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This study reported field measurements results of the chemical speciation,
hygroscopicity and CCN properties of ambient particles at a suburban site in the
central North China Plain (NCP). The probability density function of the
hygroscopicity parameter kappa-PDF was then derived from measurement data and
showed only a singular hygrophilic mode which was very different from profiles
observed in other regions of the NCP (that were normally bi- or tri-modal). Among
the possible factors affecting aerosol hygroscopicity (the mixing state, chemical
composition and particle size), particle size was identified as the key factor
influencing the particle CCN activation. This study explored the aerosol
microphysical properties in a region that was not previously studied and the results
can be useful when compared with existing data to understand aerosol aging and its
impact on particle microphysics and the climate. The topic is relevant to the scope of
the journal of Atmospheric Chemistry and Physics and should be considered for
publication.

(1) The tile may be changed to “Characterization of aerosol hygroscopicity, mixing
state, and CCN activity at a suburban site in the central North China Plain” to
reflect the unique location of this study.

Re: It’s a good suggestion, the title has been revised. Very thanks.

(2) Section 4.1, Lines 317-321: While it’s been shown that aging of BC will enhance

its hygroscopicity and CCN activation, the actual determination of the GF of aged
BC could be challenging (see, for example, Torsten et al., Environ. Res. Lett.,
2011) as the DMA mobility size change may be marginal. A few chambers studies
on soot SOA from anthropogenic VOCs may provide some insights here (Guo et
al., ES&T, 2016 and Qiu et al., ES&T, 2012). In general, the knowledge on
particle morphology is useful, and in principle, ACSM and DMA data can be
combine to retrieve morphology information.
Re: Thanks for your suggestion and the recommended references. We read the
recommended papers carefully and indeed found a more comprehensive
interpretation for the enhanced hygroscopicity. The lines have been revised as
“This suggests that the particles were highly aged and internally mixed at XT
during this campaign. Coating of sulfates and secondary organics during the aging
process changes the structure of BC and makes it grow, which can significantly
enhance the hygroscopicity of particles (e.g., Zhang et al., 2008; Jimenez et al.,
2009; Tritscher et al., 2011; Guo et al., 2016).

(3) Section 4.1, Lines 347-351: As pointed out by recent studies, amines may
contribute significantly to the NPF events (e.g., Zhang et al., Chem Rev., 2015).
Several studies have shown that amine compounds in aerosol phase can be
hygroscopic, sometimes even at event low RH (e.g., Gomez-Hernandez et al.,
ES&T, 2016; Chu et al., PCCP, 2015; Qiu and Zhang, ES&T, 2013). Since the
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(4)

reported field measurements took place in a local with heavy industrial activities,
it is possible that amine may contribute significantly to the hygroscopicity of the
40-nm particles

Re: This is a good point interpreting the hygroscopicity difference of 40 nm
particles with other size particles. According to the recommended references, the
lines have been revised as “40 nm particles were always more hygroscopic than 80
nm particles at XT, especially in the daytime, which was also different from other
sites. This is likely because the coating effect of sulfates and secondary organics is
more significant on smaller particles (Tritscher et al., 2011; Guo et al., 2016).
Furthermore, since the field measurements took place in a local with heavy
industrial activities, it is possible that amine contributes significantly to the
hygroscopicity of 40 nm particles. Several studies have shown that amine
compounds in aerosol phase can be hygroscopic, sometimes at even low RH (Qiu
etal., 2012; Chu et al., 2015; Gomez-Hernandez et al., 2016).”.

Section 4.3: It would make more sense to merge Figures 6&7 as the discussions
on the two figures are closely related.
Re: It’s a good suggestion, we have merge them, as:

0.8 T T T T T T T 24000 T T T T T T T 60
(@) (b)
20000 50
0.7 —~
= b3
€ Ea 40 E
=3 = 16000 £
= S 3
< ~ N, ~
206 5 N N Fso £
@ 212000 - 9-2-1-4-s_| _|_. BN 8
2 S NuEENE SR 2
Q 4 TN 20 E
05 8000 N
10
4000
0.4 T T T T T T T T T T T T T T 0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
0.45 10 [ POA 1] SOA [ 5 I so4 Il No3 [ nH4 [l chi
z [(9)
&
20.404
9 <
I}
=% £ 0.6
2 3
5 ©
.ELO,BS L;
o 204
<
3 =
=
%030-
Ky — 40 nm —— 80 nm —— 110 nm

0.25

As

of

— 150 nm —— 200 nm

Kehem

T T T T T T T 0.0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Hour of day Hour of day

the reviewer’s suggestion, the merging make more sense. For example, we find the

increase of hygroscopicity parameter (kgf) in the morning was synchronous with the
particle number concentration (NVis-685nm), but was not with the PBL height, further
suggesting the impact of photochemical reactions on aerosol hygroscopicity.

®)

Section 4.4: It seems odd that kappa was not derived from CCN data as described
by Petters and Kreidenweis (2007). A side-by-side comparison of kappa values

2
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derived from HTDMA, chemical speciation and CCN may be more
straightforward. Also, CCNderived kappa values can also provide basis for
comparison with other studies that may only had CCN results.

Re: Yes, we will obtain more information about aerosol hygroscopicity if kappa
from CCN data can be derived. However, it needs to connect DMA and CCNc to
measure the size-CCN number concentration. Unfortunately, we only measure the
bulk CCN number concentration in the campaign. We will do the work in the
future campaigns.

References:
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Gomez-Hernandez M., McKeown M., Secrest J., Marrero-Ortiz W., Lavi A., Rudich Y., Collins D.R.
and Zhang R.: Hygroscopic Characteristics of Alkylaminium Carboxylate Aerosols, Environ Sci
Technol, 50, 2292-2300, https://dx.doi.org/10.1021/acs.est.5b04691, 2016.
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during ageing of diesel soot, Environ. Res. Lett., 6, https://dx.doi.org/10.1088/1748-9326/6/3/034026,
2011.
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Reply to RC2

Based on a field campaign conducted in Xingtai in the central North China Plain, the
authors discussed about the chemical composition, hygroscopicity and CCN activity
of aerosol particles. There have been a number of studies talked about the north part
of NCP but very few about the central part. And it was found that aerosol mixing state
and hygroscopicity in Xingtai largely differs from that in the north part of NCP. My
major concerns are:

1) Xingtai locates at the western boundary of NCP and is heavily affected by the
mountain-valley wind (L126). Can the measurement well represent the
background aerosol in the central NCP?

Re: The influence of mountain-valley wind is regional. Figure 1 in this reply shows

pollution in the NCP is rather non-uniform, the central region is more serious than that

in northern and southern regions. Our sampling site (Xingtai) is located in one of the
pollution centers and thus represents the condition near an emission source region.

The average PM2.5 mass concentration at this station was 45.2 ug m in this campaign,

which was only 15% lower than that (53.3 pg m®) measured at the urban site in

Xingtai. In addition, OOA and sulfate were the most important organic and inorganic

species respectively. Figure 2 in this reply shows that the diurnal cycle of OOA was

flat and the diurnal cycle of sulfate was also smoother compared with nitrate, also
reflecting the regional characteristics of the main pollutants. All these suggest that the
influence of mountain-valley wind is limited and this site is a good representative in
this region. Detailed discussion about gas precursors and aerosol chemical species in

this region can be found in Zhang et al., (2018).
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Figure 1. The distribution of mean SO2 concentrations of May from 2012 to 2016.
The map of NCP can refer to Fig. 4 in this reply.
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Figure 2. Diurnal cycles of chemical species of PM1 and OA factors during entire
study, PE (polluted events) and CP (clean periods). The figure is from Zhang et al.,
(2018).

2) ldid not find a strong connection between the sections of CCN (section 4.3.3 and
4.4) and HTDMA (section 4.1 to 4.3.2). They look like two independent works
but each of them a too weak to be an individual study.

