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Interactive comment on “Observations of Particles at their
Formation Sizes in Beijing, China” by Rohan Jayaratne et al.
Response to Comments from Anonymous Referee #1
Overall Comments
This paper contributes to the understanding of some of the factors that control new particle
formation (NPF) events in more-polluted regions of the atmosphere. The paper is well written
and falls within the scope of the journal. I find the comparisons between NPF and non-NPF
days to be of particular interest, along with the detailed measurements of NPF events in the
~2-10 nm range by the NAIS, a range not well-captured by studies that rely on SMPS-type
particle number concentration measurements alone. I recommend this paper to be published
in ACP with minor revisions, as discussed below.
Response to Overall Comments
We thank the reviewer for these positive comments and are glad to note that the paper falls
within the scope of the journal.

General comments:

Comment 1
Page 4, lines 81-83: This statement is confusing. Did the PNC exceed 105 cm-3 on all 45 days
or just for the 25 days that NPF was observed? Please clarify.

Response 1
We accept that this sentence is confusing. We have amended it on page 4, lines 92-93 as
follows:
“They observed NPF on 25 out of 45 days of measurement, and on each of these days the
PNC exceeded 105 cm -3 .”
Comment 2
Page 8, calculation of the diffusion coefficient: It would be good to include a brief discussion
of the assumption that the main condensing vapor is sulfuric acid. Particle composition
measurements were not a part of this work, but the authors do cite Yue et al. (2010) as
showing that some NPF events in Beijing had sulfuric acid accounting for much less than half
of the total growth rate, with organics accounting for ~55% of the growth. In the kinetic
regime, the RMS speed of a molecule depends on 1/sqrt(MW), where MW = molecular
weight = 98 g/mol for sulfuric acid = ~200 g/mol for organics. This would mean that organics
would be about ~30% slower, and condensation in the kinetic regime is proportional to RMS
speed. The continuum regime is trickier as it depends on the diffusion coefficient instead of
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RMS speed, but if we simplify to assume everything is in the kinetic regime, then the CS
would scale as sqrt(MW of sulfuric acid) / sqrt (MW of orgs) ~ sqrt(98) / sqrt(200). There are
of course limited calculations and measurements of the diffusion coefficients of organic
molecules as a function of temperature; however the authors could briefly comment on some
of the literature values compared to their assumed value of D using sulfuric acid.
Response 2
In response to these comments, we have inserted the following text into the paper on page 8
and 9:
“It is now well established that sulfuric acid is the key precursor gas in nucleation, although
low vapour pressure organics may contribute to the subsequent aerosol growth (Curtius,
2006). Sulfuric acid has a low vapour pressure which is reduced further in the presence of
water. When produced from SO2 in the gas phase, it is easily supersaturated and begins to
condense. Moreover, most of the particles in the atmosphere are in the kinetic regime
(smaller than 0.01 µm)(Seinfeld and Pandis, 2006). In this regime, condensation is directly
proportional to the RMS speed of the molecules. The RMS speed is inversely proportional to
the square root of the molecular weight of the molecule. Thus, a sulfuric acid molecule, with
a molecular weight of 98 g mol-1 , has an RMS speed that is about 30% higher than a typical
organic gas molecule with a molecular weight of about 200 g mol-1 , Thus, condensation of
sulfuric acid will occur much more readily than organic molecules. Studies in Beijing have
confirmed that NPF is more likely to occur in a sulfur-rich environment than in one that is
sulfur-poor ((Yue et al., 2010;Guo et al., 2014;Wu et al., 2007)). Wu et al. (2007) also
assumed that sulfuric acid was the main condensable vapour in determining the particle
formation rates during NPF events in Beijing”.
Our estimated values of D for sulfuric acid using the equation given in Jeong (2009) are
0.092 cm2 s-1 at 303K and 0.087 cm2 s-1 at 273K. The value of 0.092 cm2 s-1 at 303K is
reasonable as it is similar to other values given in the literature at room temperature, for
example Brus et al. (2016) (0.08 cm2 s-1 ) and Eisele and Hanson (2000) (0.095 cm2 s-1 ).
The values of D for common organic trace gases as given in the literature are somewhat
smaller than this, e.g. 0.07 cm2 s-1 for isoprene (Tang et al., 2015) and terpenes (Williams,
2004). D for atmospheric amines are of the same order as that for sulfuric acid (Lugg, 1968)
Therefore, we feel that D = 0.092 cm2 s-1 is a reasonable value to use in calculating the CS.
We have modified the text on page 10, lines 237-240 as follows:
“The mean temperature in Beijing during the period of observation was close to 0ºC. The
value of D calculated using equation (2) at temperature T = 273 K was 0.087 cm2 s-1 which
is in good agreement with the values given in the literature (Brus et al. (2016), Eisele and
Hanson (2000)”.
Comment 3
Page 9, condensation sink (CS) calculations: Why did the authors (1) choose to use 303 K in
their diffusion coefficient (D) calculation (line 204) and (2) only use the SMPS PNC for the
CS (line 203)? In regards to (1): temperature data wasn’t reported in this paper but was taken
as part of the meteorological data. The historical data reports Beijing’s average temperature
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in January as being around ~270 K. This difference in temperature doesn’t lead to a
particularly large change in D but certainly is worth addressing.
Response 3

3 (1) We accept the point about the temperature. The average temperature in Beijing during
the observations was close to 273K. We have re-calculated our parameters using this value
for T. The revised values are given below, and these have replaced the values in the paper.
3 (2) Regarding the point about calculating the CS, our response to this comment is included
in Response 4 below.

Comment 4
In regards to (2): I would like to know why the authors chose to neglect the PNC data
obtained from the NAIS for <14 nm size bins. A few calculations with “toy” size
distributions show that, depending on the number concentration at these <14 nm bins, the CS
can be non-trivially changed with the inclusion of these smaller bins. If the size distributions
during NPF events in this paper such that the CS hardly changes with the inclusion of the
smaller size bins, this should be stated.
Response 4
We have re-calculated the parameters, first by holding the temperature at 303K, in order to
check if including the particles smaller than 14 nm will make a significant difference to the
CS. We found that the CS value increased by about 8% (from 4.8 to 5.2 s -1 ).
Therefore, we have re-calculated all the parameters using the value of CS obtained across the
entire size range (< 14 nm from the NAIS plus >14 nm from the SMPS) and with the
temperature changed from 303K to 273K.
The original values in the paper are as follows:
D = 0.092 cm2 s-1
CS = 4.8x10-3 s-1
Coag = 8.3x10-4 s-1
FR = 23 cm-3 s-1
The new values obtained are as follows:
D = 0.087 cm2 s-1
CS = 4.2x10-3 s-1
Coag = 7.2x10-4 s-1
FR = 26 cm-3 s-1
We have replaced all the values in the paper accordingly (Page 10, lines 237-240, Section
3.6, Section 3.7 and Table 3).
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Comment 5
Page 13, lines 294-296: It is also worth mentioning that the pre-existing particles coming into
the region from the winds from the south are also increasing the condensation sink, further
reducing the likelihood of NPF.
Response 5

We have included the following text on page 13, lines 314-315:
“Pre-existing particles entering the region with the winds from the south will also increase
the condensation sink, further reducing the likelihood of NPF.”

Figures/Tables:
Comment 6
Each figure (excepting Fig 4) could benefit from being more professionally presented.
I’m not sure what programming language was used to create these figures but if it is
e.g. python, using savefig(’name.png’,dpi=300) and savefig(’name.pdf’) would create
much nicer looking figures. The text is somewhat blurry and could benefit from being
saved at a higher dpi (for png) or as a pdf without the grey backgrounds.
Response 6
Since first submission to ACP required embedding the figures within the body of the
manuscript, the resolution of the figures has suffered. In the final submission, we shall
present each figure as a separate file, so that they will be of much higher resolution.
For now, we have removed the grey background and the frames from all the figures.

Comment 7
Figures 2 and 7: The colorbars need labels of units. The numbers on the colorbars are
quite blurry and need to be sharpened.
Response 7
The numbers that appear on the color bars are produced by the software. As we have
provided two labels with the end point values, we feel that these intermediate numbers on the
color bars are not essential. To compensate for this, we have further sharpened the text labels
at the two ends of the color bars and have added the units (cm-3 ).

Technical comments:
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Comment 8
Abstract, lines 29-31: The sentence would read better is if said ‘Estimated characteristics...
are very different than to when the measurements. .
Response 8
The text has been changed as follows (Abstract, lines 30-32):
“Estimated characteristics of NPF events, such as their starting times and formation and
growth rates of particles, are more accurate when the detection range of particles extends to
smaller sizes”.

Comment 9
Page 3, line 57: environments (needs an ‘s’)
Response 9
The “s” has been added.

Comment 10
Page 11, line 247: no comma after ‘that’.
Response 10
The comma has been deleted.

