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Thanks two reviewers for further reviewing our manuscript. We done
some changes in this paper according to their comments. We also

improved English language in the new version of this paper.

Reply to Report #1.

It appears that the authors has addressed most of my concerns during the initial manuscript review.
While the study did not measure size-resolved CCN data which makes it difficult to compare k
values derived from side-by-side HTDMA and CCN measurements, it is still the first report about
the aerosol CCN properties in a region that was not previously studied. As a result, I reccommend
the revised manuscript published in the journal Atmospheric Chemistry and Physics.

The other reviewer provided highly detailed comments to further improve the manuscript and the
authors have addressed most of them. However, the response table for comment on L267 should
be incorporated into the supplementary documents.

Re: Good suggestion, we have added the corresponding table in the supplementary documents.

Reply to Report #2.

For the response to general comment 2: I did not say that there is no connection between HTDMA
and CCN measurements. What I suggested is to make a smoother transition from the HTDMA part
(4.1t04.3.2) to CCN part (4.3.3 and 4.4).

Re: Good suggestion. We done some improvement, such as adding the sentence “It is reasonable
to assume that aerosols are internally mixed when estimating Nccn because H-TDMA data showed
that this was the case at XT.” at beginning of section 4.4.

For the response to specific comments L156 and L164: I suggest the authors also add this
information to the main text to help audience better understand your measurements.

Re: Thanks for the suggestion. We have added the corresponding sentences in the manuscript.

For the response to specific comment L181: from the information provided in the main text and
this response, what I understand is: Calibration of flow and SS was “conducted before this
campaign and the corresponding parameters were applied in the system”. Then, “Five SS levels,
i.e., 0.07,0.1,0.2, 0.4, and 0.8 %, were set in the CCNC”. Another SS calibration was done after
the campaign and “The calibrated SS used in this paper was from the mean SS of two calibration
results”. “The corrected SS levels were 0.11, 0.13, 0.22, 0.40, and 0.75 %, respectively”. It means
that with the five deltT (calculated internally in CCN according to the calibration parameters from
first calibration), the actual SS changed from the original values (0.07, 0.1, 0.2, 0.4, and 0.8 %)
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before the campaign to 0.15%, 0.16%, 0.24%, 0.4% and 0.7% at the end of the campaign. But this
is not what I saw in the calibration curves shown in the response.

This is also why I suggested another “major revisions”. I think the authors should clarify this
before the manuscript can be considered for final publication.

Re: We are sorry that the response to specific comment L181 confused the reviewer. Actually, the
flow and temperature sensors were calibrated before this campaign and their corresponding
parameters were used in the system. The SS calibration is different from these calibrations, as SS
is related with the temperature gradient (A7) in the cloud chamber, not a certain temperature. We
didn’t change the corresponding parameters to SS although we calibrated it before the campaign.
Figure 1 in this reply shows the results of two SS calibrations, suggesting a very limited change of
the relationship between SS and AT before and after the campaign. This verifies that our CCN
counter performed steadily during this campaign.

1.2

0.4 -
02 A SS_Defore
' ¢SS _after

0 ——

0 2 4 6 8 10 12 14 16
AT (K)

Figure 1. The results of SS calibration experiments with ammonium sulfate: CCN efficiency
spectra measured at 5 different temperature gradient (AT). SS before and SS_after are the

calibration results before and after the campaign respectively.

For the response to specific comment L183 and L387: with measured PNSD and CCN total
number concentration, critical diameter can be calculated as the diameter above which the
integration of PNSD equals to the CCN number concentration. This treatment has been used in
several studies (e.g. Deng et al., 2013). The advantage is it excludes the influence of the variation
of PNSD in the inferred CCN activities, compared with AR.

Re: The reviewer suggests an alternative method to calculate the critical diameter (D), so that the
corresponding hygroscopicity parameter (kccn) can be calculated. However, the shortage of the
method lies in that the D. won’t be accurate if the CCN number concentrations (Ncen) have biases.
A minor change of D, will result in a significant change of Kcen because of the strong sensibility
(kcen ~ D&?). Figure 2 in this reply shows the k values from SMPS-CCNc data using the
recommended method and HTDMA data in this campaign. It’s obvious that kcen is larger than
Kutpma, likely due to the CCNc measurement uncertainties as stated in the manscript. Lower

measured Ncen than its actual value in this polluted environment leads to the overestimation of De,
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then will make a underestimation of kcew. This influence is stronger for higher SS (lower D.) due
to higher biases in Nccn, which is also reflected in Fig. 2. In a word, this method maybe not
suitable in our data.

