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Response to Reviewer #1 (Prof. Chen) 

General comment: This manuscript reports the measurement results of submicron aerosols by 

the SPAMS in Nanjing. Recently the Aerodyne AMS has been widely used around the world, 

and this work presents for the first time the results using the SP-AMS in the YRD region. This is 

overall a very well written paper with quite thorough analyses of the data, the figures are 

informative and the results provide new insights regarding the aerosol chemistry in this region. 

Authors' reply: We thank Prof. Chen for his positive comment. 

 

Other comments:  

As the paper is submitted to the PEEX special issue, it will be good for the authors to describe 

the link of the results presented in this work with the overall scientific 

goal of this special issue.  

Authors' reply: As per the request, we have now added a sentence that describes the relationship 

of this work with PEEX, in the end of the introduction part,“ The findings for such a megacity 

are also valuable to the Pan-Eurasian Experiment (PEEX) infrastructure which aims to resolve 

the major uncertainties in Earth system science and global sustainability issues (Kulmala et al., 

2015).” 

 

 "A constant collection efficiency (CE) of 0.5 was used for the mass quantification, in consistent 

with many other AMS studies, as indeed the mass fraction of ammonium nitrate (mostly <40%), 

particle acidity (near neutral) and RH (<10%) do not affect the CE significantly for this dataset 

(Middlebrook et al., 2012)." It is a bit difficult for non-AMS users to understand this point. 

Consider rephrasing to make the statement clear.  

Authors' reply: As requested by the reviewer and also the CE issue raised by referee #3, we have 

now elaborated this issue in the revised manuscript.  “A collection efficiency is typically used to 

account for the particles that are not measured by the instrument, due to the particles lost during 

passage through inlet, time-of-flight chamber and bouncing from the vaporizer.  For the SP-

AMS, the CE of laser vaporizer is mainly governed by particle divergence, while for the tungsten 

vaporizer, the CE is governed mainly by the bouncing effects (Matthew et al., 2008). An AMS CE 



value of 0.5 is typically valid and used commonly for most environments (Canagaratna et al., 

2007). Nevertheless, Middlebrook et al. (2012) further found that high aerosol acidity, high 

ammonium nitrate mass fraction, and high sampling line RH could increase the CE, and provide 

a composition-dependent CE parameterization. For our dataset, we found that the composition-

dependent CE rather than a constant CE=0.5 has negligible effects on the quantification of 

aerosol species, as the particles were neutralized (Fig. 3a), the mass fraction of ammonium 

nitrate were <40% in almost all cases, and also the sampling line RH was below 10%. In fact, 

the PM1 mass concentrations by using the composition-dependent CE correlate a bit worse with 

the PM2.5 concentrations than ones using CE=0.5. For these reasons, we chose the constant CE 

of 0.5, in consistent with many other AMS studies, for this dataset. ” 

 

In Fig.2, the authors used the Kp,AN values to elucidate the formation mechanism of nitrate. Do 

the authors have gaseous NH3 and HNO3 data to make the argument more robust?  

Authors' reply: Thanks for the suggestion. Unfortunately, we didn’t have the co-located 

measurements of gaseous NH3 and HNO3, yet the theoretically estimated Kp,AN values are likely 

adequate for illustrating the main formation pathway of nitrate.  

 

In Fig.2b and Fig.10d, the authors separated the data into bins with 5ug/m3 increment, i think it 

will be better to make similar plots that describes the variations of aerosol compositions 

continuously against the mass loadings.  

Authors' reply: As suggested, we have tried to re-plot the figure using all data instead of binned 

data. The new figures are shown below. However, due to the large amount and dramatic 

variations of the data, it is not easy to clearly observe the trends of particle compositions with the 

increase of PM1 mass loadings; we thus kept the original plots in the new manuscript, as they 

seem to better help interpretation of the data. 
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It is interesting to use polar plots to demonstrate the characteristics of organic aerosols. How 

about similar plots for the inorganic species? 

Authors' reply: The aim of the polar plots is to qualitatively describe the spatial distribution of 

the different aerosol species. As suggested, we have added the polar plots for nitrate, sulfate and 

total OA in Fig. 11. As can be seen from the new Fig.11. SV-OOA has overall similar 

distribution with nitrate, again verifying its semi-volatile behavior, while both sulfate and LV-

OOA have broader distributions, suggesting their features as regional species. Relevant text 

added in the revised manuscript, “Nitrate, as a semi-volatile species, behaves overall similar to 

the SV-OOA. High concentrations of LV-OOA are distributed in all directions under higher WS, 

similar to that of sulfate, representing their regional behaviors.” 

 



 

As the SP-AMS can measure both non-refractory and refractory species, it may provide unique 

information regarding the composition of refractory organics which cannot be measured by 

other AMS, this reviewers feel relevant discussion is lacking in the current manuscript. 

Authors' reply: The reviewer perhaps didn’t pay attention to Fig. 7, which compares the mass 

spectra obtained under dual-vaporizer setting and tungsten-only setting. It should be noted that, 

although under laser vaporization, some refractory organics can be detected, yet the SP-AMS 

cannot measure all refractory organics of the fine aerosols, but only the portion that is coated on 

rBC core. Overall, this portion seems to be negligible for this dataset, as can be seen in Fig. 7. 

We have also elaborate the discussion of this issue in the revised manuscript. 

 

In Fig.12, the authors show the O/C vs. RH. Instead, i suggest to show the SV-OOA and LV-

OOA mass concentrations with the increase of RH, so as to better demonstrate the influences of 

RH on the SOA formation. 

Authors' reply: Thanks for the suggestion. We have added the plots which illustrate the SVOOA 

and LVOOA mass concentrations versus RH in the new manuscript. As shown below, both 

SVOOA and LVOOA mass concentrations don’t increase with the increase of RH, the mass 

loading even start to decrease at high RH ranges, similar as the conclusions drawn from the O/C 

vs. RH plot, the results indicates insignificant influences from aqueous-phase oxidation for the 

SOA formation. Relevant text added in the revised manuscript, “In addition, SV-OOA and LV-

OOA mass concentrations, and O/C ratios of OA all show no obvious correlations with the RH 

as shown in Fig. 12b and Fig. 12c, indicating that aqueous-phase processing is insignificant 

compared to the photochemical processing for the oxidation of OA.” 
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Response to Anonymous Referee #2 

General Comment: The paper of Wang et al. describes the chemical characteristics of urban 

aerosol in Yangtze River Delta, China, measured by using a soot particle aerosol mass 

spectrometer. The results showed that most of the submicron particles consisted of organics, 

sulfate, nitrate, ammonium and black carbon. Authors used the results on chemical species to 

construct the light extinction, chemically resolved mass size distributions and the source 

apportionment of organics. Four factors were found for organic aerosol in Yangtze River Delta, 

hydrocarbon-like, cooking-related, semivolatile oxygenated and low-volatility oxygenated OA. 

Secondary OA dominated total organics, but when large OA concentrations were observed, the 

contribution of primary organics increased indicating the importance of anthropogenic sources. 

 

This paper is well-written and the data have been analyzed and discussed very thoroughly. 

However, as there are so many AMS papers published on urban aerosols in past 15 years, it is 

difficult to see what is the significance and novelty of this paper. Are there any results presented 

in this paper that have not been published before? I suggest authors to think carefully what is the 

contribution of this paper to aerosol science and emphasize that clearly in the manuscript. Maybe 

it could be the unique features of the SP-AMS that allows to investigate the refractory material in 

addition to non-refractory species. In that case I suggest to focus this paper on that topic more 

clearly. This paper should be published after minor revision. 

 

Authors' reply: We thank the referee for his/her overall positive comment on my work. Indeed, as 

a powerful tool for aerosol measurements, the AMS-related publications increased significantly 

in recent years. However, we believe that our results presented here are valuable and novel to the 

aerosol science: 1) Nanjing is one of the megacities in the densely populated Yangtze River delta 

region, but only two highly-time resolved studies using ACSM had been conducted during 

summer and winter for the aerosol characterization in Nanjing. Our study for the first time 

conducted the AMS measurement during springtime; 2) The ACSM cannot provide chemically-

resolved size distribution of aerosol species, and cannot provide the HRMS of organic aerosols, 

while the high chemical resolution is sometimes critical for chemical speciation, and accurate 

source apportionment of OA; 3) ACSM cannot provide simultaneous measurement of BC. 

Overall, in this paper, we presented new data and new interpretation regarding the aerosol 

behaviors, sources and formation processes in Nanjing. These results are themselves never 

reported and insightful, enabling us to identify the diurnal patterns of different aerosol species, 

different sources that contribute to the aerosol mass, as well as the dominant pathway for the 

formation of secondary inorganic and organic aerosols, which are valuable for the abatement of 



atmospheric pollution in China as well as in other megacities of the world. Relevant text was 

added in the introduction section, “The rich highly-time resolved, highly-chemical resolved mass 

spectral data, as well as chemically-resolved size distributions of different aerosol species 

obtained for the first time in Nanjing during this study, can allow us to conduct in-depth 

analyses, and better understand the characteristics, sources and relevant transformation 

processes of ambient aerosols in Nanjing. The findings for such a megacity are also valuable to 

the Pan-Eurasian Experiment (PEEX) infrastructure which aims to resolve the major 

uncertainties in Earth system science and global sustainability issues (Kulmala et al., 2015).” 

 

Indeed, it is a unique feature that the SP-AMS is able to measure some refractory organics that 

other types of AMS cannot measure. We have added relevant discussion in Section 3.2,             

“It should be noted that, accurate determination of refractory organics is very difficult, because: 

1) A large portion of refractory organics cannot be detected by the SP-AMS if they didn't coat on 

rBC cores; 2) To accurately measure the species only coated on rBC cores, the tungsten 

vaporizer has to be physically removed, otherwise the vaporizer temperature is still around 

150oC even its power is turned off, and the non-refractory organics that don’t coat on rBC cores 

can still be measured, and complicates the analyses; 3) The CE and IE values for different 

species may vary under different vaporizer settings, so that direct subtraction of organics 

measured under tungsten-only setting from the organics measured under dual-vaporizer setting 

may not represent the real refractory organics; 4) Some ions measured under dual-vaporizer 

setting are likely induced by the laser itself rather than the 70 ev electron impact. For example, a 

series of fullerene-like carbon clusters can be generated by the laser itself, even though they 

don’t really exist in the atmosphere (Wang et al., 2016;Onasch et al., 2015). This laser-induced 

ion formation scheme may work for other organics, thus makes it even more difficult for 

identifying the refractory organics. Further studies are essential to investigate this issue.” 

Moreover, we think this issue might be further explored by using a laser-only SP-AMS in 

parallel with a HR-AMS, and other instruments such as SP2, etc., for the specifically-designed 

chamber simulations that using rBC as seed aerosols, or for the real atmospheric environment 

where the rBC is heavily coated and internally mixed with other species. For this campaign, 

since we only have one SP-AMS without other supporting data, we are unable to conduct such 

in-depth investigations; in fact, we expect to elaborate this issue in more details in another 

publication as we had conducted such a campaign having HR-AMS, laser-only SP-AMS and 

other rBC instruments together, in Tibet.  

