
We thank the reviewers for their comments. All comments are addressed below. Reviewers’ 

comments are included in italics, our responses are included in cyan, and updated manuscript 

text is included in red.  

 

Reviewer 1 

 

The authors present a very valuable new dataset focusing on the organic fraction of submicron 

aerosol composition in Delhi, India from January 2017 to March 2018. Importantly, the dataset 

covers two winter seasons, which are the periods of most intense pollution in Delhi. To my 

knowledge this dataset is the first of its kind and provides significant insight into the nature and 

possible sources of PM2.5 in Delhi. I believe it should be published after a few minor points are 

addressed. In some places including the abstract the authors have referred to this study as a 

"source apportionment." While it is clear that this data and analysis have provided very 

important insight into possible sources/formation pathways for OA in Delhi, apportionment is a 

stronger term. I think the authors would agree that they have not identified the fraction of OA in 

Delhi originating from various specific anthropogenic and biogenic sources. 

 

Response: We agree with the reviewer that the analysis does not conduct source apportionment 

with regards to the differences between anthropogenic and biogenic sources. However, our 

analysis allows us to separate organic aerosol (OA) of primary versus secondary origin, and to 

separate primary traffic-related OA from biomass burning OA in Spring 2018. The limited 

number of primary sources identified is likely due to the unit mass resolution of the ACSM, as 

has been observed previously (Aiken et al., 2009; Elser et al., 2016; Al-Naiema et al., 2018).  

 

Therefore, we suggest continuing with the use of the term “source apportionment” but have 

clarified the terminology in section 3, where we have added the following text: 

 

“Thus, the source apportionment conducted was limited to separating primary and secondary OA 

in all seasons (and further, primary into BBOA and HOA in Spring 2018). Further separation of 

the factors may be  possible with high-resolution data combined with application of factor 

constraints (Aiken et al., 2009; Elser et al., 2016; Al-Naiema et al., 2018) and source-specific 

measurements such as metals/metal ions for combustion or biomass burning emissions 

(Jaiprakash et al, 2017), or α-methylglyceric acid for biogenic secondary OA (Srivastava et al, 

2019).” 

 

- A lot of real estate in the paper is devoted to figures which illustrate the PMF analysis but do 

not convey take-home messages for the reader. Consider moving those to SI. 

 

Response: Based on the reviewer’s comment, we have edited the manuscript to emphasize key 

take-home messages of each figure. We also agree with the reviewer that “a lot of real estate in 

the paper is devoted to figures which illustrate the PMF analysis”, which is the focus of this 

paper.  We have moved Figs. 3 and 8 into the SI. The slopes and correlation coefficients shown 

in the figures have been inserted into the main text. The following are updated portions in the 

text (Section 3): 

 



“It is therefore not surprising, as shown in Fig. S8a–c, that the behavior of POA and OOA in 

combined organic-inorganic PMF is very similar to that of organic-only POA and OOA 

respectively (POA: Slope~1.08, Intercept~1.6, R~0.98, OOA: Slope~0.88, Intercept~-0.4, 

R~0.94).” 

 

The other figures are essential for supporting results presented in the paper. Figure 1 introduces 

the broad similarity of PMF factor analysis with that expected based on analysis conducted 

elsewhere (Ng et al., 2011, Zhang et al., 2011). Using time series patterns, Fig. 2 summarizes 

seasonal variations in primary and secondary PMF components using the large amount of data 

that was collected as a part of the campaign. Additionally, given that this is the first long-term 

PMF analysis published for organic MS in Delhi, we believe that developing an understanding of 

diurnal patterns of different aerosol types is very important. Accordingly, Figs. 4-7 elucidate 

diurnal patterns associated with PMF factors that reflect insights into possible sources and 

formation pathways that would otherwise be difficult to convey.  

 

 

- The results clearly show elevated organic aerosol concentrations in winter. However, overall 

PM concentrations are also higher in winter. A figure (or figure panel) showing the seasonal 

variation in the OA fraction of PM mass would be very helpful. 

 

Response: A figure detailing the fraction of species detected as “Org” or organics in the ACSM 

has already been published (Fig. 3, Gani et al (2019)).  

