
We sincerely thank the reviewer for the valuable comments and suggestions. Below we list our 
point-by-point replies to the comments and the descriptions of the changes we made in the 
revised manuscript. 
Response to Reviewer 1 

1. The manuscript presents a short collection of data from two single-particle instruments 
measured during a pollution episode in Shanghai, China. A single particle soot photometer 
(SP2) measured refractory black carbon (rBC) number and mass distributions as well as 
optical size. A single particle aerosol mass spectrometer (SPAMS) measured mass spectra 
of individual particles in parallel. Together the instruments pro- vided information on the 
abundance and composition of BC-containing particles. To my knowledge this is the first 
direct comparison and analysis of single-particle data from the two approaches, and while 
the manuscript does not exploit the advantages of the two techniques as much as might be 
possible, it still represents a valuable contribution and presents information from a unique 
and important region (Chinese megacities). I recommend it for publication in ACP once 
the following comments have been addressed:  

General comments  

2. There are a few places where I think more could be done with the co-located single particle 
instruments. For example, was there much consistency in results between SPAMS “mixed” 
particle clusters and SP-derived coating thickness?  

Response: We discussed the correlation between the particle mixing state revealed by SPAMS 
and the SP2-derived coating thickness in Section 3.4.2. In the revised manuscript, we have 
added a more detailed discussion in this section, including some new data from online ion 
chromatograph measurements (MARGA) and the observation of gas to particle conversion to 
support the consistency between the two instruments. Please also see our response to the 
Question 11 of Reviewer 2.  
 

3. In addition, more details should be provided on the comparisons between the two 
instruments:  

+ were the number concentrations calculated for the same diameter range for both instruments? 
Response: The particles number of particles detected by SPAMS (or ATOFMS) is not 
quantitative (labeled as unscaled particle number in the manuscript) because of the unknown 
sampling efficiency (including total transmission efficiency and size-dependent sampling 
efficiency). The strength of this instrument is to characterize the chemical composition at a 
single particle level and determine the number fractions of different particle types. Besides, 
SPAMS detects the vacuum aerodynamic diameter in the size range of 200 - 2000 nm while 
SP2 detects the optical diameter of BC-containing particles in the size range of ~170 to 800 
nm. Without the information of each particle’s morphology and density, we couldn’t convert 
the two different diameters precisely.  It is hard to do any further quantitative comparison 
between the two instruments beyond the time-resolved correlation as presented in Fig. S4 and 
Fig. S5. In this work, we paid more attention to the mixing state and its evolution of BC-
containing particles revealed by the two instruments rather than the mass or number 
concentrations of BC particles.   

 
4. + was the reduced detection efficiency (about half) for the SPAMS accounted for in the 

comparison?  



Response: In this experiment, we obtained 385 683 particles with mass spectra, accounting for 
56% of the total sized particles. We had no chemical information of the rest 44% particles and 
they were not included in the comparison.   
 

5. + what is considered “internally mixed” for both instruments? Were all rBC particles 
measured by the SP2 included, or only those with a coating thickness above some value. If 
so, why?  

Response: For SPAMS, we could tell BC particles are internally mixed or pure through the 
mass spectral patterns. Internally mixed BC particles present not only signals of carbon cluster 
ions (C-

n and C+
n ) in both positive and negative ion mass spectra, but also signal of secondary 

species like sulfate or nitrate. 
For SP2, the internally mixed BC particles are those with a certain coating thicknesses. The 
internally mixed BC particles have both scattering (related to optical diameter) and 
incandescence (related to BC core diameter) signals. In the SP2 measurement, particles with 
optical diameter above ~170 nm and BC core diameter above 70nm can be observed. This is 
due to the scattering and incandescence detector sensitivity. Therefore, we miss some internally 
mixed BC particles with small core and thin coating thickness. 
 

6. Related point: I am not aware of any studies that directly compare single-particle MS 
results to a co-located SP2, so think the scatter plot in the supplementary material is worth 
including in the main paper. If there are some recent papers comparing SP2 to single-
particle MS suggest including a short comparison of the results here to those.  

Response: We moved Fig. S4 from supplementary material to the main text as Fig. 3.  We 
haven’t found any published data comparing SP2 to single particles MS. 

 
7. 35384 – 6: The term “refractory black carbon (rBC)” should be used when presenting any 

results specifically from the SP2. Recommend changing text here and throughout the 
manuscript. The distinction will also help distinguish results from the mass spectrometer 
versus SP2. 

Response: We accepted this suggestion. We used refractory black carbon (rBC) when 
presenting results from the SP2 and used black carbon (BC) when presenting results from the 
SPAMS throughout this manuscript. Both terms were explained in the introduction. 

 
8. 35384 – 9: Add “in diameter” after 60-400 nm (assuming results are reported as 

diameters).  
Response: Done  

 
9. 35387 – 28: It might be beneficial to add a small note to clarify that the “SPAMS” here is 

NOT the same as the SP-AMS (Soot Particle-AMS), which shares the laser system of the 
SP2 and therefore might lead to a little confusion.  

Response: Reviewer 2 also suggested that some related SP-AMS works should be cited. We 
added the following paragraph in the introduction to cite 6 SP-AMS works and also clarified 
the SPAMS was different from SP-AMS in the fourth paragraph of introduction. 



“Recently, a soot particle aerosol mass spectrometer (SP-AMS) was developed to 
characterize rBC and non-refractory particulate matter simultaneously (Cross et al., 
2010;Onasch et al., 2012;Corbin et al., 2014). SP-AMS was previously used to quantify 
rBC mass concentration, mixing state and chemical composition in urban environment 
and biomass burning influenced air (Lee et al., 2015b;Lee et al., 2015a;Willis et al., 2015).”  

 
10. 35389 – 14/15: Change “laser power” to “laser current”. Note that a constant laser 

current does not necessarily mean a constant cavity laser power. Ideally PSL could be used 
to verify the laser power before and after the study period, however considering the data 
are reported for a five-day period I do not think this is especially important in this case.  

Response: We changed “laser power” to “laser current” here. We used the 220 nm PSL to 
detect the laser power before and after the sampling period. The nearest equivalent scattering 
signal verified the constant cavity laser power. 

 
11. 36390 – 7: suggest changing/adding “. . .was calculated as (Dp-Dc)/2, which assumes a 

concentric core-shell morphology.”  
Response: Done 

 
12. 35390 – 17: Is the SPAMS a laboratory-built instrument or the commercial instrument 

available from Livermore Instruments (SPAMS 3.0). Please specify here in addition to 
citing the reference.  

Response: The SPAMS is a commercial instrument developed by Hexin Analytical Instrument 
Co., Ltd., Guangdong, China. We added this information in the manuscript when first 
introducing SPAMS. 
 

13. 35391 – 8: Are the final number concentrations corrected for this factor when comparing 
to SP2? Please clarify.  

Response: Please see the responses to comments 2 & 3. 
 

14. 35391 – 28: Please state if there was a sizecut (cyclone, impactor) used on the main inlet, 
or if the instruments sampled all transmitted particles (with their response limited by upper 
size limit of the instruments). 

Response: We used a PM2.5 cyclone on the main inlet. We added this information to the 
experimental section. 
 

