Responses (text in blue) to comments by Referee #1 (text in black)

We thank the referee for the valuable comments which have greatly helped us to improve the manuscript. Please
find below our point-by-point responses (in blue) after the referee comments (in black). The changes in the
revised manuscript are written in italic.

Referee #1

General comments

The authors present measurements of volatile organic compounds (VOCs) using two proton transfer reaction
time of flight mass spectrometers (PTR-ToF-MS) at an urban and suburban location in New Delhi in the
wintertime. The positive matrix factorization (PMF) model is used to apportion various VOCs to different
sources for each site. The authors find that six VOC factors could explain the observations for both sites, two
factors related to traffic emissions, two to solid fuel combustion, and two secondary factors. The authors do a
good job justifying the naming conventions for each factor at each site. However, it would be beneficial if these
discussions were extended to back trajectory comparisons for the two sites, and comparisons to previous
publications. Also, further discussion regarding VOCs excluded from the analysis (all masses above m/z 60) or
not measured (alkanes, alkenes) that could dominate the VOCs mass, and reactivity should be performed. This
manuscript is suited for publication in ACP after the above revisions.

Reply: We thank the referee for the constructive comments. The discussion has been extended with back-
trajectory analysis and external support from literature.

Specific comments

The authors could run a PMF combining the two datasets in one Matrix to generate common solutions. This way
a possibly better statistical separation of the factors between the two sites could be achieved. Also, when
comparing the two sites it would be great if a back-trajectory analysis could be performed in order to support
that emissions from the city center travel from 1ITD to MRIU and therefore represent more aged air.

Reply: The referee raises two issues here: (1) run PMF combining the two datasets and (2) back-trajectory
analysis for the two sites. We discuss these issues separately below.

(1) We believe that a source apportionment on the combined datasets would not be significantly helpful for this
paper. Specifically, although the two instruments were operated in the same setting conditions, these could not
ensure the performance of the two PTR-ToF-MS 8000 were the same all the time over the entire sampling
period. Therefore, even though the combined dataset in principle could result in a better comparison, combining
the two datasets could bring in more uncertainties into the error matrix. Further, the VOC fingerprints might be
rather different in different locations, for example, different types of rather local biomass burning are present.
Therefore, the separation of the dataset allows for more locally adapted fingerprints.

(2) We agree that back-trajectory analysis improves the discussion on the transport of emissions from I1TD to
MRIU. This has been added to the manuscript, as discussed in lines 328-332 here and in response to specific
comments (Specific comments Line 308-327, Technical comments Line 446 and Line 468-469) below.

Line 331-335. Besides, Fig. S8 presents concentration weighted trajectory (CWT) plots of the six factors at both
sites. Details of the back-trajectory and CWT analysis are shown in the Supplement. As shown in Fig. S8, high
concentrations of primary factors are found both north and northwest of 11TD, whereas high primary factors
originate from southeast of MRIU, different from the direction of lITD.

Line 143: How much of the total mass and reactivity do these masses represent? Also, there are more m/z’s not
included in the mass list chosen for PMF like formic acid, ethanol, formaldehyde, and other masses related to
fragments below m/z 60. These masses may represent the majority of the reactivity and should be further
discussed, especially in the context of quantifying the effect of each emission source. | consider that results from



the PMF when including the lower molecular weight compounds should at least be presented in detail in the SI
and further discussed in the main text.

Reply: We agree with the referee that mass peaks below m/z 60 are important and interesting in terms of their
reactivity, emission ratios and sources. These topics are being prepared for publication in a separate manuscript.
(Tripathi et al., in preparation). In that paper the relative contributions from anthropogenic and biogenic sources
of these ions are discussed. In addition, the discussion on mass contributions are combined in response to
Specific comments, Line 243-245 #1 by Referee 1 below

Line 164: The time that the temperature is higher from 21-25 Feb the VOCs are not measured at MRIU. Could
the authors provide a box and whiskers of the temperature for the two periods? Also, for both periods, could
they provide the temperature changes only when VOC measurements exist? This goes for Fig. S1 too. Could
they provide the 25th and 75th percentile for Fig S1?