Re: Aerosol mixing state is one of three factors influencing aerosol activation ability.

In this campaign, we only measured bulk CCN data rather than size-resolved CCN

data. The bulk CCN data cannot provide the information about aerosol mixing state

but HTDMA data can. HTDMA data in this campaign suggests the aerosol is highly
internal-mixed and aged, which is the base to do CCN closure studies in this paper. In
addition, the HTDMA data are very useful for the analysis of the activation rate
diurnal variations. These are important links between the sections of HTDMA and

CCN.

Specific comments:

L51: defined as the mixture of solid and liquid particles suspended in air,

Re: Good suggestion, we have corrected.

L79: I did not see any causal relationship between L72-78 and L79-81

Re: L79-81 had been corrected as “aerosol hygroscopicity and CCN activity are very
different in different regions due to different chemical compositions”.

L113: the author need to give more detailed information of the station. Does it locate
in urban, sub-urban or rural environment? What about the surroundings, any roads,
industrial or residential activities nearby?
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Re: This suburban site is situated ~17 km northwest of Xingtai urban area in southern
Hebei Province. A provincial road is ~400 m southeast of the sample site, a school
adjoins the east, and a town is ~600 m in the northwest (Fig. 3 in this reply). There are
many industrial manufacturers in this region including coal-based power plants, steel
and iron works, glassworks, and cement mills. We have added more environment
information about the sample site in the manuscript.

Figure 3. The surroundings at the sample site.

L114: how do the authors define the NCP? From the map in Fig. 1 it seems the station
locates at the southern boundary of the plain. In L126 the authors also state the station
is “heavily affected by the mountain-valley wind”.

Re: NCP is one of the largest plains in China. It covers an area of about 0.3 million
square kilometers. The Fig.1 in the manuscript only shows a part of NCP, a full image
can refer to Fig. 4 in this reply. This figure shows the observation site is in the central
NCP although it is not far away from the Taihang Mountains. This station is still a
good representative site in this region although it is affected by the mountain-valley
wind (c.f. response to the Question 1).
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Figure 4. Map showing the observation site and the scale of North China Plain (NCP).
The original figure is from Wang et al., (2018).



181
182
183
184
185
186
187
188
189

190

191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

L138: are then passed — pass

Re: Yes, we have corrected it.

L144: Normally the RH of the HTDMA should be calibrated with ammonium sulfate,
especially for high RH measurement. Did the authors calibrate the system during the
campaign?

Re: Yes, the RH calibration is important for HTDMA running. Figure 5 in this reply
shows the calibration result with ammonium sulfate during our campaign. It shows the
deliquescence point of ammonium sulfate is 78+1 %, this is consistent with previous
studies (Badger et al., 2006; Tan et al., 2013).
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Figure 5. Humidogram of ammonium sulfate for 150-nm particles measured with the
HTDMA.

L147: 1 suggest to use single letter for variables, for example, f_{g} for growth factor.
Re: It’s a good suggestion, but we tried to follow the conventional acronyms such as
“GF” or “gf” that has been used in most previous papers. “fy” is a good suggestion but
it’s easily confused with the expression of the aerosol scattering enhancement factor
(frH). Therefore, we’d prefer to continue the use of “GF” in this manuscript.

L154: An Aerosol Chemical. . .

Re: Corrected per the comment.

L156: Is the cyclone for all the aerosol instruments or only for the ACSM?

Re: ACSM and AE33 had their separate cyclones. SMPS had an impactor in the inlet,
which can also remove the most particles larger than its measurement range. HTDMA
had no cyclone which has a minor effect on its measurement. CCNc had not also a
cyclone because it needed to measure the bulk CCN number concentration in this
campaign.

L164: Is there a separate inlet line with PML1 size cut for the aethalometer? I think the
authors need to give a clear description of the inlets and sampling line for all the
instruments. Now | am a bit confused.

Re: Yes, aethalometer had a separate inlet headed by a PM; for filtering particle size
great than 1um. CCNc and HTDMA shared the same inlet. During this campaign, all
sampling instruments were placed in two containers at ground level and two air
conditioners were used to maintain the temperature at 20-25 °C inside containers. All
stainless tube inlets were 1.5 m above the top of containers.
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L181: I do not know why the SS needs to be corrected. Normally after applying the
calibration parameters to the system, the set SS is the true effective SS in the chamber.
No more correction is needed. Is the SS corrected with the first or second calibration
result? Is there any large difference between the two calibrations?
Re: Actually, the SS is influenced by flow rates and the temperature gradient in the
cloud column. Therefore, the flow and temperature calibrations are also needed,
which had been conducted before this campaign and the corresponding parameters
were applied in the system. However, the SS maybe changed if the CCNc runs
unsteadily, so we did two SS campaigns before and after the campaign instead of
using the SS parameters from a single calibration. Figure 6 in this reply shows the
results of the SS calibrations, the calibration method is the same as Rose et al., (2008).
The results show CCNc run well and steadily during this campaign. The calibrated SS
used in this paper was from the mean SS of two calibration results.

1.2

ASS call
¢SS _cal2

0 2 4 6 8 10 12 14 16

AT (K)
Figure 6. The results of SS calibration experiments with ammonium sulfate: CCN
efficiency spectra measured at 5 different temperature gradient (AT). SS_call and
SS_cal2 are the calibration results before and after the campaign respectively.

L183: AR defined in the manuscript is determined both on chemical composition and
PNSD. I suggest using critical diameter.

Re: The critical diameter (Dg ¢i¢) used in this study was derived from the
hygroscopicity parameter (Kchem), NOt measured directly. AR is used for a preliminary
analysis of its relationships with nucleation events and PBL height. In the further
campaigns, we will conduct the size-resolved CCN measurements through connecting
DMA and CCNc. The critical diameter will be retrieved from size-CCN data, which
can study the relationships in detail.

L235: | guess here the authors mean the kappa-Sc relationship.

Re: The relationships of «, S (Sc = s. -1) and Dqg is shown in Fig.1 in Petters et al.
(2007). Actually, the Dg is the critical diameter corresponding to the critical
supersaturation when « is known. Therefore, here we first establish the s.-Dqg
relationship, not «-s. relationship.
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L246: How do the authors define the mean diameter.
Re: Here the mean diameter is the geometric mean diameter (D). It is defined as:
I f::nllm n(logD,)D,dlogD,

" f ff:ntm n(logD,)dlogD,
We found a mistake in its calculation previously, now it has been corrected in the
revised manuscript for which we are very grateful to the reviewer.
L261: Is there undefined species? Maybe the authors can do a simple mass closure
between ACSM and SMPS data by assuming a typical aerosol density in that region,
to check if there is anything missing in the aerosol mass defined by ACSM. This is
important since the authors use this data later to estimate kappa.
Re: The mass closure between ACSM and SMPS is hard to realize because aerosol
density and morphology are unknown during this campaign. Even so, we try to do a
simple mass closure according to the suggestion of the reviewer. Here we assume
aerosol particles are spherical and the density is 1.6 g/cm3. The closure result (Fig. 8
in this reply) shows the two masses are related dependent on time. For most of the
time, their correlation is good although the SMPS mass was always lower than that of
ACSM+BC. The biases are likely caused by different measurement size range, and
the variations of aerosol density and morphology.
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Figure 7. Comparison of the mass concentrations of PM1 (=NR-PM1+BC) with those
derived from SMPS measurements (Dp = 15-685 nm).

L267: How did the authors assume the kappa for HOA, SOA and OOA?
Re: The gravimetric densities (p) and hygroscopicity parameters (k) of all species
used in this study for CCN closure (note: POA = HOA+COA, SOA = O0A).

