Atmos. Chem. Phys. Discuss.,
https://doi.org/10.5194/acp-2018-343-AC3, 2018
© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

ACPD
Interactive
comment

Interactive comment on “Source apportionment of
fine particulate matter in Houston, Texas: Insights
to secondary organic aerosols” by Ibrahim M.
Al-Naiema et al.
Ibrahim M. Al-Naiema et al.
betsy-stone@uiowa.edu
Received and published: 1 September 2018

Referee #2 general comments: This manuscript reports a compositional analysis of
PM2.5 by offline filter measurement on a day-night basis and NR-PM1 by an in-situ
HR-TOF-AMS near the HSC in May 2015. Integrated source apportionment analysis
for OC was conducted incorporating AMS-PMF, MM-PMF and CMB methods. The
three source apportionment models are in agreement that ∼50% of OC was formed
from primary fossil fuel combustion. SOA was further apportioned to anthropogenic
and biogenic sources by combing results from MM-PMF and CMB. The comprehensive nature of this work in data and source apportionment analysis bring to the literature
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a valuable case study report. This work nicely contributes to our improved understanding of SOA sources. I have the following specific points that need clarification/more
discussion in their next revision.

ACPD

Response to Referee #2 general comments: We thank the reviewer for their careful
review of the manuscript and suggestions to improve it. We have responded point-bypoint to the specific suggestions below.

Interactive
comment

Referee #2 major comment 1: The offline and online measurements overlapped between 13-27 May. Some comparison of the two measurements would be useful as
data cross checking and verification. Such comparisons are currently lacking. For
example, what’s the percentage of PM1 contributed to total PM2.5 and how the two
mass concentrations correlated with each other? This is important not only for data
validation, but also for the latter comparison between AMS-PMF and MM-PMF and
CMB.
Response to Referee #2 major comment 1: As suggested by the reviewer, we have
added a comparison of AMS and filter-based measurements. We focus on three major
species common to both sets of measurements. We do not compare PM mass, because PM mass was not measured on filters (instead by TEOM). The organic matter
estimated from filters and organic aerosol measured by AMS is the most relevant to
the comparison of source apportionment results. The following text has been added to
section 3.2 on page 7 at lines 25-32:
“Filter-based PM2.5 measurements indicate the same major PM species as AMS NRPM1 measurements and their ambient concentrations are compared here. The linear
regression of the filter-based estimate of PM2.5 OM and NR-PM1 AMS OA had a slope
of 0.61 and a low, but significant correlation (r = 0.48, p = 0.005), indicating that more
OM was captured by the filter-based measurements than by the AMS. Sulfate measured by both techniques correlated strongly (r = 0.90, p < 0.001), with a slope of 0.89
indicating only a minor increase in filter-based sulfate relative to the AMS. Ammonium
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correlated moderately (r = 0.72, p < 0.001) with a slope of 0.73. The consistently lower
NR-PM1 concentrations measured by AMS relative to filters suggests the presence of
OA, sulfate, and nitrate in the 1-2.5 micron size range and/or refractory matter that was
not captured by the AMS.”
Referee #2 major comment 2: There are inconsistencies among the source apportionment results by the different approaches. AMSPMF resolved a cooking influenced
factor but no BB related OA, and the authors proposed the loss of the m/z 60 signatures during transport as possible reason. This reason is not supported by their data,
as MM-PMF resolved both BB and cooking sources and BB even contributed more
than cooking emission (11% vs 1%). It is odd that the authors didn’t include cooking
emission profiles in CMB. Previous studies have successfully apportioned PM2.5 to
cooking emission (6%) in Fraser e al. [2003], as mentioned in the introduction part.
