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Responses to Reviewers 

We thank you very much for your constructive comments and suggestions, which are 

very helpful to improve the scientific merits of this manuscript. We have carefully 

revised this manuscript according to your comments, and the amendments in the revised 

manuscript were presented in red font. Enclosed please find the point-by-point 

responses to the reviewers’ comments. This text in red is revision in the revised 

manuscript. The line numbers in the response are from the revised manuscript. 

Responses to Referee #2’s comments 

General comment: Chen et al. presents observations collected for ~1 month in a suburb 

of Beijing to investigate the sources of secondary aerosols, including secondary organic 

aerosol (SOA) and secondary inorganic aerosol (SIA). They suggest that higher SOA, 

total particulate matter (PM), and SIA increases with photochemical age, as determined 

by the ratio of toluene: benzene. The increase with photochemical age and correlation 

with ozone leads to a suggestion that SOA and SIA is controlled by photochemistry 

during this time period in the suburb. 

Though of potential interest to the audience of ACP, similar to Reviewer #1, I have 

concerns about the methodology and interpretation of the data that needs to be 

addressed prior to being accepted and published into ACP. Also, many of the 

observations are not totally surprising due to studies from urban studies both in Beijing 

as well as around the world. Placing this study into the context of those studies, though, 

would add value, especially if a better contrast between suburban and urban chemistry 
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can be drawn through those comparisons. 

The concerns/comments are below. 

Response: Many thanks for your constructive comments and valuable suggestions, 

which would be much helpful to improve the scientific merits of this manuscript. The 

methodology and interpretation of the data have been carefully addressed in the revised 

manuscript. In the terms of methodology, to improve the reliability of photochemical 

age (ta) as the surrogates of atmospheric oxidation capacity, 72 h back trajectories have 

been performed using the NOAA-HYSPLIT4 (HYbrid Single-Particle Lagrangian 

Integrated Trajectory) model, and a dominated air mass was adopted to analyze the role 

of ta in PM1 formation and evolution. Meanwhile, the influence of fresh emission during 

morning and evening rush hours was minimized by using the data observed from 10:00 

to 18:00, as discussed by Qin et al. (2016) (Qin et al., 2016); and detailed response 

can be found in Comment 5. Meanwhile, more comparisons between suburban and 

urban chemistry have been discussed in the revised manuscript. We summarized and 

compared the percentage of different chemical species in PM1 derived from many 

observations in summertime of Beijing in urban and suburban, as shown in Fig. R1. 

Typically, the fraction of OA (48.3%) in suburban Beijing is higher than that in urban 

(33-38%), while the contribution of SIA (51.7%) in suburban is smaller than those in 

urban (58-64%) (Hu et al., 2017; Huang et al., 2010; Sun et al., 2010; Sun et al., 2012). 

The reason may be the difference in the emissions of gaseous precursors (e.g., SO2 and 

NOx) and their conversion ratio to SIA (Hu et al., 2017; Li et al., 2020). 
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Figure R1. Comparison of percentage of different chemical species in PM1 derived from 

other observations in summertime of Beijing in urban and suburban. (This figure was 

added as Figure S7 in the revised SI) 

Revision in the manuscript: 

Lines 241-247 (in revised version, both here and below), Add “The percentage of 

different chemical species in PM1 reported in previous observations in summertime of 

Beijing in urban and suburban was compared in Fig. S7. Typically, the fraction of OA 

(48.3%) in suburban Beijing is higher than those in urban (33-38%), while the 

contribution of SIA (51.7%) in suburban is smaller than those in urban (58-64%) (Hu 

et al., 2017; Huang et al., 2010; Sun et al., 2010; Sun et al., 2012). The reason may be 

the difference in the emissions of gaseous precursors (e.g., SO2 and NOx) and their 

conversion ratio to SIA (Hu et al., 2017; Li et al., 2020).” 

 

Comment 1: Section 2.1–In general, the authors are missing a lot of details here to 
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fully evaluate the study as well as being able to reproduce and/or to put into context of 

other studies. This includes and is not limited to: -What material was used for the inlet 

lines? Different material has different impacts on losses of the particles and gases being 

sampled? -What was the length and residence time for the inlet lines? -Was the same 

inlet line used for gases and PM or different inlet lines? -Where was the inlet line 

located, e.g., was it sticking out a window, on the roof? How far was it located from the 

building? -Where was the sample line in regards of potential sources? This includes 

trees/parks, parking lots, roadways, any asphalt or paint material? -Was there an 

impactor used for PM sampling? Was the PM dried prior to being sampled by AMS to 

minimize the impact of aerosol liquid water on collection efficiency? -A figure that 

shows the inlet and a map of where the inlet was in location of the area would help with 

many of these questions. 

Response: Thanks for your valuable suggestion. We added all requested details in the 

revised manuscript and a frame figure used to describe the information of the inlet was 

added to the SI. 

Revision in the manuscript: 

Lines 104-113, Add “The aerosols and gases were sampled using a 1/4-inch stainless 

steel tube and 1/4-inch PFA tube, respectively, and the sampling inlet extended out of 

the window about 2.0 m (Fig. S1). For the aerosol sampling line, the total flow rate was 

adjusted to 6.0 L min-1 using an additional pump to reduce the residence time of aerosols 

(~ 0.7 s). Meanwhile, an impactor with a size cut of 2.5 μm was equipped in the front 

of this sampling inlet to remove coarse aerosols. A series of gas analyzers shared the 
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gas sampling line, and the total flow rate was about 5.5 L min-1 with a corresponding 

residence time of gas of ~ 0.8 s. During the field observation period, the average 

temperature and RH were 28.3 ± 3.3 ℃ (22.1-37.7 ℃) and 62.0 ± 17.5% (21.7-93.6%), 

respectively. The wind speed was in a range of 0.40 to 5.37 m s-1 with an average value 

of 1.62 ± 0.93 m s-1.” 