 

Specific comments: 

1. Page 2, line 34: remove (_54% of the PM2.5 mass) unimportant detail. 



Authors' reply: Done 

 

2. Page 5, line 124: Why springtime? Is there something specific in aerosol chemistry in 

springtime Yangtze River Delta? Add a reason for springtime measurements. 

Authors' reply: During summertime, there may be influences from biomass burning and aqueous-

phase oxidation, and during wintertime, there may be heating-related emissions in Nanjing. 

During springtime, the aerosol sources are likely different, yet there are no springtime AMS 

studies conducted before to probe the aerosol characteristics. Indeed, in this study, we found no 

influences from biomass burning, and coal-burning related factors, showing the different 

behaviors of springtime aerosols from those in other season. This has been stated clear in the 

introduction part of the revised manuscript now.  “Moreover, none of the previous AMS 

measurements studied the aerosol characteristics during springtime in Nanjing, yet the 

springtime aerosols may have different behaviors than those in other seasons, when aerosols are 

likely influenced significantly by emissions from biomass burning, coal burning etc.” In addition, 

we chose to conduct the measurement in the specific urban site is to help resolve the sources of 

aerosols in that site, as previous monitoring data shows a bit higher PM2.5 level than those from 

adjacent sites. Thus, the findings in this paper also serve to the policy making of the local 

environmental protection agency.   

 

3. Page 6, line 148: “coated species” Specify. What are the core and what are the coating species? 

Authors' reply: Here, the “coated species” refer to the inorganic and organic components that 

coated on the rBC cores. It has been added in the revised manuscript.  

 

4. Page 7: lines 183-186: collection efficiency, how is CE defined for the SP-AMS? Discuss with 

relevant citation. 

Authors' reply: The CE issue is now elaborated in the revised manuscript. Please refer to the 

reply to reviewer #1. 

 

5. Page 8, 206-210: no difference in OA factors between dual vaporizer and tungsten vaporizer; 

how about rBC? With dual vaporizer set-up you are able to separate rBC for different PMF 

factors. It would have been interesting to see how rBC divides between HOA and COA, or does 

it? 

Authors' reply: We thank the referee for pointing out this question as we didn’t state it clearly.  

Here, in this paper, we focused on the sources or non-refractory organics, thus we conducted 

PMF on the organics obtained under tungsten-only setting. We have also conducted PMF 

analyses on the organics obtained under dual-vaporizer setting but without including the rBC. As 



shown in Fig.7, the organics mass spectra (with no rBC) are quite similar for these two 

circumstances, and we indeed found no significant difference from the PMF factors. 

 

6. Page 17 and Fig 9; I suggest rather showing the correlation (time-series) of PMF factors and 

inorganic species than PMF factors and organic tracers in Figure 9. 

Authors' reply: We now added the time series of nitrate and sulfate in Fig. 9.  

 

7. Page 35, Figure 5a: Is it possible that the right side of the mass size distributions is defined by 

the transmission of aerodynamic lens? Could you estimate how much of the accumulation mode 

mass is missing for organics, sulfate, nitrate, ammonium and chloride because of that? 

 

Authors' reply: The reviewer is correct. AMS has different transmission efficiencies for particles 

with different sizes due to the inlet system. Fluid dynamic simulation of the AMS inlet shows 

that the AMS shows 100% transmission efficiency for 70-500nm particles, and substantial 

transmission for small particles (30-70nm) and large particles (500nm-2.5μm) for spherical 

particles (Jayne et al., 2000). The AMS is referred to as a PM1 instrument, as its transmission 

efficiency at 1μm is approximately 50%.  Recently, there is a new lens system that can efficiently 

transmit supermicron particles up to 3 μm (Williams et al., 2013), but instead its transmission 

efficiency for small particles (left side) was significantly decreased.  

Overall it is very difficult to estimate how much of the mass is missing due to the incomplete 

transmission of our SP-AMS inlet system. A possible way is to inject the DMA-selected 

monodisperse single-component particles (pure ammonium nitrate, ammonium sulfate, 

ammonium chloride, etc), and compares the AMS-measured numbers with the particle numbers 

counted by the CPC – however, this method is also limited by the upper size cut of the DMA 

(typically ~700 nm), and also there is no proper reference material for the estimation of organics.  

Nevertheless, the AMS is able to capture the bulk of ambient accumulation mode particles in the 

submicron meter range, relevant discussion and analyses mainly focus on the peak modes in PM1 

range as well. We have added a sentence to elaborate this point in section 3.2, “It also should be 

note that, although the AMS is able to capture the bulk of atmospheric accumulation mode 

particles (Canagaratna et al., 2007), right side of size distributions may be affected by the 

incomplete transmission of larger particles limited by the SP-AMS inlet (in particular, the 

supermicron ones).” 

 

Technical corrections: 

Page 3, lines 67-68: parenthesis are used unclearly 



Page 15, line 428: …the SV-OOA… remove “the” as you haven’t used it with PMF factors 

earlier 

Authors' reply: Corrected. 

 

 

Response to Anonymous Referee #3 

General comments: The paper deals with highly time-resolved urban aerosol characterization 

during two weeks period in spring in Nanjing (China) using soot particle high resolution aerosol 

mass spectrometry. The work makes use of most possibilities that SP HR-AMS gives and the 

whole text is clearly written using good English. Although the topic is important, there are 

several major issues that should be answered before publishing the paper. 

 

Authors' reply: We thank the referee for his/her overall positive comment on my work, and we 

have tired our best to address the specific comments below. 

 

First, although the use of collection efficiency 0.5 was common in the past, nowadays a 

composition dependent collection efficiency (Middlebrook et al., 2012) should be used or at least 

tested as a composition is highly variable during sampling, as seen on diurnal variability of major 

species. This is even more important when no reference data for comparison with AMS total 

mass or any species are present. Second, as automatic using of CE equal 0.5 induces higher 

uncertainty for determination of PM1 mass, it should be stated when it is compared to PM2.5 

mass. The average ratio PM1 to PM2.5 equal to 0.54 is rather low especially when relatively low 

(for China) average concentrations were present during sampling period and at the same time 

average RH was not high. 

 

Authors' reply: As also requested by reviewer #1, we have now elaborated this issue in the 

revised manuscript.  “A collection efficiency is typically used to account for the particles that are 

not measured by the instrument, due to the particles lost during passage through inlet, time-of-

flight chamber and bouncing from the vaporizer.  For the SP-AMS, the CE of laser vaporizer is 

mainly governed by particle divergence, while for the tungsten vaporizer, the CE is governed by 

the bouncing effects (Matthew et al., 2008). An AMS CE value of 0.5 is typically valid and used 

commonly for most environments (Canagaratna et al., 2007). Nevertheless, Middlebrook et al. 

(2012) further found that high aerosol acidity, high ammonium nitrate mass fraction, and high 

sampling line RH could increase the CE, and provide a composition-dependent CE 

parameterization. For our dataset, we found that the composition-dependent CE rather than a 

constant CE=0.5 has negligible effects on the quantification of aerosol species, as the particles 



were neutralized (Fig. 3a), the mass fraction of ammonium nitrate were <40% in almost all 

cases, and also the sampling line RH was below 10%. In fact, the PM1 mass concentrations by 

using the composition-dependent CE correlate a bit worse with the PM2.5 concentrations than 

ones using CE=0.5. For these reasons, we chose the constant CE of 0.5, in consistent with many 

other AMS studies, for this dataset.” 

In addition, the measured ratio of 0.54 for PM1 to PM2.5 seems a bit low, but is close to 0.63 for 

PM1 to PM2.5 measured by the ACSM during Nanjing Winter by Zhang et al. (2016), and higher 

than 0.38 measured by the HR-AMS during Lanzhou Summer by Xu et al. (2014). We have 

added a sentence to state clearly the uncertainty due to CE of the SP-AMS. “This ratio appears 

to be a bit low, likely due to the uncertainty of CE of the SP-AMS.” 

 

Next, although using oxidation ratio of sulphur probably makes sense, the similar ratio for 

nitrogen (line 266) has no meaning as gas phase nitric acid is not included and there are also 

other nitrogen oxides than NO2 that are not accounted for. The explanations about mainly 

photochemical origin of sulphate (lines 271-275) is misleading, the ratio SO42-/NO3- has 

nothing to do with sulphate origin. At the same time, although the maximum in oxidation ratio of 

sulphur in the afternoon may suggest influence of photochemical oxidation of SO2, it does not 

prove it. The same effect can be expected during increased mixed boundary layer period from 

down mixing of older aerosol from upper boundary layer in which the most of SO2 was oxidized 

some time ago. The size distribution of sulphate presented in Fig. 5 actually supports liquid 

phase formation of sulphates (Hering and Friedlander 1982). 

 

Authors' reply: Thanks for pointing out this issue. We agree with the reviewer that due to 

possible existence of other nitrogen oxides and gaseous nitric acid, the fN defined here may be 

not a good proxy to represent the oxidation of NO2, so we have now removed Fig.4b, 4c, 4e and 

4f. Instead, we added one plot that depicts the relationship of nitrate and sulfate concentrations 

with RH.  From Fig. 4b and 4c, we can find that the fs shows anti-correlation with the RH, and 

also, the mass concentrations of sulfate don’t show clearly positive correlation with the RH – the 

mass loadings even start to drop under high RH conditions. We postulate that at least it suggests 

that aqueous-phase oxidation doesn’t show significant influence on sulfate formation. Indeed, we 

cannot completely exclude the possibility that increase of fs or sulfate during afternoon might be 

due to down mixing of sulfate that formed some time ago. However, on the other hand, as all 

aerosol species are mixed together, the down mixing effect may have also increased the 

concentrations of other species as well - which was indeed observed before in Lanzhou summer 

(Xu et al., 2014). Yet concentrations of all other species, on the contrary, decreased significantly 



during afternoon. We thus think these behaviors suggest that the afternoon photochemical 

formation of sulfate is likely dominant rather than the aqueous-phase processing. The size 

distributions data may have limited use here for describing the formation pathway of sulfate or 

nitrate - as all secondary inorganic species peak in a similar mode size around 500-700nm (the 

peak size of nitrate even appears to be a bit larger than that of sulfate).    

 

 

 

The text regarding Fig. 4 is now re-written.“In order to further elucidate the formation 

processes of sulfate, we calculated the oxidation ratios of sulfur (fS) (Fig. 4a), defined as fS = 

nSO4
2-

/( nSO4
2-

 + nSO2) (Xu et al., 2014), indicating the conversion of SO2 . Here nSO4
2-

 and 

nSO2 are the molar quantities of particle-phase sulfate, and gas-phase SO2, respectively. Diurnal 

variations of fS and RH are presented in Fig.4b, and Fig. 4c shows variations of sulfate and 

nitrate concentrations with RH. The diurnal profile of fS shows a negative correlation with that of 

RH (r = -0.52), and mass concentrations of sulfate even drop under high RH conditions, 

indicating somewhat an insignificant role of aqueous-phase process for sulfate formation during 

this campaign. On the other hand, the fS reaches a maximum around 3 pm. Note the afternoon 

rise of fs and sulfate may be affected by the down mixing of sulfate formed earlier, however, since 

concentrations of all other aerosol species that mix with sulfate decrease significantly, we 

postulate that the increase of fs likely suggest the photochemical production of sulfate in the 

afternoon. ” 

 

The source apportionment as presented here is not very clear. The decision why the authors use 

four and not five factors seems little subjective. At the same time high correlation of “SV-OOA” 
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factor with rBC, CO and NO2 (very similar to HOA factor) together with its very local origin 

(Fig. 11) does not seem to agree with its secondary origin. The doubts about SV-OOA in this 

work are also confirmed in the text and Table 1 because of its low correlation with SV-OOA 

from two other cities in China. The reviewer suggests testing five factor solution more 

thoroughly. 