15. 35392 – 1: Suggest renaming this section because it focuses more on the trace gas 
measurements then meteorology. Also, according to the caption for Figure 1 data were 
taken from the Hongkou Station. This information should be provided in the main text as 
well.  

Response: We renamed the section title as: Overview of the meteorology and air quality. 
We also added the information of Hongkou Station in Section 3.1.  



 
16. 35392 – 25: The data shown in Figure 2 are study averages? Please state.  

Response: This distribution was over the entire study period. We stated this in the first sentence 
of section 3.2. 

 
17. 33393 – 8: All comparisons are to SP2-measured values, correct? Should be stated if so.  

Response: Yes. We added the following sentence here to clarify this point: “All of the values 
quoted above were based on SP2 measurement.” We also added similar statements in several 
other parts of the manuscript for clarity. 
 

18. 35396 – 5: Should be stressed here that the results discussed here are from the LEO- fitting 
of SP2 data and not BC cores but the total, mixed diameter particle.  

Response: Yes, the results here are the entire diameter (Dp) of BC-containing particles. We 
changed “Dp” to “the entire diameter (Dp)” here. 

 
19. 35396 – 12: The paragraphs in this section move back and forth between SP2 and SPAMS 

data, so it would be a little more clear to state when SPAMS data is being discussed and 
when we are back to SP2 data.  

Response: The logic flow of Section 3.4.2 was: Firstly, we showed the similarity (two-mode 
distribution) between SP2 and SPAMS measured size distributions. Then we used the size-
resolved chemical information from SPAMS to support the BC core vs. ACT data from SP2. 
The comparison of the two measurements back and forth are inevitable here. Separating the 
two set of data in discussion would cut the logic flow.   
 

20. 35397 – 4: The condensation and droplet modes are defined in terms of vacuum 
aerodynamic diameter in the manuscript, but I did not see what value was used to 
distinguish the modes for the SP2. I assume to make the two plots shown in Figure 5c the 
data was split for some mixed particle diameter. It would be useful to show that as a line 
on both figures, because by definition you cannot have any particles above it for the 
condensation mode or below for the droplet mode. It would be good to shade this region of 
Figure 5c either black or weight since it is an invalid data region for both plots. Finally, it 
is not stated if this analysis was performed for all particles measured during the study or 
only during specific time periods.  

Response:  Thank you for this suggestion. We used the minimum value between the two peaks 
in Fig. 5(a) (black line) and its corresponding Dp (320 nm) as the separation of the condensation 
mode and droplet mode. We added this separation line in Fig. 5(c) to separate the condensation 
mode particles (left side) and the droplet mode particles (right side). 
This analysis was performed for all the particles during the study. We clarified this point in the 
first sentence of section 3.4.2. 
 

21. 35397 – 26: This is a nice example of using both instruments to better understand what is 
happening, though there should be some care in treating the correlation as direct evidence 
(how well do the large, thickly coated particles correlate with other BC particle categories 



identified by the SPAMS?). I do think the figure (S5) should be moved out of supplementary 
material into the main text. Also, the text discusses the number fraction of BC from biomass 
burning, but not mass fraction (which could be estimated from the SP2 data). A 20% 
contribution (or higher, for mass) from biomass burning seems high for an urban region, 
but can the authors discuss more. Do they expect significant residential burning near their 
site?  

Response: Those larger core (80–130 nm) with thicker coating (120–300 nm) particles showed 
a poor correlation (R2<0.24) with SPAMS detected traffic emitted BC-containing particles.   

We moved Figure S4 from supplementary material to the main text. Since the information in 
Figure S5 and S4 were similar, we decided to keep Figure S5 in the supplementary section. 

There is no significant residential burning near the sampling site. However, around Shanghai, 
there are some rural areas where people burn the crop residues as daily household fuel. We 
constantly observed high number fraction (15-20%) biomass burning particles in Shanghai 
especially during and right after harvest seasons (Yang et al., 2009;Fu et al., 2015).  

 
22. 35397 – 13: Do either of these studies report PM? Values in Shanghai were probably much 

higher than in the other locations mentioned, so you might have much more rapid mixing 
with BC acquiring thicker coatings faster. 

Response: The studies we cited here did not report PM mass concentrations. Laborde et al. 
(2013) reported that number concentration was around 103-104 particle cm-3. We agreed that 
the extremely high PM concentration could contribute to the rapid mixing of BC in this study. 
 

23. 35398 – 16: There should be a note here that the choice of BC core diameter (60-80 nm) 
means that you will only obtain optical sizing for the most thickly coated particles due to 
the scattering detector sensitivity (minimum optical diameter of about 170 nm). Do the 
larger BC cores display a similar rapid coating behavior?  

Response: We agree with this comment. The SP2 only obtained optical size more than 170 nm, 
so the observed RCT of BC-containing particles grew from 2 to 9 in this period, as shown in 
Fig. 6a. We might miss the initial growth of some small BC particles, but we could still capture 
most part of the fast growth of traffic emitted BC-containing particles. In response to this 
suggestion, we added the following note: “Note that we could only obtain optical sizing 
information from sufficiently coated particles because of the SP2 obtained minimal detectable 
optical diameter of ~170 nm.” 
The larger BC cores were composed of both biomass burning BC particles and some traffic 
emitted BC particles. The biomass burning particles were already deeply aged when reaching 
the sampling site. The overall growth trend of larger BC core particles was not obvious. 

 
24. 35398 – 26: “incensement”?  

Response: We changed to “a relatively high level”.  
 

25. Figure 4: Please add label for color scale including units (dN/dlogDp)? Caption for (b) 
states the red lines shows number concentration but axis label gives particle number.  



Response: In the original manuscript, the color scale presented the number concentration with 
a 10nm resolution. In the revised manuscript, we redrew Fig. 4(a) using dN/dlogDp as the color 
scale. Since we moved Fig. S4 to the main text, we deleted the red lines in the revised Fig. 4(a 
& b). We also corrected the figure caption accordingly. 

 
26. Figure 6: Information for color scale should be provided.  

Response: Done.  

	  



Response to Reviewer 2 
General comments:  

This work reports black carbon (BC) particles measurements in Shanghai for 5 days using a 
Single Particle Aerosol Mass Spectrometer (SPAMS) and a Single Particle Soot Photometer 
(SP2). Seven particle types are identified based on clustering of SPAMS data, which is used to 
explain the coating thickness of BC particles observed by SP2 measurement. Overall, I don’t 
recommend this manuscript to be published in Atmospheric Chemistry and Physics unless a 
revised version has a significant improvement in terms of scientific quality. In particular, this 
work should include a more comprehensive analysis for identifying sources of different particle 
types (see specific comments below), which is one of the keys to improve our understanding of 
coating formation on BC particles.  
Response: We accepted the suggestion and carefully rechecked the classification process. We 
identified BC-containing particles sources not only based on their mass spectral patterns, but 
also compared the time series of particle types with different gas or particle tracers. We 
compared the NOx concentration with the traffic emitted BC-containing particles numbers and 
water-soluble K+ in ambient aerosol measured by MARGA with BBBC particles number. 
More detailed discussions can be seen in the response to comment 6 and revised manuscript. 
 

The changes in relative coating thickness during the biomass burning influenced period is 
interesting but further discussion is required to make this work scientifically sound.  