Reply: We have replaced Fig. S1 with box-whisker plots showing temperature, separated by site and cold/warm
periods. The comparison of temperature change during different periods, and at each site is based on the periods
when VOC measurements exist.

Line 173-177. Fig S1 shows the box-whisker plots of temperature during the two periods at the two sites. As
shown in Fig. S1, the average temperature was 17 °C during the cold period and 23 °C during the warm period
at IITD. At MRIU, the average temperature was very similar when VOCs were measured, with the cold days
averaging at 16 °C and the warm periods at 23 °C. During the warm period, the mean temperature reached the
minimum at 6:00 LT, 1 hour earlier than in the cold period.

Line 180: What about comparing the absolute concentrations. Do these masses show the same diurnal patterns at
the two sites? Please elaborate more.

Reply: We added the absolute concentrations.

Line 189-194. At MRIU, the VOC family composition was similar, with the exception of a higher fraction and
concentration of non-aromatic CxHy (23.2%, 4.2 ppbv), which was dominated by high C5H8 and C6H10 in the
daytime compared to that at IITD. Besides, the averaged mixing ratios of the majority of the families were lower
at MRIU than at I1TD, except for non-aromatic CxHy and CxHyO2. The averaged mixing ratios of CxHyO1,
CxHy0O2, CxHyN, CxHyO3, and CxHyNO were 3.6 ppbv, 3.4 ppbv, 0.5 ppbv, 0.2 ppbv, and 0.09 ppbv,

respectively.

Line 182-190: It will be more informative to include all the diurnal profiles for (i) the different VOC families,
(if) NOx, and (iii) CO for both sites in a supplementary figure.

Reply: The requested diurnal profiles have been added to Fig. S2. Consequently, we added some discussion on
the diurnal patterns of VOC families at both sites. The corresponding paragraph is rephrased.

Line 197-209. Fig. S2 shows the diurnal patterns of NOy, CO, and different VOC families at both sites. The
nocturnal mixing ratios of most of the VOC families, as well as those of CO and NOy were higher than during
daytime, with much greater diurnal variation at [1TD than at MRIU. The spatial difference in the diurnal
variation may be due to a lower influence of local emissions at the suburban MRIU site because of lower
population density and fuel consumption. In addition, the relative proportions of the VOC families varied over
time, indicating different emission patterns and oxidation chemistry. For instance, substantial contributions and
concentrations of aromatic compounds and CyH,NO; were observed at night at I1TD, indicating strong
anthropogenic emissions in the urban area, such as traffic-related emissions and solid fuel combustion.
Meanwhile, higher daytime contributions were found for the CxH,0: and CH,O, families; and in particular the
CxH,Osfamily peaked around midday at IITD, indicating tropospheric aging and secondary formation during
daytime. Moreover, the nocturnal concentrations of all the gas phase species were higher at IITD compared to



MRIU. During daytime, however, the concentrations of non-aromatic CxHy, CxH,0-, as well as CO at MRIU
were higher compared to those at 1ITD.

Line 230: Here and throughout the text, it will be nice if the authors add for each chemical formula the actual
m/z of detection in order for the readers to connect it better to the Figures.

Reply: We have added the m/z values. Besides, the actual m/z values of all the ions included in PMF are shown
in Table S1 and Table S2.

Line 234: Please perform a more detail comparison to NOx. What is the R2 of (i) trafficl vs NOX, (ii) traffic2 vs
NOy, and (iii) trafficl+traffic2 vs NOx?

Reply: We now address this as follows in the manuscript:

Line 257-258. The correlation of Traffic 2 with NOy (R?=0.76) is better than either Trafficl with NOy (R?=0.55)
or their sum (Trafficl+Traffic2) with NOx (R?=0.67).

Line 237: this trend could also be driven by meteorology. A higher boundary layer leads to more dilution
therefore a decrease of pollutants midday.