Comment 11
Page 16, line 385: This sentence might read better if it said ‘...in the smallest particle
size bin 2-3 nm for the times at which the rate of increase. . .’
Response 11
We agree that the wording is unclear. The text has been changed on page 17, lines 416-418 as
follows:
“…we calculated the formation rate of particles in the smallest particle size bin 2-3 nm. At these
times, the rate of increase of particles in this size bin ranged from about 5.0x10 3 to 1.5x10 4 cm-3 h -1 .”
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Interactive comment on “Observations of Particles at their
Formation Sizes in Beijing, China” by Rohan Jayaratne et al.
Response to Comments from Anonymous Referee #2
General comments:
For this paper, the authors employed a Neutral cluster and Air Ion Spectrometer (NAIS) to
investigate the early steps of new-particle formation (NPF) events in Beijing, China, over a
period of 3 months. Specifically, observations were made down to particle (or cluster) sizes
of about 2nm. NPF events in large, polluted urban areas, in particular in E Asia, are a current
subject of atmospheric research (e.g. Kulmala et al., 2017). To my knowledge, this is the first
report on deploying an NAIS in a Chinese megacity for this purpose, and it constitutes one of
recent attempts of improving on the observations of NPF in such environments by directly
measuring in the sub-3 nm size range (cf. Cai and Jiang, 2017; Yu et al., 2016). As such, the
study is timely and of interest to the scientific community engaged in this field, and I
recommend its publication in Atmospheric Chemistry and Physics.
Response to General Comments
We thank the reviewer for these positive comments and are glad to note that he/she feels that
the paper would be of interest to the scientific community engaged in this field, and for
recommending that, subject to the changes below, it is suitable for publication in
Atmospheric Chemistry and Physics.

Major Comments 1
Before that however, I recommend a major revision to take care of some important issues.
My main concern with the study in its present form is the treatment and discussion of the
NAIS measurements for the sub-3 nm size range. The treatment, presentation and
interpretation of these data need to be brought into a form more rigorously consistent within
the paper itself, as well as with best-practices recommended by the community (Manninen et
al., 2016) – in particular as the corresponding results are a major selling point here.
Comments regarding sub-3 nm measurements:
Lines 109-110: “The NAIS … can detect particles down to a size of 0.8 nm”:
My main point is that the NAIS can actually not be used to measure neutral compounds down
to this size, so this statement is misleading in its current form. The NAIS does detect ions
with the corresponding mobility, but due to the interference from charger ions it is deemed
not possible to determine concentrations of neutral clusters for the smallest size bins. Quoting
Manninen et al. (2016), which is cited also in this paper (line 137), “the particles below about
2 nm cannot be reliably distinguished from the corona-generated ions. Typically, the lowest
detection limit for the NAIS in the particle mode is between 2 and 3 nm depending on the
corona voltage and on the properties and composition of carrier gas (environmental
conditions).” Details can be found in their paper and references therein. At one occasion later,
the authors appear to consider this instrumental limitation, e.g. section 2.2.3.
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Response to Major Comments 1
We agree with these comments and accept that the NAIS has a problem in differentiating
between charged and neutral particles and clusters at sizes below 2.0 nm owing to the
presence of corona-generated ions as pointed out by Asmi et al. (2009), Manninen et al.
(2011) and Manninen et al. (2016).
We have addressed this issue and made the following changes to the paper:
1. Considering the limitations of the NAIS in measuring total particle and cluster
concentrations at sizes smaller than 2 nm, we have restricted our observations to
particles that are larger than 2.0 nm.
2. This led to the smallest size bin (1.6-2.0 nm) being excluded from the particle analyses
and we have replaced ‘1.6 nm’ with ‘2.0 nm’ at all relevant points in the text.
3. We estimated that this decreased our charged and neutral PNC values by about 5%.
We have made this change right through the manuscript.
4. In Table 2, we have removed the two columns showing charged and neutral cluster
concentrations.
5. In Figure 7, we have removed the three points below 2.0 nm and inserted a note in the
caption cautioning against using the data below 2.0 nm.
6. Similarly, in Figure 2(a), we have inserted a note stating that the data below 2.0 nm
should be treated with caution.
In addition, we have incorporated the following changes to the text:
Lines 109-110: we have replaced the text “can detect particles down to a size of 0.8 nm” with
the following text on page 5 (New line numbers 119-120):
“The NAIS is specifically designed to monitor NPF as it can detect particles down to their
actual formation sizes”
Line 136 - : We have inserted the following text on page 6 (New line numbers 146-152):
“However, Asmi et al. (2009), Manninen et al. (2011) and Manninen et al. (2016) have
pointed out that the lowest detection limit for the NAIS in the particle mode is about 2.0 nm
owing to the presence of corona-generated ions. Therefore, at sizes smaller than 2.0 nm, the
NAIS cannot reliably distinguish between charged and neutral particles Therefore, Manninen
et al. (2011) specified the lowest detection limit of the NAIS to be 1.6 and 1.7 nm for negative
and positive ions, respectively, and 2.0 nm for neutral particles. Therefore, in this study, we
will restrict our observations to the particle size range 2.0-42 nm.”
Section 2.1.1 Line 165 - : we have amended the text as follows on section 2.3.1. (New line
numbers 181-182):
“..where N is the number of particles in the size range 2.0 -10.0 nm.”
While changing the definition of the lower end of N from 1.8 nm to 2.0 nm affected the total
PNC in that size range by about 5%, it did not affect the decisions regarding the identification
of any of the NPF events.
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Line 170: The text has been changed to the following (Page 8, new line numbers 189-190):
“The starting times of an event was determined by using the time of sudden increase in total
PNC in the size range 2.0 – 10.0 nm.”
Line 223: The text has been changed to the following (Page 11, new line numbers 263-264):
“…we exported the number concentrations of particles obtained from the NAIS in 14 bins in
the size range 2.0 – 42.0 nm.”
Major Comments 2
Section 3.4 (including Fig. 5 and Table 2) discusses charged vs. neutral “cluster” and
“particle” concentrations. Here, the authors need to state what is their definition of “cluster”
and “particle”. And in light of the above, they might need to reconsider if total neutral cluster
concentrations (as implied in section 3.4) can even be derived from the NAIS measurements!
The discussions throughout section 3.4 may have to be revised. E.g., depending on those
definitions, could the observed decreases of “neutral clusters” for NPF days (e.g. Fig. 5b) be
explained by instrument response to a change in environmental conditions?
Response to Major Comments 2
We have provided the conventional definitions of clusters and particles from the literature in
our introduction. In Section 3.4, we have restricted our analysis to particles larger than 2.0
nm. This has resulted in the smallest size bin (1.6-2.0 nm) being excluded from the particle
analyses. We estimated that this decreased our charged and neutral PNC values by about 5%.
We have made this change right through the manuscript. The sub-heading title has been
changed to “Charged Particles”. All references to cluster concentrations have been removed.
In Fig 5, we have removed Fig 5(b) that showed the neutral and charged cluster
concentrations. Fig 5 now shows only the neutral and charged particle concentrations (larger
than 2.0 nm).
In Table 2, we have removed the two columns showing charged and neutral cluster
concentrations.
Major Comments 3
Figure 2, top panel, and Figure 7:
As a consequence, I would argue that particle size distribution data below 2 nm shouldn’t
even be shown. The concentrations at the size bins <2 nm are subject to instrumental factors,
not necessarily resulting from actual variations in the concentrations of sub-2 nm neutral
clusters (particles). Hence, their display here could prompt an unaware reader to draw wrong
conclusions about the actual population of sub-2 nm neutral clusters.
Response to Major Comments 3
In Figure 7, we have excluded the three points below 2.0 nm and inserted a note in the
caption cautioning against using the data below 2.0 nm.
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Similarly, in the caption to Figure 2(a), we have inserted a note stating that the data below 2.0
nm should be treated with caution.
Other comments:
Comment 1
Line 68: Kulmama should probably be Kulmala – also in later instances for this reference.
Response 1
In the journal paper the name has been mis-spelt as ‘Kulmama”. Correcting this is bound to
affect the citation count and we will seek the advice of the Editor on this matter and make the
change, if required.
Comment 2
Speaking of which, the recent paper by Kulmala et al. (2017) is relevant to this study and
should be brought to attention in the introduction. As condensation sinks were calculated for
this study, it might be useful even to shortly discuss the authors’ findings in light of the
conclusions of that paper (see e.g. lines 237-239).
Response 2
We agree. We have inserted the following text into the Introduction (Page 3, lines 69-77):
“Kulmala et al (2017) proposed that the survival efficiency of clusters to form particles is determined
by the two key parameters – condensation sink (CS) and cluster growth rate (GR). They defined a
dimensionless survival parameter, P, equal to the ratio (CS/10 -4 s-1 )/(GR/nm h -1 ) and showed that P
needs to be smaller than about 50 for a notable NPF to take place. However, it was noted that NPF
occurred frequently in megacities in China where the calculated P values were much higher. They
hypothesized that this discrepancy may be explained if the molecular clusters were being scavenged
less effectively than expected based on their collision rates with pre-existing particles or if they grew
much faster in size than our current understanding allows”.