 

We have updated the text to reference that figure: 

 

“Over the campaign, organics accounted for 53% of the submicron mass, followed by inorganics 

(36%, of which sulfate, nitrate, ammonium, and chloride contributed 13%, 8%, 9%, and 6% 

respectively) and black carbon (BC) (10%) (Gani et al., 2019, Fig. 3).” 
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Reviewer 2: 

 

General comment The paper is focused on characterization of organic aerosol in New Delhi 

(India) using an ACSM and some additional measurements. The approaches used with PMF 

receptor model allow to get some information about the sources and the trends in primary and 

secondary organics. The topic is interesting, up-to-date and suitable for the Journal. In general, 

it is not easy to read this paper because most of the figures and results are reported in the 

supplementary material (73 pages) that seems to be richer than the main paper. Authors should 

think about bringing some of the main results in the paper removing them from the 

supplementary material. His at least for the results that authors say to be important like the 

relationships with PBL height or the influence of the ventilation coefficient. Further, there are 

some aspects that are not clear (see my specific comments) that should be addressed in a 

revision step. 

 



Response:  We recognize that there is a lot of material included as supplemental information. 

This is necessary for justification and interpretation of the 12 PMF factor analyses presented in 

this work. We did not include the information in the main manuscript for readability. .  

 

Specific comments 

Abstract. Thermodynamic modelling. What kind of modelling and for what?  

 

Response: We conducted phase equilibrium modeling of aerosols using the extended aerosol 

inorganics model (E-AIM) to estimate the gas phase concentrations, and to obtain total 

concentrations after combining it with measured PM concentrations. 

 

In the revised manuscript, we have updated the text (Abstract):  

 

“Phase equilibrium modelling of aerosols using the extended aerosol inorganics model (E-AIM) 

predicts equilibrium gas-phase concentrations and allows evaluation of the importance of 

ventilation coefficient (VC) and temperature in controlling primary and secondary organic 

aerosol.” 

 

Abstract (and also in the main text). Authors speak of inter-annual variability, however, having 

only 15 months of measurements, the possibility to see an inter-annual trend is optimistic to say 

the least. I would suggest to change this aspect.  

 

Response: We agree with the reviewer that 15 months of data provides limited information on 

interannual variability. There are very few campaigns in India taking systematic year-on-year 

measurements of particle concentrations and composition for entire seasons at 1 minute time 

resolution. This makes the collected dataset detailed enough to capture interannual variability 

between the winters and springs of 2017 and 2018.  

 

We have rephrased “interannual variability” in the manuscript as “interannual variability 

between the winters and springs of 2017 and 2018”. 

 

Page 2 (line 8). Molecular markers such as...?  

 

We have updated the text to be more specific (Section 1): 

 

“They attribute chloride to sources such as coal combustion and biomass and waste burning 

using molecular markers. For example, hopanes such as S and R homohopane isomers are tracers 

for coal combustion, PAHs such as phenanthrene and benzo(a)anthracene are tracers for coal and 

biomass burning, sugar anhydrosaccharides such as levoglucosan and mannosan are tracers for 

wood/biomass combustion (Pant et al., 2015). They also attribute higher winter concentrations to 

condensation of semivolatile ammonium nitrate and ammonium chloride during low-temperature 

conditions, weaker wind speeds, and shallow atmospheric boundary layer in the winter season 

(Pant et al., 2015, 2016a). In recent years, detailed source-specific profiles of combustion and 

non-combustion sources in the South East Asian region have been developed as a part of studies 

such as the NAMaSTE campaign; for example, to discern between garbage burning and dung 



burning, tracers such as 1,3,5-Trimethylbenzene and coprostanol respectively have been 

identified (IIT Bombay, 2008, Stockwell et al, 2016, Goetz et al., 2018, Jayarathne et al., 2018).” 

 

Page 2 (lines 21-32). I agree that the high temporal resolution could furnish additional 

information compared to receptor models applied to 24h samples. However, in the case of using 

ACSM only some chemical species are available and there are limitations due to the missing 

information on metals and other compounds (for example levoglucosan and similar). This aspect 

should be clearly mentioned and a reference to the recent work of Belis et al (Atmospheric 

Environment 123 (2015) 240e250) regarding PMF and receptor models performances should be 

added. 