Lines 117-119, Add “the aerosols are dried using a diffusion dryer containing silica gel 

before they entered the HR-ToF-AMS to minimize the impact of aerosol liquid water 

on collection efficiency (CE)” 

Supplement, Fig. S1 had been added to the SI as follows: 

 

Figure S1. Detailed information of the sampling line, the corresponding flow rate, as 

well as the arranged instruments. 

Comment 2: Section 2.2–It’s unclear if the W and V mode is used for all the analysis 

throughout the paper or if only one mode, please specify. -Further, to address reviewer 

#1 concerns and concerns I will bring up, was there a measurement of wind 

direction/speed? 

Response: In this study, the mass concentration of NR-PM1 was derived from V mode 
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considering its higher sensitivity, and the elemental ratios was obtained from W mode 

due to its higher resolution. 

The wind speed and wind direction were also effectively recorded by Vaisala 

M451 during the sub-period from 2nd August to 21st August 2019, as shown in Fig. R2. 

During this sub-period, the wind speed was in a wide range from 0.40 to 5.37 m s-1 with 

an average of 1.62 ± 0.93 m s-1, and the dominant wind direction was southeast and 

south. 

 

Figure R2. Time series of wind speed and wind direction from 2nd August to 21st August 

2019. 

Revision in the manuscript: 

Lines 112-113, Add “The wind speed was in a range of 0.40 to 5.37 m s-1 with an 

average value of 1.62 ± 0.93 m s-1.” 

Lines 125-126, Add “The mass concentration of NR-PM1 was derived from V mode 

considering its higher sensitivity, and the elemental ratios was obtained from W mode 

due to its higher resolution.” 
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Lines 141-143, Change “In addition, two Apresys Temperature Humidity Data 

Loggers (179-UTH, Apresys, USA) were also used to measure the meteorological 

parameters including temperature (T) and RH.” To “In addition, the meteorological 

parameters including temperature (T), RH, wind speed and direction were recorded by 

an automatic weather station (Vaisala M451).” 

 

Comment 3: Section 2.3.1–I appreciate the authors actually discuss the calibrations 

and how they determined CE. Thank you! -It is strongly recommended in the AMS 

community to not include charge with ammonium, sulfate, nitrate, and chloride, as 

some portion of the signal is from organic material (therefore it can not be stated 

directly that it is an inorganic compound with a charge). 

Response: Thanks for your suggestion. The statement of charged inorganic compounds 

have been corrected in the revised manuscript. 

Lines 148-149, Change “In order to obtain the quantitative mass concentrations of 

different species (i.e., OA, SO4
2-, NO3

-, NH4
+, and Cl-)” To “In order to obtain the 

quantitative mass concentrations of different species (i.e., OA, SO4, NO3, NH4, and Cl)” 

 

Comment 4: Section 2.3.2–The PMF analysis currently as presented is not convincing, 

which impacts some of the conclusions of this paper. -First, it is generally recommended 

to use the "semi-volatile" when the factor coincides with a thermodenuder measurement, 

as "semi-volatile" is meaningless without measuring whether the components of OA 

actually volatilize at low vs high temperatures. -Second, looking at the SI material, there 
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is not enough evidence/evaluation of the PMF solutions to be convinced the current 

solution are actually separate factor or splits of a factor. The "LO-OOA" factor is 

missing a comparison. All factors should have the r or Rˆ2 of the time series. LO-OOA 

and MOOOA look similar and that LO-OOA may be a noisier version of MO-OOA. If 

the authors at least compare the spectra with published spectra, that provide more 

evidence of the solutions selected here. 

Response: Thanks for your suggestion. The usage of “semi-volatile OOA (SV-OOA)” 

has been changed to “intermediate oxidized OOA (IO-OOA)” in the revised manuscript.  

In order to evaluate the credibility of current PMF solution, the correlations of all 

factors with the corresponding reference was also obtained, which all had higher R2 

(>0.6), as shown in Fig. R3, which had been added to the SI. Meanwhile, we compared 

the mass spectra of LO-OOA with the published spectra observed in Beijing (Chen et 

al., 2020; Hu et al., 2016), as given in Fig. R4, and they are highly correlated with a 

large R2 > 0.8. Meanwhile, LO-OOA and MO-OOA had the distinct diurnal variation 

and time series (R2 < 0.4, Fig. R3c), which indicated that the identification of LO-OOA 

is reasonable. 
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Figure R3. (a) Mass spectra, (b) time series, and (c) diurnal variation of the four factors 

(HOA, LO-OOA, IO-OOA and MO-OOA) identified from the PMF analysis to the HR-

ToF-AMS data during the whole field observation. (This figure was added as Figure 

S4 in the revised SI) 

 

Figure R4. Comparision of mass spectra of LO-OOA identified from in this study and 

that published spectra observed in Beijing (Chen et al., 2020; Hu et al., 2016). 

Supplement, In order to make the PMF analysis convince, more additional 

methodological had been supplemented to the SI as follows:  

S2. PMF solutions and quality assurance 

We carefully evaluated the PMF results and solution according to the procedures 

mentioned by Zhang et al. (2011) (Zhang et al., 2011) and Ulbrich et al. (2009) (Ulbrich 

et al., 2009). We determined the optimal solution of each dataset via examining their 

residuals of PMF fits (Fig. S3). When the number of factors increased from two to five, 

the value of Q/Qexp was 2.038, 1.834, 1.736 and 1.699, respectively (Fig. S3i). As 

suggested by Ulbrich et al. (2009), a large decrease in Q/Qexp indicates that the 
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additional factor may explain a large fraction of unaccounted variability in the data. 