Response: In this experiment, there was no significant residential burning near the sampling 
site. However, around Shanghai, there are rural areas where people burn the crop residues as 
daily household fuel. We constantly observed high number fraction (15-20%) biomass burning 
particles in Shanghai especially during and right after harvest seasons (Yang et al., 2009;Fu et 
al., 2015). The biomass burning BC-containing particles observed in this experiment were all 
deeply aged and their relative coating thickness didn’t showed obvious temporal variation. 

To interpret the temporal variation of relative coating thickness of traffic emitted BC-
containing particles during the heavy pollutant episode, we added more data to support our 
points. More discussions can be seen in the response to comment 11 and revised manuscript. 
 

Specific comments: 
1. Abstract: The abstract should explicitly highlight the scientific significance of this work, 
which is unclear to me in the current version. Most of the detail can be removed to shorten the 
abstract. 

Response: We shortened the abstract by removing some detailed experimental data, including 
the PM concentration, BC size distribution and number fractions of different particle types. 
The observations of the fast growth rate of BC particles and the resulting thick coating were 
highlighted in the revised abstract.  

 
2. Page 35387, first paragraph: Aerodyne soot particle aerosol mass spectrometer with single 
particle measurement capability (LS-SP-AMS) has been recently used to quantify BC mixing 
state and chemical composition by mass in urban environment and biomass burning influenced 
air mass (Willis et al., 2015, Lee et al., 2015ab). Please briefly mention the technique here.  
Response: We added the following paragraph in the introduction, citing the suggested works.  



“Recently, a soot particle aerosol mass spectrometer (SP-AMS) was developed to 
characterize rBC and non-refractory particulate matter simultaneously (Cross et al., 
2010;Onasch et al., 2012;Corbin et al., 2014). SP-AMS was previously used to quantify 
rBC mass concentration, mixing state and chemical composition in urban environment 
and biomass burning influenced air (Lee et al., 2015a;Lee et al., 2015b;Willis et al., 2015).” 

 
3. Section 2.1: 1) Page 35388, line 15-16: Is this assumption still valid when PM concentration 
is high during episode, say > 100 microgram/m3? 2) Page 35389, line 5-6: It would be useful 
to determine the d50 of BC particles from Fig. S2. 3) Page 35389, line 20: The ambient BC 
particles is likely highly porous/fractal structure. If a density of 1.8 g/cm3 is used, the mass 
equivalent diameter likely represents the lower limit of BC core size. Can the author comments 
on how this uncertainty may affect their conclusion.  
Response: 

1) When using the 250 nm Aquadag to do calibration, the number concentration can be reached 
around 2×105 particle cm-3 (~540 µg m-3) with 100% SP2 detection efficiency. We believe that 
this assumption is still valid when PM concentration is high.  
2) Done. We modified Figure S3 to show d50. 

3) Zhang et al. (2015) recently found the ambient BC core  had an average shape factor of ∼1.2 
and an average density of ∼1.2 g cm-3, indicating that ambient BC cores have a near-spherical 
shape with an internal void of ∼ 30 %. With the aging process, the effective density of BC core 
increased and BC cores transformed to a more regular and compact shape during aging (Zhang 
et al., 2015). In this study, we focused on the aged BC-containing particles. We assumed a 
density of 1.8 g cm-3 was more accurate. This value was also recommended in many previous 
studies(Moteki et al., 2010;Moteki and Kondo, 2010;McMeeking et al., 2011). 
If a smaller density was used, the bimodal distribution would remain the same. The core size 
distribution curves like in Fig. 2 would shift to larger size direction. The coating thickness 
could be reduced because of the increased core diameter. However, these changes would not 
affect our major conclusions since the thickness comparison are done in a relative sense.  
 

4. Sampling and SPAMS cut size: 1) Page 35391, line 12: What is the particle diameter cut-
size measured by the SPAMS? 2) Page 35391, Section 2.3: Please specify that a PM2.5 cut-off 
cyclone was used here.  
Response:  

1) The cut size of SPAMS was 200- 2000 nm. We described the sampling range of SPAMS in 
the last paragraph of Section 3.3. 

2)	We used a PM2.5 cyclone on the main inlet. We added this information to the experimental 
section. 

 
5. Page 35392, line 15-17: CO should associate with any combustion source including fossil 
fuel combustion and biomass burning.  
Response: Agree. We deleted this sentence.  

 



6. Page 35393-35395, Section 3.3: The results of BC particles classification require further 
justification. Similar to the TSI ATOFMS technique, mass spectra of different clusters looks 
similar to each other in general (i.e. most particles consist of potassium, nitrate and sulfate 
fragments), and hence it is not straightforward to identify their sources based on their mass 
spectral characteristics alone. A general approach is to compare the time series of particle 
types with different gas or particle tracers or source apportionment analysis (e.g. positive 
matrix factorization), which is currently missing in the manuscript. For example, NOx can be 
used as a tracer of local traffic emission in urban that likely correlates to the particle types 
emitted from vehicles (i.e. BCOC-NOx and BCOC-SOx). It would be useful to summarize their 
correlations in a table.  

Response:   
We accepted the suggestion and carefully rechecked the classification process.  

For BBBC particles, we combined ART-2a and ion-marker methods to validate the 
classification. We have done lab study and field measurement on the chemistry of  biomass 
burning (mostly crop straw burning in China) BC-containing particles (Huo et al., 2015). 
Briefly, except for black carbon fragment ions (Cn

+ and Cn
- ) in both positive and negative ion 

mass spectra, +39 (K+), -26 (CN-), -42 (CNO-) were used as the most important tracers for 
BBBC particles here. Given the extremely high detection sensitivity of potassium (due to the 
high ionization cross-section of potassium at 266 nm) in SPAMS, we defined that +39 (K+) as 
the marker must have the peak area more than 1000. Meanwhile, the peak area of +56 
(CaO+/Fe+) and -76 (SiO3

-) must be less than 50 because paucity of Si, Ca and Fe is the major 
characterization of biomass burning particles differing from coal burning particles. Because 
the K-rich nature of biomass material, +113 (K2Cl+) or +213 (K3SO4

+) were constantly 
observed in the mass spectra of biomass burning particles by ATOFMS, then here were 
alternatively selected as markers for BBBC particles instead of +39 (K+). Lastly, -71 (C3H3O2

-), 
as a significant fragment of levoglucosan, was a marker to confirm our classification. We have 
applied these ion markers when regrouping the ART-2a results.  
We reclassified the NaKBC particles by running ART-2a. We found that more than 88% 
particles in this group could be re-assigned to either BBBC or KBC patterns. The rest could be 
assigned to pure BC, BCOC-NOx or BCOC-SOx. Therefore, we eliminated the NaKBC group, 
and added these particles into the other BC groups according to the mass patterns. 
Water-soluble K+ in ambient aerosol measured by an online analyzer for Monitoring Aerosols 
and Gases (MARGA, ADI 2080, Netherlands) was used to compare with the SPAMS biomass 
burning particles. K+ mass concentration by MARGA agreed well with BBBC particles number 
(R2=0.64), which confirmed our classification. We added the operation of MARGA in the 
experimental. We added the following figure as Fig. S6. 