Response to Referee #2 major comment 2: We agree with the reviewer that the results
from different source apportionment approaches could seem inconsistent. However,
inherent differences between how the factors are resolved in each technique should be
considered. In the case of AMS-PMF, 3 factors were selected as the main contributors
to the observed PM1 concentrations. This selection was supported by evaluating variations in Q/Qexp and residual levels as additional factors were added to the model (SI
section). Similar to the 3-factor solution, the solution containing 4 factors did not resolve a BB factor. As stated in the manuscript (line 25, page 13), the CI-SV-OOA factor
exhibited low but statistically significant correlation with CMB BB, indicating potential
inclusion of BB signatures in this factor. This is also evidenced by (i) a coefficient of
correlation of 0.67 between the CI-SV-OOA and m/z 60 concentration time series and
(ii) a CI-SV-OOA m/z 60 fraction (f60) of 0.003, the largest among the 3 factors retained in the AMS-PMF model. Although f60 in CI-SV-OOA falls at the lower edge of
the region defined by Gilardoni et al (2016) to consider a factor influenced by BB, its
proximity to this region indicates potential association between CI-SV-OOA and BB.
These observations suggest that although BB signatures are likely present in the CIC3
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SV-OOA factor, AMS-PMF cannot effectively resolve these signatures, while MM-PMF
is able to clearly separate the contributions of BB and food cooking. This reinforces the
notion of complementarity between mass apportionment techniques and highlights the
advantages associated to studying aerosol concentrations by employing simultaneous
measurement and analyses techniques. Additional text including further reference to
the potential inclusion of BB signatures in the CI-SV-OOA factor has been included in
the manuscript (lines 29-34, page 13).
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In regards to the CMB analysis, the reviewer is correct that a food cooking profile was
not included and consequently this source was not apportioned by CMB. This choice
was made in recognition that food cooking emissions vary greatly by type, style, and
temperature of cooking. CMB-based source apportionment that relies upon a single,
fixed source profile is ill equipped to capture this variability and the cooking signatures
affecting ambient PM in HSC. Meanwhile, PMF is well suited to this task as it derives
factor profiles from ambient measurements. Consequently we rely upon the MM-PMF
result as a more accurate estimate of food cooking contributions to OC.
Referee #2 major comment 3: The AMS-PMF resolved a CI-SV-OOA factor that contributed to 31% of ambient OC (Table 5), but such a considerable contribution seems
inconsistent with the minor cooking contribution estimated from MM-PMF (1%). This
inconsistency calls into question whether naming the SV-OOA factor as “cookinginfluenced” is appropriate, as it may imply this factor is largely influenced by cooking
emissions.
Response to Referee #2 major comment 3: As stated in our answer to the previous
comment, we agree with the reviewer that the contributions from cooking to OC derived from the different source apportionment approaches could seem inconsistent.
However, it is worth noting that recognizing the influence of food cooking on the CI-SVOOA factor is not equivalent to classifying this factor as cooking organic aerosol (COA).
As included in our response to Referee #1, although the primary character of CI-SVOOA would be mostly reflected by classifying this factor simply as atmospherically
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processed aerosol with a semi-volatile character, this denomination would omit relevant mass spectral signatures of the CI-SV-OOA. To increase clarity, we have added
some text in the manuscript emphasizing the fact that CI-SV-OOA is not to be confused
with COA (lines 28-32, page 8). Additional reasoning behind the classification of this
factor as CI-SV-OOA is included in our response to Referee #1 and has been added to
the manuscript (lines 32-37, page 8).
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Referee #2 major comment 4: The identification of different vehicle emission factors,
i.e. diesel engines, gasoline engines and nontailpipe vehicle emissions, is not very
convincing, considering alkanes, PAHs are not unique source tracers to vehicle emissions. It is unusual that norhopane and hopane are separated into two different factors.
The two species are usually highly correlated with each other. What’s the correlation
between the two species in this study? Also, a high amount of EC was present in lowNOx anthropogenic SOA factor. Does this indicate the mixing of primary sources in
this factor?
Response to Referee #2 major comment 4: We agree with the Referee that the diesel
emissions, gasoline emissions and non-tailpipe emissions cannot be distinguished
based on alkanes and PAH’s, which are key chemical species in these factors. While
these chemical species are indicative of a vehicle source, these are not unique tracers
for diesel, gasoline, or non-tailpipe emissions. The identification of these three sources
is thus based on EC:OC or PAH ratios, which are distinctive among these sources.