Meanwhile, the explained fraction of the data variation increased from 97.8 % to 99.6 % 

with the number of factors increased from two to five (Fig. S3i). 

In order to evaluate the credibility of current PMF solution, the correlations of all 

factors with the corresponding reference was also obtained, which all had higher R2 

(>0.6), as shown in Fig. S4. Meanwhile, we compared the mass spectra of LO-OOA 

with the published spectra observed in Beijing (Chen et al., 2020; Hu et al., 2016), as 

given in Fig. S4, and they are highly correlated with a large R2 > 0.8. Meanwhile, LO-

OOA and MO-OOA had the distinct diurnal variation and time series (R2 < 0.4, Fig. 

S3c), which indicated that the identification of LO-OOA is reasonable. Based on these 

considerations, we concluded that the PMF solution with four factors is the optimal 

solutions, which exhibits the distinct time series and the corresponding mass spectrum. 
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Figure S3. Summary of key diagnostic plots of the PMF results for an HR-ToF-AMS 

dataset acquired during this field observation: (a) Q/Qexp as a function of number of 

factors (P) selected for PMF modeling. For the four-factor solution (i.e., the best P): (b) 

Q/Qexp as a function of FPEAK, (c) fractions of OA factors vs. FPEAK, (d) correlations 

among PMF factors, (e) the box and whiskers plot showing the distributions of scaled 

residuals for each m/z, (f) time series of the measured organic mass and the 

reconstructed organic mass (= HOA + LO-OOA + IO-OOA + MO-OOA), (g) variations 

of the residual (= measured − reconstructed) of the fit, (h) the Q/Qexp for each point in 

time, (i) the changes of Q/Qexp and the explained variation from two-factor to five-

factor solutions. 

 

Comment 5: Section 2.3.3–Reviewer #1 has mentioned many concerns about this that 

I agree need to be addressed. Other things to consider: -The authors are trying to 

differentiate urban and suburban chemistry and use an OH value for urban Beijing, 

where OH may be very different. Also, the use of this value can make it hard to compare 

against prior studies. Instead of making any assumptions, I would recommend using a 

value of 1.5×10ˆ6 molec./cm3 OH, which allows for direct comparisons with prior 

studies. -I agree that the emission ratio of 3.3 is hard to discern from the SI figure. I 

recommend that authors to use the methods from de Gouw et al., JGR, 2017, where 

they looked at the ratios at nighttime, which removes the impact of photochemistry and 

boundary layer dilution on the emission ratio. -The time series in the SI strongly 

suggests different emission sources/airmasses being sampled during the period (e.g., 
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Aug 4 where Benzene > Toluene). Use of wind speed/direction may give insight about 

the sources of the air being sampled and allow for better calculation of photochemical 

age. -The very old ages (>12 hrs) is very surprising as that has not been typically 

observed in most other urban SOA studies (including many urban studies that assume 

a much lower OH concentration). It could be due to (1) not including impact of dilution, 

(2) mixing different airmasses/sources, and/or (3) using toluene: benzene ratio. Toluene: 

benzene ratio is typically suggested for older air masses as trimethylbenzene is more 

sensitive to younger ages (Parrish et al., JGR, 2007). More investigation into the cause 

of these older ages would be of value. -Are the authors using all data (day & night) or 

only day time? Interpretation of night time data in regards to photochemical age can be 

challenging and misleading. 

Response: Thanks for your suggestion. According to the suggestion of Reviewer #1, 

72 h back trajectories have been performed using the NOAA-HYSPLIT4 (HYbrid 

Single-Particle Lagrangian Integrated Trajectory) model (Draxier and Hess, 1998). 

Four times for each day, 00:00, 06:00, 12:00 and 18:00 UTC, terminating in a height of 

50 m, and 112 trajectories were calculated and then used to do the air mass cluster 

analysis. A total of 4 backward-trajectory clusters were identified (Clusters 1-4, Fig. 

R5), which indicated that more than half (Cluster 2, 64%) of the observation period is 

dominated by the southern air mass. 
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Figure R5. Mean back trajectories for 4 trajectory clusters arriving at Beijing Institute 

of Petrochemical Technology (BIPT) from different height. (This figure was added as 

Figure S5 in the revised SI) 

To improve the reliability of photochemical age (ta) as the surrogates of 

atmospheric oxidation capacity, the observation period included by Cluster 2 was 

adopted, which had the similar emission sources. Meanwhile, the influence of fresh 

emission during morning and evening rush hours was minimized by using the data 

observed from 10:00 to 18:00, as discussed by Qin et al. (2016) (Qin et al., 2016). In 

order to better compare with other studies, the OH concentration has been assumed as 

1.5 × 106 molecule cm-3 in the revised manuscript. Meanwhile, the emission 

concentration ratio of toluene and benzene has been estimated to be 2.71 ± 0.39 ppb 

ppb-1 (Fig. R6) according to the methods described by de Gouw et al. (2017) (de Gouw 
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et al., 2017), where the ratios at nighttime was used to remove the impact of 

photochemistry and boundary layer dilution on the emission ratio. This ratio is slightly 

higher than the value that calculated from the emission ratio of toluene and benzene 

(~2.2) in Beijing (Yuan et al., 2012), which might be related to the extensive utilization 

of solvents containing toluene for painting and printing in Daxing District, Beijing 

(Yuan et al., 2010). Uncertainties in estimating the initial emission ratio of toluene to 

benzene do exist and the influence to the analysis was discussed by Yuan et al. (2012), 

and they estimated that the uncertainties of the emission ratios were less than 50%. The 

concentration ratio of toluene and benzene during this observation period (i.e. Cluster 

2) was given in Fig. R6. During this observation period, the average ratio of toluene to 

benzene is about 1.18, which is consistent with previous studies in Beijing (Liu et al., 

2017; Wang et al., 2016; Wang et al., 2012).  