Reply: We agree that the boundary layer could lead to dilution of pollutants in the midday and accumulation
during night. However, PBL dilution will affect most pollutants similarly (except for long-lived species, which
may be equally abundant in the upper layer), i.e. maintaining factor-to-factor ratios. This is not observed for
Trafficl and Traffic2, for which both the time of initial decrease and the relative rate of decrease differ.
Therefore, we interpret the differences in the factor diurnals to represent real differences in the traffic emissions
patterns.

Line 238-243: The differences discussed between trafficl and traffic2 are not supported by the figures. Trafficl
is in general higher than traffic2 even during nighttime when traffic2 is supposed to dominate the traffic
emissions due to the heavy-duty vehicles. Also, the diurnal profiles of the two factors are very similar. The only
difference is an increase of trafficl midday that could also be due to the influence of other sources to trafficl,
e.g. cooking. Please discuss more in the main text and provide more proof for the naming of these factors.
Comparing to other studies of traffic emissions using PTR-ToF-MS could be of value, e.g. Gentner, et al. (1).

Reply: We added some discussion clarifying the differences between Trafficl and Traffic2. As shown by Platt et
al. (2017), cold start from gasoline vehicles emit high amounts of VOCs while heavy-duty vehicles contribute
much less to VOCs but might be dominating contributor to BC and NOx. Therefore, the heavy-duty vehicles
will still not dominate traffic emissions. Besides, the compounds listed in the suggested reference paper
(Gentner et al., 2013), however, are focusing on ions very different from this study. Many of the high
concentration species are not detectable and/or poorly quantified by PTR-ToF-MS. Therefore, a few aromatic
ions are selected for comparison.

Line 261-270. As shown in Fig. S7, the ratio of Traffic 2 to Traffic 1 is very low during the day time and starts
to increase slightly from 16:00 LT. Although both Trafficl and Traffic2 are high during the night with their
maximum concentrations around 21:00 LT, the Traffic2/Trafficl ratio is as low as 0.6 at that time. The ratio
increases overnight with a sharp increase during the early morning, reaching a maximum value of 1.4 at 07:00
LT, suggesting that Trafficl is the dominant traffic source both day and night. This can be explained as cold
start emissions from gasoline vehicles emit high amounts of VOCs while heavy-duty vehicles contribute much
less to VOCs but more to BC and NOy (Platt et al., 2017). Further, the spectrum of Traffic2 is characterized by
high fractions of high mass aromatic compounds. For instance, the ratio of C8/C7 aromatics is tripled in
Traffic2 compared to that in Trafficl, which is similar to the ratio of the emission factors from previous studies
(3.5 times (Gentner et al., 2013)).



Line 243-245: This would be the dominant VOC source based on the VOCs included in the PMF analysis. It
would be beneficial to include a discussion of the VOCs not included in the PMF analysis, especially smaller
alkanes and alkenes that could substantially contribute to the total VOCs.

Reply: We have added some discussion in Section 3.3.

Line 393-401. In addition, several ions below m/z 60 that can be detected by the PTR-ToF-MS are excluded
from PMF as discussed in Sec. 2.3, such as methanol, acetaldehyde, acetone and acetic acids. These ions are 3-
4 times higher than the dominant ions in the PMF analysis, possibly owing to much higher emission rates and
natural abundance. Besides, other excluded compounds such as C1-C4 alkanes and C1-C4 alkenes which are not
detectable by the PTR-ToF-MS are substantial contributors to the total VOC mixing ratio as well. However,
these ions are minor contributors to SOA formation and only substantially contribute to the formation of ozone,
which is a major issue in summer. Although the mixing ratio of the sum of VOCs in the PMF only accounts for
39.6 % at 1ITD and 24.2 % at MRIU (Fig. S11), many of these compounds are the dominant precursors in terms
of SOA formation (Wu and Xie, 2017, 2018).

