet the equiv- '
alence requirements when compared with a Federal Refer:
ence Method (FRM) were used in this study. Equivalence
is achieved when the regression slope i @05, the re-
gression intercept® 1 ug cn?, andr > 0.97. Comparability
criteria were adopted as described in detail by Watson and
Chow (2002). Comparability criteria are met when (1) the
slope equals unity within three standard deviations orthe av-  °o 1w @0 a0 w0 0 oo 00 w0 w0 00
erage of ratiosy( / x) equals unity within one standard devi- SETPOINT TEMPERATURE ('C)

ation, (2) the intercept does not differ from zero within three
standard deviations, and (8) 0.90.

600

BEFORE TCAL
y = 0.94x - 19.58
R2=0.999

400

FILTER TEMPERATURE ("C

200

Figure 1. Linear regression results before and after temperature cal-
ibration.

data obtained at nine NIOSH and six IMPROVE tempera-
tures that precede calibration. Regression analysis shows the
slope approaching unity @4+ 0.01) but lower than the val-

ues measured on four other Sunset Laboratories instruments
by Phuah et al. (2009). A regression correlatior=(1.000;

3 Results and discussion
3.1 Temperature calibration results

Table 2 summarizes temperatures requir€eetpoiny at > .
each programmed step and the averBgerer measured by 0.999) suggests that thisetpoivt can be systemati

the calibration kit, along with the average temperature devi—fﬁél)}mcrease?eur&ﬁgﬁ;ﬁ:&ﬁggﬁ;‘gT&gg&?)éet;_
ations (% difference) for the dual-optics analyzer tested a OCOEETPO'NT q P
part of the current study. Over the entire temperature range FoII;)Wing oven calibration Ziyer Was within 1 and
evaluated for both TOA protocoldiiter values are sys- 2o er = ¢ the NIOSH and IMPROVE protocols
tematically lower tharf'sgTpoinT prior to calibration. This respectively (Table 3). ThaT at temperatures below 476 '
was presumably due to (1) the unique location of each therWas< 5oC compared.withAT < 43°C before TCAL. And
mocouple as shown in Fig. S1 in the Supplement and (2) as, te?nperatures of 550—89C. AT was < 9°C combared
already indicated, due to different allocation of heating coils ith AT < 75°C before TCAL' ThéTFlLTE_R and TseTpomT
around the sqmple boat and in the sample oven. Phuah finear relationship after calibration is also shown in Fig. 1.
al. (2009) attributed the lowerr TER temperatures to the A higher regression slope @B+ 0.01) and a significantly
less tightly packed heating coils around the quartz tube whertf ’ ’

the transmittance laser passes compared to the tightly pack grer intercept (B4 3.05) confirm the effectiveness of the

heating coils in the sample oven. These existing instrumerﬁemper"’lture calibration.

Iimitation§ most likely resulted in mean temperature differ- 3 5 |nfluence of TCAL on measurement of

ence or biasAT) betweerTsetpoinTand Ty TER Measured TC, EC, and OC

in this study between 32 and 76. The AT observed is

less at low temperatures @3°C for temperatures 475°C) 3.2.1 IMPROVE TOR and TOT before

than at high temperatures {/5°C for temperatures between and after TCAL

550 and 890C). TheAT under the NIOSH and IMPROVE

protocols varied at th&sgtponT Of 550°C. Inherent to the  For IMPROVE, TC, OC, and EC, fractions were compared

NIOSH temperature protocol was a hightef (70°C) atthe  before and after oven temperature calibration fog 12

He—Q introduction step where temperature declines fromfilters (24 samples). Results of statistical comparisons are

870 to 550°C. The highAT at that particular step is pre- shown in Table 4. Neither the TOR nor TOT pyrolysis moni-

sumably due to the wide temperature gap (870 to°&50 toring method produced a statistical differen®ex0.05) for

and short residence time. TC or EC before and after calibration. The linear regression
Consistent with our findings, Phuah et al. (2009) observedesults show high correlations$ 0.97) and that equivalence