Species NHsNOsz  (NH4)2804 NHsHSOs H;SOs POA SOA BC

p (kgm3) 1720 1769 1780 1830 1000 1400 1700
K 0.67 0.61 0.61 0.9 0 01 0
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L277: the hydrophobic mode locates at kappa of 0.05 for Dd of 40 nm, and shift
towards 0 for large particles. Do the authors have any explanation on this?

Re: The direct comparison of the k-PDF is depicted in Fig. 9 in this reply. There is an
obvious difference of the hydrophobic mode as the reviewer found. This is related to
the different chemical compositions. The hydrophobic mode of 40-nm particles is
mainly caused by organics, while that of the larger particles is mainly caused by BC.
BC is fully hydrophobic but some organics has a limited water uptake ability. This
can be verified from previous studies, Wu et al., (2017) reported the fresh emitted BC
are mainly in the accumulation mode.
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Figure 8. Comparison of k-PDF of different size particles.

L305: the difference decreases with increasing size because most of the larger
particles are well aged.

Re: Good point. We have added the corresponding expression.

L316: of precursors

Re: We have corrected.

L316: is there trace gas (SO2, NOx etc.) measurement during the campaign to support
the hypothesis here?

Re: Yes. Figure 10 in this reply shows the diurnal variations of trace gases and
meteorological variables (T and RH) in this campaign. Affected by the
mountain-valley wind, prevailing winds shifted from the northwest to the southeast in
the early morning. There are more industrial emissions to the southeast of the
measurement site than to the northwest. Therefore, the CO, SO concentrations
increased sharply in the morning after the wind shift. The increased CO suggests the
increase of VOCs because of their similar sources. The Oz concentration increased
gradually after sunrise during the day, reflecting the enhancement of atmospheric
oxidation capacity. The ample supply of effluent SO2 and VOCs precursors and the
strong atmospheric oxidation capacity under high RH and low T conditions made
plenty of sulfate and SOA produce (Wang et al., 2016; Wang et al., 2017). This is the
reason in the frequent occurrence of NPF events and the enhancement of aerosol
hygroscopicity during the daytime at XT.

10
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Figure 9. Diurnal variations in trace gases (CO, NOx/NO, SO2 and O3) and
meteorological variables (T and RH).

L346: 100 nm is too much for nucleation mode.

Re: It has been corrected as “small Aitken mode particles (< 50 nm)”.

L359: From Fig. 6 it seems kappa already starts decrease at 12:00. The secondary
aerosol production is also active in the afternoon (Fig. 7b). Why does kappa for larger
particles decrease?

Re: This is related with the local emissions, especially the emitted organics. As is
shown in the diurnal variations (Fig.2 in this reply), the primary organics (COA and
HOA\) increase sharply near noon. This is the reason why « has a short-time decrease
at near 12:00.

L360: in Fig. 6¢, kappa of larger particles also reaches _0.4 around noon, which is
also very close to that of pure AS. But from Fig. 6d we can see there is still a large
fraction of hydrophobic and less-hygroscopic species.

Re: As discussed in section 4.2, aerosol particles in this site were highly
internal-mixed and aged. k-PDF for all size particles showed only one hydrophilic
mode during daytime although there was still a large fraction of hydrophobic and
less-hygroscopic species. This is because the condensation of sulfuric acid on
organics or BC can greatly enhance their hygroscopicity (Peng et al., 2016; Zhang et
al., 2017).

L370: the growth of the newly formed particles is also driven by condensation of
sulfate and organics.

Re: Yes, we have corrected.

L374: why does the PM1 composition differs largely from 40-200 nm particles? 200

11
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nm is in the accumulation mode which is the main contributor of PM1 mass. So |
would not expect a large difference between kappa_{chem} and kappa_{gf,200nm}.
Re: The reviewer is right. We have deleted the expression “the bulk chemical
compositions of PM; and of 40-200 nm particles differ greatly” in the manuscript.
The difference was mainly induced by the simple ZSR mixing rule. This feature was
stronger at noon when atmospheric oxidation and the aging process were more rapid.
We have studied this phenomenon deeply in another paper (Zhang et al., 2017).

L387: Use critical diameter in stead of AR in this section.

Re: As mentioned above, we did not take size-resolved CCN measurement in this
campaign, so critical diameter cannot be got directly. We will do the work in the
future campaigns.

L394: the number concentration of fine particles. . .

Re: We have corrected.

L400: 1 do not think one can get this conclusion based on the discussion in this section.
The result is in consistent with it but can not directly prove it. Also | think the paper
of Dusek et al., (2006) should be cited here. Dusek U, Frank G P, Hildebrandt L, et al.
Size matters more than chemistry for cloud-nucleating ability of aerosol particles[J].
Science, 2006, 312(5778):1375.

Re: Figure 11 in this reply depicts the sensibility tests of aerosol size distribution and
chemical composition to the CCN number concentration estimation, which are similar
with that of Dusek et al., (2006). The figure shows the closure correlation using mean
NASD (normalized aerosol size distribution) is weaker than that using mean «chem,
reflecting the more important effect of particle size for aerosol CCN activity than
chemical composition. We have added the figure in the supplement and cited this
paper in the revised manuscript.
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Figure 10. Correlation between the measured and estimated CCN number
concentration. The later was from the mean NASD (normalized aerosol size
distribution) but variable composition (kchem) Or using the mean cnem but variable
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L407: the critical diameters of aerosol for SS from 0.07% to 0.80% range from about
30 nm to 200 nm. As shown in Fig.6, there is a large difference between
kappa_{chem} and kappa_{gf} and the authors claimed that PM1 composition “differ
greatly from 40-200 nm particles” (L374). It means one can not use the PM1
composition in the CCN closure. I think a better way might be to compare the kappa
obtained from HTDMA and CCN measurements. Although some species may exhibit
different kappa in sub- and super-saturation, at least the two measurements are in the
same size range.

Re: The related expression “PM;1 composition differ greatly from 40-200 nm particles”
is not appropriate, which has been deleted in this manuscript. The k closure from
HTDMA and CCN data is useful to analyze the aerosol hygroscopicity in detail.
However, it cannot be realized in this campaign because no size-resolved CCN data. It
will be done in the future campaigns.

L434: From this paragraph what | understand is, 0.31 is the average kappa_{chem}
and calculated Nccn is not sensitive on the variation of kappa_{chem}. But how can
you make sure that 0.31 is a good proxy for the calculation of Nccn in XT? You found
some discrepancies between the calculated and measured Nccn and claimed that there
are some biases in measured Nccn. So, there is no reference to check which kappa
value is appropriate. Normally, water depletion effect can be neglected if Nccn<le4.
Maybe you can try to do the fit for data points <le4 and >1e4 separately.

Re: Figure 8 in the manuscript shows there is a limited difference for the CCN closure
using variable or mean kchem, SO Ncen is not sensitive on the variation of kchem. 0.31 is
only a reference value for people who need to calculate the CCN concentration in this
region in their models. As the reviewer says, the CCN closure can be categorized
according to Ncen. Actually, the measured Nccen is biased when Neen > 5500 cm-3
(Fig. 12 in this reply), this is coincident with the report from DMT-CCNC manual.
Figure 12 in this reply also shows the CCN closure is very good when Nccn < 5500
cm3, reflecting the validation of the closure method used in this study.

13



390
391
392
393
394
395
396
397
398
399
400
401
402
403

404

405
406
407
408
409
410
411
412
413
414
415
416
417
418

T T T T
SS=0.75% -t L’

g 20000 LY , ;\& e
S - e g
= -3 ’
= Ncgy > 5500 cm
= _ 2 _ o .
S 15000| Slope=132R*=073 § .. |
e RD =28.0 % e
9] - .
o u ,
9]
Qo -
£ 10000 . b
< "
P4 = .
Q
8]
8 5000 .
b « Ngg, <5500 cm™
£
z Slope=1.08 , R* = 0.86
du RD =14.0 %

9] T T T T

0 5000 10000 15000 20000

Measured CCN number concentration (cm™)

Figure 11. Estimated versus measured CCN number concentrations at SS = 0.75 %.
The Nccen is estimated based on k-Kc&hler theory, using the real-time kcpem. Here, the
critical value of Ncen = 5500 cm is used to separate the points into two groups. A
separate linear regression analysis is done on each group. The slopes, correlation
coefficients (R?), and relative deviations (RD) are shown in the figure.