Authors' reply:  Sorry that we didn’t put enough details regarding the choice of PMF factors. In 

fact, we have investigated the 5-factor solution space carefully before choosing 4-factor one as 

the best solution. 1) 4-factor SVOOA mass spectrum does correlate a bit worse with the SVOOA 

from Beijing and Lanzhou, compared with the correlation coefficients of other factors. But it 

does correlate very well with the OOA from Fresno. Further investigation finds that the relative 

weak correlation (r
2
= 0.75) between 4-factor SVOOA with Beijing SVOOA is mainly due to 3 

ions, CO2
+
, CO

+
 and H2O

+
 (in theory, only CO2

+
, as the other two ions are scaled to CO2

+
); and if 

we exclude these 3 ions, r
2
 will be 0.88. Similarly, the weaker correlation with Lanzhou SVOOA 

is mainly due to C2H3O
+
, if we excluded this ion, r

2
 will be 0.89. These results suggest that the 4-

factor SVOOA MS is in consistent with previous studies. 

2）Correspondingly, although correlations between factor 2 of 5-factor solution (“SVOOA” in 

5-factor solution) with Beijing and Lanzhou SVOOA does improve a little than “SVOOA” in 4-

factor solution (r
2
=0.72 vs. 0.68 with Beijing, and r

2
=0.80 vs. 0.75 with Lanzhou), the correlation 

with Fresno OOA on the other hand, becomes a bit worse (r
2
= 0.87 vs. 0.91). Thus we think there 

is no specific reason to conclude that the SVOOA in 5-factor solution is better than the SVOOA 

in 4-factor solution, at least based on the spectral similarity.   

3) “SVOOA” in 5-factor solution almost has no correlation with nitrate (r=0.07), while the 

SVOOA in 4-factor solution correlates relatively well with nitrate (r=0.49). 

4) Factor 4 in 5-factor solution is hard to explain. It is not BBOA because of negligible signals at 

m/z 60 and 73. Its spectrum is not similar to HOA (r
2
=0.33, 0.24 and 0.26 with HOA of Beijing, 

Lanzhou and Fresno), COA (r
2
= 0.27, 0.39 and 0.40 with COA of Beijing, Lanzhou and Fresno), 

or SVOOA (r
2
=0.42 and 0.48 with SVOOA of Beijing and Lanzhou).  

5) Factor 4 and Factor 2 in the 5-factor solution seems to be a split of SVOOA in 4-factor 

solution. First, the O/C of 0.32 of SVOOA in 4-factor solution is between 0.28 of Factor 4 and 

0.42 of Factor 2 in the 5-factor solution; more importantly, if we combined Factor 2 and Factor 4 

into one “Combined factor”, its time series correlate very well with the SVOOA in 4-factor 

solution (r
2
=0.89) with a slope of 1.05, suggesting clearly the factor splitting.   

（6）Our results do suggest that SVOOA is locally formed, it has good correlations with rBC, 

and HOA. We think this does not necessarily mean that the PMF is not correct, or the SVOOA 

we separate is in fact a primary OA factor. More likely, it is a locally formed fresh SOA, which 



derived from the in-situ fast oxidation of traffic or cooking VOCs. Of course, this issue requires 

more careful investigation.  

 

We have added some discussions into the revised manuscript. “Following the instruction detailed 

by Zhang et al. (2011), the 4-factor solution (at fpeak = -0.1) was chosen as the optimal solution, 

as the 3-factor solution cannot separate the hydrocarbon-like OA (HOA) and cooking OA (COA) 

(Fig. S2). For the 5-factor solution (Fig. S3), Factor 2 and Factor 4 are clearly a split from the 

SVOOA from the 4-factor solution (r2 = 0.89 and slope of 1.05); Factor 2 of 5-factor solution 

also shows much weaker correlations with nitrate than SVOOA of 4-factor solution does (r = 

0.07 vs. 0.49).” 

 

The text in lines 457-460 at least partially contradicts the conclusions based on Van Krevelen 

diagram.  

Authors' reply: Thanks for pointing out this issue. We have modified the relevant discussion for 

the Van Krevelen diagram.  The VK diagram should be used with cautions as for ambient data it 

cannot exclude mixing effects. The data follows a line with a slope of -1 may not reflect the real 

aging mechanism is the addition of carboxylic acid. We thus delete the statement “the 

propagation of OA is similar to an aging process that is likely driven by the addition of 

carboxylic acid (slope of -1)”. 

 

More attention should be paid to the differences between dual vaporizer and a tungsten vaporizer 

data, as it can bring more light on the influence of refractory organics. 

Authors' reply: We thank the referee for his/her suggestion. We have added some discussion 

regarding this issue. Please check the reply to reviewer #2. 

 

The corrections and doubts described above should be also corrected in the Abstract 

(e.g. lines 54-55) and the Conclusions (lines 545, 553-554, 561-574). 

Authors' reply: We have modified accordingly the Abstract and Conclusions in the revised 

manuscript.  
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Abstract: In this work, the Aerodyne soot particle – aerosol mass spectrometer 29 

(SP-AMS) was deployed for the first time during the spring of 2015 in urban Nanjing, 30 

a megacity in the Yangtze River Delta (YRD) of China, for online characterization of 31 

the submicron aerosols (PM1). The SP-AMS enables real-time and fast quantification 32 

of refractory black carbon (rBC) simultaneously with other non-refractory species 33 

(ammonium, sulfate, nitrate, chloride and organics). The average PM1 concentration 34 

was found to be 28.2 μg m-3 , (~54% of the PM2.5 mass), with organics (45%) as the 35 

most abundant component, following by sulfate (19.3%), nitrate (13.6%), ammonium 36 

(11.1%), rBC (9.7%) and chloride (1.3%). These PM1 species together can reconstruct 37 

~44% of the light extinction during this campaign based on the IMPROVE method. 38 

Chemically-resolved mass-based size distributions revealed that small particles 39 

especially ultrafine ones (<100 nm vacuum aerodynamic diameter) were dominated 40 

by organics and rBC, while large particles had significant contributions from 41 

secondary inorganic species. Source apportionment of organic aerosols (OA) yielded 42 

four OA subcomponents, including hydrocarbon-like OA (HOA), cooking-related OA 43 

(COA), semi-volatile oxygenated OA (SV-OOA), and low-volatility oxygenated OA 44 

(LV-OOA). Overall, secondary organic aerosol (SOA, equal to the sum of SV-OOA 45 

and LV-OOA) dominated the total OA mass (55.5%), but primary organic aerosol 46 

(POA, equal to the sum of HOA and COA) can outweigh SOA in early morning and 47 

evening due to enhanced human activities. High OA concentrations were often 48 

associated with high mass fractions of POA and rBC, indicating the important role of 49 

anthropogenic emissions during heavy pollution events. The diurnal cycles of nitrate, 50 

chloride and SV-OOA both showed good anti-correlations with air temperatures, 51 

suggesting their variations were likely driven by thermodynamic equilibria and 52 

gas-to-particle partitioning. On the other hand, in contrast to other species, sulfate and 53 

LV-OOA concentrations increased during afternoon, and showed no positive 54 

correlations with relative humidity (RH), likely indicating the contribution from the 55 

significant role of photochemical processing oxidation is more important rather than 56 

that of aqueous-phase processing for their formations. The bivariate polar plots show 57 
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that the SV-OOA was formed locally, and the variations of hydrogen-to-carbon (H/C) 58 

and oxygen-to-carbon (O/C) ratios in the Van Krevelen space further suggests an 59 

evolution pathway of SV-OOA to LV-OOA. Our findings regarding springtime 60 

aerosol chemistry in Nanjing may have important implications for the air quality 61 

remediation in the densely populated regions.   62 

 63 

1. Introduction 64 

In recent years, high concentrations of fine particulate matter (PM2.5) have been 65 

frequently observed (Hu et al., 2015), in accompanying with the visibility impairment 66 

and occurrence of haze events across large parts of China. PM2.5 also affects human 67 

health (e.g., Pope and Dockery, 2006;Cao et al., 2012), regional and global climate 68 

(directly by absorbing and scattering solar radiation or indirectly by acting as cloud 69 

condensation nuclei and ice nuclei )(e.g.,Ghan and Schwartz, 2007;Pöschl, 2005), and 70 

the earth’s ecosystem (Carslaw et al., 2010). These effects are predominantly 71 

dependent upon the physical and chemical characteristics of fine particles, such as 72 

mass concentration, chemical composition, size distribution, and hygroscopicity, all of 73 

which are influenced by the emission sources and transformation and evolution 74 

processes in the atmosphere. 75 

The Yangtze River Delta (YRD) region is one of the most populated and 76 

economically developed areas in China, but it is also facing with severe air pollution 77 

lately. Nanjing, as one of the major megacities in this region, has a daily PM2.5 mass 78 

concentration varying between 33-234 µg m-3 during November 2011 - August 2012, 79 

with an mean value of 106 µg m-3, which is 4.2 times the WHO air quality standard of 80 

25 µg m-3 (Shen et al., 2014). PM2.5 pollution is significantly elevated during hazy 81 

days, for example, a daily average of 282 µg m-3 was observed for a heavily polluted 82 

day (Fu et al., 2008). A number of studies regarding aerosol chemistry in Nanjing 83 

have been conducted, and identified various inorganic components (sulfate, nitrate, 84 

ammonium and heavy metals, etc.) (e.g., Wang et al., 2003;Hu et al., 2012;Qi et al., 85 

2016) and hundreds of organic species (carboxylic/dicarboxylic acids, amines and 86 
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amino acids, polycyclic aromatic hydrocarbons, etc.) (Wang et al., 2011;Wang et al., 87 

2002;Yang et al., 2005;Wang et al., 2009) that contribute to the aerosol mass. 88 

However, past studies mostly employed filter-based sampling technique, which due to 89 

low time resolution (a few hours to days), is often incapable of capturing details of the 90 

atmospheric evolution processes during the typical lifecycle of aerosols (Wexler and 91 

Johnston, 2008). Subsequent offline analyses may also introduce artifacts as some 92 

semi-volatile species can evaporate during sampling and storage (Dong et al., 2012).         93 

On the other hand, in the past 15 years, the Aerodyne Aerosol Mass spectrometer 94 

(AMS) (Canagaratna et al., 2007) has been widely used, and was proven to be 95 

powerful for real-time online measurements of size-resolved chemical compositions 96 

of submicron aerosols (PM1) with very fine time resolution (seconds to minutes) 97 