In Section 3.8, we estimate the value of P from our results and compare it with the value
predicted by Kulmala et al. (2017) for NPF. We have inserted the following text on page 18,
lines 442-444:
“Our values of CS and GR give a cluster survival parameter P = 12 (Kulmala et al, 2017). This value
is significantly lower than the maximum value of 50 that was specified as a condition for NPF.”

Comment 3
Also, it could be interesting to compare the results here with those in Yu et al. (2016).
Therein, they report in particle formation and growth rates during NPF events in Nanjing,
also down to sub-3nm sizes.
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Response 3
We agree. We have included the formation rate and growth rate values found by Yu et al.
(2016) in Nanjing by inserting the following text at the end of section 3.7(Page 18, lines 425429):
“These values may be compared with that found by Yu et al. (2016) in the urban atmosphere
of Nanjing, China. They studied eight NPF events using a nano-condensation nucleus counter
system capable of measuring particle size distributions down to 1.4 nm and estimated initial
and peak particle formation rates of 210 and 2500 cm -3 s-1 , respectively. The formation rates
showed good linear correlation with a sulfuric acid proxy”.
And at the end of Section 3.8 (Page 18, lines 441-442):
“Yu et al. (2016) reported an exceptionally high local maximum growth rate of 25 nm h -1 in
Nanjing, China.
Comment 4
Lines 277 & Fig. 3, line 287:
“Haze days” seems to be used interchangeably with “no-NPF days”. Are they? If so, that
point should be made clearer. If not, it may be feasible to mark them in Fig. 3. The various
types of day are actually defined later on (lines 325-329). I suggest moving this
definition to an earlier place, and then shortly mention it again later.
Response 4
In the original Figure 3, the NPF days were shown as red full markers. The points shown in
white hollow markers were all other days, including normal (no-NPF) and haze days. We
have changed the figure caption to read “other days” instead of “No-NPF Days”.
Also, as suggested, we have moved the definition to the methods section and shortly mention
it again at this point. The added text in Section 2.3.1 now reads as follows (Page 8, lines 184188):
“A day on which there was at least one NPF event as defined above was termed an “NPF day”. A day
where the above criteria were not fulfilled were classified as a “non-event” day. A “haze day” was
defined as a day when the 24-hour average PM 2.5 concentration exceeded 75 µg m-3 - the national air
quality standard in China. A day on which there was neither NPF or haze was defined as a “normal
day”.

Comment 5
Line 318: “attachment to existing particles”
Response 5
This sentence was removed when the discussion on cluster concentrations was excluded.
Comment 6
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I would have expected this process be more pronounced on the no-NPF days, when
condensation sinks were higher.
Response 6
This statement was also removed when the discussion on cluster concentrations was
excluded. However, we calculated the condensation sinks for no-NPF days and found that it
was 0.006 s-1 , which is not significantly higher than the corresponding value on NPF days
(0.005 s-1 ). However, the condensation sink on haze days was 0.060 s -1 , which is significantly
higher than both normal days and NPF days. We have inserted the following text into the end
of section 3.6 on condensation sinks (Page 17, lines 404-408):
“The value of the condensation sink during NPF events (0.004 s-1 ) was not significantly
different to the corresponding average values during other times on NPF days and on normal
days with no NPF (0.006 s-1 ). However, the mean condensation sink on haze days (0.060 s -1 )
was significantly higher than both these values.”
Comment 7
Line 378: “previous have not been able”
I assume the authors refer to their novel measurement of particles in the 2-3 nm allowing
them to more accurately calculating the coagulation sink (CoagS) for particles down to 2 nm.
That’s technically OK, but one would expect those small particles (i.e. in the 2-3 nm range
for instance) to play a minor (negligible?) role in determining CoagS. How much is the value
obtained here improved (increased) by the possibility to take the 2-3 nm range into account?
Response 7
Equation (5) for the formation rate considers the particles in the size range 2-3 nm. The rate
of change of the number of particles in this size range was not available to previous workers.
We use this, together with the coagulation sink of the particles in the size range 2-3 nm
(CoagSdp ) to calculate the formation rate. The coagulation rate CoagS refers to the entire
particle size range and this value is, as the reviewer points out, much larger than CoagSd p in
the size range 2-3 nm. However, we thank the reviewer for this comment as it shows that the
text was not very clear. We have modified the text as follows to make this as clear as
possible:
In Section 2.3.3 (Page 11, lines 254-255) as follows:
“CoagSdp represents the loss of the particles due to coagulation in the size range 2-3 nm,
calculated from equation (4) with dp = 2 nm, and GR is the growth rate of particles”.
And, in Section 3.7 (Page 17, lines 412-417):
“Using our value of the CS, we calculated the mean value of the coagulation sink using
equation (4) for 2 nm particles during an NPF event to be 7.2x10-4 s-1 . Previous studies in
Beijing have not been able to determine this value at 2 nm. The value reported for 3 nm
particles for NPF events in Beijing by Wu et al. (2011) was 9.9x10-4 s-1 , which is close to our
value at 2 nm. Using our value of the coagulation sink in equation (5), we calculated the
formation rate of particles in the smallest particle size bin 2-3 nm”.
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Minor comments:
Comment 8
Abstract, 2nd sentence: The statement should be clarified. From what are the estimated
characteristics different in the case of restricted measurements?
Response 8
We have modified this sentence as follows (Abstract, lines 30-32):
“Estimated characteristics of NPF events, such as their starting times and formation and
growth rates of particles, are more accurate when the detection range of particles extends to
smaller sizes.”
Comment 9
Lines 152-153: It may be interesting and instructive for the reader to hear, in short, about the
nature of the problems encountered.
Response 9
We have replaced this sentence with the following (Page 7, lines 169-170):
“Data was lost on nine days owing to various problems such as the loss of power, software
malfunction and a blocked filter during a haze event.”

Comment 10
Line 263: Does this t-test result apply to the whole measurement campaign, or just the subset
shown in Fig. 2? In the latter case, would it change when applied to the whole period?
Response 10
This was for the subset shown in Fig 2. However, when we consider the entire monitoring
period, the corresponding difference was even more significant. We have added the following
sentence: (Page 13, lines 303-305)
“The corresponding difference was even more significant when considering the entire
monitoring period where the mean daily values of PM2.5 on NPF days and the other days
were 21 μg m -3 and 143 μg m -3 , respectively.”
Comment 11
Line 297: “are more likely …” than what else?
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Response 11
We have amended the text as follows on page 14, lines 338-431:
“Thus, the observed haze events are unlikely to be caused by in-situ new particle formation
and more likely to be due to particles carried by the wind into the city or being prevented
from escaping due to temperature inversions in the atmosphere”.
Comment 12
Lines 329-332, Table 2: The source of the uncertainty of 20% has remained unclear to me.
Maybe the authors can rephrase.
Response 12
We agree that the statement is unclear. We have replaced it with the following text on page
15, lines 361-364:
“The values shown are the means of the average PM2.5 concentrations over all the 24-hour
days. The daily mean values varied from day to day, especially on days with NPF events or
haze events mainly due to the different durations of these events. We estimated the standard
deviation about these mean values to be 20%”.
Comment 13
Most figures have a gray background and odd dark-gray or blank frames. They would look
better without any that.
Response 13
We have removed the grey background and frames around all figures.
Comment 14
The text/numbers in the color bar in Figures 2 and 7 are difficult to read and lack units.
Response 14
We have improved the quality of the numbers on the color bars and included units (cm-3 ).
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Abstract

29
30

New particle formation (NPF) has been observed in many hi ghl y pol l uted envi ronments of South-

31

East Asia, including Beijing, where the extent of its contri buti on to i ntense haze events i s sti l l an

32

open questi on. Estimated characteristics of NPF events, such as their starti ng ti mes and formati on

33

and growth rates of particles, are very different when the measurements are restricted to parti cl es

34

i n l arger size rangesmore accurate when the detection range of particles extends to smaller sizes. In

35

order to understand the very first steps of particle formation, we used a neutral cl uster and ai r i on

36

spectrometer (NAIS) to investi gate parti cl e characteri sti cs at si zes exactl y where atmospheri c

37

nucl eation and cluster activity occurs. Observations over a continuous three-month period in Beiji ng

38

showed 26 NPF events. These events generally coincided with periods with relatively clean ai r when

39

the wi nd direction was from the less-industri al i zed north. No NPF were observed when the dai l y

40

mean PM2.5 concentration exceeded 43 µg m-3 , which was the upper threshold for particle formation

41

i n Bei jing. The fraction of particles that are charged in the size range 2-42 nm was normal l y about

42

15%. However, this fraction increased to 20-30% duri ng haze events and decreased to bel ow 10%

43

duri ng NPF events. Wi th the NAIS, we determi ned the starti ng ti mes of NPF very preci sel y to a

44

greater accuracy than has been possible in Beijing before and provi ded a temporal di stri buti on of

45

NPF events wi th a maximum at about 8.30 am. Particle formation rates varied between 10-3612-38

46

cm-3 s -1 . Particle growth rates were estimated to be in the range 0.5-9.0 nm h-1. These resul ts are

47

more reliable than previous studies in Bei ji ng as the measurements were conducted for the fi rst

48

ti me at the exact si zes where cl usters form i nto parti cl es and provi de useful i nsi ght i nto the

49

formati on of haze events.