AT values of 35-85C that varied with each Sunset labo- was met for TC and EC but not for OC. The insensitivity of

ratory instrument, while Chow et al. (2005) found thel’ IMPROVE TC and EC concentrations to temperature cali-

depends on the temperature ramp. Chow et al. (2005) did ndbration was observed previously using both the Sunset Lab-

observe a linear correlation betweBf, ter andTseTpPoINT, oratories (Phuah et al., 2009) and DRI instruments (Chow

although Phuah et al. (2009) and the present study do inet al., 2005). However, in this study, the IMPROVE OC

dicate such a correlation. Figure 1 shows that ThgTer fraction at higher filter temperatures significantly changed af-

and TsetpoinT relationship is linear based on temperature ter the TCAL for the TOT methodK < 0.05) but not for TOR

www.atmos-meas-tech.net/7/2829/2014/ Atmos. Meas. Tech., 7, 28888 2014
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Table 3. Filter temperatures measured after calibration and software adjustments.

NIOSH 5040 IMPROVE

Carbon  TsetpoinT  TFILTER AT °C TseTpoINT  TFILTER AT °C
fraction CC); r* (°C) (% difference) {C); r* (°C) (% difference)
ocC1 310; 24 307 3(1.0) 120; 48 122 2(1.7)
0C2 475; 28 472 3(0.6) 250; 39 254 4 (1.6)
oc3 615; 40 609 6 (1.0) 450; 42 455 5(1.1)
oc4 870; 65 866 4(0.5) 550; 50 555 5(0.9)
EC1 550; 61 546 4(0.7) 550; 50 555 5(0.9)
EC2 625; 54 622 3(0.5) 700; 61 703 3(0.4)
EC3 700; 56 697 3(0.4) 850; 74 854 4(0.5)
EC4 775; 61 772 3(0.4)

EC5 890; 71 881 9 (1.0)

* Temperature correlation coefficients implemented in the software parameter files.

(P >0.05). The IMPROVE TOT OC values were 12 % lower 3.2.3 IMPROVE TOR vs. NIOSH TOT before TCAL

after TCAL. The reasons for the lower OC when higher tem-

peratures are applied after TCAL are discussed in more detafPrevious work demonstrates that IMPROVE EC is typically
in Sect. 3.3.1. Use of TOT for pyrolysis monitoring responds higher than NIOSH EC (Chow et al., 2001, 2004b) with the
to char being produced from organic vapors or liquids ad-opposite found for OC. For the laboratory-generated aerosol
sorbed within the filter whereas TOR monitors only the filter evaluated here, on average, the IMPROVE-measured EC
surface (Chow et al., 2004b). The significant reduction of OCconcentrations were higher by 5% while the IMPROVE OC
by 12 % and no difference in EC and TC results are explainedvas 16 % lower compared with NIOSH values (Table 4). The
by the fact that average OC concentration in the samples arpaired: test results confirm a statistical difference between
alyzed by the IMPROVE protocol was 2 times lower than the two methods for the OC and EC resuls<0.05). Ac-

the average EC concentration in the same samples (Table 1§ording to the linear regression results, the EC and OC re-
Therefore, a different sample matrix with higher QTCC ra-  sults satisfied the criteria for comparability but not for the
tio and, in particular, higher semi-volatile OC concentration equivalence. These protocols are usually equivalent for TC,
(susceptible to pyrolysis, as discussed in Sect. 3.3.1.) mighand TC differences were insignificant between IMPROVE
result in a significant increase in the EC concentration in ad-and NIOSH ¢ =0.919). In addition, the regression analy-
dition to the decrease of the OC, while keeping TC values thesis showed equivalence between the TC data, with average
same before and after the TCAL. of ratios at 097+ 0.09 (IMPROVE/NIOSH).