L437: the sensitivity of Nccn on aerosol mixing state is not examined in this section.
Re: According to the HTDMA measurement results, aerosols in this region are highly
internal-mixed and aged. Therefore, we directly assume aerosols are internally mixed
when calculating the CCN number concentration as description in section 3.2.
Another work of our group have suggested the mixing state had a minor effect for the
CCN estimation in Beijing (Ren et al., 2017).
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Abstract. Aerosol hygroscopicity, mixing state and CCN activity were investigated as
a part of the Atmosphere-Aerosol-Boundary Layer-Cloud (A?BC) Interaction Joint
Experiment carried out at Xingtai (XT), a suburban site in the center of the North
China Plain (NCP). In general, the probability density function of the hygroscopicity
parameter (k-PDF) for 40-200 nm particles had a unimodal distribution and mean
Kk-PDF patterns for different sizes were similar, suggesting that the particles were
highly aged and internally mixed because of strong photochemical reactions. The k
calculated from the-hygroscopic growth factor in the daytime and at nighttime showed
that photochemical reactions largely enhanced the aerosol hygroscopicity, and the
effect became weaker as the particle size increased. In addition, the aerosol
hygroscopicity was much larger at XT than at sites in the northern part of the NCP,
illustrating that the hygroscopicity of particles varies largely due to different
emissions and chemical processes in the NCP.

Measurement results also showed that new particle formation events occurred
frequently at XT, one of the most polluted city in China. The evolution of the
planetary boundary layer played a dominant role in aerosol mass concentration
changes while particle formation and growth had a greater influence on the variation
in aerosol number concentrations. Particle size was the most important factor
influencing the ability of aerosols to activate, especially at higher levels of
supersaturation (SS). The cloud condensation nuclei (CCN) number concentration
(Ncen) derived from chemical composition was highly correlated with the measured

Ncen (R?2 = 0.85), but was generally overestimated due to measurement uncertainties.
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The effect of chemical composition on Nccn was weaker relative to the particle size.
Ncen sensitivity tests showed that the impact of chemical composition on Ncen
became weaker with increasing SS, suggesting that chemical composition played a
less role in Ncen estimationss at higher SS levelss. A good proxy for the chemical
comical composition (k = 0.31) was found, which can simplify the calculation of

Ncen on models.

1. Introduction

Aerosols, defined as the mixture of solid and liquid particles_suspended in air, are
ubiquitously present in the atmosphere because of direct emissions from biogenic and
anthropogenic sources and the secondary transformation from gas precursors. Aerosol
particles play an important role in climate changes through direct and indirect effects
(e.9. Ramanathan et al., 2001; Daniel et al., 2008; Z—Li et al., 2016). However, the
impact of aerosols on climate change is difficult to simulate because of the highly
variable physical and chemical properties of aerosols, and complex aerosol-cloud
interactions (IPCC, 2013; Lebo et al., 2017).

The hygroscopic growth and mixing state of aerosol particles are important for
estimating the direct climate effect of aerosols. This is because the growth and mixing
can change the particle size and optical properties of aerosol particles, directly
influencing the terrestrial radiation budget and degrading the atmospheric visibility
(e.0. Covert et al., 1972; Stock et al., 2011; Peng et al., 2016; Z. Li et al., 2017). In

addition, aerosol particles can be activated as cloud condensation nuclei (CCN) under
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supersaturation (SS) conditions. The variability in CCN number concentration (Nccn)
can modify cloud microphysical properties, thereby causing an indirect radiative
forcing (Twomey, 1974; Albrecht, 1989). Previous studies have addressed three main
aerosol properties influencing the CCN activation, namely, particle size, chemical
composition, and mixing state. However, their relative importance is different in

different environments (e.g. Dusek et al., 2006; Ervens et al., 2007; Cubison et al.,

2008; Deng et al., 2011; Zhang et al., 2014; Schmale et al., 2018).

Ambient aerosols are composed of different species, including inorganic ions,
organic components, black carbon (BC), and mineral dust. Inorganics mainly contain
sulfate, nitrate, and ammonium, while organic aerosols (OA) consist of thousands of
chemicals (Jacobson et al., 2000). The hygroscopicity and CCN activity of a single
component can be characterized according to laboratory studies (e.g. Petters and
Kreidenweis, 2007), but the properties of their mixtures are hard to estimate because
of the different chemical species and mixing states of particles in the atmosphere.
Therefore, aerosol hygroscopicity and CCN activity are very different in different

regions_due to different chemical compositions. Comprehensive field measurements

of aerosol properties in different areas are necessary to improve models.

China, especially the North China Plain (NCP), has been suffered from severe air
pollution since its rapid industrialization and urbanization in the last couple of
decades, where diverse sources and aging processes make aerosol properties

particularly diverse and complex. As such, the region has drawn much attention in

studying the aerosol mixing state, hygroscopicity, and CCN activity (Deng et al., 2011;
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Liu et al., 2011; Zhang et al., 2014; F. Zhang et al., 2016; S.L. Zhang et al., 2016; Wu
et al., 2016; Y. Wang et al., 2017). Liu et al. (2011) and Y. Wang et al. (2017) have
suggested that ambient particles are mostly an external mixture with different
hygroscopicities. Deng et al. (2011) has shown that the aerosol number size
distribution is critical in the prediction of Ncen while Zhang et al. (2014, 2017) have
highlighted the importance of chemical composition in determining particle activation
properties. However, all these studies were done using data from the northern part of
the NCP. Few studies have focused on the central region of the NCP. Compared to the
northern part of the NCP, the central part of the NCP is more affected by industrial
emissions where a dense cluster of China’s heavy industries exist (Fu et al., 2014).
Measurement of aerosol properties in the central part of the NCP are critically needed
to investigate the impact of air pollution on the environment and climate changes.
Xingtai (XT), a city located in the midele-central area of the NCP, often ranks in
the top of polluted cities in China. Local industrial and domestic sources are the
greatest contributors to severe haze events (Wang et al., 2014). A field experiment
called the Atmosphere-Aerosol-Boundary Layer-Cloud (A?BC) Interaction Joint
Experiment was carried out at a suburban site in Xingtai in the summer of 2016.
Differences in aerosol properties at this site and at sites in the northern part of the
NCP were found in this study.
The paper is organized as follows. Sections 2 and 3 describe the measurement
method and data analysis theory. Section 4 presents and discusses the measurement

results, which includes the data time series, aerosol mixing state, hygroscopicity, CCN
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prediction and its sensitivity to chemical composition. A summary and conclusions are

given in section 5.

2. Measurements

2.1. Sampling site and meteorology

The A2BC was carried out at the National Meteorological Basic Stationnatienal

“g#ﬁ;‘&ﬂ’g: F4E: (BRIA) Times New Roman, (FF30) SR1k, 12
ks

weatherstation located in XT (37.18°N, 114.36°37°E, 180 m ASL) from 1 May to 15

June of 2016. This suburban site is situated ~ 17 km northwest of Xingtai urban area

in southern Heibei Province, located in the central part of the NCP and to the east of
Taihang Mountains (Fig. la). This region is heavily populated, urbanized, and
industrialized. The major industrial manufacturers include coal-based power plants,
steel and iron works, glassworks, and cement mills. The weak diffusion conditions
and heavy industrial emissions lead to exceptionally high concentrations of particulate
matter (PM) with diameter less than 10 pum (PMo) and 2.5 um (PMz5), as well as gas

pollutants such as sulfur dioxide (SO;), volatile organic compounds (VOCs) and

nitrogen oxides (NOx) during the frequent occurring haze episodes in this region
(Wang et al., 2014; Fu et al., 2014). Figure 1b shows the mean distribution of SO2
concentrations from May of 2012 to 2016, confirming that the measurement site is

located in one of the pollution centers inef this region._The detailed analysis of gas

precursors and aerosol chemical species shows this station is a good representative

site in this region (Zhang et al., 2018).