 

Response: While non-refractory molecules are heavily fragmented by the electron impact 

ionization within the ACSM, some ion fragments have been identified as tracer ions for specific 

parent molecules, such as those at m/z 60 and 73 for levoglucosan (Ng et al., 2011). The limited 

importance of other species such as metals contributing to PM1 in Delhi is suggested by the 

strong correlations (R2 of 0.85 and slope of 0.96) of the ACSM based PM1 + BC concentrations 

with SMPS-PM1 estimates. Details of these correlations can be found in Gani et al (2019). 

Additionally, as Gani et al (2019) notes, “most of the PM1 was composed of non-refractory 

material and BC was consistent with past literature from Delhi which observed that metals and 

other non-refractory crustal materials, which we did not measure in this study, constituted less 

than 5% of PM1 (Jaiprakash et al., 2017).”  

 

As per the reviewer’s suggestion, we have updated the text (Section 2.1): 

 

“PMF2 has been identified as an appropriate receptor modeling technique that can be deployed 

for quantifying source contributions for air quality management (Belis et al., 2015)”.  

 

In addition, we have updated the text elsewhere as well (Section 3): 

 

“Thus, the source apportionment conducted was limited to separating primary and secondary OA 

in all seasons (and further, primary into BBOA and HOA in Spring 2018). Further separation of 

the factors may be  possible with high-resolution data combined with application of factor 

constraints (Aiken et al., 2009; Elser et al., 2016; Al-Naiema et al., 2018) and source-specific 

measurements such as metals/metal ions for combustion or biomass burning emissions 

(Jaiprakash et al, 2017), or α-methylglyceric acid for biogenic secondary OA (Srivastava et al, 

2019).” 

 

In addition, the updated manuscript includes a review of recent source apportionment studies on 

PM2.5 in Delhi conducted using different techniques/data and how our results compare to the 

general conclusions of those previous studies: 

 

In the introduction: 

 

“Most receptor modeling studies have principally relied on a small number of daily or multi-day 

filter-based samples collected over temporally restricted sampling periods, thereby limiting the 

possible application of factor analysis techniques such as positive matrix factorization (PMF) to 



quantify source contributions for entire seasons at the site. Further, despite Delhi being a 

continental site, multiple studies attribute significant portions of finer fractions of PM to a sea-

salt origin (Sharma et al., 2014; Sharma and Mandal, 2017). Recent studies have also developed 

bottom-up emissions inventories for the National Capital Territory (NCT) region encompassing 

the city of Delhi (Guttikunda et al, 2013), and conducted multi-season multiple-site PM2.5 source 

apportionment using bottom-up approaches (IIT Kanpur, 2016, ARAI and TERI, 2018). 

Generally, sources such as industrial emissions, transport emissions, residential combustion, 

power plant emissions, biomass and waste burning, and dust are shown to contribute 

substantially to PM2.5 in all these studies. Although these studies accounted for primary organic 

carbon and secondary inorganic species such as sulfate and nitrate, they provide limited 

information regarding secondary organics.” 

 

In the conclusion: 

 

“Because many bottom-up source apportionment efforts for Delhi are based on local (<50-100 

km) scale inventories of primary emissions, they may neglect the important contributions of 

regionally transported primary and secondary aerosol from upwind regions. Here, we 

demonstrate that the submicron aerosol in Delhi experiences substantial atmospheric processing. 

Nevertheless, our results are in broad agreement with these inventories: 1) colder seasons are 

accompanied by higher concentrations and more diverse sources, including higher biomass 

burning emissions, 2) a significant aerosol mass fraction in Delhi is attributable to non-local 

sources, and 3) industries are a significant source of fine particulate matter (Guttikunda et al, 

2013, IIT Kanpur, 2016, TERI, 2018). However, the lack of consistent emission inventories 

limits the feasibility of actions plans like GRAP, given that their implementation restricts 

economic activity (CEEW, 2019).”  

 

Section 2 (methods). ACSM is working on PM1 instead, other measurements have been done on 

PM2.5. Why not on the same size fraction? The differences should be explained. In addition, BC, 

and UVPM are not shown at all in the main paper but only in the supplementary material is this 

meaning that these species are not so important in the framework of the results? 