Note that our main objective in in L387 is to infer the influence of PBL on the aerosol
activation ability. The influence includes the impact of PBL on PNSD, so we think it’s appropriate
to use AR in this paper.

- Kcen
¥ KHTDMA

0.0

40 80 120 160 200
D, (hm)
Figure 2. The comparison of hygroscopicity parameter (k) retrieved from SMPS-CCNc or
HTDMA data.

For the response to specific comment L407: I think deleting the sentence will not change the
reality that “PM1 composition differ greatly from 40-200 nm particles” as reflected in fig 6.

Re: Yes, it’s a good suggestion, we have deleted the corresponding sentence.

For the response to specific comment 1.434: What I want to point out is, here you can not really
prove that 0.31 is a good proxy for the calculation of Ncen. Because as shown in fig. 6, PM1
composition differ greatly from 40-200 nm particles. Probably a kappa of 0.25 or 0.35 can bring
similar results just because Ncen is not sensitive on kappa.

Re: Agree, but here we only want to provide a reference value for people who need to calculate the
CCN concentration in this region in their models. We have corrected the sentence as “k = 0.31
which is a good reference value to model the CCN number concentration in this region”.

For the response to specific comment L437: I was not against this statement. I fully agree with it.
What I wanted to say is you should not put it in your conclusion since you did not prove it in this
section.

Re: Agree. The corresponding sentence about mixing state in the conclusion has been deleted.
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Abstract

This study investigates aerosol hygroscopicity, mixing state, and cloud condensation
nucleation—(CEN)—aetivity as a—part of the Atmosphere-Aerosol-Boundary

Layer-Cloud~A?B€) Interaction Joint Experiment earried-eutdone in the summer of

2016 at Xingtai (XT), a suburban site located in the center of the North China Plain
(NCP). In general, the probability density function (PDF) of the hygroscopicity
parameter (k-PBE) for 40-200--nm particles had a unimodal distribution, and mean
k-PDF patterns for different sizes were similar, suggesting that the particles were
highly aged and internally mixed because of strong photochemical reactions. The &
calculated from the hygroscopic growth factor in the daytime and at nighttime showed
suggests that photochemical reactions largely enhanced the aerosol hygroscopicity.;
and—theThis effect became weaker as the particle size increased. In addition, the
aerosol hygroscopicity was much larger at XT than-these-ebserved at other sites ef-in

the NCP. —This is because new particle formation takes place much more frequently

in the central NCP, which is heavily polluted from industrial activities, than elsewhere

in the region

formation—takesphicemuch-meore—trequentthan-othe—plees. The evolution of the

planetary boundary layer played a dominant role in dictating aerosol mass
concentration. Particle size was the most important factor influencing the ability of
aerosols to activate, whereas the effect of chemical composition is-was secondary,

especially when supersaturation is—was high. Using a fixed value of x_= 0.31Fhe

5

(#iE=r: Tk 5L FHHE XF 1




142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

cloud condensation nuclei number concentrationMcen in this region _suffices.

1. Introduction

Aerosols, defined as the mixture of solid and liquid particles suspended in air, are
ubiquitousty-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.g., Ramanathan et al., 2001; Baniel-Rosenfeld et al., 2008; 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 elimate-radiative effect of aerosols on eEarth’s climate. This is

because the growth and mixing can change the particle size and optical properties of
aerosol particles which; direetl-influencesine the terrestrial-solar radiation budget and

degrading-the-atmospheric visibility.fe-g—Cevertetal 1972 Stocketal 2011 Peng

etal; 2046 ZLietal;2047a); In addition, aerosol particles can be activated as cloud

condensation nuclei (CCN) under supersaturation (SS) conditions. The variability in

CCN number concentration (Nccen) can modify both cloud microphysical properties

(Twomey, 1974; Albrecht, 1989) and morphonelogy (Rosenfeld et al., 2008;Lietal:

201 ); and can lead to a broad impact on a wide range of meteorological variables

thereby-ecausingan-indireet including severe weather events (Li et al., 2017a)radiative

(R FHHE XF 1
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—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—under different environmentals

conditions (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

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-regions are thus necessary to improve models.
China, especially the North China Plain (NCP), has been sufferinged from severe

air pollution over the last couple of decades due to rapid industrialization and

urbanizationsinee—its—rapid-industrialization—and-—uwbanization—in—thelast-couple—of

deeades.; where—dDiverse sources and aging processes make aerosol properties

particularly diverse and complex_in this part of the world. As such, the region has

drawn much attention in-studyingregarding the aerosol mixing state, hygroscopicity,
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and CCN activity (Deng et al., 2011; 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-have shown

that the aerpsol number size distribution is critical in the prediction of Nccn while

Zhang et al. (2014, 2017), have highlighted the importance of chemical composition in

determining particle activation properties. However, al-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—because a dense cluster of

China’s heavy industries exists there (Fu et al., 2014), Measurements of aerosol

properties in the central part of the NCP are thus critically needed to investigate the

impact of air pollution on the environment and climate changes.