For example, the EC:OC ratio of diesel engine emissions is greater than the EC:OC
ratio of gasoline engine emissions and within the range of the values reported for these
sources in the literature. Whereas, the absence of EC in the factor identified as nontailpipe emissions is indicative of a non-combustion vehicle source. Furthermore, the
ratio of benzo(a)pyrene to the sum of benzo(a)pyrene and chrysene in this factor is
similar to the non-tailpipe emissions reported in the previous literature. In addition,
the identification of the diesel and gasoline engines is supported by their correlations
with the corresponding CMB source contributions. The separation of norhopane and
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hopane into two separate factors can be explained by their weak correlation (r = 0.239,
p = 0.110). This result suggests that two or more sources of hopane were present,
each having different hopane ratios. We agree with the Referee that the presence of
EC in the low-NOx anthropogenic factor is indicative of some mixing with primary fossil
fuel combustion sources. To clarify this point, the following text has been added to
lines 2-6 on page 13: “EC is also present in this factor, suggesting some mixing of this
factor with combustion sources. Such mixing likely arises from VOC and precursors of
oxidants co-emitted with EC from combustion contributing to SOA formation. However,
the predominance of secondary organic markers over signatures of primary emissions
suggests that this factor primarily represents SOA.”
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Referee #2 major comment 5: In the CMB model (section 2.5), were EC and levoglucosan included in the calculation? If not, which species was/were mainly responsible
for determining the contributions from diesel engines and biomass burning? Also, it
would be better if the statistical performance of the CMB results can be reported (e.g.,
χ2, calculated vs. modelled species concentrations, species source contributions).
Response to Referee #2 major comment 5: EC and levoglucosan were included in the
CMB model calculation. While sitostanes, cholestane, and some PAH were included in
the input data files, they were not used in the final model calculation, because some of
these species were not available for the source profiles utilized. We have revised the
methods section 2.5 to reflect the species included in the final model calculation (lines
2-5, page 6): “Species included in the CMB model included EC, levoglucosan, 17α(H)21β(H)-hopane, 17α(H)-22,29,30-trisnorhopane, 17β(H)-21α(H)-30-norhopane, PAH
(benzo(b)fluoranthene, indeno(1,2,3-cd)pyrene, and benzo(ghi)perylene), isoprene
SOA tracers (2-methylglyceric acid and 2-methyltetrols), one α-pinene SOA tracer (cispinonic acid), one naphthalene SOA tracer (phthalic acid), and one toluene SOA tracer
(2,3-dihydroxy-4-oxopentanoic acid).”
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As suggested by the reviewer, a summary of the model diagnostics have been added
to the supporting information as Table S6: R2, χ 2, calculated-to-measured raC6

tios for fitting species (EC, levoglucosan, 17α(H)-21β(H)-hopane, 17α(H)-22,29,30trisnorhopane, 17β(H)-21α(H)-30-norhopane, benzo(b)fluoranthene, indeno(1,2,3cd)pyrene, and benzo(ghi)perylene). The following text has been added to section
3.4.1 (line 26 page 9): “CMB model diagnostics, including R2, χ 2, calculated-tomeasured ratios for fitting species are summarized in Table S6.”
The sample-by-sample CMB model results, including source contributions, the associated standard errors, measured and modeled OC, R2, and χ 2 values will be archived in
an open access data base, along with the other data products linked to this manuscript.
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Referee #2 major comment 6: The sample size of MM-PMF for PM2.5 OC is 46 in the
study, but in the introduction section it is suggested the sample size should be 60–200
(P.2 line 39–40). It seems, because of this reason, the MMPMF performance is not very
robust as shown in Table S2 (some key species like cis-pinonic acid and phthalic acid
are not well modelled) and Table S5 (only 54% of bootstrap BB factor was mapped).
The uncertain BB factor contribution in MM-PMF would also weaken the reliability of
BB SOA estimation in this study. Please comment on how the small sample size affect
the MM-PMF results in this work.
Response to Referee #2 major comment 6: We thank the reviewer for pointing this out
and clarify the introduction point with a more up-to-date reference. The revised text
reads (lines 2-4, page 3): “While PMF requires a relatively large sample size, MM-PMF
has generated stable solutions with as little as 35 observational data points, which is
expected to arise from the high specificity of primary and secondary source tracers Hu
et al., (2010).”