As for the very old ages (>12 h), larger photochemical age also observed during 

the previous observations in China, such as nearly 30 h in the winter of Zhejiang in 

2011 (Peng et al., 2016), and up to 72 h in the winter of Beijing in 2018 (Chu et al., 

2021). All these were estimated using the similar method and the assumed OH 

concentration (i.e., 1.5 × 106 molecule cm-3). Meanwhile, these larger photochemical 

ages might be due to the extremely high OH concentration with the maximum up to 

1.3 × 107 molecule cm-3 during this field observation (Fig. R6). The OH concentration 

([OH]) can be calculated using the following an empirical power-law function. Such a 

strong relation between OH and J(O1D) can also be retrieved from the results of 

previous field observations (Rohrer and Berresheim, 2006; Berresheim et al., 2003; 
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Brauers et al., 2001; Holland et al., 1998; Gu et al., 2020; Holland et al., 2003). 

1 5 1 b[OH]=a ( (O D) /10 s +cJ − − ）  

where the coefficients of a = 2.0×106 molecule cm-3, b = 1, c = 0.43×106 molecule cm-

3, which were proposed by Holland et al. (2003) for urban areas. J(O1D) was the 

photolysis frequencies of O3, which can be estimated according to the measured J(NO2). 

In this study, ta presented a higher level at noon, which followed a similar diurnal 

variation of estimated OH concentration, as shown in Fig. R6. 
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Figure R6. (a) Determination of the emission ratio of toluene vs. benzene. The scatter 

plot of toluene vs. benzene color-coded by the time of day, (b) Time series of 

concentration ratio of benzene and toluene, (c) diurnal variation of estimated OH 

concentration during the observation period included by Cluster 2. 

Revision in the manuscript: 

Section 2.3.3 Photochemical age had been rewritten in the revised manuscript as 

follows: 

In this study, the equivalent photochemical age (ta) was calculated to characterize 

the OH exposure dose of the air mass, as expressed in the following equation. This 

method had been widely used to provide useful information on the photochemical 

process in the atmosphere (Yuan et al., 2012; Parrish et al., 2007; de Gouw et al., 2005; 

McKeen et al., 1996). 

 a 0

toluene benzene

1 [toluene] [toluene]
= ln ln

[OH]( ) [benzene] [benzene]
[ ( ) ( )]t

k k
 −

−
  

where [OH] is the average OH concentration in the ambient air and is assumed as 

1.5 × 106 molecule cm-3 in order to better compare with other studies (Mao et al., 2009; 

Chu et al., 2016; Liu et al., 2018). ktoluene and kbenzene are the rate constants for the 

reactions of OH with toluene (5.63 × 10-12 cm3 molecule-1 s-1) and benzene (1.22 × 10-

12 cm3 molecule-1 s-1), respectively (Atkinson and Arey, 2003). 0

[toluene]

[benzene]
( )  is the 

emission concentration ratio of toluene and benzene before aging in the atmosphere, 

and was determined to be 2.71 ± 0.39 (Fig. S6, in the Supplement) according to the 

methods described by de Gouw et al. (2017), where the ratio at nighttime was used to 
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avoid the impact of photochemistry and boundary layer dilution on the emission ratio. 

[toluene]

[benzene]
 is the measured concentration ratio of toluene and benzene, as given in Fig. 

S6. Based on the back trajectories and air mass cluster analysis (Draxier and Hess, 1998) 

(Details can be found in SI), an observation period (Cluster 2, Fig. S5) with the similar 

emission sources was adopted. Furthermore, the data observed from 10:00 to 18:00 was 

used to minimize the influence of fresh emission during morning and evening rush 

hours on ta, as discussed by Qin et al. (2016). In this study, ta was determined to be in 

the range of 4-90 h, which is comparable to previous studies (up to 72 h) conducted in 

China (Peng et al., 2016; Chu et al., 2021). Meanwhile, ta had a higher level at noon, 

which is similar to the diurnal trend of OH radicals observed in summertime of Beijing 

(Tan et al., 2019). 

Supplement, Details of back trajectories analysis have been added to the SI as follows:  

S3. Back trajectories analysis 

72 h back trajectories have been performed using the NOAA-HYSPLIT4 (HYbrid 

Single-Particle Lagrangian Integrated Trajectory) model (Draxier and Hess, 1998). 

Four times for each day, 00:00, 06:00, 12:00 and 18:00 UTC, terminating in a height of 

50 m, and 112 trajectories were calculated and used to do the air mass cluster analysis. 

A total of 4 backward-trajectory clusters were identified (Clusters 1-4, Fig. S5), which 

indicated that more than half (Cluster 2, 64%) of the observation period is dominated 

by the southern air mass. This observation period included by Cluster 2 was adopted to 

analyze the role of ta in PM1 formation and evolution. 
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Comment 6: Section 3.1 The sentences leading up to the sentence in line 214/215 

("With further improvement in air quality, PM1 concentration would decrease in the 

future. Then, the contribution of OA in PM1 is likely to increase.") currently do not 

support this. The logic is hard to follow, especially as other factors could influence PM1, 

including meteorology (boundary layer height, RH, and temperature have confounding 

impacts as well as wind direction/speed = source) and specific emission controls as 

certain controls might have different overall impacts on the precursors, OH 

concentration, etc that leads to the observed PM1. 