3.2.2 NIOSH TOR and TOT before and after TCAL 3.2.4 IMPROVE TOR vs. NIOSH TOT after TCAL
After calibration, the IMPROVE TOR and NIOSH TOT pro-

Table 4 shows that NIOSH-produced OC and EC fractionstocols are determined to be equivalent for TC (Table 4) with
(both TOT and TOR) were significantly different after TCAL an average ratio of.00+ 0.06 (IMPROVE/NIOSH). How-

(P <005) The EC results after calibration were 6 and 7%ever’ using OC and EC ConcentrationS, the pam'alést
lower than before TCAL for TOR and TOT, respectively. The shows statistically significant differences between two pro-
linear regression confirmed non-equivalence of the OC TOTiocols (P =0.00), and the regression analysis shows non-
and TOR fractions, and the average OC values were 8 andquivalence and non-comparability for the OC, while the EC
12% higher for TOR and TOT, respectively. No statistical results show comparability but not equivalence. IMPROVE

difference was found for the TCP(>0.05) after the TCAL  EC is 17 % higher than NIOSH EC and in turn IMPROVE
with the results meeting “equivalence” criteria and the cali- OC is 31 % lower, on average, after TCAL.

bration resulting in~ 1-2 % lower TC values (TOR and TOT,

respectively). To our knowledge, no study has previously an-3.3 Influence of TCAL on measurement of

alyzed NIOSH-generated TC, OC, and EC concentrations af- carbon sub-fractions

ter temperature correction. Results from the present study

confirm that NIOSH-based carbon fractions can vary dueNine carbon sub-fractions (four OC and five EC) for the
to AT. Higher filter temperatures after the calibration also NIOSH method and seven carbon sub-fractions (four OC and
likely affect the OC and EC sub-fractions to be discussedthree EC) for the IMPROVE protocol were compared before
later. and after TCAL. Temperature ramp details contributing to
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Table 4. Comparability statistics results for NIOSH and IMPROVE TOR and TOT carbon fractions before and after temperature célibration

Analysis Regression Average of Paired Equivalence Comparability
Slope Intercept Average ratios rtest  Y:yes Y: yes
Comparisons y X +SE +SE r y—x=£SD y/x£SD P N: no N: no
IMPROVE before vs TC after TC before ®8+0.03 —0.07+045 0.99 -025+0.75 098+0.06 0.11 Y n/a
after TCAL TOR " ECafter EC before D1+0.04 001+0.37 0.98 008+0.66 100+0.07 0.56 Y n/a
OC after OC before 87+0.07 004+0.22 0.94 -0.33+052 089+0.17 0.33 N Y
IMPROVE before vs TC after TC before ®9+0.03 -0.08+045 0.99 -0.25+0.76 098+0.06 0.12 Y n/a
after TCAL TOT " ECafter EC before 02+0.04 -0.06+041 0.98 011+0.73 100+0.10 0.48 Y n/a
OC after OC before 87+0.09 001+0.29 0.89 -0.35+0.59 088+0.18 0.01 N N
NIOSH before vs. after TC after TC before ®8+0.03 007+0.43 0.99 -0.21+0.69 098+0.05 0.17 Y n/a
TCAL TOT ’ EC after EC before 01+0.04 014+0.41 0.98 —-0.60+0.84 093+0.08 0.00 N Y
OC after OC before D1+0.08 033+0.29 0.95 039+0.47 112+0.14 0.00 N Y
NIOSH before vs. after TC after TC before ®9+0.03 -0.02+043 0.98 -0.16+0.69 099+0.06 0.14 Y n/a
TCAL TOR ’ EC after EC before 097+0.04 -0194+0.33 0.97 -045+0.64 094+0.07 0.00 Y n/a
OC after OC before D0+0.06 030+0.23 0.93 028+0.40 108+0.12 0.01 N Y
IMPROVE TOR vs. TCIMPROVE TC NIOSH 102+0.02 -0.29+0.31 1.00 001+0.71 097+0.09 0.92 Y n/a
NIOSH TOT before EC IMPROVE EC NIOSH 109+0.03 -0.23+0.35 0.99 061+0091 105+0.08 0.00 N Y
TCAL OC IMPROVE OC NIOSH ®3+0.05 -0.32+032 0.96 -0.60+0.83 084+0.18 0.00 N Y
IMPROVE TOR vs. TCIMPROVE TC NIOSH 102+0.01 -0.09+0.19 0.99 013+0.59 100+0.06 0.07 Y n/a
NIOSH TOT after EC IMPROVE EC NIOSH 106+0.03 069+0.25 0.98 123+0.83 117+0.13 0.00 N Y
TCAL OC IMPROVE OC NIOSH 104+0.04 -1.28+0.22 095 -1.09+0.74 069+0.21 0.00 N N