(Zhang et al., 2007a;Jimenez et al., 2009). The development of Aerodyne AMS began 98 

with the invention of quadruple AMS (Q-AMS) (Jayne et al., 2000), following by the 99 

compact time-of-flight AMS (C-ToF-AMS) (Drewnick et al., 2005), high resolution 100 

time-of-flight AMS (HR-ToF-AMS) (DeCarlo et al., 2006) and the soot particle AMS 101 

(SP-AMS) (Onasch et al., 2012). There are also an aerosol chemical speciation 102 

monitor (ACSM) (Ng et al., 2011) and its updated version of ToF-ACSM (Fröhlich et 103 

al., 2013), which are in particular designed for long-term unattended aerosol 104 

measurements. SP-AMS is the most advanced version, which in principle incorporates 105 

the single particle soot photometer (SP2) into the HR-ToF-AMS, and upgraded with a 106 

laser vaporizer for detecting refractory black carbon (rBC) and associated/coated 107 

species that cannot be measured by other types of AMS.  108 

Recently, the Aerodyne AMS has been deployed widely in China (particularly 109 

Beijing) (e.g., Xu et al., 2014 and references therein;Sun et al., 2014;Yeung et al., 110 

2014;Zhang et al., 2014;Li et al., 2015;Shen et al., 2015;Sun et al., 2015a;Sun et al., 111 

2015b;Yan et al., 2015;Zhang et al., 2015;Tang et al., 2016;Zhang et al., 2016a;Jiang 112 

et al., 2015;Chen et al., 2015;Xu et al., 2015;Du et al., 2015;Sun et al., 2016;Wang et 113 

al., 2015;Han et al., 2015;Wang et al., 2016b). However, only a few field campaigns 114 

were conducted in the YRD region. Huang et al. (2012b) deployed an HR-ToF-AMS 115 
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together with an SP2 in Shanghai during the 2010 Shanghai World Expo, and in 116 

Jiaxing during summer and winter of 2010 (Huang et al., 2012a). In urban Nanjing, an 117 

ACSM was applied for characterizing PM1 during summer and autumn harvest 118 

seasons (Zhang et al., 2015), and during December 2013 to investigate a few heavy 119 

haze events (Zhang et al., 2016b). In addition, a Q-AMS was deployed in Nanjing to 120 

investigate the effects of PM1 on visibility during January 2013 (Shen et al., 2015). 121 

Furthermore, a recent study by Wang et al. (2016a) reported the observation of 122 

fullerene soot in suburban Nanjing using an SP-AMS. Nevertheless, many questions 123 

remain unclear with regard to aerosol chemistry, sources, and processes in this region. 124 

Moreover, none of the previous AMS measurements studied the aerosol 125 

characteristics during springtime in Nanjing, yet the springtime aerosols may have 126 

different behaviors than those in other seasons, when aerosols are likely influenced 127 

significantly by emissions from biomass burning, coal burning etc. Moreover, none of 128 

the previous AMS measurements studied the aerosol characteristics during springtime 129 

in Nanjing. For these reasons, we reports in this work , for the first time, the real-time 130 

measurement results on urban fine aerosols in Nanjing using the SP-AMS during 131 

spring in 2015. The rich highly-time resolved, highly- chemical resolved lution mass 132 

spectral  (HRMS) data, as well as chemically-resolved size distributions of different 133 

aerosol species obtained for the first time in Nanjing during this study, can allow us to 134 

conduct in-depth analyses, and better understand the characteristics, sources and 135 

relevant transformation processes of ambient aerosols in Nanjing. The findings for 136 

such a megacity are also valuable to the Pan-Eurasian Experiment (PEEX) 137 

infrastructure which aims to resolve the major uncertainties in Earth system science 138 

and global sustainability issues (Kulmala et al., 2015).. 139 

 140 

2. Experiments 141 

2.1 Sampling site and instrumentation 142 

The field campaign was conducted in the environment monitoring station of 143 

Nanjing Olympic center (32°0′33.00″N, 118°44′9.53″E, Fig. S1) from April 13 to 29, 144 
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2015. Details of the sampling site are shown in Fig. S1. The site was surrounded by 145 

residential buildings, close to a few urban arterial roads (~ 85 m northwest of 146 

Huangshan Road, ~ 200 m northeast to Mengdu Street and ~425 m southwest of 147 

Xinglong Street). There are also a restaurant (~50 m), a student cafeteria (~300 m), 148 

and the Nanjing Cigarette Factory (~480 m southeast) around the site.  149 

The sampling inlet was installed outside the fifth floor of the building (~12 m 150 

above the ground), with a PM2.5 cyclone (URG Corp., Chapel Hill, NC, USA) to 151 

remove coarse particles. Ambient particles were dried (RH <10%) via a diffusion 152 

dryer filled with silica gel before entering into the SP-AMS. The sampling line (~2 m 153 

long) was assembled using stainless steel tubing and proper fittings. Air flow was 154 

controlled at around ~5 L min-1, with a flow rate into the SP-AMS at ~80 cm3 min-1.  155 

The SP-AMS can measure non-refractory (NR) PM1 components including 156 

ammonium, nitrate, sulfate, chloride and organics similar to other types of AMS via a 157 

thermal tungsten heater. Moreover, it can also measure rBC and inorganic/organic 158 

and coated species that coated on the rBC cores, as it is equipped with an intracavity 159 

Nd:YAG laser vaporizer (1064 nm) (Onasch et al., 2012). During this campaign, the 160 

instrument was switched between “laser on” and “laser off” settings, and between 161 

V-mode (better for mass quantification) and W-mode (better chemical resolution, 162 

~5000 in this study), with one cycle including six menu settings (M1: Laser on 163 

V-mode; M2: Laser off V-mode; M3: Laser on W-mode; M4: Laser off W-mode; M7: 164 

Laser on PToF-mode; M8: Laser off PToF-mode). Each menu was set to 2.5 min, thus 165 

a full running cycle lasted for 15 mins. The PToF-mode was under V-mode, but was 166 

tuned in particular for measuring particle sizes. The tungsten heater was always 167 

turned on and kept at ~600oC.  168 

The SP-AMS, in conjunction with a scanning mobility particle sizer (SMPS) (TSI 169 

inc., Shoreview, MN, USA) was calibrated for mass quantification (e.g., ionization 170 

efficiency) using size-selected (250 nm and 300 nm) monodisperse ammonium nitrate 171 

particles following the procedures detailed in Jimenez et al. (2003). Pure ammonium 172 

sulfate was used to determine the relative ionization efficiency (RIE) of sulfate 173 
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(Setyan et al., 2012). Quantification of rBC was calibrated using Regal Black 174 

(REGAL 400R pigment black, Cabot Corp.) particles according to the procedures 175 

reported in Onasch et al. (2012). Note that the solution of Regal Black was sonicated 176 

during calibration to maintain a relative stable aerosol flow. RIEs of ammonium, 177 

nitrate, sulfate, chloride, organics and rBC were determined to be 3.15, 1.05, 1.20, 1.3, 178 

1.4 and 0.33, respectively. On the other hand, particle sizing was calibrated using 179 

standard polystyrene latex (PSL) spheres (Duke Scientific Corp., Palo Alto, CA, USA) 180 

across 100 - 700 nm range. Flow rate was also calibrated prior to the measurement.    181 

Concentrations of gaseous species, e.g., carbon monoxide (CO) (Model T300, 182 

Teledyne API, USA), ozone (O3) (Model EC9810, Ecotech Pty Ltd, Australia), 183 

nitrogen dioxide (NO2) and sulfur dioxide (SO2) (Model LGH-01, Anhui Landun, 184 

China), and meteorological data including air temperature (T), relative humidity (RH), 185 

visibility (km), wind speed (WS) and wind direction (WD) were acquired at the same 186 

site. PM2.5 and PM10 mass concentrations were also recorded (BAM-1020, Met One 187 

Instruments, Inc., USA), in parallel with the SP-AMS measurement.  188 

2.2 Data treatment and source analyses 189 

The SP-AMS data were post-processed by using the Igor-based standard 190 

ToF-AMS Analysis Toolkit SQUIRREL v1.56D and PIKA v1.15D, available at: 191 

http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.htm192 

l. Note all mass concentrations reported here were calculated from the HR fitted 193 

results on V-mode data. A collection efficiency is typically used to account for the 194 

particles that aren’t collected and measured by the instrument, due to the particles lost 195 

during passage through inlet, time-of-flight chamber and bouncing from the vaporizer.  196 

For the SP-AMS, the CE of laser vaporizer is mainly governed by particle divergence, 197 

while for the tungsten vaporizer, the CE is governed mainly by the bouncing effects 198 

(Matthew et al., 2008). A CE value of 0.5 is valid and used commonly for the AMS 199 

measurements for most environments (Canagaratna et al., 2007). Nevertheless, 200 

Middlebrook et al. (2012) further investigated this issue, and found that high aerosol 201 

acidity, high ammonium nitrate, and high sampling line RH can increase the CE, and 202 

域代码已更改
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provide composition-dependent CE parametrization. For our dataset, we found that 203 

the composition-dependent CE rather than a constant CE=0.5 has negligible effects on 204 

the quantification of aerosol species, as the particles were neutralized (Fig. 3a), the 205 

mass fraction of ammonium nitrate were <40% in almost all cases, and also the 206 

sampling line RH was below 10%. And in fact, the PM1 mass concentrations 207 

quantified by using the composition-dependent CE correlate a bit worse with the 208 

PM2.5 concentrations than ones using CE=0.5. Thus, we a constant CE of 0.5, in 209 

consistent with many other AMS studies, was employed for this dataset.A constant 210 

collection efficiency (CE) of 0.5 was used for the mass quantification, in consistent 211 

with many other AMS studies, as indeed the mass fraction of ammonium nitrate 212 

(mostly <40%), particle acidity (near neutral) and RH (<10%) do not affect the CE 213 

significantly for this dataset (Middlebrook et al., 2012).  214 

Unless specified, the concentrations of ammonium, sulfate, nitrate, chloride and 215 

organics are from M2 setting (tungsten vaporizer only), while the rBC data is from 216 

M1 setting (dual-vaporizers: tungsten + laser) in this paper. The meteorological data 217 

(RH, T, WS, WD and visibility), concentrations of gas-phase species (CO, NO2, SO2 218 

and O3) and PM2.5 were averaged into hourly data for comparisons with the SP-AMS 219 

data. The data reported are at local time, e.g., Beijing (BJ) Time.  220 

Positive matrix factorization (PMF) (Paatero and Tapper, 1994) was applied on 221 

the high resolution mass spectra (HRMS)HRMS of organic aerosol (OA) obtained 222 

under laser off W-mode (M4 setting) to elucidate the OA sources/processes. We used 223 

the PMF Evaluation Tool version 2.08A (downloaded from: 224 

http://cires1.colorado.edu/jimenez-group/wiki/index.php/PMF-AMS_Analysis_Guide) 225 

(Ulbrich et al., 2009) to investigate the PMF results by varying the number of factors 226 

(from 2 to 8 factors) and rotations (“fpeak”, from -1 to 1 with an increment of 0.1). 227 