Response: We agree with the reviewer that there are many factors, mainly including 

meteorology factors and emission controls, will significantly affect PM1 concentration. 

Meteorology factors are constantly changing during the field observations, which 

makes it difficult to identify the factors affecting PM1 concentration in isolation. In 

terms of control policy, the “Beautiful China” strategy has been launched by the 

Chinese government in 2020, which requires that all cities in China attain 35 μg m-3 or 

below for annual mean concentration of PM2.5 by 2035 (Xing et al., 2020). Therefore, 

PM1 concentration would also decrease in the future. SO2, NOx, NH3, and VOCs are 

the key precursors of secondary PM2.5. As the crucial precursors of OA, VOCs are 

derived from a wealth of sources, as well as lack effective control methods relative to 

other precursors. The relative change in emissions of these precursors had also been 

estimated to be -62% for SO2, -17% for NOx, +11% for NMVOCs, and +1% for NH3 

during the period of 2010-2017 (Zheng et al., 2018). The relatively increased VOCs 

would lead to the increase contribution of OA in PM1. 
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To make the logic clear, this sentence was revised as follows: 

Lines 444-449, Add “VOCs, as the crucial precursors of SOA, are derived from a 

wealth of sources, as well as lack effective control methods relative to other precursors. 

Meanwhile, the relative change in emissions of VOCs had also been estimated to be 

increased +11%, while other precursors (mainly SO2) decreased during the period of 

2010-2017 (Zheng et al., 2018). The relatively increased VOCs would lead to the 

increase contribution of SOA in PM1.” 

 

Comment 7: Section 3.2 By itself, the section is not fully convincing, in large part due 

to the concerns about photochemical ages discussed above and in Reviewer #1. Some 

other analysis that can be done to improve the section and to be able to compare to other 

studies is to look at the OOA vs Ox (e.g., Herndon et al., GRL, 2008; Wood et al., ACP, 

2010; Hayes et al., JGR, 2013) and/or OA/CO vs photochemical age (e.g., de Gouw et 

al., JGR, 2005; Hayes et al., JGR, 2013). Both analysis would take dilution and other 

processes out of the impacts observed. 

Response: Thanks for your valuable suggestion. In order to evaluate the effect of the 

photochemical aging process, the observation period with the similar emission sources 

was adopted, which was determined by the back trajectories as mentioned above. 

Meanwhile, in order to minimize the influence of fresh emission during morning and 

evening rush hours, according to Qin et al. (2016), we set the time range from 10:00-

18:00 for discussing the photochemical age. When examining the photochemical 

evolution of each species, a more intuitive method as suggested by Reviewer #1 was 
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used, which is to group species concentration based on photochemical age. Additionally, 

raw data of each species concentration has been presented in the revised figures. 

The time series of total OOA (=LO-OOA + IO-OOA + MO-OOA) and Ox 

(=O3+NO2) was compared and both of them presented similar temporal changes (R2 = 

0.85, Fig. R7a). As shown in Fig. R7b, the regression slope for OOA vs. Ox was also 

determined to be 0.130±0.002 μg m-3 ppb-1, which was slightly lower than those 

observed in Pasadena (0.146±0.001 μg m-3 ppb-1) (Hayes et al., 2013), Riverside, CA 

(0.142±0.004 μg m-3 ppb-1) (Docherty et al., 2011) and Mexico City (0.156±0.001 μg 

m-3 ppb-1) (Aiken et al., 2009). This might be related to the observed high 

concentrations of light alkenes during this period. These species will cause high O3 

concentrations but will not contribute greatly to the formation of SOA. The scatter data 

are colored by the time of day, and the slope observed in the morning is steeper than 

that in the afternoon, which was also observed in other field measurements, and has 

been attributed to several factors including increased evaporation of SV-OOA, mixing 

with air aloft that contains residual OOA and Ox during boundary layer growth, and 

OOA production occurring on shorter timescales than Ox (Hayes et al., 2013; Herndon 

et al., 2008; Wood et al., 2010). 
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Figure R7. Time series of OOA (=LO-OOA + IO-OOA + MO-OOA) and Ox (=O3 + 

NO2). Inset: Scatter plot of OOA vs. Ox with linear fit and colored by the time of day. 

The regression slope is 0.130 (R2 = 0.85). (This figure was added as Figure 3 in the 

revised manuscript) 

The evolution of OA/ΔCO as a function of photochemical age was also presented 

in Fig. R8, in which ΔCO was obtained by the measured CO concentrations subtracting 

its background concentration, and the latter was determined to be 0.1 ppm according to 

the method described by DeCarlo et al. (2010) (DeCarlo et al., 2010). As shown in Fig. 

R8, the concentration ratio of organic and OOA (especially for MO-OOA) to ΔCO also 

increased significantly with ta, which could be attributed to the SOA formation from the 

photochemical process and also similar to the evolution trend of the ratios of OA 

components to HOA with ta (Fig. 3). 
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Figure R8. The evolution of OA/ΔCO vs. photochemical age. The data are binned 

according to the value of ta (10 h increment). (This figure was added as Figure S14 

in the revised SI) 

Revision in the manuscript: 

Lines 269-271, Change: “In order to evaluate the effect of the photochemical aging 

process on PM1 concentrations, the relationships among ta, Ox, OA concentration, and 

binned PM1 concentration were analyzed and shown in Fig. 2. Both ta and Ox 

simultaneously rose with the increasing concentration of PM1. This suggested that the 

photochemical aging process was closely related to the PM pollution level, and that the 

photochemical process becomes more intensive with the increase of VOCs and Ox at 

higher PM1 concentrations. In addition, the similar evolutionary trends of ta and Ox 

during this summertime observation further confirmed that they are closely correlated.” 
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to “In order to evaluate the effect of the photochemical aging process, the relationships 

between Ox, PM1, OA concentration and binned ta were analyzed and shown in Fig. 2. 