Xingtai (XT), a city located in the eentralareacenter of the NCP, is considered
one of the mosteftenranks-in-the-top-of polluted cities in China. Local industrial and
domestic sources of pollution are the greatest contributors to severe haze events_in

that region (Wang et al, 2014), A field experiment called the

Atmosphere-Aerosol-Boundary Layer-Cloud (A?BC) Interaction Joint Experiment
was earried—outdone at a suburban site in Xingtai-XT 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
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method and data analysis theory. Section 4 presents and discusses the measurement
results, which includes the-data time series, aerosol mixing state, hygroscopicity, CCN
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 A?BC experiment was earried-outdone at the National Meteorological Basic
Station located in XT (37.18°N, 114.37°E, 180 m ASkabove sea level) from 1 May to
15 June of 2016. This suburban site is situated ~-17 km northwest of Xiastai-the XT
urban area in southern Heibei Province, which is located in the central part of the NCP
and to the east of the Taihang Mountains (Fig. 1a). This region is heavily populated,
urbanized, and industrialized. Fhe—mMajor industrial manufacturers include
coal-based power plants, steel and iron works, glassworks, and cement mills. Fhe
wWeak diffusion conditions and heavy industrial emissions lead to exceptionally high
concentrations of particulate matter (PM) with diameters less than 10 pm-PMio) and
2.5 um (PMzs), as well as gas pollutants such as sulfur dioxide (SO>), volatile organic
compounds (VOCs), and nitrogen oxides (NOx) during the frequently occurring haze

episodes in this region (Wang et al., 2014; Fu et al., 2014), Figure 1b shows the mean

distribution of SO concentrations from May of 2012 to 20165 which confirmsing that
the measurement site is located in one of the pollution centers in this region. Fhe-A

detailed analysis of gas precursors and aerosol chemical species shows that this

9
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station is a-geed representative site in this region (Zhang et al., 2018).
Time series of meteorological variables measured at this meteorological station
are shown in Fig. S1. This site is heavily-strongly affected by the-mountain-valley

winds.; Southeasterly winds prevail during the day and at night northwesterly winds

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

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 |, model 3081L, TSI
Inc.) is used to select monodispersed particles of a certain diameter—(Dyo). The
monodisperseds particles are then passed through a nafien-Nafion 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

10
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number size distribution (PNSD). In this study, the dry diameters selected by the
DMA, are-were 40, 80, 110, 150, and 200 nm, and -t-Fhe humidified RH is-was set to
85-%.; the-The RH calibration with ammonium sulfate for the H-TDMA is shown in
Fig. S3-in-the supplement.

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

diameter at a given RH to the dry diameter:

_ Dp(RH)

GF ,
aalpo

1)

where D, (RH) is the particle diameter at the given RH and Dj,q, is the dry diameter

selected by the DMA|. The measured distribution function versus GF(GE-MDE) can
be calculated with WCPC data downstream from the DMA; and DMA,. The GF
probability density function+(GE-PBE)} is then retrieved using the TDMAFIT

algorithm (Stolzenburg and McMurry, 1988, 2008),

IR FEHE XF 1
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N FEREE: XF 1

y: FEBE: XF 1
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2.2.2. Aerosol chemical composition measurements

An Aerosol Chemical Speciation Monitor (ACSM) was depleyed-used to measure
the non-refractory submicron aerosol-NR-PM,) species (sulfate, nitrate, ammonium,
chloride, and organics) in real-time. A PM2.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. Iraddition;tThe 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
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positive matrix factor analysis is-was 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.
HOA and COA are both 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

aethalometer (AE-33, Magee Scientific Corp.) with a PM with diameters less than 1

um (PMy) cyclone was used to measure the BC mass concentration of BC particles

with diameters < 1.0 um-BE-PM,). Mineral dust and sea salt are the other refractory

species, but they typically exist in the coarse mode and contribute negligiblymake

negligible-eontributions 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 (EPE;-model 3775, TSI Inc.). A
single-column continuous-flow thermal-gradient cloud condensation nuclei counter
(model CCNC-100, DMT Inc.) was apphied-used 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 levels in the

CCNC were calibrated with pure ammonium sulfate (Rose et al., 2008), before and

after the measurement campaign. The corrected SS levels were 0.11, 0.13, 0.22, 0.40,
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and 0.75-%;5respeetively.