* TC stands for total carbon (EC + OC); EC stands for elemental carbon; OC stands for organic carbon.

the carbon sub-fraction features are given in Table 2. Py-after TCAL are consistent with lower total OC values dis-
rolyzed organic carbon (PyC) or char, which affects the OC—cussed in Sect. 3.2.1~(11 % lower after TCAL) given that
EC split, is also evaluated before and after TCAL. PairedOC = OC14 OC2+ OC3+ OC4+ PyC. In addition, lower
t tests and mean ratios were computed to determine if théyC values after the TCAL and at higher temperature op-
two protocols resulted in statistically different values for car- erating conditions are in agreement with findings from pre-
bon sub-fractions and PyC. vious studies (Chow et al., 2005; Phuah et al., 2009) that
also observed higher PyC values (more charring) at lower
331 IMPROVE TOR and TOT before and after TCAL temperatures before TCAL for the IMPROVE temperature
protocol. A likely explanation for such results is that the
higher temperatures to which the sample is exposed after
the TCAL caused more OC to evolve at earlier steps (OC1
was higher after TCAL by a factor of 2.1 and 3.6 for TOR
and TOT, respectively). Therefore, the less OC (in particular
the semi-volatile OC that contributes the most to the char-
ring) is exposed to higher temperatures, the less OC will py-
lyze at higher temperature steps. In addition, the same ef
?e?ct (lower PyC after TCAL) was found for both TOT- and

TOR-corrected results, indicating that both optical correc-
after TCAL that more carbon evolves sooner (OC1, ECL.tions are influenced similarly after the TCAL for the IM-

a_nd EC_Z) rather than later (OC.B' OC4_’ and EC3) due to the1‘3ROVE temperature protocol, therefore eliminating the opti-
higher filter temperatures associated with each protocol rAMRal correction as a possible cause for this effect. A character-

or step qfter TCAL. Phuah et aI._ (2099) did not find any d'f istic IMPROVE TOR thermogram for the samples analyzed
ference in the EC1 after the calibration, but did find signifi- . ", present study is shown in Fig. 3a. All samples show
cant changes in the 0C2, OC3, EC2, and PyC fractions. Thig, iy, He—-Q-phase-based OC-EC split point, and for all
may be due to differences in sample composition between thgamples, the OC—EC split following TCAL occurs earlier.

studies; the effect of oven temperature calibration on carboRr.<'is consistent with lower PyC and total OC values mea-

E?b—fraci‘ltlons IS l; kely to be sarr|1ple—|\s/|pe0|f|c an_d .nol.tkaﬁ)p“ﬁa'sured after the TCAL. Although the earlier OC—EC split was
€ to all aerosol source samples. Moreover, It is likely t aﬁ({)é)served after TCAL, it did not significantly influence the

calibration results are not transferable across instruments al sults for total organic (OC) and elemental carbon (EC) as
each carbon analyzer must be calibrated separately. discussed earlier in Sect. 3.2.1

Pyrolysis (PyC) significantly changed after calibration
(P<0.05) and is 10 and 12% lower than before TCAL
for TOR and TOT analysis, respectively. Lower PyC values

Percent differences in carbon fractions and sub-fractions af
ter TCAL for the IMPROVE protocol are shown in Fig. 2a
for the TOR data and Fig. 2b for the TOT data, with statis-
tical results given in Table 5. Regardless of the optical cor-
rection technique in use, higher filter temperatures signifi-
cantly increase OC1, EC1, and EC2 mass and reduce OC
and OC4 carbon mass whereas changes measured in the O
and EC3 sub-fractions are insignificat$ 0.05). It appears
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Figure 2. Percent difference(¢ — x)100 %/ x) and standard deviation in carbon fractions and sub-fractions of the results after temperature
calibration for thgla) IMPROVE TOR,(b) IMPROVE TOT,(c) NIOSH TOR, andd) NIOSH TOT temperature protocols.