These species concentration all increase positively with the increasing of ta.” 

Lines 288-298, Add: “The time series of total OOA (=LO-OOA + IO-OOA + MO-

OOA) and Ox was also compared (Fig. 3) and they presented similar temporal changes 

(R2 = 0.85). As shown in the inset of Fig. 3, the regression slope for OOA vs. Ox was 

determined to be 0.130±0.002 μg m-3 ppb-1, which was slightly lower than those 

observed in Pasadena (0.146±0.001 μg m-3 ppb-1) (Hayes et al., 2013), Riverside, CA 

(0.142±0.004 μg m-3 ppb-1) (Docherty et al., 2011) and Mexico City (0.156±0.001 μg 

m-3 ppb-1) (Aiken et al., 2009). This might be related to the observed high 

concentrations of light alkenes during this period. These species will cause high O3 

concentrations but will not contribute greatly to the formation of SOA. The scatter data 

are colored by the time of day, and the slope observed in the morning is steeper than 

that in the afternoon, which was also observed in other field measurements, and was 

mainly due to the increased evaporation of IO-OOA (Hayes et al., 2013; Herndon et al., 

2008; Wood et al., 2010).” 

Lines 352-359, Add: “Additionally, the evolution of OA/ΔCO as a function of ta was 

also presented in Fig. S14, in which ΔCO was obtained by the measured CO 

concentrations subtracting its background concentration, and the latter was determined 

to be 0.1 ppm according to the method described by DeCarlo et al. (2010) (DeCarlo et 

al., 2010). As shown in Fig. S14, the concentration ratio of organic and OOA (especially 

for MO-OOA) to ΔCO also increased significantly with ta, which could be attributed to 
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the SOA formation from the photochemical process and also similar to the evolution 

trend of the ratios of OA components to HOA with ta (Fig. 4). These results further 

indicated the positive role of photochemical aging process in aerosol formation.” 

Figures 2-3 had been modified in the revised manuscript as follows: 

 

Figure 2. Relationship between photochemical age (ta) and total oxidant (Ox), NR-PM1 

concentration, as well as organic concentration during the observation period included 

by cluster 2. The data are binned according to the value of ta (10 h increment). 
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Figure 4. Variations of the ratios of mass concentrations of NR-PM1 species and OA 

factors to HOA as a function of ta. The data are binned according to the value of ta (10 

h increment). The solid lines are the results of exponential fitting with the function of y 

= A×exp(x/B) + C. 

 

Comment 8: Fig. 2–The figure by itself is not convincing as there can be a lot of scatter 

within each value that is binned. The figures suggested above would help to understand 

the potential scatter or not. Also, the figure in of itself is not very convincing for the 

overarching story trying to be discussed here. Further, it’s surprising that Ox is 

continuously going up with increasing PM1 as at a certain level, PM1 should be 

decreasing Ox due to less photochemistry. How much of the observations shown here 

are from day time vs night time? 
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Response: According to the above suggestion, the concentration of each species was 

grouped based on photochemical age, and the raw data of each species concentration 

has been presented in the revised manuscript. The scatter plot of Ox, NR-PM1, and 

organic concentration also presented an increasing trend as ta increased. This figure 

gives an overview information for the effect of the photochemical aging process on gas 

phase total oxidant and particle phase NR-PM1. These species concentration all 

positively rose with the increasing of ta, which suggested that the pollution level was 

closely related to the photochemical aging process. 

The view of increased PM1 concentration will lead to the decreasing of O3 was 

mainly based on the mechanism that heterogeneous HO2 radical will loss on aerosol, 

and then suppressing O3 formation (Li et al., 2019). However, this view has been 

questioned by Tan et al. (2020) (Tan et al., 2020). They analyzed the measured free 

radical budget and showed that the uptake of HO2 aerosol did not impact radical 

chemistry. Therefore, they claimed that there was insufficient evidence to prove the 

significant impact of heterogeneous chemistry on radical concentrations (Tan et al., 

2020). During this field observation, we found that the concentration of Ox and NR-

PM1 all positively rose with the increasing of ta, which indicated that both of them were 

homologous. Meanwhile, the time series of total OOA (i.e., SOA, the predominant 

species in NR-PM1) and Ox also presented similar temporal changes (R2 = 0.85, Fig. 

R7), which further supported that NR-PM1 traced well with Ox during this summertime 

observation. 

In the revised manuscript, in order to minimize the influence of fresh emission 
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during morning and evening rush hours, we set the time range from 10:00-18:00 for 

discussing the photochemical age according to Qin et al. (2016) (Qin et al., 2016). 

Revision in the manuscript: 

Figure 2 had been modified in the revised manuscript as follows: 

Figure 2. Relationship between photochemical age (ta) and total oxidant (Ox), NR-PM1 

concentration, as well as organic concentration during the observation period included 

by cluster 2. The data are binned according to the value of ta (10 h increment). 



29 

 

Comment 9: Fig. 3–The fitting for some of the PM1 components here is surprising, as 

they are not produced through photochemistry (e.g., NH4 and Cl). Similar to Fig. 2, 

what does the scatter look like? Also, as NR-PM1 is being largely controlled by SO4 & 

OA, not sure that it’s needed to be shown here. 

Response: According to the above suggestion, raw data of each species has been 

presented in the form of scatter plot in the revised manuscript. The scatter plot of these 

species also presented an increasing trend as ta increased. 