The aerosol activation ratio (AR) at a certain SS is calculated as Ncen divided by
the total particle number concentration in the 15-685--nm range (V15685 nm), 1.€., AR =

Ncen/ Nis—essnm. The SMPS does not measure particle number concentrations below

15 nm. Since the activation critical diameter is always larger than 15 nm at these SS

levels (Zhang et al., 2014), this does not affect the calculated Nccon.—is-not-measured

Aerosol particles with diameters larger-greater than 685 nm are also not detected by
the SMPS. These larger particles will always act as CCN due to their larger dry sizes.
Hewever;Note that the number concentration above 685 nm in the atmosphere is

always negligible (Juranyi et al., 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) which plays a crucial role in

modulating surface air quality (Z. Li et al., 2017b). The pulse repetition rate of the

MPL was 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
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SOz, NOg, NO, and €Ocarbon monoxide. More detailed descriptions about the

analyzers are given by Zhu et al.; (2016),

Two containers at ground level housed all sampling instruments. Puring—this

Ttwo air conditioners were-used-to-maintained the temperature at 20-25-°C inside the

containers. All stainless tube inlets were ~-1.5 m above the top of the containers.

3. Theory

3.1. Hygroscopicity parameter

To link hygroscopicity measurements below and above the water vapor saturation,

HHERH
the Kohler theory (Kéhler, 1936), is parameterized using the hygroscopicity parameter /£

. . ficki: BN
K (Petters and Kreidenweis, 2007), This is known as the k-Kohler theory. According /{

to the theory, the equilibrium equation everfor a solution droplet at a saturation ratio

HEIRA
S(D), is /[

3_p3 405 /aMy HHER
S(D) = s exp (27 @ ////{

Lk e

where D and D, are the wet and dry droplet diameters, respectively, gs/, is the (e

HHRRH
surface tension coefficient, M,,, is the mole mass of water, R is the universal gas /{

. . ) iz N
constant, T is the temperature, and o, is the density of water.

Lk e

Below the water vapor saturation, S (.D)A is RH, D is D,(RH), and D, is Dy, /{%H m

iz Nl

in-from Eq. (1). The « parameter is then calculated using H-TDMA data according to R

R B B B R

Eq. (1) and Eq. (2):
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For a multicomponent particle, the Zdanovskii—Stokes—Robinson (ZSR) mixing

. . . . . R
rule (Stokes and Robinson, 1966), can also estimate x using chemical composition /

data:
b FEREE: XF 1
Kehem,= Z.i.gi}cu (4) \E :ziz ZHRe 7 [—%
where g, and k; are the volume fraction and ghysreseepicity-parameter for the ith /{’rﬁ*ﬁﬁfi‘] [—}
HRTA [ﬁ
HRIA [ﬂ

chemical component, respectively. The ACSM provides the mass concentrations of

inorganic ions and organics. A simplified ion-pairing scheme such as that described by

. . . ) R
Gysel et al. (2007), is applied to convert ion mass concentrations to mass

concentrations of their corresponding inorganic salts (see Table S1 in the supplement).

iz N

Table S1 also lists x and the gravimetric density of each individual component under

A

supersaturated conditions. In_the following discussions, kgr and Kcpem, denote the /{%ﬁiﬂ’ﬂ

alal

hygroscopicity parameters derived from H-TDMA measurements and estimated using

the ZSR mixing rule, respectively.

3.2. CCN estimation

The critical supersaturation (sc, sc = Sc-1) for a-dry-diameter{the Dg) of a particle

with hygroscopicity k is calculated from the maximum of the x-Kdohler curve (Eq.