Time series of meteorological variables measured at the—this weather
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meteorological station are shown in Fig. S1. This site is heavily affected by the
mountain-valley wind, showing a prevailing southeasterly wind during the day and a
northwesterly wind at night (Fig. S1 and Fig. S2). There was almost no precipitation
during the study period. The ambient temperature (7) and relative humidity (RH) time
series show opposing trends. Campaign-mean values of 7 and RH are 21.9 °C and

51.6 %, respectively.

2.2. Instrumentation and operation

2.2.1. Aerosol hygroscopicity measurements

Fhe—The custom-built hygroscopicity tandem differential mobility analyzer

(H-TDMA) used in this study has been described in detail by others (Tan et al., 2013;
Y. Wang et al., 2017). Briefly, ambient aerosols are first dried and neutralized by a
Nafion dryer and a soft X-ray charger. A differential mobility analyzer (DMA 1, model
3081L, TSI Inc.) is used to select monodispersed particles of a certain diameter (Dyo).
The monodisperses particles are then passeé through aa nNafion humidifier with a
controlled higher RH and are humidified. A second DMA (DMA;, same model as the
DMA)) and a water-based condensation particle counter (WCPC, model 3787, TSI
Inc.) are used to measure the number size distribution of the humidified particles. The
DMA| and WCPC can also be connected directly to measure the 10—400 nm particle
number size distribution (PNSD). In this study, the dry diameters selected by the

DMA are 40, 80, 110, 150, and 200 nm. The humidified RH is set to 85 %, the RH

calibration with ammonium sulfate for the HTDMA is shown in Fig. S3 in the
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supplement.

The hygroscopic growth factor (GF) is defined as the ratio of the humidified

diameter at a given RH to the dry diameter:

GF = Dp(RH)

9
A Dpo ,

@ -

where D, (RH) is the particle diameter at the given RH and Dy, is the dry diameter
selected by the DMA|. The measured distribution function versus GF (GF-MDF) can
be calculated with WCPC data downstream from the DMA; and DMA». The GF
probability density function_(GF-PDF) is then retrieved using the TDMAFIT

algorithm (Stolzenburg and McMurry, 1988, 2008).

2.2.2. Aerosol chemical composition measurements

FheAn Aerosol Chemical Speciation Monitor (ACSM) was deployed to measure
the non-refractory submicron aerosol (NR-PM) species (sulfate, nitrate, ammonium,
chloride, and organics) in real-time. A PM>s URG cyclone (model URG-2000-30ED)
was installed in the front of the sampling inlet to remove coarse particles (> 2.5 pm in
diameter). Before sampling into the ACSM, aerosol particles were dried (below 40 %
RH) by a silica gel diffusion dryer. In addition, the ACSM was calibrated routinely
with pure ammonium nitrate to determine its ionization efficiency. More detailed

descriptions about the ACSM are given by Ng et al., (2011) and Sun et al., (2012). A

positive matrix factor analysis is used to analyze the organic spectral matrices
according to Ulbrich et al., (2009). Three factors, i.e., hydrocarbon-like OA (HOA),

cooking OA (COA), and oxygenated OA (OOA), are chosen as the ACSM dataset.
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HOA and COA are both-anthrepegenie primary organic aerosols (POA) while OOA is
the secondary organic aerosol (SOA).

The ACSM does not detect refractory material such as BC, so a seven-wavelength
acthalometer (AE-33, Magee Scientific Corp.) was used to measure the BC mass
concentration of BC particles with diameters < 1.0 pum (BC PM). Mineral dust and
sea salt are the other refractory species, but they typically exist in the coarse mode and

make negligible contributions to PM (Juranyi et al., 2010; Meng et al., 2014).

2.2.3. Aerosol size distribution and CCN measurements

The aerosol particle number size distribution (15-685 nm) was measured by a
scanning mobility particle sizer (SMPS) that was equipped with a long DMA (model
3081L, TSI Inc.) and a condensation particle counter (CPC, model 3775, TSI Inc.). A
single-column continuous-flow stream-wise—thermal-gradient cloud condensation
nuclei counter (CCNC-100, DMT Inc.) was applied to measure the bulk CCN number
concentration. Five SS levels, i.e., 0.07, 0.1, 0.2, 0.4, and 0.8 %, were set in the
CCNC and the running time was 10 min for each SS level. The SS in the CCNC are
were calibrated with pure ammonium sulfate (Rose et al., 2008) before and after the
measurement campaign. The corrected SS levels are-were 0.11, 0.13, 0.22, 0.40, and
0.75 %, respectively.

The aerosol activation ratio (AR) at a certain SS is calculated as Nccn divided by
the total particle number concentration in the 15-685 nm range (N15-685 nm), i.¢., AR =

Ncen/ Nis-685nm. The particle number concentration below 15 nm is not measured by
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the SMPS, but this does not affect the calculated Ncen because the activation critical
diameter is always larger than 15 nm at these SS levels (Zhang et al., 2014). Aerosol
particles with diameters larger than 685 nm are also not detected by the SMPS. These
larger particles will always act as CCN due to their larger dry sizes. However, the
number concentration above 685 nm in the atmosphere is always negligible (Juranyi

etal., 2010).

2.2.4. Other measurements

In this study, a micro-pulse lidar (MPL-4B, Sigmaspace Corp.) was used to study
the evolution of the planetary boundary layer (PBL). The pulse repetition rate of the
MPL wawas 2.5 kHz at a visible wavelength of 532 nm. The peak value of the optical
energy of the laser beam was 8 pJ. The pulse duration ranged from 10 to 100 ns, and
the pulse interval was set to 200 ns, corresponding to a spatial resolution of 30 m. The
MPL-retrieved PBL height is the altitude where a sudden decrease in the scattering
coefficient occurs (Brooks, 2003; Quan et al., 2013).

Trace gas analyzers_(manufactured by ECOTECH) were used to measure the

(BRBEEX

(BRBEEX

)
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gaseous species of ezene—(03)and SO, NOx, NO and CO. —SO,—was—measured

ustngan-SOanahzerwith-a-fluoreseence-coh-H:eotceh-mode 9830 -and-O —was
measured-using-an-Os-analyzer-(Ecotech-model 9810B)-with-ultraviolet-absorption
technology—More detailed descriptions about the-tracegas analyzers are given by Zhu
etal., (2016).

During this campaign, all sampling instruments were placed in two containers at
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ground level and two air conditioners were used to maintain the temperature at 20-25

°C inside containers. All stainless tube inlets were ~ 1.5 m above the top of containers.

3. Theory

3.1. Hygroscopicity parameter

To link hygroscopicity measurements below and above water vapor saturation,
the Ko6hler theory (Kchler, 1936) is parameterized using the hygroscopicity parameter
Kk [(Petters and Kreidenweis, 2007). This is known as the x-Kohler theory. According
to the theory, the equilibrium equation over a solution droplet at a saturation ratio

S(D) is

D3-D3(1-k) RT pwD

A

_n3
S(D) = 2Pl eyp (M) @ <+

where D and Dy are the wet and dry droplet diameters, respectively, o5/, is the
surface tension coefficient, M,, is the mole mass of water, R is the universal gas
constant, T is the temperature, and p,, is the density of water.