We agree with the reviewer that there is uncertainty associated with the BB and BB
SOA source estimates. We have added the following text to section 3.4.2 in introducing this factor (line 17-18, page 12): “Notably, only 54% of the bootstrap BB factor was
mapped (Table S7; the lowest of any factor) indicating a greater relative uncertainty
associated with this factor.” We have also added the following text to section 3.5 (lines
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3-6, page 14): “The BB SOA estimate is considered to be a best-estimate with the available data set, but contains uncertainties both from the MM-PMF and CMB estimates.
Strategies to reduce the relative uncertainty associated with this source, include using
a larger number of observations and more specific BB SOA tracers in MM-PMF.”
Referee #2 major comment 7: Fig. 8 shows that the non-tailpipe vehicle emissions
(marked largely by 17α(H),21β(H)-hopane only) made a notable contribution after 20
May (except 10 May daytime), is there any reason for it?

ACPD
Interactive
comment

Response to Referee #2 major comment 7: The temporal variation of this factor is
influenced by the detection of 17α(H),21β(H)-hopane. This species was detected only
in 17 of the 46 PM2.5 samples analyzed, including 10 May in the daytime and 16
samples collected from 20-27 May.
Referee #2 major comment 8: Is there any reason to select 17β(H)-21α(H)-30norhopane over 17α(H),21β(H)-30-norhopane as the vehicle emissions tracer in CMB
and MM-PMF? The former species should be less abundant in ambient and source
PM, and therefore is less commonly used in receptor models (e.g., Yu et al., 2011,
Analytical and Bioanalytical Chemistry, 401, 3125-3139).
Response to Referee #2 major comment 8: We thank the reviewer for pointing this out.
We have indeed used 17α(H)-21β(H)-30-norhopane in this study. We have corrected
this typo throughout the manuscript, figures, tables, and supporting information.
Referee #2 major comment 9: When the source apportionment results from AMS-PMF,
MM-PMF and CMB were integrated to obtain insights in SOA contributions (section
3.5), it seems the conclusion that anthropogenic SOA is the dominant contributor is
largely drawn from the MM-PMF results, while the CMB and AMS-PMF results do not
converge to the same conclusion (e.g., P.14 line 17: CMB is unable to provide a reliable
estimation of total anthropogenic SOA, . . . ; and line 20–21: AMS-PMF is unable to
distinguish between anthropogenic and biogenic origins of SOA, . . .). However, the
MM-PMF results may have large uncertainties, especially considering the small sample
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size and poor stability (e.g., only 67% of bootstrap high-NOx anthropogenic SOA factor
can be mapped as shown in Table S5), making such a conclusion less convincing.
Additional supportive evidence/argument for this point is recommended.
Response to Referee #2 major comment 9: The three models converge on the conclusion that anthropogenic SOA is a major source of ambient OC in HSC, with this finding
led by the MM-PMF results and supported by the CMB and AMS-PMF results. In order
to clarify this finding through additional evidence and argument, we have revised the
last paragraph in section 3.5 (beginning on line 42, page 14):
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“MM-PMF holds the advantage of identifying anthropogenic SOA for several reasons.
First, these estimates are based on molecular tracers selective to this source (AlNaiema and Stone, 2017). Second, these estimates were developed from ambient
measurements within the HSC airshed and are considered to be the best representation of anthropogenic SOA in this location. Unlike CMB, MM-PMF requires neither a priori knowledge of tracer-to-OC ratios nor the assumption that these ratios are constant
across chamber experiments and the study site. Third, by analyzing the co-variation
of species over time, MM-PMF can capture anthropogenic SOA from other precursors
that co-vary in time, even if they have a different precursor and are not defined by
tracers in the source apportionment model (e.g., alkanes).