 
Figure S6. Temporal variations of K+ mass concentration in particles (measured with 
MARGA) and biomass burning BC-containing particles (measured with SPAMS).	

The newly obtained KBC group exhibited pronounced diurnal variation, with two major peaks 
during early morning (4:00- 7:00 LT) and night hours (20:00- 22:00 LT). In the manuscript, 
we assigned the KBC to the diesel truck emission. Shanghai municipal government regulates 
that the heavily loaded diesel trucks cannot go into downtown area from 7:00 - 20:00. The 
diurnal variation of KBC consisted with the traffic flow of diesel trucks and confirmed our 
assignment. We added this part of discussion in the revised manuscript. We added the 
following figure as Fig. S7. 

 
Figure S7. Diurnal variation of KBC particles measured with SPAMS. 

NOx can be used as a tracer of local traffic emission in urban. Likely, the mass concentration 
of NOx should positively correlate to the particles emitted from vehicles (i.e. KBC, BCOC-
NOx and BCOC-SOx). In this study, the NOx concentration agreed well with the sum of KBC, 
BCOC-NOx and BCOC-SOx particles numbers (R2=0.65). We added this part of discussion in 
the revised manuscript. We added the following figure as Fig. S8. 



 
Figure S8. Temporal variation of NOx mass concentration and traffic-emitted BC-containing 
particles measured with SPAMS. 

Moreover, to show more details of the mass spectra patterns, we moved Fig. 3 to supplementary 
as Fig. S5 and enlarged each mass spectrum. 

 
7. Fig.3 and Section 3.3: 1) The criteria for identifying whether BC particles are internally 
mixed with organic carbon is unclear. If C3H+ fragment is used as a tracer of OC, KBC 
particles also has this fragment. Please clarify. 2) NaKBC and BBBC particles mass spectra 
are almost the same (i.e. strong K+ and detectable CN- signal) except that NaKBC has a 
stronger Na+ signal. Similar to the above comment, please compare time series of the two 
particle types and re-evaluate the potential sources of NaKBC particles. It is recommended to 
do the similar comparison for each particle types as well. 3) What is the unit of y-axis in Fig. 
3? 4) Page 35395, line 5-6: SP2 data should be able to support this argument.  
Response: 

1) The OC-containing particles were defined when area ratio of C3H+/C3
+ larger than 0.2. 

Besides, OC-containing particles should also have some other OC ions, such as +43 (CH3CO+), 
+50 (C4H2

+), +51 (C4H3
+), +61 (CH3C(OH)=OH+) or +62 ((CH3)2NHOH+).  

2) See the response to comment 6. 

3) Relative area 
4) The number size distribution shown in Fig. 2 did support this argument. 

 
8. Fig. 5 and Page 35396, line 9-10: The direct comparison of Dp (by SP2) and Dva (by SPAMS) 
is inappropriate. As I point out above, Dp is calculated by assuming certain particle density 
and spherical shape whereas Dva actually depends on particle morphology. More importantly, 
the reviewer expects that the total value of colored area (i.e. classified particle number fraction) 
in Fig. 5b should be equal to one. Therefore, I don’t think the green line in Fig. 5b can represent 
the boundary between condensation and droplet mode particles. This also make the arguments 
of size dependent chemical composition questionable.  

Response: Similar to the TSI ATOFMS, the size distribution obtained by SPAMS usually 
showed a single mode pattern due to the size-dependent sampling efficiency (Liu et al., 
1995;Noble and Prather, 1996). As done in many previous ATOFMS and SPAMS studies (Liu, 



2003;Spencer et al., 2006;Huang et al., 2013), we used the number fraction of BC-containing 
particles in total sampling particles to illustrate the size distribution here. Therefore, the total 
value of colored area (i.e. classified particle number fraction) in Fig. 5b was smaller than one. 
We stated this in the first paragraph of section 3.4.2.  

Although we did not carry the size-resolved calibration of sampling efficiency on SPAMS, we 
believe that the bimodal distribution of BC particles in Fig. 5b was real just like the results in 
the previous ATOFMS studies (Healy et al., 2013;Healy et al., 2012) and our SP2 
measurements. Here, we did not try to make direct quantitative comparison between the data 
from two instruments. Instead, we used the similar bimodal distribution as an evidence to 
interpret the size resolved mixing states of BC particles from different sources.  

 
9. Page 35396, line 12-25: The statements in this paragraph are too general. It is necessary to 
perform a more detail analysis for identifying different particle sources (see comment #6).  
Response: See the response to comment 6. 

 
10. Page 35367, line 8-20: Is it possible that the small BC core particles in droplet mode 
represents the tail of condensation mode particles (I am assuming that the authors use a green 
line in Fig. 5a to separate the two particle modes)? Furthermore, the authors should note that 
Willis et al. (2015) observed both thinly and thickly coated BC particles from fresh vehicle 
emissions using Aerodyne soot particle aerosol mass spectrometer (SP-AMS). They are not 
necessary to be aged particles. 
Response:  

Since the two modes are overlapped, it is possible that some of the particles in the droplet mode 
are from the tail of condensation mode. Here, we used the minimum value between the two 
peaks in Fig. 5(a) (black line) and its corresponded Dp (320 nm) as the separation of the 
condensation mode and droplet mode. We added this separation line in Fig. 5(c) to separate the 
condensation mode particles (left side) and the droplet mode particles (right side).  
Recently, Willis et al. (2015) found that about 10% of the fresh vehicle-emitted BC particles 
contained many organics (HOA-rich). Since there was no coating thickness information except 
the mass fraction of BC in HOA-rich particle, it was hard to do the direct comparison to our 
data. In our experiment, most of the small BC core with thick coating particles were observed 
during the extreme pollution event. As shown in Fig. 6(a), we observed the growth of small 
BC core particles. We believe that the small BC core with thick coating particles presented in 
Fig. 5(c) were mostly from the atmospheric ageing processes instead of freshly emission from 
vehicles.  
 

11. Page 35398, line 13-Page 35399, line 5: Again, the statements in this paragraph are too 
general and further investigation is required. The authors only focus on the potential impacts 
of NO2. However, SO2 is increasing during that period and hence it would be interesting to 
plot the sulfate fragments measured by the SPAMS. It is also recommended to discuss the 
potential impacts from biomass burning plume during that period, which can be a major 
sources of VOCs for secondary organic coating formation. The authors may need to change 
their conclusion/recommendation on air quality control after considering all these factors.  
Response: We accepted the suggestions and added more data (from MARGA) and discussions 
in the part. Since we did not carry any VOC measurement or particle phase organic analysis, 



we paid more attention to the secondary inorganic aerosol formation here. See the following 
paragraph and figure we added in the manuscript and supplementary.  
“Variations of the major chemical species in the vehicle-emitted BC-containing particles 
(selected by SPAMS) were also analyzed. The relative peak areas of nitrate -63 (NO3

-) and 
organic carbon (i.e., +27 (C2H3

+), +43 (CH3CO+)) showed a relatively high level during 16:00 
LT on 5 December- 13:00 LT on 6 December (Fig. 6(b)). Guo et al. (2014) observed that 
gaseous emissions of volatile organic compounds, nitrogen oxides from urban transportation 
and sulfur dioxide from region industry were responsible for large secondary particle matter 
formation in Beijing. Fig. S10 shows the mass concentrations of SO2, NO2, the mass ratio of 
NO2/SO2, MARGA-measured mass concentrations of particulate sulfate and nitrate, and the 
mass ratio of NO3