Below the water vapor saturation, S(D) is RH, D is Dp(RH), and Dy is Dy,
in Eq. (1). The k parameter is then calculated using H-TDMA data according to Eq. (1)

and Eq. (2):

RT pyDgGF

ke = (GFF = 1)« [rrexp (77550 ) —1] ®

For a multicomponent particle, the Zdanovskii—Stokes—Robinson (ZSR) mixing
rule (Stokes and Robinson, 1966) can also estimate k using chemical composition

data:

A Kchem = Zi EiKip @ - -
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687  where & and k; are the volume fraction and hygroscopicity parameter for the ith

688  chemical component. The ACSM provides the mass concentrations of inorganic ions

(BRBEEX )

689  and organics. A simplified ion-pairing scheme such as that described by Gysel et al.;
690  (2007) was-is applied to convert ion mass concentrations to mass concentrations of
691  their corresponding inorganic salts (see Table S1 in the supplement). Table S1 also

692 lists k and the gravimetric density of each individual component under supersaturated

693  conditions. In the following discussions, kg and Kcpern denote the hygroscopicity
694  parameters derived from H-TDMA measurements and estimated using the ZSR

695  mixing rule, respectively.

696 3.2. CCN estimation

R 1K (BRIA) Times New Roman, 12 %
LEaN:
LN

697 The critical supersaturation (sg, sc 5= Se-1) for a dry diameter (Dg) of a particle

Bk
R
g
ZF

698  with hygroscopicity k, is calculated from the maximum of the x-Kohler curve (Eq.

699 42) (Petters and Kreidenweis, 2007). The Dq is also the critical diameter

fidiEN)

700  corresponding to the sq when k,_is known, so (Fhe scse-DiP4, relationship is-thencan

A HHERY
701  be established. According to this relationship, the critical diameter (Dpcrit) can be =

. . . . ik eaN:)
702  calculated using the estimated fcpem, (Eq. 4) at a giventhe SS-setin-the-CENC. All

7 0 8o abhal

. . . . ki)
703 particles larger than D .., Will activate as CCN, assuming that aerosols are /{

704  internally mixed. Then the CCN number concentration can be estimated from the

: e . ik )
705 integral of the aerosol size distribution provided by the SMPS from Dy i, to the
, , , B )
706  largest-maximum measured size (D, .y) following Eq. (5):
207 _ (Pmax  _AN(D) . (B AR g B 0BX b SR
Neen(SS) = [ <o aiogoy 4108(D) 6) " (##Rey: FEX3 749, 74 Cambria Math )
708 Nccn(SS),_can then be compared to the number of CCN at the same SS measured by (##R0: P4 Times New Roman J
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the CCNC (i.e. a closure study).-

4, Results and discussion

4.1. Overview

Figures 2 and 3 show the time series of the main aerosol properties during the
field—experimentthis campaign. The PNSD changes dramatically (Fig. 2a) and the
aerosol number concentration in the 15-50 nm range (N15-s50 nm) increases sharply in
the morning almost every day (Fig. 2b). The time series of the mean diameter (BpDm)
of particles also shows that a growth process occurs after the sharp increase in Nis-so
am. All these phenomena suggest that new particle formation (NPF) events occurred
frequently at XT during the field experiment (Kulmala et al., 2012; Y. Li et al., 2017).
This is likely related to the high concentration of gas precursors mainly from local
emissions. High emissions of SO and volatile organic compounds_ (VOCs) associated
with the high oxidation capacity in a polluted atmosphere make NPF events occur
more frequently in north China (Z. Wang et al., 2017).

Figure 2c-d shows the time series of the probability density function of rkgr
(k-PDF) for 40 nm and 150 nm particles, respectively. In general, mono-modal
Kk-PDFs are-were observed. This is different from k-PDFs at other sites in China
where bi- and tri-modal distributions are dominant (Liu et al., 2011; Ye et al., 2013;
Jiang et al., 2016; S.L. Zhang et al., 2016; Y. Wang et al., 2017). This is due to

differences in the aerosol mixing state, which will be discussed in section 4.2.
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The bulk mass concentrations of organics, sulfate, nitrate, ammonium, and
chloride measured by the ACSM are shown in Fig. 3a, along with the BC mass
concentration measured with the AE-33. Organics and sulfate are-were the dominant
chemical species with mass fractions in PM; of 39.1 % and 24.7 %, respectively.
Figure 3b-c shows the volume fractions of paired chemical compositions and the

hygroscopicity parameter—__ (Kchem) derived from chemical compositionsiceses,

respectively. The average volume fraction of inorganics
((NH4)2SO4+NH4HSO4+H>SO4+NH4NOs) is—was similar to that of organics
(POA+SOA), but their volume fractions changed diurnally. In general, tFhe volume
fraction of inorganics inereases-increased during daytime while the volume fraction of
organics deereasesdecreased. In addition, SOA is-was the dominant contributor to OA,
accounting for ~69 % of the organics volume. This shows that photochemical
reactions were strong at XT during this campaignthefield-experiment (Huang et al.,
2014). The mean Kcpem in Fig. 3¢ is-was 0.31 with values ranging from 0.20 to 0.40.
The trend in Kcpem is—was similar to that of the volume fraction of inorganics,
suggesting that inorganics played-plays a key role when it eemes-comes t6t0 —Kcphems

this is consistent with the study of fWu et al. ~(2016).

4.2. Aerosol mixing state and hygroscopicity

The average probability density functions of kgs (x-PDF) for different particle
sizes derived from H-TDMA data are shown in Fig. 4. For all particle sizes considered,

Kgr rangesranged from O to 0.8 and the k-PDF patterns are-were similar, suggesting
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that the hygroscopic compounds in different particle size mode werewere similar at

XT—during—the—field—experiment. In general, x-PDF patterns show only one

hydrophilic mode with the weak hydrophobic modes occasionally appearing at night

when photochemical reactions are weak (Fig. $3S4). This is different from what has

been reported at other sites in China (Liu et al., 2011; Ye et al., 2013; Jiang et al.,
2016; Zhang et al., 2016; Y. Wang et al., 2017) where the k-PDF patterns always
show bi- or tri-modal distributions. Based on previous studies (Liu et al., 2011; Y.
Wang et al., 2017), ambient aerosols can be classified into three groups according to
their kg values:

— nearly hydrophobic (NH): kg <0.1

— less hygroscopic (LH): 0.1 < kg <0.2

— more hygroscopic (MH): 0.2 < g
Table 1 gives the number fractions of each group for different particle sizes. The MH
group deminates-dominated all particle sizes. The number fractions of the NH and LH
groups are-were less than 6.0 % each. However, the volume fractions of hydrophobic
BC and low-hygroscopic organics (where kpc is approximately zero and Korganic 18
typically less than 0.1) are—were ~10.1 % and 47.4 % according to chemical
composition measurements (Fig. 3b). This suggests that the particles were highly aged
and internally mixed at XT during the—field—experimentis campaign. Coating of
sulfates and secondary organics during the aging process changes the structure of BC
and makes it grow, which can significantly enhance the hygroscopicity of particles

(e.9., Zhang et al., 2008; Jimenez et al., 2009; Tritscher et al., 2011; Guo et al., 2016).
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In addition, the observed unimodal distribution of k-PDF also suggests the highly
internalinternally mixinged state of the particles (Swietlicki et al., 2008).

Figure 5 shows the average size-resolved kg derived from H-TDMA data at XT
and at other sites in China. At XT, kg for different particle sizes are-were larger in
the daytime than at night and the difference between daytime and nighttime deereases
decreased with increasing particle size. This suggests that the impact of
photochemical reactions on aerosol hygroscopicity iwas strong and that the effect

iwas weaker with increasing particle size_because most of the larger particles are

always well aged.