Nonetheless, CMB results support that anthropogenic SOA is an important source of
OC in the HSC. Using available profiles for anthropogenic SOA in CMB, 3% of OC
was attributed to monoaromatic-derived SOA (e.g., benzene, toluene) and 5% was attributed to naphthalene-derived SOA. Larger SOA contributions from PAHs compared
to monoaromatic precursors agrees with controlled chamber photo-oxidation of diesel
exhaust, in which PAH-derived SOA was estimated to account for up to 54% to the
total SOA mass formed in the first 12 h of oxidation (Chan et al., 2009). The total PAH
contribution to SOA in HSC is expected to be larger, since other 2-3 ring PAHs with
SOA-forming potential (Shakya and Griffin, 2010) are co-emitted with naphthalene;
however, molecular tracers for larger PAH oxidation products are not yet defined, so
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the associated OC is unapportioned by the CMB model. Because the CMB-based estimate of anthropogenic SOA is limited to two classes of VOC precursorsâĂŤaromatics
and naphthalene derivativesâĂŤfor which SOA profiles are available it is considered
to be only a partial estimate of anthropogenic SOA. Anthropogenic SOA from other
precursors contribute to the CMB unapportioned OC. The CMB-estimates of aromatic
and naphthalene-derived SOA is valuable, however, because it provides specificity in
the relative and absolute source contributions for these VOC classes.
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The AMS-PMF LV-OOA factor that accounts for an average of 32% of PM1 OC is
expected to be influenced by anthropogenic SOA based on the correlation observed
with high-NOx anthropogenic SOA in MM-PMF (r=0.515, p=0.004). The MM-PMF and
CMB methods that rely on specific tracers overcome the AMS limitation of being unable
to distinguish between anthropogenic and biogenic origins of SOA in the absence of
a strong signal that can identify a specific VOC precursor (Wallace et al., 2018; Xu
et al., 2015). Relying on MM-PMF as the best estimate of anthropogenic SOA, we
estimate that this source contributes an average of 28% of PM2.5 OC, making it a
major aerosol source in HSC second only to primary fossil fuel emissions. Led by MMPMF and supported by CMB and AMS-PMF, these reveal the important contributions
of anthropogenic SOA to PM2.5 OC in the HSC area of Houston.”
Finally, we have added the following sentence regarding the results of the bootstrapping
analysis (line 42, page 14): “The former source contribution is considered to be stable
with > 80% of bootstraps matched, while the latter has a larger relative uncertainty with
67% of bootstraps matched (Table S7).” We have addressed the reviewer’s concerns
about the number of observations used in the MM-PMF model in response to Referee
#2 Comment 6.
Minor comment 1: Line 4-5 in p7: “organic carbon”, “elemental carbon” and “Organic
matter” should be removed as the abbreviations have been introduced before. Check
throughout the context to avoid redundant words.
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Response to minor comment 1: We prefer to maintain the definitions of these abbreviations at the start of the results and discussion section. We have checked the remaining
text and can confirm that they are not repeated in the text after this occurrence.
Minor comment 2: Include the measured OC concentrations in Figure 8, which can
help visualize directly how MMPMF predicts the measured concentrations.
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Response to minor comment 2: As suggested by the reviewer, we have added the
measured OC concentrations to Figure 8 and updated the figure caption accordingly.
Minor comment 3: Line 16 in p1: Change “fine” to “ambient”.
Response to minor comment 3: We have made this change as suggested by the reviewer.
Minor comment 4: Line 25 in p1 and line 11 in p2: “VOC” should be “VOCs”.
Response to minor comment 4: We define VOC as volatile organic compounds (note:
in the plural form) on page 1 at line 25, such that an additional “s” is not needed in
subsequent occurrences. We have checked the manuscript to ensure that “VOC” is
used consistently.
Minor comment 5: Line 21 in p2: “for” should be “from”.
Response to minor comment 5: We have made this change as suggested by the reviewer.
Minor comment 6: Line 13-16 in p6: the correlations are R or R2?
Response to minor comment 6: We have clarified at line 16 on page 6 that these are
“correlation coefficients (r). . .”
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Minor comment 7: Figure S10, correct the typo mistake for the y-axis.
Response to minor comment 7: We have corrected this alignment error in the revised
manuscript.
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Minor comment 8: P.5 line 36: Bituminous coal source profile was said to be included
in CMB, but it is not reported in the result section (3.4.1), please check.
Response to minor comment 8: The reviewer is correct that the bituminous coal source
profile was tested in the CMB model; however, its source contributions were not statistically significant. We have added the following text to page 9 line 25: “The bituminous
coal source contribution was not statistically significant.”
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Minor comment 9: P.8 line 25–26: The order of HOA, CI-SV-OOA and LV-OOA should
be reversed to be consistent with the statement in the next sentence, as well as the
abstract (line 20–22).