Line 246-270: The SFC factors can be further compared to previous studies in more detail. Sekimoto, et al. (2)
found a high- and low-temperature factor related to biomass burning emissions. The factors found in this study
are available to the public and could, therefore, be used to directly compare to this study.

Reply: Based on the diurnal patterns, we expect that the SFC factors in this study are largely associated with
domestic heating. The suggested reference paper (Sekimoto et al., 2018), however, focused on open burning of
wildfires. These two are substantially different types of combustion and thus we believe these profiles are not
suitable for comparison to this study. Here, we compare the emission ratios reported by Bruns et al. (2017) of
residential wood burning.

Line 278-281. The relative fractions of emission factors (EF, in mg per kg fuel) of CsH4O2 (100 mg kg™3),
CsHsO (110 mg kg 1), and CsHgO2 (60 100 mg kg 1) are similar to their relative concentrations in SFC1 (i.e.
CsH402 (m/z 97.028, 0.019), C¢HsO (m/z 95.049, 0.021), and CsHsO, (m/z 111.044, 0.012)), consistent with the
identification of the factor.

Line 292-293: Define “similar”, e.g. within XX% for XX% of the masses. Masses that are higher should be
discussed.

Reply: Done. We have added some discussion.

Line 326-327. While the factor profiles are similar for the primary factors (i.e. Trafficl, Traffic 2 and SFC1 at
both sites share the same major ions) their diurnal patterns are very different.

Line 308-327: The discussion of the oxygenated factors and the comparison of the two sites in this paragraph is
hard to follow.

Reply: We rephrased the paragraph and included back-trajectories to support the statements.

Line 351-353. Further, the IITD SecVOC1 shows additional origins apart from the directions of primary
factors, indicating influences from transport (Fig. S8). The SecVOC?2 at IITD, however, is comparable to the
MRIU SecVOCL in terms of factor fingerprint (Fig. S9).

Line 360-362. Besides, as shown in Fig. S8, SecVOC2 at IITD and SecVOC1 at MRIU exhibit similar
geographical origins as the primary factors at the respective sites, suggesting local oxidation of primary
emissions.

Line 366-368. As shown in Fig. S8, high concentrations of MRIU SecVOC2 originate mainly from north and
northwest directions, consistent with the location of the I1TD site. Therefore, it is possible that MRIU SecVOC2
represents oxidized VOCs on a relatively regional scale.



Line 264: Anthropogenic monoterpenes can also originate from fragranced volatile chemical product usage.
Emissions from fragrances and personal care products have been found to coincide with traffic emissions (3, 4)
which would explain why the monoterpenes are loaded in the traffic factor. Further discussion on this topic may
be of interest.

Done. We added some discussion on anthropogenic monoterpenes.

Line 418-420. One recent paper showed that fragrances and personal care products may be an important
emission source of urban monoterpenes and are correlated with traffic emissions (McDonald et al., 2018).

Line 374-375: This sentence doesn’t make sense.

Reply: This sentence was attempting to summarize Fig 8 and the discussion in the paragraph. Since all the
information is given anyway and the sentence is misleading, we deleted it.

Line 376-377: More detailed comparison of the results of this study to previous studies is required. For example,
what is the ratio of the oxygenated compounds relative to aromatics for previous studies and this study?

Reply: This sentence was attempting to show that SFC is one possible source of these ions. Besides, the
OVOCs/benzene ratios as suggested are not suitable for comparing directly to the explained variation in this
study. We have revised the sentence and used a comparison of emission factors.

Line 429-432. However, at both sites, considerable amounts of these ions are also explained by emissions from
SFC. Previous studies showed that the emission factors (EF, in mg per kg fuel) of C4HsO1-» are comparable to
that of benzene (200 mg kg™), and the EFs for CsHgO;.2 and C1oH160 are comparable to that of toluene (27 mg
kg?) in biomass/wood burning emissions (Bruns et al., 2017; Koss et al., 2018).

Line 406-407: Give numbers. It is a 50-50 split between traffic and SFC emissions for the majority of the time.
Reply: We added some discussion on the ratios of traffic and SFC emissions.