3.3.2 NIOSH TOT and TOR Before and After TCAL NIOSH temperature regime in the He phase with the maxi-
mum temperature of 87 after TCAL compared to 80TC
Percent differences in TOT and TOR TC, OC, EC, four OC measured before TCAL furthermore favors PyC formation.
and five EC carbon sub-fractions, and PyC measured by thén addition, the shorter residence times during the NIOSH
NIOSH method before and after TCAL can be found in OC temperature steps cause less complete organic carbon
Fig. 2c (TOR) and 2d (TOT) with statistical comparisons in evolution at lower temperatures (OC1 was higher after TCAL
Table 5. For both optical corrections, a statistically signifi- only by a factor of 1.1) and, consequently, increase char-
cant increase in carbon mass was again measured for loweing formation during the higher temperature steps (Yu et al.,
temperature OC (OC1) and EC (EC1, EC2, and EC3) sub2002).
fractions. A significant reduction in carbon mass was found
for the highest temperature EC (EC5) sub-fraction. No sig-
nificant changes are observed for the middle temperature O@ Conclusions
(OC2 and OC3) and EC4 sub-fractions as well as for the
PyC fraction. A significant increase was measured also forCalibration of the oven temperature sensor in a dual-optics
the high temperature OC4-(50 %) indicating that the 70C carbon analyzer revealed differences as high &C7f5om
difference in temperature after the calibration plays an im-expected filter temperatures (EC5 sub-fraction of the NIOSH
portant role in the measurement of the total organic carborprotocol). A software-based modification of parameters suc-
fraction (12 % higher results after the calibration as stated incessfully reduced that variation. The advantage of the present
Sect. 3.2.2). study is that it has been performed with a temperature cali-
A typical NIOSH TOT thermogram for the samples ana- bration kit provided by the instrument manufacturer, and if
lyzed in the present study is shown in Fig. 3b. The OC—ECthe same device is used to calibrate different instruments, it
split point was positioned in the He-@hase (EC4) both be- can significantly improve inter-instrument comparison and
fore and after TCAL, and for all samples, the OC-EC split increase the reliability of carbon results. IMPROVE TOT
occurs earlier after TCAL. However, this “early” OC-EC OC, NIOSH TOT, and TOR carbon fractions (OC and EC)
split did not result in lower OC and PyC values, or in higher were significantly different after the TCAL whereas the cal-
EC results after TCAL. On the contrary, NIOSH OC and PyC ibration procedure did not significantly influence the IM-
values were higher by 12 and 16 %, respectively and EC PROVE TOR EC and OC and IMPROVE TOT EC carbon
values lower by~ 7 % after the TCAL. The higher filter tem- fractions. In addition, the calibration increased the differ-