50
51
52

Keywords: New particle formation, secondary particles, nucleation, haze events

53
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54
55

1. Introduction

56
57

Particles in the atmosphere may be classi fi ed i nto two types dependi ng on thei r ori gi n. Pri mary

58

particles are directly emitted by a source while secondary particles are formed through a secondary

59

process by the homogeneous condensation of gaseous precursors. Thi s i s known as new parti cl e

60

formati on (NPF) and has been observed i n many parts of the worl d i n many di fferent types of

61

envi ronments (Curtius, 2006;Kulmala et al., 2005;Kulmala et al., 2004;Zhang et al ., 2011). NPF i s a

62

complicated process where molecular clusters come together to form particles at a size of about 1.6

63

nm (Kul mala et al., 2004). Generally, it is favoured by clean air conditions where the particle number

64

concentration (PNC) in the atmosphere is low, resulting in a lower particle surface avai l abl e for the

65

condensati on of gases, l eadi ng to an i ncrease of the supersaturati on i n the ai r enhanci ng

66

homogeneous condensation of the gaseous speci es (Kul mal a et al ., 2005;Wu et al ., 2011) and,

67

therefore, NPF i s l ess frequent i n pol l uted envi ronments. However, i f the gaseous precursor

68

concentration is high enough, NPF may occur at even higher particle concentrations (Kulmal a et al .,

69

2005;Wu et al., 2011). Jayaratne et al. (2015) showed that i n the rel ati vel y cl ean envi ronment of

70

Bri sbane, Australia, NPF do not occur when the ambient PM10 concentrati on exceeds about 20 µg

71

m-3 . However, NPF have been commonl y observed i n more pol l uted envi ronments l i ke Bei ji ng

72

(Kul mama et al., 2016) and Shanghai (Xiao et al., 2015) in China. Kulmala et al (2017) proposed that

73

the survival effi ci ency of cl usters to form parti cl es i s determi ned by the two key parameters –

74

condensati on si nk (CS) and cl uster growth rate (GR). They defi ned a di mensi onl ess survi val

75

parameter, P, equal to the ratio (CS/10-4 s -1 )/(GR/nm h-1 ) and showed that P needs to be smal l er

76

than about 50 for a notable NPF to take place. However, it was noted that NPF occurred frequentl y

77

i n megacities in China where the calculated P values were much higher. They hypothesized that thi s

78

di screpancy may be explained if the molecular clusters were being scavenged l ess effecti vel y than

4

79

expected based on their collision rates with pre-existing particles or if they grew much faster i n si ze

80

than our current understandi ng al l ows.

81
82

The study of the formation and characteristics of NPF events in Beijing i s i mportant because of i ts

83

possible influence on severe haze episodes (Guo et al., 2014;Huang et al., 2014). Such haze events

84

not onl y give rise to poor visibility but are responsible for sharp increases i n respi ratory probl ems

85

amongst the l arge popul ati on that i s exposed. In parti cul ar, Bei ji ng experi enced severe haze

86

epi sodes during November and December, 2015. Daily maximum PM2.5 val ues i n the ci ty exceeded

87

500 µg m-3 on no l ess than si x days duri ng the month of December, prompti ng two offi ci al ai r

88

pol l uti on ‘red al erts’ to be i ssued (Xue et al ., 2016). Cl ose exami nati on of the haze events

89

demonstrate that they occur in cycles of a few days and generally coincide with winds blowi ng from

90

the more pol luted regions south of the city (Guo et al ., 2014;Wu et al ., 2007). Parti cul ate matter

91

concentrations are observed to drop significantly when the winds change to a northerl y di recti on,

92

bri nging cleaner ai r i nto the ci ty, whi ch i s when NPF events general l y occur (Guo et al ., 2014).

93
94

The earl iest study of NPF using a TSI scanning mobility particle sizer (SMPS) in Beijing was carried out

95

by Wehner et al . (2004). They observed NPF on 25 out of 45 days of measurement wi th PNCs

96

exceedi ng 105 cm-3. They observed NPF on 25 out of 45 days of measurement, and on each of

97

these days the PNC exceeded 105 cm -3 .Subsequent studies usi ng the SMPS were carri ed out by

98

Wu et al . (2007) who showed that NPFs were observed on 50%, 20%, 35% and 45% of days duri ng

99

the spring, summer, fall and wi nter seasons, respecti vel y. Yue et al . (2010) i nvesti gated 12 NPF

100

events and showed that sulphuric acid and ammonia accounted for about 45% of the growth rate,

101

wi th the balance being due to organic species. Guo et al. (2014) conducted a detailed analysis over a

102

two-month period during the fall of 2013 and showed that NPF events occurred i n a cl ear peri odi c

103

cycle of about 4-7 days coinciding with northerly winds bringing cleaner air into the city. The average

104

PM2.5 values when the wind was from the north and when it was from the south were 35 and 114 μg
5
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105

m-3 , respectively. The average PM2.5 (and PNC) values during and outside the NPF peri ods were l ess

106

than 50 μg m-3 (greater than 2 x 105 cm-3) and several hundred μg m-3 (5 x 10 4 cm-3), respecti vel y.

107

Pol lution also originates from within the city – from motor vehicle emissions and industrial sources.

108

In general, airborne gaseous pol l utants i n Bei ji ng and other urban regi ons i n Chi na are mai nl y

109

vol atile organi c compounds (VOC) and oxi des of ni trogen (NO x) from l ocal transportati on and

110

sul phur dioxide (SO2) from regional industrial sources (Wang et al., 2009;Yue et al., 2010). However,

111

Guo et al . (2014) showed that the nucleation and growth processes occurred on a regi onal scal e,

112

over several hundred km, with the effect of local sources such as motor vehi cl e emi ssi ons bei ng

113

i nsignificant. A good summary of the studies conducted since 2004 in Beijing may be found in Zhi bi n

114

et al . (2013) and Kul mama et al . (2016).

115
116

Al l these previous studies in Beijing have been carried out using the SMPS. The SMPS i s a good tool

117

to determi ne the PNC and size distribution down to a minimum particle size of about 3 nm, although

118

the effi ciency of detection falls off below about 10 nm. Thus, an event where aerosol s i n the si ze

119

range 3-10 nm emi tted on-si te as pri mary parti cl es or entrai ned from a di stant l ocati on that

120

conti nue to grow to larger sizes may be mistaken for particle formation at that monitori ng si te. The

121

SMPS i s also not able to identify the exact time period during which parti cl e formati on occurs. An

122

i nstrument that can detect particles at smaller sizes is the neutral cluster and ai r i on spectrometer

123

(NAIS) from Airel Ltd. The NAIS is specifically designed to monitor parti cl e formati onNPF as i t can

124

detect parti cl es down to a si ze of 0.8 nmthei r actual formati on si zes (Manni nen et al .,

125

2016;Manninen et al., 2009;Mirme et al., 2007). In this paper, we present the first results of usi ng a

126

NAIS i n Beijing over the course of three months, two months wi th i ntense haze and very few NPF

127

events, and the other including several days with NPF. We will investigate the characteri sti cs of the

128

NPF events and the conditions that gave rise to them. As the measurements i ncl uded the si zes at

129

whi ch particles formed, the results provide more rel i abl e i nformati on of such parameters as the

130

starting times, growth rates and formation rates of parti cl es than has been possi bl e i n the past.
6

131
132

2. Methods

133
134

2.1 Instrumentation

135

The NAIS i s an improved version of the air ion spectrometer (AIS) which was devel oped by Ai rel Ltd

136

(Mi rme et al., 2007). In both instruments, the sample air is spli t equal l y i nto each of two separate

137

cyl indrical spectrometer col umns, one of each pol ari ty. At the i nl et to each col umn, a uni pol ar

138

corona wire diffusion charger of the same polarity as the central electrode in the column bri ngs the

139

particles to an equilibrium charge distribution. They are then cl assi fi ed by a di fferenti al mobi l i ty