-/SO4
2- in PM1 during the whole sampling period. The average mass ratios of 

NO2/SO2 in gas phase and NO3
-/SO4

2- in particles phase were 2.8 and 1.4 respectively. During 
the heavy air pollution episode (12:00 LT, 5 December 2013 – 13:00 LT, 6 December 2013), 
both NO2 and particulate nitrate increased dramatically along with the traffic emitted BC 
particle growth (as shown Fig. 6), while SO2 and sulfate remained at a relatively low level. 
Apparently, the gas to particle conversion of NO2 to nitrate played a more important role in the 
particle growth during this pollution episode. In the previous field studies(Huebert et al., 
1988;Yao et al., 2002), the high mass ratio of NO3

-/SO4
2- (>1.0) was regarded as a sign of 

dominant traffic emission. Wang et al. (2015) found that the high mass ratio of NO2/SO2 
resulting from traffic emissions was a major reason in triggering the heavy haze in Shanghai. 
In this work, the evaluation of BC-containing particles also suggested that high concentrations 
of NO2 and possibly volatile organics and their transformations play a vital role for particle 
growth and the increase of PM loading in urban area especially during a heavy pollution 
episode. Reductions in the emissions of gaseous precursors are critical for remediation of the 
severe urban haze pollution in China.” 
 

Figure S10. (a) Temporal variations of the NO2 and SO2 mass concentration in the atmosphere 
and mass ration of NO2/SO2 with 60 min resolution. (b) Temporal variation of NO3

- and SO4
2- 

mass concentration in particles and mass ratio of NO3
-/SO4

2- with 60 min resolution. 

 



Minor or technical comments: 
1. Page 35388, line 24: Please report the effective density used. 

Response: We combined the DMA and APM to detect the density of The Aquadag® black 
carbon particles, as shown in the following figure (Fig. S1 in the revised supplementary). This 
result agreed with the work of Gysel et al. (2011).  

 
Figure S1. Effective density of Aquadag® black carbon as a function of mobility diameter. 
 
2. Page 35389, line 15: I think it should be laser current instead of laser power. 

Response: Done. 
 

3. Page 35390, line 17: Please specify the manufacturer of SPAMS. 
Response: The SPAMS in the manuscript is developed by the Hexin Analytical Instrument Co., 
Ltd., Guangdong, China. We added this information to the experimental section. 
 

4. Page 35391, line 12: Please correct the unit for particle size. 
Response: Done. 

 
5. Page 35394, line 1-2: Please clarify if the author means nitrate or nitrite.  

Response: Changed to “nitrate”. 
	  



Response to Reviewer 3 
This study presents a short period in-situ measurement of black carbon in Shanghai urban area. 
Both Single Particle Aerosol Mass Spectrometer (SPAMS) and Particle Soot Photometer (SP2) 
were employed to get comprehensive information of BC- containing particles, including the 
number size distribution of BC-containing particles and BC cores, chemical composition of 
BC-containing particles, and the core-size and coating thickness of BC-containing particles. 
The combination of SPAMS and SP2 pro- vides a perfect tool to investigate the aging process 
of BC particles in the atmosphere. This study is probably the first one conducting such a 
measurement in heavy polluted megacities in China. Although there is not detailed discussion 
on the aging of BC particles from different sources, it provides some interesting results about 
the mixing state of BC in heavy polluted atmosphere. I therefore recommend the final 
publication of this study on ACP.  

Specific comments:  

1) Abstract: The abstract should be condensed. It is not necessary to list all the numbers like 
the PM concentrations in the first paragraph and the number fraction of the 7 groups in the 
second paragraph.  
Response: We shortened the abstract by removing some detailed experimental data, including 
the PM concentration, BC size distribution and number fractions of different particle types. 
The observations of the fast growth rate of BC particles and the resulting thick coating were 
highlighted in the revised abstract.  
 
2) Introduction: I suggest the author to better motivate the study. Some similar studies in other 
big cities are listed in the 5th paragraph of section 1. What information is still missing or not 
clear? What may this study contribute to our knowledge? 
Response: We rewrote the last paragraph of introduction and added the following paragraph to 
stress the motivation of this study. 
“All of the studies mentioned above relied on either an SP2 instrument or a single particle mass 
spectrometer to characterize BC particles. Combining these two methods would provide the 
chemical and physical prosperities of individual BC particles simultaneously and greatly 
enhance our understanding of their sources and evolution processes. Furthermore, most 
previous SP2 studies focused on the BC particles during relatively clean days. Quantitative 
analysis on the mixing state of BC particles during heavy pollution episodes is still lacking.” 
 
3) Sect. 2.1.3: To derive the optical diameter of a particle, did you assume a core-shell particle 
structure in the Mie calculation? As mentioned in this paragraph, an effective negative coating 
thickness will be yielded if small amount of BC stays on the surface of a big particle. I think in 
atmosphere, the structure of most BC-containing particles is neither ideally core-shell nor BC 
staying on surface, but something in between (e.g. BC coated with other species but not at the 
center). Do you have any estimate about the possible influence of this effect on the ACT yielded 
with your method? 
Response: The SP2 data analysis was based on the LEO-fit method. In this method, a concentric 
core-shell structure of BC-containing particles was assumed. In ambient atmosphere, China et 
al. (2013) quantified the morphology of BC particles and classified them into four categories: 
~ 50 % were embedded (heavily coated), ~34 % were partly coated, ~12 % had inclusions and 
~4 % were bare. We believed that during the heavily air pollution period, the heavily coated 



BC-containing should account for much more than 50%. The ACT in the manuscript did not 
present the precise coating thickness of BC-containing in the atmosphere, but displayed the 
aging degree of BC-containing particles. Moteki et al. (2014) combined the LEO-fit and lag-
time methods to identify the morphological types of BC-containing particles. However, this 
was beyond the scope of this manuscript. 
 
4) Sect. 3.2 para. 2: These comparisons are not necessary. I think it does not make too much 
sense to compare your 5-day measurement during extreme pollution episode with other results 
with might be yielded in different seasons, pollution situations, and types of site. Such a 
comparison may give the audience a wrong impression. 
Response: The cited works were all measured by SP2. So far, there are limited SP2 
measurement all over the world. We do think that a comparison is justified even though 
different environments are compared. 
 
5) Sect. 3.3: Some of the groups (e.g. KBC and NaKBC) have similar mass spectra and are 
attributed to similar sources, and are not really distinguished in the follow sections. Please 
consider reducing the number of groups. Or keep the classification as it is in this section, and 
combine some of them in the later discussion (fig. 4 and 5).  

Response:  We accepted the suggestion and carefully rechecked the classification process.  