Only ions with m/z less than or equal to 180 were included in the analyses. Following 228 

the instruction detailed by Zhang et al. (2011), the 4-factor solution (at fpeak = -0.1) 229 

was chosen as the optimal solution, as the 3-factor solution cannot separate the 230 

hydrocarbon-like OA (HOA) and cooking OA (COA) (Fig. S2). For the 5-factor 231 
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solution (Fig. S3), Factor 2 and Factor 4 are clearly a split from the SVOOA from the 232 

4-factor solution (r2 = 0.89 and slope of 1.05); Factor 2 of 5-factor solution also shows 233 

much weaker correlations with nitrate than SVOOA of 4-factor solution does (r = 234 

0.07 vs. 0.49). , and the 5-factor solution clearly splits the semi-volatile oxygenated 235 

OA (SV-OOA) factor into two OOA factors (Fig. S3). A summary of the key 236 

diagnostic plots are provided in Fig. S4. Detailed discussion of the PMF results is 237 

presented in Section 3.5. Note we found no significant differences between the PMF 238 

source apportionment results from the HRMS of OA (without rBC) obtained with 239 

dual-vaporizers setting (M3 setting) and current results (M4 setting, tungsten 240 

vaporizer only), as the OA HRMS acquired under these two circumstances were 241 

overall very similar (details in Section 3.4).    242 

Note the elemental ratios shown throughout the paper were all calculated based 243 

on the method proposed by Aiken et al. (2008) (referred to as A-A method). Recently, 244 

Canagaratna et al. (2015) improved this methodology by using specific ion fragments 245 

as markers to calculate the O/C and H/C ratios (referred to as I-A method). The I-A 246 

method increased the O/C ratio, H/C ratio, and the OM/OC ratio from the values 247 

calculated from the A-A method, on average, by 28%, 10% and 8%, respectively (Fig. 248 

S5). In this work, we used the results from the A-A method for consistency and 249 

comparisons with previous AMS measurements.  250 

 251 

 252 

3. Results and discussion  253 

3.1 Mass concentrations, chemical compositions and diurnal changes 254 

 The temporal variations of meteorological parameters, concentrations of the gas 255 

pollutants, concentrations and mass fractions of different PM1 components, and the 256 

PM2.5 mass loadings (from Met one BAM-1020) over the sampling period are 257 

illustrated in Fig. 1. During this study, the mean temperature was 18.5 oC, RH on 258 

average was 64%, and wind predominantly blew from southeast and southwest (Fig. 259 

S65). The SP-AMS PM1 concentrations ranged from 5.1 to 97.9 µg m-3, with an 260 
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average of 28.2 µg m-3. Note this average PM1 concentration is significantly lower 261 

than those observed during summer (38.5 µg m-3), autumn (46.4 µg m-3) and winter 262 

(89.3 µg m-3) (Zhang et al., 2015;Zhang et al., 2016b), showing that the air during 263 

springtime in Nanjing is cleaner than in other seasons. The variations of PM1 264 

concentrations also match very well with PM2.5 concentrations (Pearson’s r2 = 0.72), 265 

and on average PM1 accounts for ~ 54% of the PM2.5 mass. This ratio appears to be a 266 

bit low, likely due to the uncertainty of CE of the SP-AMS.  267 

 The average PM1 composition is shown in Fig. 2a. The most abundant component 268 

is found to be organics (45.0%), following by sulfate (19.3%), nitrate (13.6%), 269 

ammonium (11.1%), rBC (9.7%) and chloride (1.3%). Fig. 2b further shows changes 270 

of the PM1 chemical compositions in different concentration bins. It can be seen that 271 

although most PM1 mass loadings are within 10 - 40 µg m-3, high loading periods tend 272 

to have higher mass contributions from organics and rBC, and less contributions from 273 

secondary inorganic species, indicating that high PM events were influenced 274 

significantly by local fresh emissions.  275 

The molar ratio of inorganic anions (sulfate, nitrate and chloride) to cations 276 

(ammonium) is 1.05 (Fig. 3a) (Zhang et al., 2007b). Considering that a small fraction 277 

of sulfate, nitrate and chloride are possibly associated with metal cations, such as Na+, 278 

K+ and Ca2+, etc.，it can be concluded that the NR-PM1 was overall neutral throughout 279 

the study. On the other hand, the molar ratio of inorganic anions to ammonium is on 280 

average 1.17 (Fig. 3b) when dual-vaporizers are on. This may be partially due to 281 

variations of ionization/collection efficiencies of the measured species as the addition 282 

of laser beam may change the distribution of vaporized species inside the ion chamber, 283 

and also because of the detection of sulfate, nitrate and chloride bonded with metal 284 

cations under the dual-vaporizers. These species don’t evaporate on the tungsten 285 

vaporizer under the laser-off mode. Indeed, more metal signals were observed with 286 

the dual-vaporizers, as shown in Fig. S6S7. 287 

Fig. 2c shows the average diurnal changes of organics, sulfate, nitrate, chloride 288 

and rBC. Sulfate concentrations are slightly higher during daytime than during 289 
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nighttime, indicating a significant contribution from photochemical reactions. Sulfate 290 

also shows the least variations among all species, reflecting its regional behavior. 291 

Except for sulfate, all other species present a dual-peak pattern, with one peak in early 292 

morning and another one in early evening. The peaks of rBC and organics are likely 293 

due to local traffic/cooking activities (see details in Section 3.5), while the behavior of 294 

nitrate is likely driven by the thermodynamic gas-particle partitioning: NH3(g) + 295 

HNO3(g) ↔ NH4NO3(p) ↔ NH3(g) + HNO3(g), as it shows good anti-correlations 296 

with the diurnal changes of temperatures (r = -0.72 for nitrate vs. T). The good 297 

correlations between the diurnal cycles of nitrate and RH, in particular during 298 

nighttime, suggest a nighttime formation pathway of nitrate, e.g., N2O5 + H2O = 299 

2HNO3 and HNO3 + NH3 = NH4NO3. Furthermore, we calculated the diurnal 300 

variations of the equilibrium constant of NH4NO3 (Kp,AN) (Seinfeld and Pandis, 301 

2006;Young et al., 2016) in Fig. 2c. The Kp,AN displays a similar trend as nitrate (r = 302 

0.68), providing strong evidence that nitrate variations were governed mainly by the 303 

thermodynamic equilibrium. Chloride shows similar behavior as nitrate, indicating it 304 

is driven by the equilibrium NH3(g) + HCl(g) ↔ NH4Cl(p) ↔ NH3(g) + HCl(g), as 305 

well (r = -0.76 for chloride vs. T). Therefore, when temperature rises, more NH4NO3 306 

and NH4Cl can dissociate into gaseous NH3, HNO3 and HCl, mass loadings of 307 

particle-phase nitrate and chloride decrease correspondingly, and vice versa.  308 

In order to further elucidate the formation processes of of nitrate and sulfate, we 309 

calculated the oxidation ratios of sulfur (fS) and nitrogen (fN) (Fig. 4a and 4b), defined 310 

as fS = nSO4
2-/( nSO4

2- + nSO2) and fN = nNO3
-/( nNO3

- + nNO2) (Xu et al., 2014), 311 

indicating the conversion of SO2 and NO2 to sulfate and nitrate, respectively. Here 312 

nSO4
2- and , nNO3

-, nSO2 and nNO2 are the molar quantities of particle-phase sulfate, 313 

and sulfate and nitrate, gas-phase SO2 and NO2, respectively. Diurnal variations of fS 314 

and RH , fN and mass ratios of SO4
2-/NO3

- are presented in Fig. 4b, and Fig. 4c shows 315 

variations of sulfate and nitrate concentrations with RH4d-f, along with the diurnal 316 

cycle of RH. The diurnal profile of fS shows a negative correlation with that of RH (r 317 

= - 0.52), and mass concentrations of sulfate even drop under high RH conditions, 318 
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indicating an insignificant role of aqueous-phase processing for sulfate formation 319 

during this campaign. On the other hand, tThe fS reaches a maximum around 3 pm. 320 

Note the afternoon rise of fs and sulfate may be affected by the down mixing of 321 

sulfate formed earlier, however, since concentrations of all other aerosol species that 322 

mix with sulfate decrease significantly, we postulate that the increase of fs likely 323 

suggest the photochemical production of sulfate in the afternoon.  ; similarly, the 324 

SO4
2-/NO3

- ratios are elevated significantly during daytime, in particular during 325 

afternoon. These behaviors suggest the remarkable role of photochemical processing 326 

of SO2 to sulfate. In addition, the diurnal profile of fS shows a negative correlation 327 

with that of RH (r = -0.52), indicating somewhat insignificant influence of 328 

aqueous-phase production of sulfate during this campaign. Interestingly, during 329 

nighttime (7 pm – 6 am), variations of fN follows the changes of RH, probably 330 

suggesting a nighttime formation pathway of nitrate, e.g., N2O5 + H2O = 2HNO3 and 331 

HNO3 + NH3 = NH4NO3; while the afternoon drop of fN is likely due to evaporation of 332 

nitrate as the temperature increases. 333 

 334 

3.2 Chemically-resolved size distributions 335 

 The campaign-averaged mass-based size distributions, fractional contributions 336 

and diurnal size distributions (image plots) of the major PM1 species are depicted in 337 

Fig. 5 (temporal variations of the mass-based size distributions of these PM1 species 338 

over the whole measurement period are provided in Fig. S7S8). Note the size 339 

distribution of rBC in these plots were scaled from the size distribution of m/z 24 340 

(C2
+), as other major rBC ion clusters may be heavily influenced by other ions, such 341 

as C+ signal but from organics at m/z 12 (C+), HCl+ signal at m/z 36 (C3
+), SO+ signal 342 

at m/z 48 (C4
+), C2H4O2

+ signal at m/z 60 (C5
+). It also should be note that, although 343 

the AMS is able to capture the bulk of atmospheric accumulation mode particles 344 

(Canagaratna et al., 2007), right side of size distributions may be affected by the 345 

incomplete transmission of larger particles limited by the SP-AMS inlet (in particular, 346 

the supermicron ones). 347 
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As can be expected, all inorganic species (sulfate, nitrate, chloride and 348 

ammonium) display a unimodal distribution with an accumulation mode peaking 349 

~550 nm (vacuum aerodynamic diameter, Dva (DeCarlo et al., 2004)), since they were 350 

mainly formed from secondary reactions. The organics has a much broader size 351 

distribution across from ultrafine (<100 nm) to supermicron meter range, with a small 352 

sub-peak centering ~120 nm in addition to the major peak at ~440 nm, indicating 353 

influences from both primary and secondary emissions. On the contrary, size 354 

distribution of rBC behaves very differently from other components, which peaks at 355 

90 - 200 nm range, reflecting clearly that it is mainly originated from primary 356 

emissions. Overall, the small particles are predominantly consisted of organics and 357 

rBC, which together account for more than 90% of the ultrafine particle mass. Mass 358 

contributions from inorganic species increase significantly with the increase of 359 

particle size, and they dominate masses of particles larger than 400 nm (Fig. 5b).  360 