140

analyser where the outer electrodes consist of 21 i nsul ated secti ons or ri ngs, each wi th i ts own

141

el ectrometer. The charged particles in the air flow are repelled by the central electrode which has a

142

tapered cross-section and collected by the rings. The el ectric field between the central electrode and

143

the ri ngs is fixed by the vol tage on the i nner el ectrode and the gap between the i nner and outer

144

el ectrodes so that only particles in a given mobility range may be collected by each ring. In this way,

145

the i nstrument can separate particles into 21 mobility or size bins. A refinement in the NAIS over the

146

AIS i s that it uses controlled charging to measure the concentration of charged particles i n addi ti on

147

to the total PNC in each size range. This is done by switching the voltage off on the corona charger

148

duri ng one part of the measurement cycle. Thus, the NAIS can measure both charged and neutral

149

particles separately. The mobility range of the instrument is 3.16-0.001 cm2 V-1 s -1 which corresponds

150

to a mobility diameter range of 0.8-42 nm. However, Asmi et al. (2009), Manninen et al. (2011)

151

and Manninen et al. (2016) have pointed out that the lowest detection limit for the NAIS in

152

the particle mode is about 2.0 nm owing to the presence of corona-generated ions; at sizes

153

smaller than 2.0 nm, the NAIS cannot reliably distinguish between charged and neutral

154

particles. Therefore, Manninen et al. (2011) specified the lowest detection limit of the NAIS

155

to be 1.6 and 1.7 nm for negative and positive ions, respectively, and 2.0 nm for neutral

156

particles. Therefore, in this study, we will restrict our observations to the particle size range
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157

2.0-42 nm. A good description of the detailed operation of the NAIS may be found i n Manni nen et

158

al . (2016). In this study, we set the NAIS to a measurement cycle of 5 min consi sti ng of 2 mi n each

159

for charged and neutral particles with an offset period of 1 mi n. Thus, a PNC and charged parti cl e

160

concentrati on readi ng were obtai ned i n real ti me once every 5 mi n.

161
162

The l arger size PNC was monitored with an SMPS. The i nstrument was set to scan up and retrace

163

ti mes of 120 and 15 s respecti vel y. The aerosol and sheath fl ow rates were 0.3 and 3.0 l pm,

164

respectivel y. Si ze di stri buti ons were determi ned i n 107 bi ns i n the si ze range 14 to 673 nm. A

165

compl ete size distribution record was obtained every 5 min. PM2.5 concentrati ons were moni tored

166

wi th a tapered el ement osci l l ati ng moni tor (TEOM) and recorded as hourl y average val ues.

167
168

2.2 Study Design

169

The NAIS and SMPS were set up within a room on the roof of the Chinese Research i n Atmospheri c

170

and Envi ronmental Sci ences (CRAES) Bui l di ng i n Bei yuan, Bei ji ng, on the 28 October 2015 and

171

moni toring was conducted continuously until 31 January 2016. Thi s compri sed 96 days i ncl udi ng

172

several episodes of very high pollution or haze days when the PM2.5 in Beiji ng exceeded 100-200 µg

173

m-3 . Data was lost on nine days owi ng to vari ous probl ems such as the l oss of power, software

174

mal function and a blocked filter during a haze event. Owing to the hi gh PM content i n the ai r, the

175

i nstrument experienced some problems on 9 days duri ng whi ch data was l ost. Ai r was sampl ed

176

through a straight steel pipe of diameter 4 cm protruding vertically through the roof of the buil di ng.

177

Meteorol ogical parameters, including the wind speed, wind direction, air temperature and rel ati ve

178

humi di ty were moni tored and recorded hourl y over the course of the study peri od.

179
180

2.22.3 Analysis

181
182

2.2.12.3.1 Identification of NPF events
8

183

The NAIS provi ded spectragrams showing the neutral and charged particle number size distributions

184

i n real time with the concentrations shown in colour contours. The neutral and charged PNCs were

185

al so provided in real time at 5 min intervals. NPF events were identified using the method proposed

186

by Zhang et al. (2004). We calculated the rate of change of PNC, dN/dt, where N i s the number of

187

particles in the size range 1.82.0 -10.0 nm. Events with N > 10,000 cm-3 for at least 1 hour and dN/dt

188

>15,000 cm-3h-1 were classified as NPF events. These events generally exhibited a ‘banana shape’ i n

189

the spectragrams. A day on which there was at least one NPF event as defined above was termed an

190

“NPF day”. A day where the above criteria were not fulfilled were classified as a “non-event” day. A

191

“haze day” was defined as a day when the 24-hour average PM2.5 concentration exceeded 75 µg m-3

192

- the nati onal air qual i ty standard i n Chi na. A day on whi ch there was nei ther NPF or haze was

193

defi ned as a “normal day”. NPF events are characterised by sharp increases in the intermedi ate si ze

194

range. The starting times of an event was determined by using the time of sudden increase in PNC in

195

the si ze range 1.82.0 – 10.0 nm.

196
197

2.2.22.3.2 Condensation sink (CS) and coagulation sink (CoagS)

198

The condensation sink of particles is defined as (Dal Maso et al., 2002;Dal Maso et al., 2005;Kulmal a

199

et al ., 2012;Lehti nen et al ., 2003;Sal ma et al ., 2011)

200

𝐶𝑆 = 2 𝜋 𝐷 ∑𝑖 𝛽𝑚 (𝑑𝑝,𝑖 )𝑑𝑝,𝑖 𝑁𝑖

201

(1)

202

where D i s the diffusion coefficient of the condensing vapour and βm i s the transi ti on correcti on

203

factor for mass flux. dpi and Ni are the diameter and the number concentration of particles in the size

204

bi n i respecti vel y. The uni t of CS i s s -1.

9

205

It is now well established that sulfuric acid is the key precursor gas in nucleation, although

206

low vapour pressure organics may contribute to the subsequent aerosol growth (Curtius,

207

2006). Sulfuric acid has a low vapour pressure which is reduced further in the presence of

208

water. When produced from SO 2 in the gas phase, it is easily supersaturated and begins to

209

condense. Moreover, most of the particles in the atmosphere are in the kinetic regime

210

(smaller than 0.01 µm)(Seinfeld and Pandis, 2006). In this regime, condensation is directly

211

proportional to the RMS speed of the molecules. The RMS speed is inversely proportional to

212

the square root of the molecular weight of the molecule. Thus, a sulfuric acid molecule, with

213

a molecular weight of 98 g mol-1, has an RMS speed that is about 30% higher than a typical

214

organic gas molecule with a molecular weight of about 200 g mol-1 , Thus, condensation of

215

sulfuric acid will occur much more readily than organic molecules. Studies in Beijing have

216

confirmed that NPF is more likely to occur in a sulfur-rich environment than in one that is

217

sulfur-poor ((Yue et al., 2010;Guo et al., 2014;Wu et al., 2007)). Wu et al. (2007) also

218

assumed that sulfuric acid was the main condensable vapour in determining the particle

219

formation rates during NPF events in Beijing.

220

Therefore, aAssuming that the main condensing vapour is sulphuric acid, we estimated the diffusion

221

coeffi ci ent for condensi ng vapour usi ng the expressi on

222

𝐷 = 5.0032 ∗ 10 −6 + 1.04 *10 −8 𝑇 + 1.64 ∗ 10 −11𝑇 2 − 1.566 ∗ 10 −14 𝑇 3

223

where D has the uni ts of m2 s -1 and where the temperature T i s i n Kel vi n (Jeong, 2009).

224

The transition correction factor, βm, was calculated using the Fuchs-Sutugi n expressi on (Fuchs and

225

Sutugi n, 1971)

𝛽𝑚 =

(2)

𝐾𝑛 + 1
4
4
1 + ( + 0.337)𝐾𝑛 + ( )𝐾𝑛2
3𝛼
3𝛼
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226
227

(3)
where
𝐾𝑛 =

228

2𝜆
𝑑𝑝

and

0 ≤ 𝛼 ≤ 1.

229
230

Here, Kn, the Knudsen number, descri bes the nature of the suspendi ng vapour rel ati ve to the

231

particle, λ is the mean free path of a suspendi ng vapour mol ecul e and dp i s the di ameter of the

232

particle (Seinfeld and Pandis, 2006). The mass accommodati on coeffi ci ent (sti cki ng coeffi ci ent) α

233

describes the probability of a vapour molecule sticking to the surface of a parti cl e duri ng vapour-

234

parti cl e i nteracti ons (Sei nfel d and Pandi s, 2006). In thi s study, we assumed α = 1.

235
236

The rel ationship between the condensation sink and coagulation sink is given by Lehtinen et al.