peratures after the TCAL caused more OC and PyC to evolveence in the OC—EC split known to exist between the NIOSH
at earlier temperature steps, and therefore the measured lasend IMPROVE methods. Thermal carbon sub-fractions be-
transmittance reaches its initial value (OC—-EC split) earlierfore and after calibration were different for both protocols
than TCAL. The same effect has been seen in the IMPROVEwith many differences being statistically significant. How-
TOR thermogram (Fig. 3a). Contrary to the IMPROVE TOT ever, differences observed in this study may be instrument-
and TOR results where PyC was lower (by10-12 %) after ~and sample-specific (although the same results were found
TCAL, the NIOSH TOT PyC results were higher byl6 % for samples with different OCEC ratios) and not perfectly
after TCAL (not statistically significant change). The higher representative of all combustion and atmospheric aerosols.
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Table 5. Average ratios and pairedtest results for NIOSH TOR 4500 5 [ 900
and TOT and for IMPROVE TOR and TOT carbon sub-fractions i
before and after temperature calibration. 4000 800
- 3500 790
Average Paired
Analysis ofratios test % 3000 )
Comparisons y — after x —before y/x+SD P :8) 2500 r 500 g
[0} ©
oc1 OCl  214+153 0.00 = [ 400 8
0oC2 ocC2 104+0.15 0.48 i 2000 | 200 E
IMPROVE OC3 OC3 060+£0.27 0.00 :
TOR oc4 OC4  039+063 0.05 1500 " 200
before vs. PyC PyC 090+0.31 0.00 1000 | 100
after TCAL EC1 EC1 695+5.24 0.00 - adidin B
EC2 EC2 116+1.09 0.02 500 ’ 0
EC3 EC3 055+0.64 0.29 0 5 o s 20 25
ime (min)
OC1 OC1 368+258 0.00 7000 1000
0OC2 0OC2 105+0.16 0.29 B
oc3 0oC3 0.58:0.24 0.00 6000 900
IMPROVE 0oC4 OC4 0.26t0.55 0.03 - 800
TOT before ~ PyC PyC 0.88:0.44 0.02 5000 oo —
vs. after EC1 EC1 6.22£5.51 0.00 ° o
TCAL EC2 EC2 1.1%1.08 0.04 € 1000 600 3
EC3 EC3 1.74-4.04 0.32 g 500 B
[}
oc1 ocC1 1.16:0.10 0.00 8 3000 Ca00 £
0ocC2 ocC2 111044 0.19 F
oc3 OC3  1.0%:0.64 0.97 2000 X | %
NIOSH OC4 OC4 1.4%0.44 0.00 - 200
TOT before  PyC PyC 1.16:0.66 0.78 1000 | 100
vs. after EC1 EC1 2.82£2.09 0.00
TCAL EC2 EC2  2.36:0.97 0.00 %00 500 Time (min) 10.00 ’
EC3 EC3 2.76:0.85 0.00
EC4 EC4 11x111 0.07 ----FID Response Before TCAL ——FID Response After TCAL
EC5 EC5 0.3#x051 o000 ... OC-EC Split Before TCAL ~ ——OC-EC Split After TCAL
----Transmittance Before TCAL —— Transmittance After TCAL
OC1 OoC1 1.16:0.11 6oo L Temperature Before TCAL ——Temperature After TCAL
0oC2 0oC2 1.16t0.42 0.11
0oC3 OoCs3 1.12+0.68 0.44 Figure 3. Typical (a) IMPROVE TOR thermogram an(@) NIOSH
NIOSH OC4 oc4 1.43:0.44 0.00 TOT thermogram for the same sample analyzed before and after
TOR PyC PyC 0.93:0.43 0.12 TCAL.
before vs. EC1 EC1 2.8%#1.98 0.00
after TCAL EC2 EC2 2.231.02 0.00
EC3 EC3 2.572-0.98 0.00 The Supplement related to this article is available online
EC4 EC4 0.96:0.98 0.15 at doi:10.5194/amt-7-2829-2014-supplement
EC5 EC5 0.42-0.59 0.00