For BBBC particles, we combined ART-2a and ion-marker methods to validate the 
classification. We have done lab study and field measurement on the chemistry of  biomass 
burning (mostly crop straw burning in China) BC-containing particles (Huo et al., 2015). 
Briefly, except for black carbon fragment ions (Cn

+ and Cn
- ) in both positive and negative ion 

mass spectra, +39 (K+), -26 (CN-), -42 (CNO-) were used as the most important tracers for 
BBBC particles here. Given the extremely high detection sensitivity of potassium (due to the 
high ionization cross-section of potassium at 266 nm) in SPAMS, we defined that +39 (K+) as 
the marker must have the peak area more than 1000. Meanwhile, the peak area of +56 
(CaO+/Fe+) and -76 (SiO3

-) must be less than 50 because paucity of Si, Ca and Fe is the major 
characterization of biomass burning particles differing from coal burning particles. Because 
the K-rich nature of biomass material, +113 (K2Cl+) or +213 (K3SO4

+) were constantly 
observed in the mass spectra of biomass burning particles by ATOFMS, then here were 
alternatively selected as markers for BBBC particles instead of +39 (K+). Lastly, -71 (C3H3O2

-), 
as a significant fragment of levoglucosan, was a marker to confirm our classification. We have 
applied these ion markers when regrouping the ART-2a results.  
We reclassified the NaKBC particles by running ART-2a. We found that more than 88% 
particles in this group could be re-assigned to either BBBC or KBC patterns. The rest could be 
assigned to pure BC, BCOC-NOx or BCOC-SOx. Therefore, we eliminated the NaKBC group, 
and added these particles into the other BC groups according to the mass patterns. 
Water-soluble K+ in ambient aerosol measured by an online analyzer for Monitoring Aerosols 
and Gases (MARGA, ADI 2080, Netherlands) was used to compare with the SPAMS biomass 
burning particles. K+ mass concentration by MARGA agreed well with BBBC particles number 
(R2=0.64), which confirmed our classification. We added the operation of MARGA in the 
experimental. We added the following figure as Fig. S6. 



 
Figure S6. Temporal variations of K+ mass concentration in particles (measured with 
MARGA) and biomass burning BC-containing particles (measured with SPAMS).	

The newly obtained KBC group exhibited pronounced diurnal variation, with two major peaks 
during early morning (4:00- 7:00 LT) and night hours (20:00- 22:00 LT). In the manuscript, 
we assigned the KBC to the diesel truck emission. Shanghai municipal government regulates 
that the heavily loaded diesel trucks cannot go into downtown area from 7:00 - 20:00. The 
diurnal variation of KBC consisted with the traffic flow of diesel trucks and confirmed our 
assignment. We added this part of discussion in the revised manuscript. We added the 
following figure as Fig. S7. 

 
Figure S7. Diurnal variation of KBC particles measured with SPAMS. 

NOx can be used as a tracer of local traffic emission in urban. Likely, the mass concentration 
of NOx should positively correlate to the particles emitted from vehicles (i.e. KBC, BCOC-
NOx and BCOC-SOx). In this study, the NOx concentration agreed well with the sum of KBC, 
BCOC-NOx and BCOC-SOx particles numbers (R2=0.65). We added this part of discussion in 
the revised manuscript. We added the following figure as Fig. S8. 



 
Figure S8. Temporal variation of NOx mass concentration and traffic-emitted BC-containing 
particles measured with SPAMS. 

Moreover, to show more details of the mass spectra patterns, we moved Fig. 3 to supplementary 
as Fig. S5 and enlarged each mass spectrum. 
 
6) Sect. 3.4.2: The author mentioned that BCOC-NOx particles are much older and are 
supposed to have larger size (P35396L19). But in Fig. 5B we can see the ratio of BCOC-NOx 
particle number to BCOC-SOx particle number is even higher in condensation mode. Do you 
have any explanation on this?  
Response: In this work, particles detected by SPAMS were mostly aged including the 
condensation mode particles.  The higher BCOC-NOx number fraction in condensation mode 
is because of the less fractions of KBC and BBBC particles in this mode. In droplet mode, all 
the KBC and BBBC particles presented strong nitrate signals.  To avoid any confusion, we 
deleted this statement and rephrased the discussion in the revised manuscript.  
 
7) Sect. 3.4.2: Fig. 6 only shows the information of traffic-emitted BC-containing particles. I 
think it is not enough to support the conclusion of “Reductions in the emissions of gaseous 
precursors, such as NO2 in the urban area, are critical for remediation of the severe urban 
haze pollution in China.”.  

Response: In this work, traffic-emitted BC-containing particle was taken as an example to see 
the ageing process of primary particles. To make our conclusion more convincing, in the 
revised manuscript, we included the MARGA data on PM1 to illustrate the important 
contribution of nitrate to the PM concentration. Please also see the following paragraph and 
figure we added in the manuscript and supplementary.  
“Variations of the major chemical species in the vehicle-emitted BC-containing particles 
(selected by SPAMS) were also analyzed. The relative peak areas of nitrate -63 (NO3

-) and 
organic carbon (i.e., +27 (C2H3

+), +43 (CH3CO+)) showed a relatively high level during 16:00 
LT on 5 December- 13:00 LT on 6 December (Fig. 6(b)). Guo et al. (2014) observed that 
gaseous emissions of volatile organic compounds, nitrogen oxides from urban transportation 
and sulfur dioxide from region industry were responsible for large secondary particle matter 
formation in Beijing. Fig. S10 shows the mass concentrations of SO2, NO2, the mass ratio of 
NO2/SO2, MARGA-measured mass concentrations of particulate sulfate and nitrate, and the 



mass ratio of NO3
-/SO4

2- in PM1 during the whole sampling period. The average mass ratios of 
NO2/SO2 in gas phase and NO3

-/SO4
2- in particles phase were 2.8 and 1.4 respectively. During 

the heavy air pollution episode (12:00 LT, 5 December 2013 – 13:00 LT, 6 December 2013), 
both NO2 and particulate nitrate increased dramatically along with the traffic emitted BC 
particle growth (as shown Fig. 6), while SO2 and sulfate remained at a relatively low level. 
Apparently, the gas to particle conversion of NO2 to nitrate played a more important role in the 
particle growth during this pollution episode. In the previous field studies (Huebert et al., 
1988;Yao et al., 2002), the high mass ratio of NO3

-/SO4
2- (>1.0) was regarded as a sign of 

dominant traffic emission. Wang et al. (2015) found that the high mass ratio of NO2/SO2 
resulting from traffic emissions was a major reason in triggering the heavy haze in Shanghai. 
In this work, the evaluation of BC-containing particles also suggested that high concentrations 
of NO2 and possibly volatile organics and their transformations play a vital role for particle 
growth and the increase of PM loading in urban area especially during a heavy pollution 
episode. Reductions in the emissions of gaseous precursors are critical for remediation of the 
severe urban haze pollution in China.” 
 

Figure S10. (a) Temporal variations of the NO2 and SO2 mass concentration in the atmosphere 
and mass ration of NO2/SO2 with 60 min resolution. (b) Temporal variation of NO3

- and SO4
2- 

mass concentration in particles and mass ratio of NO3
-/SO4

2- with 60 min resolution. 

 
8) P35387L4: it is better to use rBC here and after for SP2 measurement 
Response: We accepted this suggestion. We used refractory black carbon (rBC) when 
presenting results from the SP2 and used black carbon (BC) when presenting results from the 
SPAMS throughout this manuscript. Both terms were explained in the introduction. 
 