237

(2007) as
𝑚

𝐶𝑜𝑎𝑔𝑆𝑑𝑝 = 𝐶𝑆. (

𝑑𝑝
)
0.71

238

(4)

239

where the exponent m varies in the range -1.75 to -1.5 with a mean value -1.7 and the val ue 0.71 i s

240

the di ameter of a hydrated sul phuri c aci d mol ecul e. The uni t of CoagS i s s -1.

241
242

In order to calculate the CS, we used the PNC obtai ned from the SMPS i n the 107 si ze bi ns i n the

243

range 14-673 nm and from the NAIS in 8 size bins i n the range 2-14 nm. The mean temperature i n

244

Bei jing during the period of observati on was cl ose to 0ºC. We The val ue of D cal cul ated D usi ng

245

equati on (2) at temperature T = 303 273 K was 0.087 cm 2 s -1 which i s i n good agreement wi th the

246

val ues given in the literature ( Brus et al. (2016), Eisele and Hanson (2000) . The val ues used for

247

the exponent m was

-1.7 (Dal Maso et al ., 2008) and λ =108 nm (Massman, 1998).

248
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249

2.2.32.3.3 Particle formation rate

250

Particle formation or nucleation occurs from thermodynamically stable clusters in the size range 1.0-

251

2.0 nm (Kulmala et al., 2007). The formation rate may be estimated from the number of particles in

252

the smallest size bin, usually 2-3 nm in the NAIS.

253

The formation rate of particles is defined as

𝐽𝑑𝑝 =

𝑑𝑁𝑑𝑝
𝑑𝑡

+ 𝐶𝑜𝑎𝑔𝑆𝑑𝑝 .𝑁𝑑𝑝 + (

𝐺𝑅
)𝑁
𝛥𝑑𝑝 𝑑𝑝

254

(5)

255

where Ndp i s the number concentration of particles in the size range d p and (dp + Δdp) respectively

256

(Kul mala et al., 2012). In this study, we used the values dp = 2 nm and Δdp = 1 nm, corresponding to

257

the si ze range 2-3 nm. CoagSdp represents the loss of the particles due to coagulation in the size

258

range 2-3 nm, calculated from equation (4) with dp = 2 nm, and GR is the growth rate of particles.

259

The uni t of formation rate is cm-3 s -1.

260
261

2.2.42.2.4 Particle growth rate (GR)

262

Duri ng an NPF event, the growth rate of parti cl es was defi ned by Kul mal a et al . (2012) as

𝐺𝑅 =

𝑑𝑑𝑝 𝑑𝑝2 − 𝑑𝑝1
=
𝑑𝑡
𝑡2 − 𝑡1

263

(6)

264

where dp2 and dp1 are the diameters of particles at times t2 and t1, respectively. This was cal cul ated

265

by the maximum concentration method as described in Kulmala et al. (2012) by exami ni ng the ti me

266

of maxi mum PNC at each parti cl e si ze duri ng an NPF event. Fi rst, we exported the number

267

concentrations of particles obtained from the NAIS in 1514 bins in the si ze range 1.82.0 – 42.0 nm.
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268

Next, we sel ected the time of maximum concentrations during each NPF event for each particle si ze

269

bi n. Finally, we calculated the growth rate usi ng the sl ope of the best-fi tted l i ne on the graph of

270

medi an diameter of particle in each size bin vs. the time of maximum concentrati on. The uni t of GR

271

i s nm h-1 .

272
273

3. Results and Discussion

274
275

3.1 Distribution of NPF events

276

Duri ng the enti re peri od of measurement, the NAIS yi el ded 87 compl ete days of data, the

277

remai ning 9 days bei ng affected by i nstrument faul ts, general l y due to power fl uctuati ons .

278

November and December 2015 were particularly prone to high polluti on events i n Bei ji ng. The

279

daily average PM2.5 concentration exceeded the recommended maximum of 50 µg m-3 i n Beiji ng

280

on 47 days during this two-month period. The maximum daily average was 448 µg m-3 and thi s

281

occurred on 1st December. Owing to the high condensati on si nk on pol l uted days, there were

282

rel atively few NPF days duri ng these two months. There was a rel ati ve i mprovement of ai r

283

quality after 4 th January and this lasted unti l 31st January - the end of the moni tori ng peri od,

284

duri ng which time, the daily average exceeded 100 µg m-3 on onl y four days. Enhanced PM2.5

285

concentrations (> 50 µg m-3 ) were observed on 15 days i n January. These days occurred i n

286

groups and we could identify fi ve such di sti nct peri ods duri ng January. No NPF events were

287

observed during these 15 days; however, several NPF events were observed on the other days

288

duri ng the intervening periods. A summary of the observational days, together with the number

289

of days on which data were avai l abl e and NPF events were observed, are shown i n Tabl e 1.

290

Col umn 3 shows the numbers of days on which complete 24-hour data were obtai ned. We note

291

that, duri ng the 56 such days between 27 t h October and 31 st December, NPF events were

292

observed on just 10 days, whereas during the 31 days in January 2016, NPF events took place on

293

16 days. The near equal division between NPF days and no-NPF days in January provided an ideal
13

294

data set to compare the parameters and conditions on these two types of days. The di fference

295

between November/December and January had a cl ear dependence on the PM 2.5

296

concentrations. Fi gure 1 gi ves a summary of the days on whi ch NPF events were observed.

297
298

3.2 Relationship between NPF events and PM2.5 concentration

299

In Fi g 2, we take a closer look at the January data, together with the respective mean daily PM 2.5

300

concentrations. It is apparent that there were five distinct groups of NPF days in January. These

301

are l abel l ed i n 2(b). In the NAIS spectragram, shown i n 2(a), the 16 NPF events are cl earl y

302

observed with the characteristic ‘banana’ shapes compressed into near-vertical bands extending

303

up from the smallest sizes. The fi ve groups from l eft to ri ght consi st of 5, 3, 2, 5 and 1 NPF

304

events, respectively (Figs 2(a and b)). These groups are separated by time periods when no NPFs

305

were observed. The PM2.5 values are cl earl y l ower on NPF days than on the other days wi th

306

mean daily values of 18 µg m-3 and 120 µg m-3, respectively. A Student’s t-test showed that the

307

di fference in mean daily PM2.5 values between NPF days and the other days was stati sti cal l y

308

si gni fi cant at the confi dence l evel of 95%. The corresponding difference was even more

309

significant when considering the entire monitoring period where the mean daily values

310

of PM2.5 on NPF days and the other days were 21 μg m-3 and 143 μg m-3, respectively.

311

Fi gure 2(c) shows the corresponding mean daily PNC. While the PNC within each group showed a

312

greater fluctuation than the PM2.5, the PNC on NPF days was si gni fi cantl y hi gher than on non-

313

NPF days. Therefore, although the PM is higher on haze days than on NPF days, the t-tests agai n

314

showed that the PNC was significantly lower on haze days than on NPF days. This is explicable i n

315

terms of the particle size. Particles are significantly larger on haze days than on clean days when

316

NPF events are l i kel y to occur.
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317
318

In Fi g 3, we plot the daily mean PNC against the daily mean PM2.5 for the 31 days in January. The

319

days with NPF and the days with no NPF events clearly fall into two distinct groups accordi ng to
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the dai ly mean PM2.5 values. Pre-existing particles entering the region wi th the wi nds from the
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south wi l l al so i ncrease the condensati on si nk, further reduci ng the l i kel i hood of NPF.
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322

No NPF events were observed on a day when the mean PM2.5 value exceeded 43 µg m-3. There is

323

some mi nor overlap in the PNC values on the two types of days but this is primarily because they

324

are daily averages. When we consider the average PNC values during the NPF events al one, a t-

325

test showed that they are significantly higher than at other days and times. However, we do see

326

that, on haze days, the dai l y average PNC does not exceed 8.5 x 10 4 cm-3 .

327
328

3.3 Relationship between NPF events and wind direction

329

Previ ous studies have shown that the wind direction played an i mportant rol e i n determi ni ng the

330

PM2.5 concentrati on i n Bei ji ng (Guo et al ., 2014). Agai n, we l ook at the month of January, as i t

331

provi ded an almost equal number of NPF days and non-NPFother days and was, therefore, i deal to

332

compare the wind direction on the two types of days. Figure 4 shows the wi nd di recti on roses for

333

both NPF days and non-NPFother days during January. The frequencies are gi ven as percentages of

334

ti me when the wind was from a given direction. There is a clear difference between the two sets of

335

days with a strong correlation between the NPF days and the wi nd di recti on. NPF events cl earl y

336

occurred on days when the wind di recti on was predomi nantl y from the NW, whi l e i t was more

337

equally distributed with a greater likelihood of arriving from the S and E during the haze days when

338

there were no NPF events. The frequencies in the sector between NW (315º) and N (0º) on NPF days

339

and non-NPFother days were 68 % and 11 %, respectively. Air from the north of Bei ji ng i s usual l y

340

cl eaner than that from the more industrialized south of the city (Guo et al., 2014). Clean periods are

341

characterised by decreased condensation si nks that promote NPF. Wi nds from the south bri ng a

342

copi ous supply of freshly available gaseous precursors that shoul d gi ve ri se to parti cl e formati on.