In line with the diurnal mass loadings of the PM1 species shown in Fig. 2c, the 361 

diurnal size distribution of sulfate is generally stable, with masses concentrating in the 362 

400 - 700 nm range throughout the day (Fig. 5c); while the size distributions of nitrate, 363 

chloride and organics present clear enhancements in the 300 - 700 nm range during 364 

early morning and early evening due to increased mass concentrations of these species 365 

during these two periods. The size distribution of rBC is also enhanced during the 366 

morning and evening hours, but it extends to a much smaller size range (<100 nm).  367 

   368 

3.3 PM1 contributions on visibility impairment 369 

In order to figure out the major species that are responsible for the visibility 370 

degradation, here we employed the IMPROVE method to reconstruct the light 371 

extinction coefficients (bext).  bext values are derived from the measured visibility: 372 

bext=3.91/Vs (Kong et al., 2015), where Vs stands for the visibility (in meter). The 373 

following IMPROVE formula (Yang et al., 2007) was used:  374 

bext = 3f(RH){[(NH4)2SO4] + [NH4NO3] + [NH4Cl]} + 4[OM] + 10[BC] + 1[soil]+10 375 

Where f(RH) is a RH-dependent empirical coefficient which considers the effects of 376 
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water uptake by inorganic salts on the light extinction; the f(RH) values used here 377 

were taken from Malm and Day (2001), which were regressed from the Great Smoky 378 

data set. [(NH4)2SO4], [NH4NO3], [NH4Cl], [OM], and [BC] represent the mass 379 

concentrations of ammonium sulfate, ammonium nitrate, ammonium chloride, 380 

organics and black carbon directly from the SP-AMS measurements (in μg m-3) 381 

([(NH4)2SO4] = 1.375*[SO4
2-], [NH4NO3]=1.29*[NO3

-] and [NH4Cl] = 1.51*[Cl-]). 382 

Since the SP-AMS cannot accurately measure soil components (e.g., various 383 

metals/metal oxides/metal salts), the term [soil] was set to zero during calculations.   384 

By using this method, the reconstructed visibilities match reasonably well with 385 

the measured values (r2 = 0.50) as shown in Fig. 6a. Fig. 6b shows the time series of 386 

the measured and reconstructed extinction coefficients throughout the whole sampling 387 

period. It should be noted that, on average, the measured PM1 species are only able to 388 

explain ~44% of the light extinction. This is likely due to that: 1) as shown earlier, the 389 

SP-AMS measured PM1 only occupies ~54% of the PM2.5 mass; 2) we didn’t include 390 

contributions from soil components, coarse particles and also some gas-phase species 391 

(such as NO2); 3) although the influences of water are included in part through f(RH) 392 

for inorganic salts, the water uptake by organic species are not considered explicitly, 393 

which can be significant especially for the SOA under high RH conditions (Duplissy 394 

et al., 2011;Denjean et al., 2015). Indeed, as shown in Fig. 6a, reconstructed 395 

visibilities appear to deviate more significantly from the measured visibilities under 396 

high RH than ones under low RH conditions, suggesting the importance of 397 

particle-bounded water on visibility degradation. The pie chart in Fig. 6b presents the 398 

average relative contributions of different components to the light extinction of PM1. 399 

The largest contributor is organics which accounts for 37.7%, followed by ammonium 400 

sulfate (25.1%), rBC (20.7%), ammonium nitrate (15.1%) and a minor contributor of 401 

ammonium chloride (1.4%).    402 

     403 

3.4 Chemical characteristics of OA 404 

 The unique laser vaporizer of SP-AMS allows it to detect rBC and species coated 405 



15 
 

on the rBC core including both non-refractory and refractory organics, thus 406 

comparison between the OA mass spectra obtained with dual-vaporizers and tungsten 407 

vaporizer settings, can infer some information regarding the chemical features of 408 

refractory organics, which that were unable to be determined by any other types of 409 

AMS. As shown in Fig. 7a and 7b, the OA obtained with dual-vaporizers setting have 410 

slightly higher oxygen-to-carbon (O/C) ratio (0.28 vs. 0.27), nitrogen-to-carbon (N/C) 411 

ratio (0.033 vs. 0.032) and lower hydrogen-to-carbon (H/C) ratio (1.50 vs. 1.52) than 412 

the corresponding elemental ratios of OA obtained with the tungsten vaporizer only. 413 

This result indicates that refractory organics are likely more oxygenated than the 414 

non-refractory organics, and for this dataset it is mainly due to a higher fractional 415 

contribution from C2H3O
+ (see the inset of Fig. 7a). This is different from the results 416 

on laboratory-generated nascent soot, where larger fCO2
+ (i.e., the fraction of total 417 

organic signal contributed by CO2
+) was observed with the dual-vaporizers setting, 418 

indicating the variability of the chemical compositions of refractory organics.  419 

 Note the elemental ratios shown throughout the paper were all calculated based 420 

on the method proposed by Aiken et al. (2008) (referred to as A-A method). Recently, 421 

Canagaratna et al. (2015) improved this methodology by using specific ion fragments 422 

as markers to calculate the O/C and H/C ratios (referred to as I-A method). The I-A 423 

method increased the O/C ratio, H/C ratio, and the OM/OC ratio higher than the 424 

values calculated from the the A-A method, on average, by 28%, 10% and 8%, 425 

respectively (Fig. S8). In this work, we used the results from the A-A method for 426 

consistency and comparisons with previous AMS measurements. It should be noted 427 

that, accurate determination of refractory organics is very difficult, because: 1) A large 428 

portion of refractory organics cannot be detected by the SP-AMS if they didn't coat on 429 

rBC cores; 2) To accurately measure the species only coated on rBC cores, the 430 

tungsten vaporizer has to be physically removed, otherwise the vaporizer temperature 431 

is still around 150oC even its power is turned off, and the non-refractory organics that 432 

don’t coat on rBC cores can still be measured, and complicates the analyses; 3) The 433 

CE and IE values for different species may vary under different vaporizer settings, so 434 
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that direct subtraction of organics measured under tungsten-only setting from the 435 

organics measured under dual-vaporizer setting may not represent the real refractory 436 

organics; 4) Some ions measured under dual-vaporizer setting are likely induced by 437 

the laser itself rather than the 70 ev electron impact. For example, a series of 438 

fullerene-like carbon clusters can be generated by the laser itself, even though they 439 

don’t really exist in the atmosphere (Wang et al., 2016a;Onasch et al., 2015). This 440 

laser-induced ion formation scheme may work for other organics, thus makes it even 441 

more difficult for identifying the refractory organics. Further studies are essential to 442 

investigate this issue.   443 

Overall, the O/C ratio (0.27) of OA in Nanjing during springtime is a bit lower 444 

than those observed at other urban locations in China – for instances, 0.30 in 445 

Shenzhen (He et al., 2011), 0.31 in Shanghai (Huang et al., 2012b), 0.33 in Lanzhou 446 

(Xu et al., 2014) and 0.34 in Beijing (Zhang et al., 2014), and much lower than those 447 

at rural sites – for instances, 0.47 in Kaiping (Huang et al., 2011) and 0.59 in 448 

Changdao (Hu et al., 2013). As O/C ratio is a good indicator of the aging degree of 449 

OA, the relatively low O/C level indicates a significant contribution from fresh 450 

emissions in Nanjing aerosols during springtime. Accordingly, the non-refractory OA 451 

(pie chart in Fig. 7b) is dominated in hydrocarbon CxHy
+ ions (51.2%) rather than the 452 

oxygen-containing ion fragments (37.4% of CxHyO1
+ and CxHyO2

+). 453 

 The scatter plot of f44 (mass fraction of m/z 44 to the total OA) vs. f43 (mass 454 

fraction of m/z 43 to the total OA) (a.k.a., triangle plot) (Ng et al., 2010) was often 455 

used to investigate the oxidation degrees of OA. As presented in Fig. 8, most OA 456 

reside in the bottom end of the triangular region, again pointing out the 457 

less-oxygenated behavior of the OA. Since the HRMS can separate different ions at 458 

the nominal m/z, we also examined the fCO2
+ vs. fC2H3O

+ space and illustrated it in 459 

Fig. S9 - many OA locate outside the triangular region, yet still close to the bottom. 460 

Moreover, m/z 60 (mainly C2H4O2
+) is a significant fragment ion of levoglucosan, 461 

which is well known as the biomass burning aerosol tracer (Alfarra et al., 2007). 462 

However, as f60 (mass fraction of m/z 60 to the total OA) is very low in OA (average 463 
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± 1ơ = 0.4 ± 0.06 %), indicating no biomass burning influences on the OA properties 464 

during springtime in Nanjing.  465 

 466 

3.5 Sources and evolution processes of OA 467 

In order to further elucidate the sources and evolution processes of OA, we 468 

performed PMF analyses and identified four OA components, including two primary 469 

OA (POA) factors – a traffic-related hydrocarbon-like OA (HOA) and a 470 

cooking-related OA (COA), and two secondary OA factors – a semi-volatile 471 

oxygenated OA (SV-OOA) and a low volatility OOA (LV-OOA). Details about their 472 

characteristics are discussed below.   473 

3.5.1 Mass spectral features of the OA factors 474 

The mass spectral profiles, time-dependent mass concentrations of the four OA 475 

factors and corresponding tracer ions are presented in Fig. 9. The HOA mass spectrum 476 

is overall dominated by the CxHy
+ ions (73.2%), such as C3H7

+, C4H7
+, C4H9

+, C5H9
+ 477 

etc., which are most likely produced from alkanes and cycloalkanes emitted from fuel 478 

and lubricating oil burning (Canagaratna et al., 2004). This feature is in good 479 

agreement with the mass spectral features of POA directly from vehicle 480 

emissions(Collier et al., 2015), and the HOA factors determined in many other 481 

locations (e.g., Ge et al., 2012b;Huang et al., 2010;Sun et al., 2011). HOA has the 482 

lowest O/C ratio (0.10) and highest H/C ratio (1.75) among all factors, representing its 483 

behavior as primary fresh emissions. The COA mass spectrum is also rich in CxHy
+ 484 

ions (64.7%), but having more oxygenated ions (CxHyOz
+) than the HOA (26.5% vs. 485 

15.4%), especially C3H3O
+ and C3H5O

+ ions. The significant contributions of C3H3O
+ 

486 

and C3H5O
+ to m/z 55 and m/z 57 are a common feature of COA, that has been 487 

reported in various urban locations around the world, for examples, Beijing (Sun et al., 488 

2015a), London (Allan et al., 2010), Fresno (Ge et al., 2012b), New York City (Sun et 489 

al., 2011) and Barcelona (Mohr et al., 2012;Mohr et al., 2015). These 490 

oxygen-containing ions are in part generated from the fragmentation of fatty acids in 491 

the cooking aerosols (Ge et al., 2012b). As a result, COA has a higher O/C ratio of 492 
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0.16 and a lower H/C ratio of 1.67 than those of HOA. The O/C and H/C levels of 493 

COA in this work are also close to those identified in other locations aforementioned. 494 