Line 461-464. As shown in Fig. 8 (a), at IITD benzene originates to a significant extent from traffic emissions
(53% on average) over the whole day and in addition from the SFC factors (47% on average), largely at night.
The traffic fraction is lowest (29%) in the early morning and increases during daytime, with a maximum of 74 %
around 17:00-18:00 LT, with the opposite trend for the SFC fraction.

Line 409: At MRIU it is again a 50-50 split. Precise discussion of the differences with numbers will be great in
this paragraph.

Reply: We added some discussion.

Line 469-470. Although the traffic fraction increases during daytime at both sites, it explains a maximum of
74% at 11TD and 49% at MRIU around 17:00-18:00 LT, with the opposite behavior for the SFC fraction.

Line 412-414: No discussion on toluene that is different than benzene is provided. Toluene is attributed
predominantly to traffic at both sites. Wouldn’t the authors expect toluene emissions from biomass burning
based on existing literature cited in this manuscript? A detailed comparison of the ratios of aromatics to different
studies may be of value here.

Reply: We added some discussion on Toluene.

Line 472-479. The traffic fraction is as high as 90 % around 18:00 LT and reaches a minimum of 67 % around
10:00 LT at 1ITD, which is much higher than that of benzene. The benzene/toluene (B/T) of the traffic factor
ranges from 0.34 to 0.40, which is comparable to the emission factors of benzene/toluene for gasoline emissions
(0.58, Gentner et al., 2013). Besides, the traffic fraction is lowest in the morning, which is associated with the
strong emissions of SFC in the morning and high traffic emissions during the rush hour in the late afternoon.



The B/T is 3.4 for the SFC factors, which is in the reported range of 2-7 for residential biomass/wood burning
(Bruns et al., 2017; Koss et al., 2018). Similarly, traffic is also the highest source of toluene at MRIU, ranging
from 67%-77%.

Line 463-466: A discussion on the missing VOCs should be performed if the comparison of the different
emissions is made. What is the contribution in mass, and reactivity of the missing VOCs? How is it expected to
distribute among the different emission sources based on inventories?

Reply: This point was discussed in detail above (Line 143). Simply put, these topics are interesting, but are the
focus of another paper prepared by our collaborators.

Comments on Figures

Figure 5-6: Add error bars to the diurnal profiles. If it gets too busy split into two figures. A way to better focus
on the differences in the factors from the two sites could be to plot the following: Traffic1(I1ITD) —
TrafficL(MRIU) / TrafficL(MRIU) VS m/z This will better show the relative difference between the two. Now
differences between many masses that are low in concentration but could still be important markers are not
shown at all. Why is it that for Figure 6 the two oxygenated factors from both sites are not included? Why not
extend figure 5 and add the two oxygenated factors there?

Figure 6: Label is missing the triangle markers explanation. It will also be better to add the SecvVOC factors for
both sites in this comparison.

Reply: We revised the axes in log scale and combined all the six factors into Figure 5.
Figure 8: Add suggested compounds in parenthesis.

Reply: Done.

Technical comments

Line 19: Explain abbreviation “IITD”. Line 21: Explain abbreviation “MRIU”.

Reply: We removed these abbreviations from the abstract.

Line 36: Change to “gas-to-particle partitioning”.

Reply: Done. We revised the sentence.

Line 39-40. The chemical transformation of VOCs forms less-volatile compounds and can contribute to gas-to-
particle partitioning either by new particle formation or condensation on existing particles.

Line 69: Change to “of the VOC pollution levels”
Reply: Done

Line 77: Maybe add the number of VOCs used for PMF since you already discussed what has been used in the
literature before.

Reply: Done.

Line 83. The level, composition and source characteristics of different VOCs (158 ions at 1ITD and 90 ions at
MRIU) were analyzed

Line 145: Define “extremely”.

Reply: Done.



Line 150-151. 3-4 times higher than other ions were excluded from the input
Line 169: How would they have an impact on the emission profiles? Please elaborate.