343

However, the absence of NPF events during these times suggests that the wi nd i s al so carryi ng a

344

l arge supply of particles that reduce the gaseous supersaturations required for parti cl e formati on.

345

Thus, the observed haze events are unlikely to be caused by in-situ new particle formation and more
15

346

l i kely to be due to particles carried by the wind into the city or being prevented from escaping due to

347

temperature inversions in the atmosphereThus, the observed haze events are more likel y to be due

348

to particles carried by the wind into the city or being prevented from escapi ng due to temperature

349

i nversi ons i n the atmosphere.

350
351

3.4 Charged particles and clusters

352

Next, we l ook at the behaviour of charged clusters and charged particles, with particular attention to

353

NPF events and haze events. In order to compare and contrast the characteristics of these parti cl es,

354

we sel ected a period of four days, comprising two haze days that were immediately followed by two

355

NPF days. Figure 5 shows the time series of the concentration of total and charged particl es (a) and

356

cl usters (b) observed over this four-day period from November 30 to December 3. In Fi g 5(a), tThe

357

upper curve represents the total PNC while the lower curve gi ves the charged PNC. The di fference

358

between the two curves gives the neutral PNC. This is similar for the cl uster concentrati ons i n Fi g

359

5(b). The conditions during the two types of events could be compared during this period as i ntense

360

haze was observed on the first two days (Nov 30 and Dec 1) whi l e, fol l owi ng a change of wi nd

361

di rection near midnight on the 1 December, two strong NPF events took place on the next two days

362

(Dec 2 and 3). In general, the neutral cluster concentration exceeded the cl uster i on concentrati on

363

by about two orders of magni tude, wi th thi s rati o bei ng somewhat greater when there was no

364

particle formation. Large pools of neutral clusters were always observed to be present i n previ ous

365

studies in the boreal forests of Hyytiala, Finland (Kulmala et al., 2007) and in the urban envi ronment

366

of Bri sbane, Australia (Jayaratne et al., 2016). Here, we can confi rm the same observati on i n the

367

more polluted Beijing atmosphere. The total cluster concentration showed a significant decrease, by

368

al most an order of magni tude, as we passed from the fi rst two days to the two NPF days. We

369

attribute this to two phenomena - the attachment of clusters to existing particles and the conversion

370

of cl usters to new particles. We al so see that l ess than 10% of the parti cl es were charged, both

371

duri ng NPF days and when there were no NPF events.
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372
373

A summary of the neutral and charged PNC and cluster concentrati ons duri ng the vari ous stages

374

over the enti re peri od of observati on are presented i n Tabl e 2. Al so shown are the percentage

375

numbers of all particles that were found to be charged. NPF events and NPF days are defi ned i n

376

secti on 2.2.12.3.1. A haze day was defined as a day when the 24-hour average PM2.5 concentrati on

377

exceeded 75 µg m-3 - the nati onal ai r qual i ty standard i n Chi na. A day that met nei ther of these

378

cri teria was defined as a ‘normal day’. Thus, by our ad-hoc defi ni ti on, a normal day had a dai l y

379

average PM2.5 concentration in the range 43-75 µg m-3, since no NPF events were observed on days

380

when the average PM2.5 concentrati on was greater than 43 µg m -3. The durati on of the vari ous

381

events affected the daily values while the conditions during the events affected thei r peak number

382

concentrations. The values shown are the means of the average PM 2.5 concentrations over all the 24-

383

hour days. The daily mean values varied from day to day, especially on days with NPF events or haze

384

events mainly due to the different durations of these events. We estimated the standard devi ati on

385

about these mean values to be 20%Thi s i ntroduced an i nherent uncertai nty of up to 20% i n the

386

val ues shown i n the tabl e.

387
388

We note that only a very small percentage of clusters, less than 1%, are charged under all conditions.

389

On a normal day, around 15% of the parti cl es l arger than 2 nm are charged. The fracti on that i s

390

charged decreases significantly during an NPF event. Thi s i s consi stent wi th our observati ons i n

391

Bri sbane (Jayaratne et al., 2016) and may be attributed to the rapid increase in particle number and

392

the associated coagulation. On the other hand, duri ng a haze event, the percentage of parti cl es

393

charged increases to a value between 20% and 30%. These observations are consistent with the PNC

394

and particle sizes and the equilibrium distribution of charge on particl es. NPF are characteri sed by

395

l arge numbers of small particles while the SMPS and TEOM show that haze events compri se much

396

l arger particles. The amount of charge that a particle can hold and the fraction of parti cl es that are
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397

charged in equilibrium both increase with particle size, so it is not unexpected to fi nd that a l arger

398

percentage of parti cl es are charged duri ng the haze events.

399
400

3.5 Particle formation times

401

Al l except one of the 26 NPF events during the period of observati on began between 7:30 am and

402

10:00 am. The mean time was 8:45 am. This result is in agreement with Wu et al. (2007) who, usi ng

403

an SMPS, reported that NPF events during clean air peri ods i n November, December and January

404

generally started between 7:00 am and 10:00 am. Figure 6 shows the temporal di stri buti on of the

405

start times of the NPF events, classified into 30 minute bins. The most likely time for an NPF event to

406

begi n was between 8:00 and 8:30 am. This time coincides with the morning rush hour traffi c when

407

the producti on rate of gaseous precursors i s general l y at a maxi mum. Sunri se i n Bei ji ng i n

408

December/January i s at about 7.30 am.

409
410

Fi gure 7 shows the NAIS spectragram of the strong NPF event that occurred on 29 t h October 2015.

411

The spectragram shows a clear banana profile which levels off at about 20 nm. The PNC in this event

412

was relativel y hi gh, exceedi ng 1.6 x 10 5 cm-3 near 11:00 am. The PM 2.5 concentrati on remai ned

413

between 12 and 16 µg m-3 right through this event. The markers shown on this figure are the median

414

si zes of particles at each ti me. It can be observed Ii n the spectragram, the transi ti on ti me from

415

cl usters to particles, at around 2 nm, is very sharp and we can conclude that that particl e formati on

416

began at around 09:00 h. However, previ ous studi es i n Bei ji ng ha ve not been abl e to measure

417

particles smaller than 3 nm. In Fi g 7, i f we truncate the l ower parti cl e si ze margi n to 3 nm, the

418

starting time of the NPF event appears later than it actually is, approxi matel y at 9:30 am. In other

419

NPF spectragrams, we see this difference bei ng as much as 1.0 to 1.5 h dependi ng on the i ni ti al

420

growth rate. Thus, we concl ude that the starti ng ti mes that we have deri ved (Fi g 6) are more

421

accurate than has been obtained in the past. Thi s wi l l al so affect the esti mated growth rates of

422

parti cl es duri ng NPF events as we shal l show i n the next secti on.
18

423
424

3.6 Condensation and coagulation sinkssink

425
426

The condensation and coagulation sinks were calculated during NPF events assuming the growth to

427

be due to sul furic acid and using the SMPS and NAIS data and the equations given in the methods

428

secti on. The mean value of the condensation sink was 54.2x10-3 s -1. This value is somewhat smaller

429

than that reported by Wu et al. (2007) (1.4x10-2 s-1 ) and Wu et al. (2011) (1x10 -2 s-1) but within the

430

range of 0 – 5x10-2 s -1 reported in all NPF events between 2004 to 2008 in Beijing by Zhibin et al.

431

(2013). The mean value of our coagulation sink for 2 nm particles during an NPF event was 9x10-4 s -1.

432

Previ ous studies in Beijing have not been able to determine this value at 2 nm. The values reported

433

for 3, 5 and 10 nm for NPF events in Beijing by Wu et al. (2011) are 9.9x10-4 s -1 , 4.3x10-4 s -1 and

434

1.4x10 -4 s-1 , respectively. The value at 3 nm is close to our value at 2 nm. The value of the

For matted: F ont: N ot Italic

435

condensation sink during NPF events (0.004 s -1 ) was not significantly different to the

For matted: F ont: N ot Italic

436

corresponding average values during other times on NPF days and on normal days with no

437

NPF (0.006 s -1 ). However, the mean condensation sink on haze days (0.060 s -1 ) was

438

significantly higher than both these values.
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3.7 Particle formation rate

442
443

Usi ng the values of the condensation and coagul ati on si nks i n equati on 5our val ue of the CS, we

444

cal culated theThe mean value of ourthe coagulation sink using equation (4) for 2 nm particles during

445

an NPF event wasto be 97.2x10-4 s -1 . Previous studies in Beijing have not been able to determine this

446

val ue at 2 nm. The values reported for 3, 5 and 10 nm particles for NPF events in Beijing by Wu et al .