The magnitude of kg is—was larger at XT than at other sites of China. In
particular, the magnitude of g Wa-s much larger at XT than at sites in the northern
part of the NCP, i.e., Beijing, Wuging, and Xianghe. The lower g in the urban area
of Beijing is likely related to the more severe traffic emissions (Ye et al., 2013; Wu et
al., 2016). Wuging and Xianghe are located in the suburban area between the two
megacities of Beijing and Tianjin and are simultaneously affected by traffic and
industrial emissions. The magnitude of x4 at these two sites are higher than at
Beijing but lower than at XT. Although XT is located far away from these megacities,
it is situated in the industrial center of the NCP, so the higher concentrations of
precursors and strong photo chemical reactions make the particles more internally
mixed and highly aged. This is why kg in XT is larger than at other sites. This
suggests that the hygroscopicity of particles from different emissions and chemical

processes differ in NCP. In addition, 40 nm particles are—were always more
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hygroscopic than 80 nm particles at XT, especially in the daytime, which is-was also
different from other sites. This is likely because the coating effect of sulfates and
secondary organics is more significant on smaller particles (Tritscher et al., 2011; Guo
et al., 2016). Furthermore, since the field measurements took place in a local with
heavy industrial activities, it is possible that amine contributes significantly to the
hygroscopicity of 40 nm particles. Several studies have shown that amine compounds
in aerosol phase can be hygroscopic, sometimes at even low RH (e.g. Qiu and Zhang,

2012; Chu et al., 2015; Gomez-Hernandez et al., 2016). —

4.3. Diurnal variations in aerosol properties

4.3.1. Diurnal variations in aerosol number and mass concentrations

Figure 6a shows the diurnal variation in MPL-derived PBL height. PBL height
can be determined at the altitude where a sudden decrease in the scattering coefficient
occurs from the MPL data (Cohn and Angevine, 2000; Brooks, 2003). Note that the
retrieved PBL height is only valid from 07:00 local time (LT) to 19:00 LT (Quan et al.,
2013). The retrieved PBL height at night is not accurate because of the likely
influence of residual aerosols within the nocturnal PBL. The evolution of PBL height
from 07:00 LT to 19:00 LT is sufficient to analyze its link with the change in aerosol
number and mass concentrations during the daytime. Figure 6b shows diurnal
variations in aerosol number and mass concentrations in the 15-685 nm range (N15-685
nm and PMis_685 nm, respectively). Variations in the Ni5-685nm and PMis_¢g5nm trendsed

oppose each other. From 08:00 LT to 14:00 LT, the PBL height }ifts-lifted from ~0.5
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km to ~0.6 km, while PMis5_¢85 nm decreaseds from ~24 ug m3 to ~19 ug m3 although
there wais a slight increase at the beginning of the period. This suggests the important
effect of PBL evolution on PMi5_685 nm. However, Ni5-685 nm sharply increaseds from
~7600 cm™ at 07:00 LT to ~13000 cm™ at 13:00 LT. This is related to the sudden burst
of nueleationsmall Aitken mode particles (< +69-50 nm) when NPF events occurred.
Newly formed fine particles contribute little to PM1s ¢85 nm. In the evening, PMis 685 nm
increaseds gradually while Nis-egs nm €eereasesdecreased. This is attributed to the
declining trend in the nocturnal PBL and particle coagulation and growth. In other
words, the evolution of the PBL plays—played a dominant role on the aerosol mass
concentration, while particle formation and growth has-had a greater influence on the

variation in aerosol number concentration.

4.3.2. Diurnal variation in aerosol hygroscopicity

Figure 6¢c shows diurnal variations in kgr and Kchem. All sized kg inereases
increased beginning from the NPF event, especially for the 40 nm particles. The
increase of kg in the morning wawas synchronous with the particle number
concentration (N15-685nm) but not with the PBL height, further suggesting the impact
of photochemical reactions on aerosol hygroscopicity. The kgt for 40 nm particles
inereases—increased from ~0.32 at 07:00 LT to ~0.44 at 15:00 LT, and appreaches

approached the « of pure ammonium sulfate, also —rgrruyEsoy=0-48-{\Wu-etal;

2016} Fhis-suggestings that a large amount of hygroscopic compoundssutfates were

produced threugh-thephetochemical reactions—of preeursersduring NPF events. Fig.
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837 S5 in the supplement shows Fhis—eanbe—verifiedfromthediurnal-variation—in-the

338  sharply increased concentrations of SO» and VOCs in the morning and the enhanced

839  atmospheric oxidation capacity under high RH and low 7 made plenty of sulfate and

840  SOA produced. This is the reason in the increase of aerosol hygroscopicity and the

841  frequent occurrence of NPF eventsehemical-composition(Fig—6d)-which-shows-that

342  the-mass—fraction-ofsulfate-inereased. Detailed characterization of aerosol chemistry

843  during NPF events in this campaign has been studied in Zhang et al. (2018). T-during

844

345  The-diurnal-variationin-SO2-precursor-also-shows-this-(Fig—S4)—The diurnal variation

846  pattern in Kgr for 80-200 nm particles_—differss from that of 40 nm particles. The
847  differences in Kgr between 80-200 nm particles in the early morning are-were large but
848  gradually decrease as the sun rises. After 11:00 LT, the xgf for 80-200 nm particles are
849  were similar but lower than that of 40 nm particles. All these; suggestsing—that the
350  enhanced hygroscopicity in the 8640-200 nm particles wawas likelylikely caused by

851  the condensation of sulfates and secondary organics (Fig. 6d) while-and the effect was

852  more significant for 40 nm particlesthat-ofthe—40-nmparticles—was—ecaused-bythe
853 oo e peedel
354 Figure 6¢ also shows that the Kchem for PM is-was lower than the kge for 40—

855 200 nm particles and has-had a weaker diurnal variation._This feature was stronger at

856  noon when atmospheric oxidation and the aging process were more rapid. Fwe
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ZSR mixing rule.

aerosel-hygroscopieity—very—wel—During the daytime, the condensation of sulfuric

acid on organics or BC greatly enhances their hygroscopicity (Zhang et al., 2008;

Zhang et al., 20092017). This phenomenon can’t be described accurately by the ZSR
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model. Cruz and Pandis (2000) have shown that the measured kg of internally
mixed (NH4)2SO4-organic aerosols is larger than the predicted K pem based on the
ZSR model.

In summary, the ample supply of effluent SO, and VOCs providedd sufficient
precursors for the strong photochemical reactions at XT during this campaignefield

experiment, and the produce_and d-sulfates—and—the—condensation of sulfate and

SOAurie-aeid enhancedd aerosol hygroscopicity largely, especially during the daytime.

This also suggests that the observed frequent NPF events were-were mainly induced

by the oxidation of precursors.

4.3.3. Diurnal variation in CCN number concentration and activation ratio

Figure 7a shows the diurnal variations in Nccny and AR at different SS. In the
morning, Ncen first deereases—decreased then inereases—increased while AR shews
showed the opposite trend. This is related to the evolution of the PBL and NPF events.
At the initial stage of an NPF event, the newly formed particles are-were less than 15
nm in size, which is-was below the detection limit of the SMPS. As a result, Ni5-685nm
deereases—decreased (Fig. 6b) as the PBL lifts and Ncen also deereasesdecreased.

However, the mixing of aged particles within the PBL madekes the particle size (Fig.
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7b) and AR increase slightly. With condensation and the growth of new particles, the
number of fine particles detected by the SMPS increased rapidly but a portion of them

cannot be activated because their smaller size. Therefore,Se Ncen iereases-increased

but AR deereases-decreased from 08:00 LT to 14:00 LT. In the afternoon and evening,

Ncen and AR increased slightly with the increase in particle size (Fig. 7b). However,

these trends beeeme-became weaker as SS deereasesdecreased, this ishikely because
the critical diameter is larger at low SS and the influence of aerosol size distribution

on Ncen and AR s relatively weaker. This demonstrates that the particle size is-was

the most important factor influencing the aerosol activation ability and the CCN

number concentration, especially at larger SS levels. The sensitivity test of particle

size in CCN closure study similar with that in Dusek et al, (2006) was shown in Fig.