In addition, given that there are different variations of the AcknowledgementsThe authors would like to acknowledge the

NIOSH 5040 temperature protocol, the temperature biase§ak Ridge Institute for Science and Education for supporting
and carbon results measured in the present study might ndhis research under gontract with US Environmental Protection
be the same for each NIOSH 5040 temperature modification”96"®Y- The conclusions are those of the authors and do not
Thus, to improve comparability over more studies and instru_necessary reflect the views of the supporting agencies. The authors

libration i ﬁ/ish to thank Sunset Laboratory, Inc., Hillsborough, NC for
ment types, oven temperature calibration Is a necessary too ssisting with the temperature calibration and David Smith, who

Results from the present study suggest that careful calibragyoyiged valuable information about the instrument and calibration
tion of each individual instrument is required to avoid mis- procedure.

interpretation of future carbonaceous aerosol and air quality
data. Edited by: W. Maenhaut

www.atmos-meas-tech.net/7/2829/2014/ Atmos. Meas. Tech., 7, 28888 2014


http://dx.doi.org/10.5194/amt-7-2829-2014-supplement

2838 J. Pavlovic et al.: The influence of temperature calibration on the OC-EC results

References Lee, P. K. H., Brook, J. R., Dabek-Zlotorzynska, E., and Mabury, S.
A.: ldentification of the Major Sources Contributing to B

Birch, M. E.: Analysis of Carbonaceous Aerosols: Interlaboratory  Observed in Toronto, Environ. Sci. Technol., 37, 4831-4840,
Comparison, Analyst, 123, 851-857, 1998. 2003.

Birch, M. E. and Cary, R. A.: Elemental carbon-based method forMaykut, N. N., Lewtas, J., Kim, E., and Larson, T. V.: Source Ap-
monitoring occupational exposures to particulate diesel exhaust, portionment of PM 5 at an Urban IMPROVE Site in Seattle,
Aerosol Sci. Tech., 25, 221-241, 1996. Washington, Environ. Sci. Technol., 37, 5135-5142, 2003.

Chow, J. C., Watson, J. G., Pritchett, L. C., Pierson, W. R., Frazier,NIOSH: Elemental carbon (Diesel Exhaust), in: NIOSH Manual for
C. A, and Purcell, R. G.: The DRI Thermal/Optical Reflectance  Analytical Methods, National Institute for Occupational Safety
Carbon Analysis System: Description, Evaluation, and Applica- and Health, Cincinnati, OH, 1996.
tions in U.S. Air Quality Studies, Atmos. Environ., 27, 1185— NIOSH: Method 5040 Issue 3 (Interim): Elemental carbon (Diesel
1201, 1993. Exhaust), in: NIOSH Manual for Analytical Methods. National

Chow, J. C., Watson, J. G., Crow, D., Lowenthal, D. H., and Mer-  Institute for Occupational Safety and Health, Cincinnati, OH,
rifield, T.: Comparison of IMPROVE and NIOSH Carbon Mea- 1999.
surements, Aerosol Sci. Technol., 34, 23-34, 2001. Peterson, M. R. and Richards, M. H.: Thermal-Optical Transmit-

Chow, J. C., Watson, J. G., Kuhns, H. D., Etyemezian, V., Lowen- tance Analysis for Organic, Elemental, Carbonate, Total Car-
thal, D. H., Crow, D. J., Kohl, S. D., Engelbrecht, J. P., and Green, bon, and OCX2 in PMsg by the EPA/NIOSH Method, in: Pro-
M. C.: Source Profiles for Industrial, Mobile, and Area Sources  ceedings, Symposium on Air Quality Measurement Methods and
in the Big Bend Regional Aerosol Visibility and Observational  Technology — 2002, edited by: Winegar, E. D. and Tropp, R., J.
(BRAVO) Study, Chemosphere, 54, 185-208, 2004a. Air Waste Ma., Pittsburgh, PA, 83-1-83-19, 2002.

Chow, J. C., Watson, J. G., Chen, L. W. A, Arnott, W. P., and Moos- Phuah, C. H., Peterson, M. R., Richards, M. H., Turner, J. H.,
muller, H.: Equivalence of Elemental Carbon by Thermal/Optical ~ and Dillner, A. M.: A Temperature Calibration Procedure for
Reflectance and Transmittance with Different Temperature Pro- the Sunset Laboratory Carbon Aerosol Analysis Lab Instrument,
tocols, Environ. Sci. Technol., 38, 4414-4422, 2004b. Aerosol Sci. Technol., 43, 1013-1021, 2009.