 

Response: The ACSM and AE33 deployed for the Delhi Aerosol Supersite (DAS) study are 

suitable for measuring PM1 and PM2.5 respectively. However, both instruments were on sampling 

lines with PM2.5 cyclones (50% cutoff for aerosols 2.5 μm in diameter). Also, the sum of hourly 

averaged PM1 concentration (measured by the ACSM) and BC concentrations (measured by the 

AE33) at this site are correlated to PM2.5 measured at the nearest monitoring station operated by 

the Delhi Pollution Control Committee (DPCC), R.K. Puram (3 km away) with a slope of ~0.85, 

R2~0.6  (Gani et al., 2019). This suggests that a PM1 inlet likely captures the bulk of PM2.5 

aerosols.  

 

At the time, the PM1 inlet was standard for online aerosol mass spectrometers. Measurement of 

PM2.5 requires the use of a different aerodynamic lens and vaporizer. Laboratory evaluation of 

the PM2.5 system, published a few months prior to the beginning of our campaign, showed that 

the new vaporizer produced markedly different ion fragmentation patterns of aerosols (Xu et al., 

2016). The consistency of fragmentation patterns is essential for factor identification using 



reference profiles from mass spectra obtained across the world (Ng et al., 2011). Therefore, we 

used the standard PM1 inlet with the ACSM.  

 

As for BC and UVPM, we use BC as a primary aerosol tracer, with the Sandradewi model-based 

biomass burning component of black carbon (BCBB) being used as one of the tracers for biomass 

burning. In addition, we use ΔC, the difference between UVPM and BC, as a tracer for biomass 

burning. Therefore, neither BC nor UVPM were included in the PMF analysis directly. Details of 

the tracer selection can be found in Section 2.2 Factor Selection. 

 

Page 3 (section 2.1). Fifteen months divided into six seasons, why not using calendar seasons, I 

mean one year divided in four seasons? 

 

Response: Delhi’s climate is not clearly defined by the four seasons that are commonly used in 

many other countries, as there are five distinct periods. In this work and Gani et al (2019), we 

have used the Indian National Science Academy’s definition that classifies seasons based on 

temperature and climate. In effect, this definition divides one year into 5 seasons-winter, spring, 

summer, monsoon, and autumn. 

 

Reference: Indian National Science Academy: Seasons of Delhi, 

https://www.insaindia.res.in/climate.php, 2018. 

 

Section 2.2. How it is used CO? In the PMF? Again, no trace of CO is reported in the main text. 

 

Response: In this study, carbon monoxide (CO) was not measured. Instead, when available, we 

used CO measured about 11 km (~7 miles) from our site at a fixed monitoring location RK 

Puram maintained by the Central Pollution Control Board (CPCB), Government of India, as an 

external traffic and combustion tracer.  

 

We have updated the text (Section 2.2): 

 

“In this study, carbon monoxide (CO) was not measured. When available, we used CO measured 

about 11 km (~7 miles) from our site at a fixed monitoring location RK Puram maintained by the 

Central Pollution Control Board (CPCB), Government of India, as an external traffic and 

combustion tracer.” 

 

Page 5 (lines 26-28). It is reported that OOA correlates strongly with both sulphate and nitrate. 

However, in several sites nitrate and sulphate have different seasonal trends with sulphate larger 

in the warm seasons and nitrate larger in the cold seasons because of its thermal instability. This 

is true for both ammonium nitrate and sodium nitrate coming from aged marine salt. If I have 

well understood there is a correlation between SOA with both nitrate and sulphate suggesting 

that at this they have the same trend. Is this true? In case it will be useful to discuss this aspect 

mentioning explicitly the similarity in these trends that is not often observed at other sites. 

 

Response: In this study, we have conducted receptor modeling analysis using Positive Matrix 

Factorization (PMF) applied on organic mass spectra only and combined organic and inorganic 

mass spectra. While the OOA factor in PMF analysis conducted using organic mass spectra only 



correlates with both nitrate and sulfate,  in the combined organic and inorganic mass spectra 

based PMF analysis, OOA associated with nitrate and sulfate can be separated into OOA mixed 

with Ammonium Nitrate (AN-OOA) and OOA mixed with Ammonium Sulfate (AS-OOA) and 

the two components have different diurnal trends (Section 3.2.2, Fig. 6). Thus, the correlation of 

nitrate and sulfate with OOA in organic-only PMF analysis is likely a limitation of the technique 

when applied to the Delhi organic only MS dataset. As we have shown, this limitation can be 

addressed by explicitly including inorganic MS contributions in PMF analysis. This aspect has 

been discussed in detail in Sect. 3.2.2 and summarized in Sect. 4 Conclusions. 