9) P35385L26: absorption cross section 
Response: Fixed. 
 



10) P35390L17: please give the information of manufactory of SPAMS 

Response: The SPAMS in the manuscript was developed by Hexin Analytical Instrument Co., 
Ltd., Guangdong, China. We added this information to the experimental section. 
 
11) P35391L12: please give the full name of Dva 
Response: We added the full name of Dva (vacuum aerodynamic diameter) in the revised 
manuscript.  
 
12) P35396L13: I would not say BBBC particles dominate the droplet mode if they take less 
than 30% number.  
Response: We changed “dominant” to “higher”. 
 
13) P35398L26: I did not see any “significant incensement”. Maybe use “a relatively high 
level” instead. 
Response: Fixed. 
 
14) Figures: it is better to use the same style of unit as in the text, e.g. ugm-3 instead of ug/m3.  

Response: Fixed. 

 
 

 

 

Again, we thank you very much for your effort and contribution! 

Sincerely,  

Xin Yang 

 

Literature: 

China,	S.,	Mazzoleni,	C.,	Gorkowski,	K.,	Aiken,	A.	C.,	and	Dubey,	M.	K.:	Morphology	and	
mixing	state	of	individual	freshly	emitted	wildfire	carbonaceous	particles,	Nature	
communications,	4,	2013.	
Corbin,	J.	C.,	Sierau,	B.,	Gysel,	M.,	Laborde,	M.,	Keller,	A.,	Kim,	J.,	Petzold,	A.,	Onasch,	T.	B.,	
Lohmann,	U.,	and	Mensah,	A.	A.:	Mass	spectrometry	of	refractory	black	carbon	particles	
from	six	sources:	carbon-cluster	and	oxygenated	ions,	Atmos.	Chem.	Phys.,	14,	2591-2603,	
10.5194/acp-14-2591-2014,	2014.	



Cross,	E.	S.,	Onasch,	T.	B.,	Ahern,	A.,	Wrobel,	W.,	Slowik,	J.	G.,	Olfert,	J.,	Lack,	D.	A.,	Massoli,	
P.,	Cappa,	C.	D.,	Schwarz,	J.	P.,	Spackman,	J.	R.,	Fahey,	D.	W.,	Sedlacek,	A.,	Trimborn,	A.,	
Jayne,	J.	T.,	Freedman,	A.,	Williams,	L.	R.,	Ng,	N.	L.,	Mazzoleni,	C.,	Dubey,	M.,	Brem,	B.,	Kok,	
G.,	Subramanian,	R.,	Freitag,	S.,	Clarke,	A.,	Thornhill,	D.,	Marr,	L.	C.,	Kolb,	C.	E.,	Worsnop,	D.	
R.,	and	Davidovits,	P.:	Soot	Particle	Studies	Instrument	Inter-ComparisonProject	Overview,	
Aerosol	Sci.	Technol.,	44,	592-611,	10.1080/02786826.2010.482113,	2010.	
Fu,	H.,	Zheng,	M.,	Yan,	C.,	Li,	X.,	Gao,	H.,	Yao,	X.,	Guo,	Z.,	and	Zhang,	Y.:	Sources	and	
characteristics	of	fine	particles	over	the	Yellow	Sea	and	Bohai	Sea	using	online	single	particle	
aerosol	mass	spectrometer,	Journal	of	Environmental	Sciences,	29,	62-70,	
http://dx.doi.org/10.1016/j.jes.2014.09.031,	2015.	
Guo,	S.,	Hu,	M.,	Zamora,	M.	L.,	Peng,	J.,	Shang,	D.,	Zheng,	J.,	Du,	Z.,	Wu,	Z.,	Shao,	M.,	Zeng,	
L.,	Molina,	M.	J.,	and	Zhang,	R.:	Elucidating	severe	urban	haze	formation	in	China,	
Proceedings	of	the	National	Academy	of	Sciences,	111,	17373-17378,	
10.1073/pnas.1419604111,	2014.	
Gysel,	M.,	Laborde,	M.,	Olfert,	J.	S.,	Subramanian,	R.,	and	Grohn,	A.	J.:	Effective	density	of	
Aquadag	and	fullerene	soot	black	carbon	reference	materials	used	for	SP2	calibration,	
Atmos.	Meas.	Tech.,	4,	2851-2858,	10.5194/amt-4-2851-2011,	2011.	
Healy,	R.,	Sciare,	J.,	Poulain,	L.,	Crippa,	M.,	Wiedensohler,	A.,	Prévôt,	A.,	Baltensperger,	U.,	
Sarda-Estève,	R.,	McGuire,	M.,	and	Jeong,	C.-H.:	Quantitative	determination	of	
carbonaceous	particle	mixing	state	in	Paris	using	single	particle	mass	spectrometer	and	
aerosol	mass	spectrometer	measurements,	Atmospheric	Chemistry	and	Physics	Discussions,	
13,	10345-10393,	2013.	
Healy,	R.	M.,	Sciare,	J.,	Poulain,	L.,	Kamili,	K.,	Merkel,	M.,	Muller,	T.,	Wiedensohler,	A.,	
Eckhardt,	S.,	Stohl,	A.,	Sarda-Esteve,	R.,	McGillicuddy,	E.,	O'Connor,	I.	P.,	Sodeau,	J.	R.,	and	
Wenger,	J.	C.:	Sources	and	mixing	state	of	size-resolved	elemental	carbon	particles	in	a	
European	megacity:	Paris,	Atmospheric	Chemistry	and	Physics,	12,	1681-1700,	10.5194/acp-
12-1681-2012,	2012.	
Huang,	Y.,	Li,	L.,	Li,	J.,	Wang,	X.,	Chen,	H.,	Chen,	J.,	Yang,	X.,	Gross,	D.,	Wang,	H.,	and	Qiao,	L.:	
A	case	study	of	the	highly	time-resolved	evolution	of	aerosol	chemical	and	optical	
properties	in	urban	Shanghai,	China,	Atmospheric	Chemistry	and	Physics,	13,	3931-3944,	
2013.	
Huebert,	B.,	Mingxing,	W.,	and	Weixiu,	L.:	Atmospheric	nitrate,	sulfate,	ammonium	and	
calcium	concentrations	in	China,	Tellus	B,	40,	1988.	
Huo,	J.,	Lu,	X.,	Wang,	X.,	Chen,	H.,	Ye,	X.,	Gao,	S.,	Gross,	D.	S.,	Chen,	J.,	and	Yang,	X.:	Online	
single	particle	analysis	of	chemical	composition	and	mixing	state	of	crop	straw	burning	
particles:	from	laboratory	study	to	field	measurement,	Frontiers	of	Environmental	Science	&	
Engineering,	10,	244-252,	10.1007/s11783-015-0768-z,	2015.	
Laborde,	M.,	Crippa,	M.,	Tritscher,	T.,	Jurányi,	Z.,	Decarlo,	P.	F.,	Temime-Roussel,	B.,	
Marchand,	N.,	Eckhardt,	S.,	Stohl,	A.,	Baltensperger,	U.,	Prévôt,	A.	S.	H.,	Weingartner,	E.,	and	
Gysel,	M.:	Black	carbon	physical	properties	and	mixing	state	in	the	European	megacity	Paris,	
Atmos.	Chem.	Phys.,	13,	5831-5856,	10.5194/acp-13-5831-2013,	2013.	
Lee,	A.	K.	Y.,	Willis,	M.	D.,	Healy,	R.	M.,	Onasch,	T.	B.,	and	Abbatt,	J.	P.	D.:	Mixing	state	of	
carbonaceous	aerosol	in	an	urban	environment:	single	particle	characterization	using	the	
soot	particle	aerosol	mass	spectrometer	(SP-AMS),	Atmos.	Chem.	Phys.,	15,	1823-1841,	
10.5194/acp-15-1823-2015,	2015a.	
Lee,	A.	K.	Y.,	Willis,	M.	D.,	Healy,	R.	M.,	Wang,	J.	M.,	Jeong,	C.	H.,	Wenger,	J.	C.,	Evans,	G.	J.,	
and	Abbatt,	J.	P.	D.:	Single	particle	characterization	of	biomass	burning	organic	aerosol	