Reply: We cited Sekimoto et al. (2018) as an example, who illustrate the significant differences of profile and
reactivity at high and low temperature.

Line 205: Maybe rephrase. Sentence too long and hard to follow.
Reply: Done.

Line 225-226: At IITD, the concentrations of several aromatics were very high, being 10-20 times higher than
those of the major phenols, and over 100 times higher than for the compounds with the lowest concentration.

Line 211: delete “was resolved”. Also, define reasonable. What is the contribution of hydrocarbons in the
secondary factors?

Reply: We deleted reasonable.

Line 216: A graph providing the comparison of the different spectra in the SI will be more informative. Fig S4 is
not informative regarding the comparison of the different a-value results.

Reply: We revised Fig. S4 (now Fig. S5).
Line 239: and the result with an a-value=0.3 is presented in Figure S5

Line 291: delete “that”. Also, why would the change in concentrations result in a better factor separation?
Please, elaborate. This sentence is in general not easy to follow. Based on which figure are the authors
concluding this?

Reply: Compared to the ratios at MRIU, the 1ITD aromatics are an order of magnitude higher than other ions.
Therefore, even though only a small fraction of aromatic compounds is apportioned to one factor, it will be high
in relative concentration. This has been discussed in the paper. Besides, the higher concentrations could result in
a higher contribution to Q for the same unexplained signal fraction. Thus, at IITD, the PMF will tend to push the
signals into the non-aromatic factors to well explain the aromatics.

Line 247-248: What is the meaning of the chemical formulas written here?

Reply: For example, CsHgs(CnH2,)O1 means CgHsO (n=0), C7HsO (n=1), CsH100 (n=2), etc.
Line 293: Delete “very”.

Reply: Done.

Line 311: Delete “very” and define how different.

Reply: Done. The paragraph has been revised according to Specific comments, Line 308-327.
Line 351: Provide m/z and chemical formula for the broader audience.

Reply: Done.

Line 354: Change to “alcohols”.

Reply: Done.

Line 357: Delete “very”. These values are low only compared to the primary anthropogenic emissions but a
considerable value for biogenic emissions.



Reply: Done.

Line 369: Delete “in”.

Reply: Done.

Line 385: Replace “by” with “but can”.

Reply: Done.

Line 399: Replace to “of the low”.

Reply: Done.

Line 418: Please give a number for “majority”.
Reply: Done.

Line 469-470. Although the traffic fraction increases during daytime at both sites, it explains a maximum of
74% at 11TD and 49% at MRIU around 17:00-18:00 LT. with the opposite behavior of the SFC fraction.

Line 419: replace “mainly” with “by XX% and XX% during the night and morning, respectively,”.
Reply: Done

Line 485-487. The two SFC factors contribute 91% to furfural and 85% to phenol at 11TD, while the
corresponding contributions are 70% and 57% at MRIU. SFC1 contributes around 54% and 39% during the
night and morning, respectively,

Line 446: Please support with back trajectory.
Reply: We added a discussion on back-trajectories.

Line 507-510. As shown in Fig S13, high mixing ratios of maleic anhydride originate from north (primary
emissions) and northwest of I1TD, the same directions as SecVOC1. Similarly, high mixing ratios of maleic
anhydride at MRIU originate both from southeast (primary emissions) and northwest (11TD site) directions.

Line 468-469: Please support with back trajectory.
Reply: We added the discussion.

Line522-527. As illustrated in Fig. S13, high mixing ratios of CoH4O3 originate from north and far northwest,
indicating influence of both local emission/oxidation formation and long-range transportation. At MRIU,
however, high mixing ratios of C,H4O3 mainly originate from northwest, suggesting the influence of
transportation from the urban areas. Besides, PAN is mainly explained by SecVOC1 at IITD, and a much higher
PAN mixing ratio is observed at the suburban MRIU, originating from both secondary VOC factors, indicating
a longer oxidation time at this site.
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