 

Page 5 (line 30-31). Actually, looking at Figure 2 POA and OOA seems quite comparable. Are 

the difference mentioned statistically significant? 

 

Response: Since POA and OOA presented in Figure 2 are non-normally distributed (Gani et al., 

2019) as is common for many environmental datasets, we conducted the two-tailed Kruskal-

Wallis test and the Wilcoxon Signed Rank test. Results from both tests indicate that the overall 

distributions are significantly different (p<0.05). For detailed differences of summary statistics 

between POA and OOA, we refer the reviewer to Table 3. 

 

 

Page 7 (lines 9-10). This sentence is not correct because at night there is not a decreasing PBL, 

rather at sunset a new shallow boundary-layer is established generally thermally stable that 

could trap pollutants and will evolve at sunrise the day after mixing air from ground level with 

air masses above, see for example MeteorologischeZeitschrift, Vol. 21, No. 4, 385-398 (August 

2012). I believe that authors should explain better this part. 

 

Response:  

 

We have updated the text (Section 3.1): 

 

“We observed larger nighttime (1800–2200 hours) and smaller daytime (0600–0900 hours) POA 

peaks. As the sun sets, radiative cooling of the ground surface flips the ambient temperature 

profile in the surface layer, with ambient temperature increasing with altitude. This inversion 

layer is thermally stable and traps pollutants at nighttime. As the sun rises, radiative heating 

warms up the ground surface and the ambient temperature profile returns to a decreasing trend 

with altitude, which is thermally unstable. Thus, the nighttime and daytime periods encounter 

similar thermal transition phases, albeit in opposite directions (Figs. 3, S15) (Seinfeld and 

Pandis, 2006). However, the nighttime period is accompanied by minimal photochemical 

conversion of POA to SOA in the evening, confirmed by the lower OOA, AN-OOA, and AS-

OOA concentrations in the evening (Sect. 3.2). These dynamics could explain the larger 

nighttime and the smaller daytime POA peaks.” 

 

Page 12 (lines 14-15). These percentages are really so different statistically? 

 

Response: We conducted the Kruskal-Wallis test based one-tailed non-parametric multiple 

comparison tests for the 6 seasonal fractional contributions of POA. Indeed, overall distribution 



of spring 2018 is significantly higher compared to the fractions in other seasons (p<0.05). 

However, spring 2017, winter 2017 and winter 2018 are statistically similar distributions.  

 

We have updated the text (Section 3.3):  

 

“Spring 2018 POA fraction varies between 34–75%, higher than the winters of 2017 and 2018 

and spring 2017 (20–68%), and summer 2017 and monsoon 2017 (23–53%)”.  

 

Page 12 (lines 18-19). The larger primary emissions during cold months is not reflected in the 

percentages above because the maximum appears to be during spring. 

 

Response: As shown in the previous response by the Kruskal-Wallis test, fractional contributions 

of POA in Spring 2017, with two factors only, are in line with the two winters. Spring 2018, on 

the other hand, is different from Spring 2017 due to the separation of an additional BBOA factor 

in that season. This separation likely resulted in the higher POA fraction in Spring 2018. 

Additionally, the Kruskal-Wallis test based one-tailed non-parametric multiple comparison tests 

show that temperatures in summer and monsoon are significantly higher than temperatures in 

springs which are significantly higher than those in the winters (p<0.05). Therefore, spring and 

winter can be generally categorized as the colder months whereas summer and monsoon as the 

warmer. Thus, using the term “colder” months is reasonable. 

 

Figures 3b and 3c. The intercepts are missing, are they negligible? 

 

Response: The intercept in figure 3b is 0.001 and in figure 3c is 7e-04, negligible in comparison 

to the fractional contributions being represented in the figures. 

 

Figures 4, 5, 6, and 7. Please report in the caption what is the difference between continuous 

lines and marks. 

 

Response: The captions specify that lines correspond to means and marks correspond to medians 

in the figures.  
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