The consistency of the chemical characteristics of COA from such different locations 495 

suggests that ambient COA is more relevant to the cooking oil rather than the different 496 

types of food, which was postulated earlier by Allan et al. (2010).       497 

Unlike the two POA factors, SV-OOA and LV-OOA are both abundant in 498 

oxygen-containing fragments (CxHyOz
+ ions), which are 46.4% and 54.8%, 499 

respectively. The higher O/C ratio (0.55 vs. 0.32) and more CxHyO2
+ ions (18.8% vs. 500 

11.8%) in the LV-OOA mass spectrum than those of the SV-OOA, reflecting the fact 501 

that LV-OOA went through more aging/oxidation reactions than the SV-OOA. The 502 

O/C ratio of SV-OOA is 0.32, which is within the O/C range of SV-OOA observed 503 

worldwide (Jimenez et al., 2009). The LV-OOA O/C ratio of 0.55 is in the lower end 504 

compared to the O/C levels of LV-OOA observed in other China sites, for examples, 505 

0.64 in Kaiping (Huang et al., 2011), 0.65 in Shanghai (Huang et al., 2012b), 0.68 in 506 

Lanzhou (Xu et al., 2014), 0.78 in Changdao (Hu et al., 2013) and 0.80 in Hong Kong 507 

(Lee et al., 2013).   508 

Consistently, in the f44 vs. f43 space (Fig. 8), SV-OOA situates near the bottom 509 

side while LV-OOA approaches to the upper part of the triangular region, because of a 510 

much larger fractional contribution of CO2
+ in the LV-OOA mass spectrum. HOA and 511 

COA, as POA factors, both reside in the bottom end of the plot, away from SV-OOA 512 

and LV-OOA; while they locate outside the triangle in the fCO2
+ vs. fC2H3O

+ space 513 

(Fig. S9), indicating that the HRMS acquired by the SP-AMS is better in 514 

differentiating POA factors from other SOA factors than the unit mass resolution 515 

(UMR) data.  516 

In order to justify the OA factors identified in this study, we compared the 517 

spectral similarities of the OA factor spectral profiles (in both HR and UMR) with 518 

those separated during wintertime in Beijing (Sun et al., 2015a), summertime in 519 

Lanzhou (Xu et al., 2014), and wintertime in Fresno (Ge et al., 2012b;Ge et al., 520 

2012a). The results are listed in Table 1. Indeed, the HOA, COA and LV-OOA mass 521 
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spectra are highly similar to the corresponding factors identified in Bejing, Lanzhou 522 

and Fresno (r2 > 0.87); SV-OOA also correlates fairly well with Bejing and Lanzhou 523 

SV-OOA too, but with relative low r2 (0.68 – 0.75), mainly because of one or two ion 524 

fragments, namely, higher CO+ and CO2
+ signals in Beijing SV-OOA and higher 525 

C2H3O
+ signal in Lanzhou SV-OOA than those in Nanjing SV-OOA. The SV-OOA on 526 

the other hand, correlates very well with the Fresno OOA (r2 = 0.90 and 0.91).  527 

Moreover, as presented in Fig. 9a, the HOA mass spectrum contains relatively 528 

higher fraction of ions with large m/z values (m/z > 100) than that of COA (14.0% vs. 529 

8.2%), and most of these ions are CxHy
+ ions, probably from fuel burning emitted 530 

long-chain alkanes, etc. The SV-OOA also includes more large m/z ion fragments (m/z> 531 

100) than those in the LV-OOA mass spectrum (10.5% vs. 5.3%), likely suggesting 532 

that further oxidation of SOA species may lead to the fragmentation of high molecular 533 

weight species and formation of small molecules – a mechanism verified by both 534 

lab-scale experiments (e.g., Yu et al., 2014) and field measurements (e.g., Lee et al., 535 

2012).              536 

3.5.2 Temporal variations, diurnal patterns and relative contributions of the OA 537 

factors 538 

 The temporal variations of different OA factors and their corresponding tracer 539 

ions are displayed in Fig. 9b. C4H9
+ ion, a.k.a., the HOA mass spectral tracer (Zhang 540 

et al., 2005) indeed varies very closely to the HOA (r2= 0.94). Time series of the COA 541 

tracer ion C6H10O
+ (and also C5H8O

+, C7H12O
+) (Sun et al., 2011;Ge et al., 2012b) 542 

match very well with that of COA too (r2 = 0.90). SV-OOA correlates better with 543 

C2H3O
+ (r2 = 0.90) than with CO2

+ (r2 = 0.66). Although LV-OOA doesn’t correlate 544 

very well with CO2
+ (r2 = 0.12) mainly due to the mismatch during April 23 - 26, the 545 

correlation is still much better than it with C2H3O
+ (r2 < 0.001). In Table 2, we 546 

tabulate the correlation coefficients (r) of the four OA factors with the gas-phase 547 

species, BC and inorganic species. Note we used Pearson’s r not r2 here since some 548 

correlation coefficients are negative. From the table, it is clear that the traffic-related 549 

gaseous species, CO and NO2, correlate best with HOA among all OA factors; 550 
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SV-OOA correlates better with nitrate (r = 0.49) than it with sulfate (r = 0.11); 551 

LV-OOA correlate better with sulfate (r = 0.23) that it with nitrate (r = 0.11). All these 552 

results are consistent with the traffic origin of HOA, the semi-volatile and 553 

low-volatility behaviors of SV-OOA and LV-OOA. 554 

 Accordingly, diurnal cycles of the OA factors are presented in Fig. 10a. 555 

Correlation coefficients (r) of the diurnal variations between OA factors with 556 

gas-phases and inorganic species are provided in Table 2, as well. HOA 557 

concentrations show an early morning peak, and it overall remains at high levels 558 

during nighttime. Besides the impacts of boundary layer height, this is also due to 559 

enhanced emissions from construction vehicles around the site, which were in fact 560 

much more active during nighttime than during daytime because of the restrictions of 561 

Nanjing government. Most of those vehicles used low-quality diesel fuel, and could 562 

emit a large amount of rBC particles. The rBC diurnal pattern is indeed almost 563 

identical to that of HOA (r =0.99), indicating that the HOA during this campaign was 564 

apparently associated with the construction vehicle emissions. COA concentrations 565 

increase during noon (12 pm – 1 pm) and early evening, in response to the lunchtime 566 

and dinnertime cooking activities. SV-OOA concentrations decreases from 9 am, and 567 

reach a minimum during afternoon (3 pm – 4 pm), oppositely to the variation of 568 

temperatures (r = -0.85) but similar to that of nitrate (r = 0.53), corroborating its 569 

semi-volatile feature. Different from other factors, LV-OOA concentrations increase 570 

during daytime and shows positive correlation with temperature (r = 0.76); it also has 571 

negative correlation with the diurnal cycle of RH (r = -0.75). Both behaviors are 572 

similar to those of sulfate (r = 0.72 for the diurnal cycle of LV-OOA vs. sulfate), 573 

indicating the leading role of photochemical oxidation for LV-OOA formation as well.  574 

As shown in Fig. 10b, due to mainly the increase of LV-OOA mass loading, OA is 575 

overwhelmingly dominated by the SOA (SV-OOA + LV-OOA) during afternoon (80.2% 576 

at 3 pm); POA (HOA + COA) only dominates the OA mass during morning (53.2% at 577 

7 am) and early evening (56.9% at 8 pm) in response to the enhanced traffic and 578 

cooking emissions. On average, the OA is composed of 27.6% of HOA, 16.9% of 579 
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COA, 27.4% of SV-OOA and 28.1% of LV-OOA (Fig. 10c), with SOA outweighing 580 

POA (55.5% vs. 44.5%). However, as shown in Fig. 10d, with the increase of OA 581 

mass loadings, the fractional contribution of POA increases, highlighting the 582 

important and direct influences of anthropogenic emissions on the heavy pollution 583 

haze events. 584 

 585 

3.5.3 Local/regional influences and evolution processes of the OA factors 586 

 Combining WS, WD and mass loadings, the bivariate polar plots of the four OA 587 

factors, rBC, and total OA, nitrate, sulfate and the total PM11 are shown in Fig. 11. 588 

These plots provide an effective graphical method for showing the potential 589 

influences of air masses from different directions with different wind speeds to the 590 

receptor site (Carslaw and Beevers, 2013). Clearly, high mass loadings of HOA and 591 

rBC mostly link with low WS (< 1 m s-1), indicating they are mainly from local 592 

vehicle emissions. High COA concentrations occur mainly under low WS as well, but 593 

with some high concentrations accompanied with air masses from southeast under 594 

higher WS. SV-OOA appears to be mainly formed locally, except for a concentration 595 

hotspot in the southeast – likely due to emissions from the tobacco factory that resides 596 

in that direction. Nitrate, as a semi-volatile species, behaves overall similar to the 597 

SV-OOA. High concentrations of LV-OOA are distributed in all directions under 598 

higher WS, similar to that of sulfate, representing theirits regional behaviors. Overall, 599 

high PM1 mass loadings occur mainly under low WS, indicating that the PM1 is 600 

heavily affected by local emissions rather than pollutants in a regional scale. 601 

The aging of OA can be described in general by the increase of O/C and decrease 602 

of H/C. In this regard, we plotted the Van Krevelen diagram (Heald et al., 2010) (Fig. 603 

12a) to show the relationships between H/C and O/C ratios for all OA as well as the 604 

four OA factors. Overall, in this study, the H/C and O/C ratios of OA data are 605 

correlated linearly with a slope of -1.04 (r2 = 0.93). , indicating the propagation of OA 606 

is similar to an aging process that is likely driven by the addition of carboxylic acid 607 

(slope of -1). Interestingly, the two OOA factors lie very well on the fitted straight line. 608 
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This trend may suggest that the evolution of secondary OA during this campaign 609 

follows a transformation pathway of SV-OOA to LV-OOA through the addition of 610 

carboxylic acid. The diurnal cycle of LV-OOA varies oppositely to that of SV-OOA (r 611 

= -0.86), probably supporting this hypothesis. In addition, SV-OOA and LV-OOA 612 

mass concentrations, and O/C ratios of OA all show no obvious correlations with the 613 

RH as shown in Fig. 12b and Fig. 12c, indicatingverifying that aqueous-phase 614 

processing is insignificant compared to the photochemical processing for the 615 

oxidation of OA.  616 

  617 

4. Conclusions 618 

 We present for the first time the real-time measurement results using the SP-AMS 619 

on submicron aerosols in urban Nanjing during springtime (April 13 - 29, 2015). The 620 

dynamic variations of SP-AMS determined PM1 mass loadings, agreed well with the 621 

PM2.5 concentrations measured by the Met One PM2.5 analyzer. The average PM1 622 

concentration was 28.2 μg m-3, lower than previously ACSM-determined PM1 623 

concentrations during summer and winter in Nanjing. Organics on average comprised 624 

the largest fraction (45%) of PM1, and its fractional contributions increased in case of 625 

high PM1 mass loadings. The diurnal cycles of mass concentrations of organics, rBC, 626 

nitrate and chloride all presented a similar behavior, which was high in early morning 627 

and evening, but low in the afternoon. Concentrations of sulfate, on the contrary, 628 

increased during afternoon. Further investigations of fS, sulfate concentrations and its 629 

relationship with , fN, SO4
2-/NO3- and RH revealed suggest that photochemical 630 

processing contributed significantly to sulfate formation compared to the 631 

aqueous-phase processing, while nitrate (and chloride) formation was mainly 632 

governed by the thermodynamic equilibrium. The chemically-resolved mass-based 633 

size distribution data showed that rBC occupied a large fraction of ultrafine particles, 634 

while secondary inorganic species could dominate the mass of particles larger than 635 