S6.

4.4. CCN estimation from chemical composition data

The three main factors influencing CCN activation are particle size, mixing state,
and chemical composition. As discussed in the above sections, particles are-were
highly internally mixed at XT and particle size has-had a great influence on Ncen. In
this section, a CCN closure study is—is conducted and the impact of chemical
composition on Ncen is discussed. Figure 8a shows estimated Ncen as a function of
measured Ncen using real-time kchem. The estimated Ncen correlates well with
measurements (R? =

0.85) but is generally overestimated. The slope of each linearly

fitted line is greater than 1.10 and increases with increasing SS. In addition, the
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relative deviation (RD) increases from 16.2 % to 25.2 % as SS increases from 0.13 %
to 0.75 %, suggesting that estimates become worse at larger SS. The overestimation of
Ncen is mainly caused by large measurement uncertainties of CCNC: (1) the
temperature or high flow rates in the CCNC may not allow enough time for particles
to reach sizes large enough to be counted by the OPC at the exit of the CCN chamber
(Lance et al., 2006; Cubison et al., 2008) and (2) in high particle number
concentration environments, water depletion in the CCNC may reduce the counting
rate of the CCNC (Deng et al., 2011). These uncertainties make measured Nccn lower

than the actual Ncen. At larger SS, those activated aerosols in the cloud chamber of

CCNC are greater in number and smaller in size, so the impact of these uncertainties

is greater. The separated Nccn closure study is shown in Anetherdiseussion-abeout-this

problem—ean-befound—in—thesupplement(Fig. S5S7). Figure S7 suggests the CCN

closure is very good when Ncen, < 5500 cm3, reflecting the validation of the CCN

closure method in this study.

Figure 8b shows estimated Ncen using the mean value for kKcpem (Kchem = 0.31).
Compared with results using real-time values for Kcpem, the fit parameters and RD
change slightly, suggesting that the effect of chemical composition on Nccn is weaker

relative to the particle size. The sensitivity of estimated Nccn to the variability in

chemical composition (Kcper) i further investigated (Fig. 9). In this figure, the
variability of the equipotential lines in RD suggests that the sensitivity of Ncen is
strongly time dependent. This is attributed to the variability of the shape of the aerosol

size distribution (Juranyi et al., 2010), further verifying the importance of particle size
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to Ncen. The sensitivity of Ncen to chemical composition (Kepem) becomes weaker
with increasing SS, suggesting that chemical composition becomes less important in
Ncen estimates at larger SS. In addition, the RD is always less than 10 % when
estimating Nccn using the mean value of Kcpem, suggesting that k¥ = 0.31 is a good
proxy for chemical composition when estimating Ncen at XT.

In summary, particle size is the most important factor influencing the aerosol
activation ability at XT, especially at larger SS levels. The mixing state and chemical
composition were not as important when estimating Nccn because the particles were

highly aged and internally mixed at XT-during—the—field—experiment, and aerosol

hygroscopicity was not sensitive to estimates of Nccn.

5.  Summary and conclusions

The Atmosphere-Aerosol-Boundary Layer-Cloud (A?BC) Interaction Joint
Experiment was carried out at a peHuted-suburban site located in the central North
China Plain (NCP) from 1 May to 15 June of 2016. The aerosol hygroscopicity,
mixing state and CCN activity at the site Xingtai (XT) were-were investigated in this
study.

In general, the probability density function of the hygroscopicity parameter
(x-PDF) for 40-200 nm particles s-was a unimodal distribution, which is different
from distributions at other sites in China. Particles of all sizes covered a large range of
Kgr (mostly from 0 to 0.8) and showed similar k-PDF patterns, suggesting that the

hygroscopic compounds in these particles from 40 nm to 200 nm were similar at XT.
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The k-PDF patterns also suggests that the particles were highly aged and internally
mixed at XT during the field-experimentthis campaign. This is likely related to strong
photochemical reactions.

The mean kg for different particle sizes are-were larger in the daytime than at
night. Daytime and nighttime kg differences decreased with increasing particle size.
This illustrates that the impact of photochemical reactions on aerosol hygroscopicity
wawas strong and that the effect beeame—became weaker as particle sizes
inereasedincreases. The enhanced hygroscopicity of 40-200 nm particles was—was
likely caused by the coating of sulfates or secondary organics while-and the effect was
was more significant for— 40 nm particles. Compared with other sites in China, the

aerosol hygroscopicity was—was much larger at XT because of the—strong

phetochemical—reactions—and—the sufficient precursors_and strong atmospheric

oxidation capacity. The comparison also shows that the hygroscopicity of particles
from different emissions and chemical processes differed largely.

New particle formation events occurred frequently at XT during the—field
experimentthis campaign. The evolution of the planetary boundary layer (PBL) played
played a dominant role on the aerosol mass concentration, while particle formation
and growth had-had a greater influence on the variation in the aerosol number
concentration. Particle size was-was the most important factor influencing the aerosol
activation ability and the CCN number concentration at XT during the field
experiment, especially at larger supersaturations (SS). Although the estimated Nccn

correlated—correlates  well with measurements (R2 =  0.85), Ncen was—is
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overestimated because Of measurement uncertainties. The effect of chemical
composition on Ncen was-is weaker relative to the particle size. Sensitivity tests show
that the impact of chemical composition on Nccn beeame-becomes weaker as SS
inereasedincreases, suggesting that the effect of chemical composition on Ncen
estimates is less important at larger SS. The value k¥ = 0.31 is a good proxy for
chemical composition when estimating Ncen for the model at XT.

Our results show that aerosol properties in the middle of the NCP differ from
those in the northern part of the NCP and other regions in China. This is because there
are more industrial emissions in the central NCP. The plenitude of gas precursors and
strong photochemical reactions at XT make aerosol properties there different from
those at sites under other polluted conditions. More field measurements on
gas-particle transformation and aerosol properties in this region are needed, which
would be meaningful for studying the haze formation mechanism and climate change

in the NCP.
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40 nm 80 nm 110 nm 150 nm 200 nm
NH 51% 5.0% 51% 5.0% 57%
LH 4.8 % 42 % 43% 4.7 % 51%
MH 90.1 % 90.8 % 90.6 % 90.3 % 89.2 %
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Figure 16. Size-resolved aerosol hygroscopicity parameter (kg¢) derived from
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and at other sites in China.
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Figure 17. Diurnal variations in (a) planetary boundary layer (PBL) height retrieved
from the MPL, (b) aerosol number and mass concentrations in the 15-685 nm range
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(Kchem)> and (d) the mass fractions of different species.
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Figure 18. Diurnal variations in (a) CCN number concentration (Nccn) and activation

ratio (AR), and (b) the normalized aerosol size distribution in the 15-685 nm particle

size range.
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Figure 19. Estimated versus measured CCN number concentration for ambient

aerosols at four different supersaturation levels. The Ncen is estimated based on

k-Kohler theory, using the real-time Kcpem (al-ad4) and the mean Kopen (b1-b4).

The slope and correlation coefficient (R2) of the linear regression, and the relative
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1257  deviation of estimated Ncen (RD = |NcoN estimated = NCON_measured| / INCCN_measured) are
1258  shown in each panel. The regression line is overlaid on the measurements (solid line)

1259  and the dashed line is the 1:1 line.
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1263  Figure 20. Sensitivity of Nccn estimates to Kcpern as a function of time at (a) SS =
1264  0.22 % and (b) SS = 0.75 %. The color scale indicates the relative deviation (RD) of
1265  the CCN estimates using the Kcpem, value shown on the ordinate. In each panel, open
1266  circles show the real-time Kcpen,. Note that RD is by definition zero at these points.
1267  The black line is k at RD = 10 % and the red line is the mean value for xcpem (0.31).

1‘268 Figure S6-S8 in the supplement shows the same plots but for SS = 0.13 % and 0.40 %.
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