We agree with the reviewer that ammonium (NH4) and chloride (Cl) are not produced 

through photochemistry. In order to avoid this misunderstanding, the variations of the 

ratios of mass concentrations of NH4, Cl, and NR-PM1 to HOA as a function of ta had 

been removed from Fig. 3, and the discussion on the relationship between NH4 and Cl 

and photochemical age had been removed in the revised manuscript. 

Revision in the manuscript: 

Figure 3 had been modified in the revised manuscript as follows: 



30 

Figure 4. Variations of the ratios of mass concentrations of NR-PM1 species and OA 

factors to HOA as a function of ta. The data are binned according to the value of ta (10 

h increment). The solid lines are the results of exponential fitting with the function of y 

= A×exp(x/B) + C. 

 

Comment 10: Line 295 - 298–It is erroneous to say that NH4 mainly exists in the form 

of ammonium sulfate without calculating in a thermodynamic model (e.g., Pye et al., 

ACP, 2020). Though the measurement may show 2×NH4 mol = SO4 mol, it may 

actually be a combination of ammonium sulfate and ammonium bisulfate that depends 

on temperature, aerosol liquid water, and ammonia partitioning that is not directly 

related to the AMS measurement. I strongly suggest removing or softening this 

language (here and other parts of the manuscript). 
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Response: Thanks for your valuable suggestion. We agree with the reviewer that the 

existence form of NH4 was related to many factors. This sentence had been deleted in 

the revised manuscript. 

Revision in the manuscript: 

Lines 295-298, Delete: “The similar evolution trends of NH4
+ and SO4

2- suggested that 

NH4
+ mainly existed in the form of (NH4)2SO4 (apart from NH4NO3 and NH4Cl), which 

could be supported by the relative contributions of these SIA species during this field 

observation (see Section 3.1).” 

 

Comment 11: Section 3.3 and Fig 5–N/C and S/C ratios are typically not reported for 

V mode and only reported for W mode due to signal-to-noise issues, especially for the 

fitting of organic compounds in the V mode that contain nitrogen and/or sulfur. Were 

only the W mode used here or both? If both, I would recommend W only analysis or to 

compare W only vs W + V to see if there is a systematic difference. This noise in the 

fitting could also explain line 362-365 where there was no discernable change in these 

ratios with age. 

Response: Thanks for your comment. We agree with the reviewer that N/C and S/C 

ratios are typically only reported from W mode. Indeed, all elemental ratios (including 

H/C, O/C, N/C, and S/C) were determined from W mode in our present study.  

Although N-containing and S-containing organics are potentially important in the 

ambient air (Farmer et al., 2010), their concentration were relatively low, which was at 

the level of dozens to hundreds ng m-3 (Huang et al., 2019; Meade et al., 2016), this 
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might be the main reason why there was no obvious change in N/C and S/C with 

photochemical age. Despite this, the slight increase trend of N/C and S/C with the 

increase in ta still can be observed as shown in the revised Fig. 6. These indicated that 

the formation of N-containing and S-containing organics was related to the 

photochemical process, which is consistent with the fact that both of them are the 

important products of gas-phase oxidation of VOCs and have also been detected in SOA 

(Farmer et al., 2010). 

Revision in the manuscript: 

Lines 393-394, Add: “All these elemental ratios were determined from W mode due to 

its higher resolution.” 

Lines 404-406, Change “which is consistent with previous smog chamber simulations 

in the laboratory (Chen et al., 2019c,d)” to: “which is consistent with the fact that both 

of them are the important products of gas-phase oxidation of VOCs and have also been 

detected in SOA (Farmer et al., 2010; Chen et al., 2019c, d)” 

Figure 5 had been modified in the revised manuscript as follows: 
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Figure 6. Variations of H/C, O/C, N/C, S/C, OM/OC and OSc as a function of ta. The 

data are binned according to the value of ta (10 h increment).  

 

Comment 12: Fig 6–The oxidation state lines (-1, -0.5, 0, etc.) should be expanded to 

+/-2 for completeness 

Response: The oxidation state lines had been expanded to +/-2 in the revised 

manuscript. 

Revision in the manuscript: 

Figure 6 had been modified in the revised manuscript as follows: 
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Figure 7. Van Krevelen diagram during this field observation. The data are binned 

according to the value of ta (10 h increment) and color coded by ta. The elemental 

composition of OA was fitted with a slope of -0.74 (R2 = 0.95). 

 

Comment 13: Line 403-406 This conclusion is misleading with the recent studies that 

have come out discussing the importance of non-transportation emissions of VOCs and 

how they dominate the photochemistry of urban environments, including from heating, 

cooking, and volatile chemical products. Though transportation is an important source, 

the authors need to at minimum recognize and discuss these important sources (see first 

minor comment below). 

Response: Thanks for your comment. The discussions related to the importance of 

VOCs emitted from the non-transportation sources have been supplemented in the 
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revised manuscript. 

Revision in the manuscript: 

Lines 451-455, Add: “Meanwhile, more attention should be paid to the non-

transportation sources, including heating (Cheng et al., 2018), cooking (Wang et al., 

2018), asphalt-related (Khare et al., 2020), and volatile chemical products (McDonald 

et al., 2018), which have been reported to be non-negligible contributors to ambient 

VOCs, and played a dominate role in the photochemistry of urban environments, 

especially for SOA formation.” 

 

Comment 14: line 254-255: Though temperature has an impact on biogenics, it also 

impacts many anthropogenic emissions (e.g., Pusede et al., ACP, 2014), including paint 

(e.g., McDonald et al., Science, 2018) and asphalt (Khare et al., Science Advances, 

2020). Both need to be stated an discussed. 