(BBOA):	evidence	for	non-uniform	mixing	of	high	molecular	weight	organics	and	potassium,	
Atmos.	Chem.	Phys.	Discuss.,	15,	32157-32183,	10.5194/acpd-15-32157-2015,	2015b.	
Liu,	D.-Y.:	Aerosol	time-of-flight	mass	spectrometry	during	the	Atlanta	Supersite	
Experiment:	1.	Measurements,	J.	Geophys.	Res.-Atmos.,	108,	10.1029/2001jd001562,	2003.	
Liu,	P.,	Ziemann,	P.	J.,	Kittelson,	D.	B.,	and	McMurry,	P.	H.:	Generating	Particle	Beams	of	
Controlled	Dimensions	and	Divergence:	II.	Experimental	Evaluation	of	Particle	Motion	in	
Aerodynamic	Lenses	and	Nozzle	Expansions,	Aerosol	Sci.	Technol.,	22,	314-324,	
10.1080/02786829408959749,	1995.	
McMeeking,	G.	R.,	Morgan,	W.	T.,	Flynn,	M.,	Highwood,	E.	J.,	Turnbull,	K.,	Haywood,	J.,	and	
Coe,	H.:	Black	carbon	aerosol	mixing	state,	organic	aerosols	and	aerosol	optical	properties	
over	the	United	Kingdom,	Atmospheric	Chemistry	and	Physics,	11,	9037-9052,	10.5194/acp-
11-9037-2011,	2011.	
Moteki,	N.,	and	Kondo,	Y.:	Dependence	of	laser-induced	incandescence	on	physical	
properties	of	black	carbon	aerosols:	Measurements	and	theoretical	interpretation,	Aerosol	
Sci.	Technol.,	44,	663-675,	2010.	
Moteki,	N.,	Kondo,	Y.,	and	Nakamura,	S.:	Method	to	measure	refractive	indices	of	small	
nonspherical	particles:	Application	to	black	carbon	particles,	Journal	of	Aerosol	Science,	41,	
513-521,	10.1016/j.jaerosci.2010.02.013,	2010.	
Moteki,	N.,	Kondo,	Y.,	and	Adachi,	K.:	Identification	by	single‐particle	soot	photometer	of	
black	carbon	particles	attached	to	other	particles:	Laboratory	experiments	and	ground	
observations	in	Tokyo,	Journal	of	Geophysical	Research:	Atmospheres,	2014.	
Noble,	C.	A.,	and	Prather,	K.	A.:	Real-time	measurement	of	correlated	size	and	composition	
profiles	of	individual	atmospheric	aerosol	particles,	Environmental	Science	&	Technology,	
30,	2667-2680,	10.1021/es950669j,	1996.	
Onasch,	T.	B.,	Trimborn,	A.,	Fortner,	E.	C.,	Jayne,	J.	T.,	Kok,	G.	L.,	Williams,	L.	R.,	Davidovits,	
P.,	and	Worsnop,	D.	R.:	Soot	Particle	Aerosol	Mass	Spectrometer:	Development,	Validation,	
and	Initial	Application,	Aerosol	Sci.	Technol.,	46,	804-817,	10.1080/02786826.2012.663948,	
2012.	
Spencer,	M.	T.,	Shields,	L.	G.,	Sodeman,	D.	A.,	Toner,	S.	M.,	and	Prather,	K.	A.:	Comparison	of	
oil	and	fuel	particle	chemical	signatures	with	particle	emissions	from	heavy	and	light	duty	
vehicles,	Atmos.	Environ.,	40,	5224-5235,	
http://dx.doi.org/10.1016/j.atmosenv.2006.04.011,	2006.	
Wang,	Q.,	Zhuang,	G.,	Huang,	K.,	Liu,	T.,	Deng,	C.,	Xu,	J.,	Lin,	Y.,	Guo,	Z.,	Chen,	Y.,	Fu,	Q.,	Fu,	J.	
S.,	and	Chen,	J.:	Probing	the	severe	haze	pollution	in	three	typical	regions	of	China:	
Characteristics,	sources	and	regional	impacts,	Atmos.	Environ.,	120,	76-88,	
http://dx.doi.org/10.1016/j.atmosenv.2015.08.076,	2015.	
Willis,	M.	D.,	Healy,	R.	M.,	Riemer,	N.,	West,	M.,	Wang,	J.	M.,	Jeong,	C.	H.,	Wenger,	J.	C.,	
Evans,	G.	J.,	Abbatt,	J.	P.	D.,	and	Lee,	A.	K.	Y.:	Quantification	of	black	carbon	mixing	state	
from	traffic:	implications	for	aerosol	optical	properties,	Atmos.	Chem.	Phys.	Discuss.,	15,	
33555-33582,	10.5194/acpd-15-33555-2015,	2015.	
Yang,	F.,	Chen,	H.,	Wang,	X.,	Yang,	X.,	Du,	J.,	and	Chen,	J.:	Single	particle	mass	spectrometry	
of	oxalic	acid	in	ambient	aerosols	in	Shanghai:	Mixing	state	and	formation	mechanism,	
Atmos.	Environ.,	43,	3876-3882,	10.1016/j.atmosenv.2009.05.002,	2009.	
Yao,	X.,	Chan,	C.	K.,	Fang,	M.,	Cadle,	S.,	Chan,	T.,	Mulawa,	P.,	He,	K.,	and	Ye,	B.:	The	water-
soluble	ionic	composition	of	PM2.5	in	Shanghai	and	Beijing,	China,	Atmos.	Environ.,	36,	
4223-4234,	http://dx.doi.org/10.1016/S1352-2310(02)00342-4,	2002.	



Zhang,	Y.	X.,	Zhang,	Q.,	Cheng,	Y.	F.,	Su,	H.,	Kecorius,	S.,	Wang,	Z.	B.,	Wu,	Z.	J.,	Hu,	M.,	Zhu,	
T.,	Wiedensohler,	A.,	and	He,	K.	B.:	Measuring	morphology	and	density	of	internally	mixed	
black	carbon	with	SP2	and	VTDMA:	new	insight	to	absorption	enhancement	of	black	carbon	
in	the	atmosphere,	Atmos.	Meas.	Tech.	Discuss.,	2015,	12025-12050,	10.5194/amtd-8-
12025-2015,	2015.	
 

	