Response to minor comment 9: As suggested by the reviewer, we have revised the order of the AMS factors to be lowest to highest contribution. The revised text reads (line
1, page 8): “The time series of concentration of the AMS factors and their diurnal trends
are presented in Fig. 5. The average mass concentrations observed for LV-OOA, CISV-OOA, and HOA during the field campaign were 0.37 ± 0.73 µg m-3, 0.48 ± 0.47
µg m-3, and 0.72 ±0.52 µg m-3, respectively, indicating a predominant contribution
from secondary factors to the PM1 OA. The contribution to the OA mass concentration
during the sampling period followed the sequence LV-OOA < CI-SV-OOA < HOA, with
average abundances of approximately 22.33%, 29.44, and 48.23% respectively.”
Minor comment 10: p.10 line 13: Full stop missing in “. . . comparing this study to Buzcu
et al., (2006).”
Response to minor comment 10: We have corrected this error as suggested by the
reviewer.
Minor comment 11: P.11 line 34–36: Yan et al. (2008) did not report isophthalic acid in
aged BB plumes, please consider citing another reference.
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Response to minor comment 11: Yan et al. (2008) reports in their table 2 (page 6390)
that aromatic dicarboxylic acids are distinctively high in aged BB plumes compared to
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non-aged BB, including 1,3-benzenedicarboxylic acid (a.k.a. isophthalic acid).
Minor comment 12: P.13 line 8 & 9: section 3.5.2 → section 3.4.2
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Response to minor comment 12: We have corrected this text to read “section 3.4.2.”
Minor comment 13: P.13 line 33–34 argued that isoprene-derived SOA contribution
estimated by MM-PMF is more reliable than that by CMB, is there any further support/reference for this argument? Uncertainties associated with ambient measurements and temporal correlation between species in PMF should not be neglected.
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Response to minor comment 13: We have clarified this point by adding the following
text to section 3.5 (lines 27-30, page 14): “In contrast, CMB relies upon tracer-to-OC
ratios observed in the laboratory (Kleindienst et al., 2007) where reactant concentrations greatly exceeded those observed in HSC (Figure S4). In particular, chamber
concentrations were approximately 10-fold higher for NOx, 2-3 orders of magnitude
higher for isoprene, and 3-4 orders of magnitude higher for toluene.” Further, at line 25
on page 14, we have also added that the similar MM-PMF and CMB results “[indicate]
good agreement between these two approaches.”
Minor comment 14: Space missing: after Table S2 in P. 10 line 28; between “models
reveals” in P.14 line 25; after NRPM1 in P.33 Table 2 title.
Response to minor comment 14: We have corrected these three errors as suggested
by the reviewer.
Minor comment 15: P.14 line 32: . . ., from BB (5%), . . .
Response to minor comment 15: We have improved the readability of this sentence
(line 39, page 15): “Together, these models were used to estimate primary sources of
OC that included fossil sources (37-49%), BB (5%), and cooking (1%).”
Minor comment 16: P.15 line 5: . . . to organic aerosol by can be estimated by. . .
Response to minor comment 16: We have improved the readability of this sentence
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(line 35, page 16): “For instance, BB SOA contributions to organic aerosol can be
estimated by. . .”
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Minor comment 17: Missing close parenthesis for graph (a) and (b) in Fig. S3.
Response to minor comment 17: The parentheses have been added as suggested by
the reviewer.
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Minor comment 18: Misaligned unit in the y-axis title of Fig. S10.
Response to minor comment 18: We have corrected this misalignment in the revised
manuscript.
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Table S6: CMB model performance metrics. The R2 values indicate the fit of the profile to the ambient data, with
values greater than 0.8 indicating a good model fit. The χ2 values are the weighted sum of squares of the differences
between the calculated and measured fitting species concentrations, with a value of 0 indicating a perfect model fit,
<1 indicating a very good fit, 1-2 indicating an acceptable fit, and >4 indicating that one or more species
concentrations are not well explained by the model. In one sample (21 May, nighttime) this value was greater than 4,
with 2.85 the next-highest value. The calculated-to-measured concentration ratios of the fitting species indicate the
extent to which individual tracers were fit by the model. SOA tracers, which behaved ideally coming from only one
source, had calculated-to-measured concentrations of 1.
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