Response: The positive impact of temperature on the emission of anthropogenic 

sources, including paint and asphalt also been discussed in the revised manuscript. 

Revision in the manuscript: 

Lines 274-276, Change “One reason is that high temperature observed at elevated ta 

levels (Fig. S6) increases the emission rates of biogenic VOCs (Fu et al., 2010)” To 

“The possible reason is that high temperature in summer can volatilize more VOCs 

from biogenic sources (Fu et al., 2010) and anthropogenic sources (Pusede et al., 2014) 

(such as paint (McDonald et al., 2018) and asphalt (Khare et al., 2020))” 
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Comment 15: Line 331-333–It has generally been found and considered lower NO3 at 

higher photochemical age is due to dilution and evaporation of ammonium nitrate (e.g., 

DeCarlo et al., ACP, 2008; Nault et al., ACP, 2018). 

Response: We agree with the reviewer. These two reasons have also been considered 

in the revised manuscript. 

Revision in the manuscript: 

Lines 372-373, Add “as well as the dilution effects and evaporation of ammonium 

nitrate (DeCarlo et al., 2008; Nault et al., 2018)” 

 

Comment 16: Line 340 - 343–I am unsure where the numbers come from. If I try to 

relate the numbers listed here vs the numbers shown in Fig. 4, they do not match. 

Response: These two numbers were calculated from the sum of the percentage of LO-

OOA, IO-OOA, and MO-OOA in OA. They represent the relative contribution of total 

OOA (=LO-OOA + IO-OOA + MO-OOA) in OA. 

 

Comment 17: Line 346 - 347–There are too many confounding factors to discuss the 

relationship between HOA and photochemical age, including dilution and evaporation. 

Either these need to be included or the sentence needs to be changed. 

Response: Thanks for your comment. We agree with the reviewer that HOA was 

affected by many confounding factors, including dilution and evaporation. As given in 

Fig. R9, lower HOA concentration tended to be observed at high temperature conditions 

and/or in the afternoon with the higher planetary boundary layer (PBL). These factors 
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had been discussed and included in the revised manuscript. 

 

Figure R9. Scatter plot of HOA concentration and temperature. The scatter data are 

colored by the time of day. 

Revision in the manuscript: 

Lines 383-386, Add “The effects of dilution and evaporation might also be another 

reason for the lower HOA contribution and concentration, which tended to be observed 

at higher temperature conditions and/or in the afternoon with the higher planetary 

boundary layer (PBL) (Fig. S9)” 

 

Comment 18: Fig. 1 y-axis for SMPS. Are the units correct 

Response: As a comparison, right y axis in Fig. 1 presented the PM1 mass concentration 

derived from SMPS, which was calculated based on the volume concentration 

measured by SMPS and the estimated PM1 density. The density of PM1 was estimated 

using the following equation (Zhao et al., 2017), and the averaged density was 
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calculated to be 1.41 g cm-3 (1.24-1.56 g cm-3, Fig. R10a). This could be comparable 

with the density of atmospheric aerosols (1.2-1.5 g cm-3) determined in the Los Angeles 

Basin (Turpin and Lim, 2001; Geller et al., 2006) and also close to the recommended 

value of organic aerosol (1.4 g cm-3) (McMurry et al., 2002; Robert et al., 2007a; Robert 

et al., 2007b). The time series of PM1 mass concentration derived from SMPS traced 

well with that from HR-ToF-AMS (R2 = 0.91, slope = 0.95 ± 0.01, Fig. R10b). 

- 2- + -

3 4 4
comp - 2- + -

3 4 4

[NO ]+[SO ]+[NH ]+[Cl ]+[Org]
=

[NO ]+[SO ]+[NH ] [Cl ] [Org]

1.75 1.52 1.2



+ +

 

where the densities are 1.75 g cm-3 for NH4NO3 and (NH4)2SO4, 1.52 g cm-3 for NH4Cl, 

and 1.2 g cm-3 for OA.  
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Figure R10. (a) Time series of the density of PM1 during this field observation; (b) 

Relationship between PM1 concentration derived from HR-ToF-AMS and SMPS. (This 

figure was added as Figure S2 in the revised SI) 

Revision in the manuscript: 

Lines 133-135, Add “PM1 mass concentrations also calculated based on the volume 

concentration measured by SMPS and the estimated PM1 density (Detailed method can 

be found in SI). Its time series traced well with that from HR-ToF-AMS (R2 = 0.91, 

slope = 0.95 ± 0.01, Fig. S2).” 

Supplement, details of the method for the estimation of density have been added to the 

SI as follows: 

S1. Method for the estimation of density 

The composition-dependent density of PM1 was estimated using the following 

equation (Zhao et al., 2017), and the averaged density was calculated to be 1.41 g cm-3 

(1.24-1.56 g cm-3, Fig. S2). This could be comparable with the density of atmospheric 

aerosols (1.2-1.5 g cm-3) determined in the Los Angeles Basin (Turpin and Lim, 2001; 

Geller et al., 2006) and also close to the recommended value of organic aerosol (1.4 g 

cm-3) (McMurry et al., 2002; Robert et al., 2007a; Robert et al., 2007b). 

- 2- + -

3 4 4
comp - 2- + -

3 4 4

[NO ]+[SO ]+[NH ]+[Cl ]+[Org]
=

[NO ]+[SO ]+[NH ] [Cl ] [Org]

1.75 1.52 1.2



+ +

 

where the densities are 1.75 g cm-3 for NH4NO3 and (NH4)2SO4, 1.52 g cm-3 for NH4Cl, 

and 1.2 g cm-3 for OA.  
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