400 nm (Dva). In addition, by using the IMPROVE method, we found that the 636 

observed PM1 components were able to reproduce ~44% of the light extinction during 637 
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this study.  638 

 PMF analyses resolved four OA factors, e.g., HOA, COA, SV-OOA and LV-OOA. 639 

Mass spectral profiles of these factors agree very well with the corresponding factors 640 

identified at other locations. The springtime OA showed no influences from biomass 641 

burning emissions. On average, the OA is dominated by SOA (55.5%), but POA 642 

appeared to be more important when the OA mass loadings are high, and can be 643 

dominant in early morning and evening. Diurnal cycle of SV-OOA varied similarly to 644 

that of nitrate, reflecting its semi-volatile behavior. Diurnal variations of LV-OOA 645 

showed great resemblance to that of sulfate, indicating its formation was mainly from 646 

photochemical oxidation, as well. The bivariate polar plots indicate that SV-OOA was 647 

formed locally, and the Van Krevelen diagram further suggests a transformation 648 

frompathway of SV-OOA to LV-OOA in Nanjing probably via the addition of 649 

carboxylic acid. Generally, our highly time-resolved SP-AMS measurement results 650 

may offer useful insights into the aerosol chemistry, and have important implications 651 

for the PM control and reduction in this densely populated region.   652 
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 1031 

Figure 1. Time series of (a) relative humidity (RH) and temperature (T), (b) wind 1032 

direction (WD) colored by wind speed (WS, m s-1) and visibility (km), (c) mass 1033 

concentrations of CO, NO2, SO2 and O3 (hourly data), (d) mass concentrations of PM1 1034 

measured by the SP-AMS, and PM2.5 measured by the co-located Met One PM2.5 1035 

analyzer, (e) mass concentrations of rBC, ammonium, sulfate, nitrate, chloride and 1036 

organics, and (f) mass contributions (%) of the six PM1 components (BJ, Beijing).   1037 
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 1039 

 1040 

 1041 

Figure 2. (a) Campaign-averaged mass contributions of organics, sulfate, nitrate, 1042 

ammonium, chloride and rBC to the total PM1, (b) mass percentages of the six PM1 1043 

species (left y-axis) and, fractions of the number of data points to the total number of 1044 

data points for PM1 at different concentration bins (right y-axis), (c) diurnal patterns 1045 

of mass concentrations of the major PM1 species (bottom panel), temperature (top 1046 

panel, left y-axis), relative humidity (RH) (top panel, right y-axis), andand the 1047 

equilibrium constant (Kp,AN) of NH4NO3 (top panel, right y-axis) 1048 
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்
ቃቅ , for reaction 1049 

NH4NO3(p) ↔ NH3(g) + HNO3(g). ↔ NH4NO3(p). Kp,AN(298) is the equilibrium 1050 

constant at 298 K (3.36×10-16 atm-2), a = 75.11, and b = -13.5 (Seinfeld and Pandis, 1051 

2006)), (d) diurnal variations of mass fractional contributions of the six PM1 species 1052 

(left y-axis), and the PM1 mass concentrations (right y-axis). 1053 
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 1056 

Figure 3. Scatter plots of the predicted NH4
+ vs. measured NH4

+ concentrations 1057 

(colored by time), in the case of (a) tungsten vaporizer only, and (b) dual-vaporizers 1058 

(tungsten + laser). The predicted values were calculated according to the formula: 1059 

NH4
+ predicted = 18×(2×SO4

2-/96 + NO3
-/62 + Cl-/35.5) (Zhang et al., 2007b). 1060 
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1063 

 1064 

 1065 

Figure 4. Time series of (a) sulfur oxidation ratio, fS = nSO4
2-/(nSO4

2- + nSO2), and 1066 

sulfate, (b) nitrogen oxidation ratio, fN = nNO3
-/(nNO3

- + nNO2), and nitrate, and (c) 1067 

mass ratios of sulfate to nitrate (fS, fN and SO4
2-/NO3

- are colored by the relative 1068 

humidity (RH) values), diurnal variations of (d) fS , (e) fN, and (f) SO4
2-/NO3

- and RH 1069 

(the lines and cross symbols indicate the mean values, the lines in the boxes indicate 1070 

the median values, the upper and lower boundaries of the boxes indicate the 75th and 1071 

25th percentiles, and the whiskers above and below the boxes indicate the 90th and 1072 

10th percentiles), (c) Sulfate and nitrate concentrations vs. RH, the circles or squares 1073 

represent the average concentrations within different RH bins (5% increment) for 1074 

sulfate and nitrate, respectively. 1075 
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 1079 
Figure 5. (a) Mass-based average size distributions of organics, rBC (left y-axis), 1080 

sulfate, nitrate, chloride and ammonium (right y-axis) (Dva, vacuum aerodynamic 1081 

diameter), (b) fractional contributions of the six PM1 species as a function of particle 1082 

size (left y-axis), and size distribution of total PM1 (right y-axis), (c) diurnal profiles 1083 

of the size distributions of rBC, organics, nitrate, chloride and sulfate.  1084 
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 1087 

Figure 6. (a) Scatter plot of reconstructed vs. measured visibility (colored by RH), (b) 1088 

light extinction coefficients derived from measured visibility (grey), and reconstructed 1089 

from SP-AMS measured ammonium sulfate, ammonium nitrate, ammonium chloride, 1090 

organics and rBC using the IMPROVE method. The inset pie shows the relative 1091 

contributions of the five species to the light extinction of PM1.  1092 
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 1095 

Figure 7. Campaign-averaged high resolution mass spectra of OA colored by six ion 1096 

categories, in the case of (a) dual-vaporizers (tungsten + laser) (the inset scatter plot 1097 

compares the spectral similarity between (a) and (b)), and (b) tungsten vaporizer only 1098 

(the inset pie shows the relative contributions of six ion categories to the total OA). 1099 
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 1101 

Figure 8. Triangle plot of f44 vs. f43 for all OA (colored by time), and the four OA 1102 

factors identified by the PMF analyses. 1103 
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1109 

 1110 

Figure 9. (a) High resolution mass spectra of hydrocarbon-like OA (HOA), 1111 

cooking-related OA (COA), semi-volatile oxygenated OA (SV-OOA), and low 1112 

volatility oxygenated OA (LV-OOA) colored by six ion categories (the four inset pies 1113 

show the relative contributions of the six ion categories to the four OA factors, 1114 

respectively), (b) time series of the four OA factors, and corresponding tracer ions, 1115 

nitrate and sulfate. .  1116 
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 1119 

Figure 10. (a) Diurnal cycles of mass concentrations of the four OA factors (bottom 1120 

panel), temperature (top panel, left y-axis) and RH (top panel, right y-axis), (b) diurnal 1121 

variations of mass contributions of the four OA factors (left y-axis), and the total OA 1122 

mass concentrations (right y-axis), (c) campaign-averaged mass contributions of the 1123 

four OA factors to the total OA mass, and (d) mass contributions of the four OA 1124 

factors (left y-axis), and the fractions of the number of data points to the total number 1125 

of data points for the OA at different concentration ranges (right y-axis).  1126 
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1131 
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 1132 

Figure 11. Bivariate polar plots of HOA, COA, SV-OOA, LV-OOA, rBC,  and PM1, 1133 

nitrate, sulfate and the total OA (the color scale shows the concentration of each 1134 

species, and the radical scale shows the wind speed that increases outward from the 1135 

center). 1136 

 1137 

   1138 
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 1139 

 1140 

 1141 

Figure 12. (a) Van Krevelen diagram of H/C vs. O/C ratios for all OA data colored by 1142 

time, the blue and red dashed lines correspond to the right and left grey dashed lines 1143 

in the f44 vs. f43 triangle plot of Fig. 8, the grey lines represents the addition of a 1144 

particular functional group to an aliphatic carbon (Heald et al., 2010), (b) scatter plot 1145 

of SVOOA and LVOOA mass concentrations vs. RH, the circles or squares represent 1146 

the average mass concentrations within different RH bins (10% increment) for 1147 

SVOOA and LVOOA, respectively, (cb) scatter plot of O/C vs. RH (colored by time), 1148 

the circles represents the average O/C values withinof differentthe RH bins (10% 1149 

increment)..  1150 
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Table 1. Correlation coefficients (Pearson’s r2) between the mass spectral profiles of 1152 

the OA factors identified in this work with the corresponding factors identified in 1153 

Beijing (2013 Winter) (Sun et al., 2015a), Lanzhou (2014 Summer) ((Xu et al., 2014)), 1154 

and Fresno (2010 Winter) (Ge et al., 2012b).  1155 

 1156 

Nanjing 
(2015 Spring)  

High resolution MS (r2) 
Beijing 

(2013 Winter) 
Lanzhou 

(2012 Summer) 
Fresno 

(2010 Winter)* 
HOA 0.92 0.90 0.98 
COA 0.93 0.94 0.93 

SV-OOA 0.68 0.75 0.90 
LV-OOA 0.91 0.98 0.87 

 Unit mass resolution MS (r2) 
HOA 0.92 0.91 0.99 
COA 0.96 0.96 0.95 

SV-OOA 0.70 0.74 0.91 
LV-OOA 0.90 0.98 0.89 

*Note the Fresno (2010 Winter) study only identified one OOA factor, we thus 1157 

compared both SV-OOA and LV-OOA in this study with it.  1158 
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Table 2. Correlation coefficients (Pearson’s r) between the time series of the four OA 1159 

factors with the gas-phase species (hourly data) and other PM1 components (15-min 1160 

data), and the correlation coefficients between the diurnal data. 1161 

 1162 

Pearson’s r Temp.(T) CO  NO2 SO2 O3 SO4
2- NO3

- Cl- rBC 
Hourly data 15-min data 

HOA -0.14 0.71 0.77 0.13 -0.54 0.15 0.26 0.45 0.92 
COA 0.11 0.50 0.58 -0.06 -0.22 0.19 0.07 0.08 0.61 
SVOOA 0.19 0.41 0.70 0.14 -0.21 0.11 0.49 0.25 0.70 
LVOOA 0.069 -0.2 -0.18 0.06 0.14 0.23 0.11 0.01 -0.22 
 Diurnal data 
HOA -0.94 0.86 0.86 0.66 -0.96 -0.35 0.72 0.82 0.99 
COA -0.15 0.28 0.59 -0.24 -0.24 -0.57 -0.33 -0.25 0.19 
SVOOA -0.85 0.86 0.94 0.58 -0.90 -0.51 0.53 0.61 0.89 
LVOOA 0.76 -0.58 -0.83 -0.27 0.77 0.72 -0.26 -0.33 -0.75 
 1163 

 1164 
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