447

(2011) arewas 9.9x10 -4 s-1, 4.3x10 -4 s-1 and 1.4x10-4 s -1 , respectively. The value at 3 nmwhich i s cl ose

448

to our value at 2 nm. Using our val ue of the coagul ati on si nk i n equati on (5), we cal cul ated the
19

449

formation rate of particles in the smallest particle size bin 2-3 nm. At these times, where the rate of

450

i ncrease of particles in this si ze bi n ranged from about 5.0x10 3 to 1.5x10 4 cm-3 h-1. The resul ti ng

451

formation rates varied between 10 12 and 36 38 cm-3 s -1, wi th a mean of 23 26 cm-3 s -1. Previ ous

452

esti mates in Beijing did not have the benefit of the PNC i nformation in the 2-3 nm size bin. Wu et al .

453

(2007) calculated the formation rate in the wider size bin of 3-10 nm and arri ved at a val ue i n the

454

range 3.3-81.4 cm-3 s-1 with a mean of 22.3 cm-3 s -1 . Yue et al. (2010) studied 12 NPF events in Beiji ng

455

and derived a formation rate i n the range 2-13 cm-3 s -1 and showed that the formati on rate was

456

di rectly proportional to the sulfuric acid concentration. They did not speci fy the si ze range used i n

457

thi s calculation but the smallest detectable parti cl e si ze of the i nstrument used was 3 nm. These
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val ues may be compared with that found by Yu et al. (2016) i n the urban atmosphere of Nanji ng,
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Chi na. They studied eight NPF events using a nano-condensation nucleus counter system capabl e of

For matted: F ont: +Body (C alibri), 11
pt, N ot Italic

460

measuring parti cl e si ze di stri buti ons down to 1.4 nm and esti mated i ni ti al and peak parti cl e

461

formation rates of 2.1x102 and 2.5x10 3 cm-3 s -1 , respectively. The formation rates showed good linear

462

correl ati on wi th a sul furi c aci d proxy.

463
464

3.8 Particle growth rate

465
466

In the NPF event shown i n Fi g 7, the parti cl e growth rate i n the si ze range 2-10 nm soon after

467

formation is about 9 nm h-1. The average growth rate duri ng the enti re event (between 9:00 and

468

11:00 am) estimated from equation (6) was 4.8 nm h-1. Although the PNC reached very hi gh val ues,

469

the particles did not grow much larger than about 30 nm, suggesting that the high condensation sink

470

was restricting the precursor gas concentration in the atmosphere. The growth rate of al l the NPFs

471

observed ranged from 0.5 to 9.0 nm h -1 with a mean value of 3.5 nm h-1. Previ ous esti mates of the

472

growth rate during NPF using the SMPS have yielded mean values of 1.0 nm h-1 (Wehner et al., 2004)

473

and 1.8 nm h-1 (Wu et al ., 2007)., 2007). Zhi bi n et al . (2013) determi ned the growth rates of a

474

number of NPFs in Beijing over a 4-year period and reported a range of 0.1 to 10 nm h -1 with a mean
20
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475

of 3.0 nm h-1 which is in close agreement with our val ue. In contrast, Yu et al (2016) reported an

476

excepti onally high local maximum growth rate of 25 nm h -1 i n Nanjing, China. Our val ues of CS and

477

GR gi ve a cluster survival parameter P = 12 (Kulmala et al, 2017). This value is significantly lower than

478

the maxi mum val ue of 50 that was speci fi ed as a condi ti on for NPF.

479
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480

4. Summary and Conclusions

481

We moni tored charged and neutral PNC over a continuous three-month period for the fi rst ti me i n

482

Bei ji ng. The resul ts showed 26 NPF events. No NPF were observed when the dai l y mean PM 2.5

483

concentrati on exceeded 43 µg m-3 .

484

A summary of the mai n parameters determi ned are shown i n Tabl e 3.

485

Thi s is the fi rst study of NPF i n the parti cl e si ze range bel ow 3 nm i n Bei ji ng. Thi s enabl es the

486

deri vation of more relevant and accurate estimates of parameters, such as the ti mes of formati on

487

and growth and formati on rates, than has been possi bl e before.

488

The resul ts show the fol l owi ng features of NPF events i n Bei ji ng:

489



490
491

NPF events occur during clean air episodes when the wind direction is from the north of the
ci ty.



492

We have provided the first temporal distribution chart of NPF events in Beijing which shows
that al l but one of the 26 events began between 7:30 and 10:00 am.

493



The mai n characteri sti cs of the parti cl es i n the NPF events are presented i n Tabl e 3.

494



In general, less than 10% of particles were charged and l ess than 1% of the cl usters were

495
496
497

charged.


The fraction of particles that are charged was normally about 15%. This fraction increased to
20-30% duri ng haze events and decreased to bel ow 10% duri ng NPF events.

498
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Fi gure 1: Summary of observational days (lower panel in blue) and days with NPF events (upper
panel in red).
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Fi gure 2: Daily values for January 2016: (a) NAIS Spectragram of PNC on a particle size–time diagram
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(b) mean PM2.5 concentration from the TEOM and (c) mean PNC in the size range 1.82 – 42
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nm from the NAIS. In (a), the units of PNC are cm-3 . Data below 2.0 nm should be treated

31

631

wi th caution due to instrumentation limitations as described in the text. In (c), tThe red and
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bl ue bars represent the NPF days and Non-NPFother days, respectively.
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Fi gure 3: Daily mean PNC vs PM 2.5 for NPF days (filled markers) and no-NPFother days (open
markers) during January 2016.
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Fi gure 4: The wind direction rose for NPF days and non-NPFother days during January. The radial
scale indicates percentages of time.
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Fi gure 5: Time series of total and charged (a) particles and (b) clusters during the period 30 Nov to 3
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Dec as measured by the NAIS. 30 Nov and 1 Dec were haze days while two NPF events
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occurred on 2 and 3 Dec.
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Fi gure 6: Distribution of the start times of the NPF events , classified into 30 min bins.
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i ndicates strong particle growth. The markers show the median particle size at each time.
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The uni ts of PNC are cm-3. Data below 2.0 nm should be treated with caution due to
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i nstrumentation limitations as described in the text.
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Tables
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Tabl e 1: Summary of the observati onal days.
Month

Total
Days

Data
Avai l abl e
Days

NPF Days :
dN/dt >15000 cm-3 h-1

October (28-31)

4

2

2

November (1-30)

30

28

2

December (1-31)

31

26

6

January (1-31)

31

31

16

Total

96

87

26
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39

699
700
701
702
703
704
705
706
707
708
709
710
711
712

Tabl e 2: Mean and peak values of neutral and charged particle and cluster concentrations during the

713

various types of days and events. The associated uncertainties in the values are up to 20%. The two

714

% col umns shows the respective charged/total percentages.

715
Particles (cm-3 )

Cl usters (cm-3)

Neutral Charged %

Neutral

Charged %

(x10 4 )

(x10 4 )

(x102 )

(x10 4 )

Normal Days (mean)

5.9

1.0

15.0

3.1

1.5

0.5

NPF Days (mean)

8.0

0.9

10.1

2.6

1.4

0.5

NPF Events (peak)

23.7

1.4

5.4

4.9

3.3

0.7

Haze Days (mean)

5.0

2.0

28.2

3.8

2.4

0.6

Haze Events (peak)

12.3

3.1

20.0

9.9

4.8

0.5

716

40

Particles (cm-3 )
Neutral

Charged %

(x10 4)

(x104)

Normal Days (mean)

5.6

0.9

14.5

NPF Days (mean)

7.6

0.8

10.1

NPF Events (peak)

22.5

1.3

5.6

Haze Days (mean)

4.8

1.9

28.6

Haze Events (peak)

11.7

2.9

20.1

717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

Tabl e 3: Summary of mean and range of parameters calculated for the NPF events observed.
Parameter
Starting Time of NPF
Condensation sink (s-1)
Coagul ation sink (s-1 )
Formation rate (J2) (cm-3 s -1)

Mean
8.45 am
5 x 10 -3
9 x 10 -4
23

Range
7.30 am – 12.30 pm
(2.1 – 8.9) x 10 -3
(3.6 -15.3 ) x 10-4
10 - 36
41

Growth rate (nm h-1)
Parameter

3.5

Starting Time of NPF
Condensation sink (s-1)
Coagul ation sink (s-1 )
Formation rate (J2) (cm-3 s -1)
Growth rate (nm h-1)

8.45 am
4.2 x 10-3
7.2 x 10-4
26
3.5

0.5 - 9.0
Mean

Range
7.30 am - 12.30 pm
(2.3 - 5.7) x 10-3
(3.9 - 9.7) x 10-4
12 - 38
0.5 - 9.0

732
733

42