Chow, J. C., Watson, J. G., Chen, L.-W. A., Paredes-Miranda, G. Schauer, J. J., Mader, B. T., DeMinter, J. T., Heidemann, G., Bae, M.
Chang, M.-C. O., Trimble, D., Fung, K. K., Zhang, H., and Zhen S, Seinfeld, J. H., Flagan, R. C., Cary, R. A., Smith, D., Huebert,
Yu, J.: Refining temperature measures in thermal/optical carbon B. J., Bertram, T., Howell, S., Kline, J. T., Quinn, P., Bates, T.,
analysis, Atmos. Chem. Phys., 5, 2961-2972,1db5194/acp- Turpin, B., Lim, B. J., Yu, J. Z., Yang, H., and Keywood, M. D.:
5-2961-20052005. ACE-Asia Intercomparison of a Thermal-Optical Method for the

Chow, J. C., Watson, J. G., Chen, L.-W. A,, Chang, M. C. O., Robin-  Determination of Particle-Phase Organic and Elemental Carbon,
son, N. F.,, Trimble, D., and Kohl, S.: The IMPROVE_A Temper- Environ. Sci. Technol., 37, 993-1001, 2003.
ature Protocol for Thermal/Optical Carbon Analysis: Maintain- US Environmental Protection Agency (EPA), National Ambient
ing Consistency with a Long-Term Database, J. Air Waste Ma.,  Air Quality Standards for Particulate Matter: Final Rule, Fed-
57, 1014-1023, 2007. eral Register, 62 (138), 38, 651-38, 701, available huip://

Chow, J. C., Watson, J. G., Lowenthal, D. H., Chen, L. W. A.,  www.gpo.gov/fdsys/pkg/FR-1997-07-18/pdf/97-18577 (hait
and Motallebi, N.: PM 5 Source Profiles for Black and Organic access: 31 August 2014), 1997.

Carbon Emission Inventories, Atmos. Environ., 24, 5407-5414,Watson, J. G. and Chow, J. C.: Source Characterization of Major
2011. Emission Sources in the Imperial and Mexican Valleys along the

Jing, L.: Standard combustion aerosol generator (SCAG) for cal- U.S./Mexico Border, Sci. Total Environ., 276, 33—47, 2001.
ibration purposes, 3rd ETH Workshop “Nanoparticle measure-Watson, J. G. and Chow, J. C.: Comparison and Evaluation of in
ment”, ETH HOnggerberg Zirich 9-10, August 1999. Situ and Filter Carbon Measurements at the Fresno Supersite, J.

Khan, B., Hays, M. D., Geron, C., and Jetter, J.: Differences in the Geophys. Res., 107, ICC3.1-ICC3.15, 2002.

OC/EC Ratios that Characterize Ambient and Source Aerosol3natson, J. G., Chow, J. C., Lowenthal, D. H., Pritchett, L. C., Fra-
due to Thermal-Optical Analysis, Aerosol Sci. Technol., 46, zier, C. A., Neuroth, G. R., and Robbins, R.: Differences in the
127-137, 2012. Carbon Composition of Source Profiles for Diesel- and Gasoline-

Kim, E. and Hopke, P. K.: Source Apportionment of Fine Parti-  Powered Vehicles, Atmos. Environ., 28, 2493-2505, 1994.
cles at Washington, DC, Utilizing Temperature-Resolved Carbonyu, J. Z., Xu, J., and Yang, H.: Charring Characteristics of Atmo-
Fractions, J. Air Waste Ma., 54, 773-785, 2004. spheric Organic Particulate Matter in Thermal Analysis, Environ.

Kim, E. and Hopke, P. K.: Improving Source Apportionment of Fine  Sci. Technol., 36, 754-761, 2002.

Particles in the Eastern United States Utilizing Temperature-
Resolved Carbon Fractions, J. Air Waste Ma., 55, 1456-1463,
2005.

Atmos. Meas. Tech., 7, 28292838 2014 www.atmos-meas-tech.net/7/2829/2014/


http://dx.doi.org/10.5194/acp-5-2961-2005
http://dx.doi.org/10.5194/acp-5-2961-2005
http://www.gpo.gov/fdsys/pkg/FR-1997-07-18/pdf/97-18577.pdf
http://www.gpo.gov/fdsys/pkg/FR-1997-07-18/pdf/97-18577.pdf