Gk
2.} fPetters and Kreidenweis, 2007). The Dy is also the critical diameter corresponding /

to the sc when k is known.; se—Tthe sc.-Dq relationship can thus be established.

ki)
According to this relationship, the critical diameter (Dp (i) can be calculated using /{

AR

the estimated K pem, (Eq. 4) at a given SS. All particles larger than Dy . Will /‘[*-ﬁ‘r*#iﬁﬂ’ﬂ

alal

activate as CCN, assuming that aerosols are internally mixed. Then the CCN number
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concentration can be estimated from the integral of the aerosol size distribution

provided by the SMPS from Dj (i, to the maximum measured size (Dyax)-foHowing

Eq—):

_ (Pmax  dAN(D)
ANACCN (ASS)A_ f.?.mcrit(SS)alog(D)Adlog(D) : %)
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RN FERHE: XF1

FRRE: FERHE: XF 1

TR FRHE: XF 1

FRRA: FRHE: XF1

FRRA: FRHE: XF1

Neen(SS), can then be compared to the number of CCN at the same SS measured by

the CCNC-(i-e—a-elosure-study).

4. Results and discussion

4.1. Overview

Figures 2 and 3 show the-time series of the main aerosol properties measured
during the this—field campaign. The PNSD changes dramatically (Fig. 2a) and the
aerosol number concentration in the 15-50 nm range (Nis5-s0nm) increases sharply in
the morning almost every day (Fig. 2b). The time series of the mean diameter (D) of
particles also shows that a growth process occurs after the sharp increase in N15-50 nm.
All these phenomena suggest that new particle formation (NPF) events—eceurred

frequently occurred 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—ainty

from mainly local emissions. High emissions of SO, and velatile-erganie-compounds

€VOCsy associated with the high oxidation capacity in a polluted atmosphere make

NPF events occur more frequently in northern China (Z. Wang et al., 2017),

Figure 2c-d shows the-time series of the probability density functions (PDFs) of

Kgg (k-PDF) for 40-nm and 150--nm particles, respectively. In general, mono-modal
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Kk-PDFs were observed. This is different from x-PDFs at other sites in China where

bi- and tri-modal distributions are-deminantdominate (Liu et al., 2011; Ye et al., 2013;

Jiang et al., 2016; S._L. Zhang et al., 2016; Y. Wang et al., 2017), Differences in the

aerosol mixing state explain this (see section 4.2).Fhis—is—due—to—differences—in-the

Figure 3a shows tFhe bulk mass concentrations of organics, sulfate, nitrate,

ammonium, and chloride measured by the ACSM are-shown-inFig3a-alengwithand

the BC mass concentration measured with-by the AE-33. Organics and sulfate 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 b co et e K e — e T e ten b com s s e,
respectively. The average volume fraction of inorganics
((NH4)2SO4+NH4HSO4+H2SO4+NH4NO4)  was similar to that of organics
(POA+SOA), but their volume fractions changed diurnally. In general, the volume

fraction of inorganics increased during daytime while the volume fraction of organics

decreased. In-addition;-SOA was the dominant contributor to OA, accounting for ~69-%

of the organics volume. This shows that photochemical reactions were strong at XT

during theis field campaign (Huang et al., 2014), The mean K pem, in Fig. 3¢ was

(B8R THHe X371

(##Re: FHHe X7 1

RN FHHE: XF 1

A BRI FRHE XF 1

FRRA: FEHE: XF1

0.31 with values ranging from 0.20 to 0.40. The trend in fpem, Was similar to that of

the volume fraction of inorganics.; This suggestsine that inorganics playeds a key role

when-it-comestoin Kopem,; Lthis is consistent with the study efby Wu et al. (2016),
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4.2. Aerosol mixing state and hygroscopicity

The-average probability-density funetions-of Jezz—(Figure 4 shows mean k-PDFs)

for different particle sizes derived from H-TDMA data-are-shewn—inFis—4. For all

particle sizes considered, kgr ranged from 0 to 0.8, and the k-PDF patterns were

similar.; This suggestsing that the-hygroscopic compounds in different particle size
modes were similar at XT. In general, x-PDF patterns show only one hydrophilic
mode with the—a_weak hydrophobic mode occasionally appearing at night when

photochemical reactions are weak (Fig. S4). The x-PDF patterns always show bi- or

tri-modal distributionsThis—is—differentfromwhat-hasbeenreperted 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 -PDE patterns—abways—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): jgr <0.1

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

— more hygroscopic (MH): 0.2 < kg

Table 1 gives the number fractions of each group for different particle sizes. The MH
group dominated all particle sizes. The number fractions of the NH and LH groups
were both less than 6.0-%-each. However, the volume fractions of hydrophobic BC

and low-hygroscopic organics (where kpc, is approximately zero and Korganic, iS

typically less than 0.1) were ~10.1-% and 47.4-%, respectively, according to chemical

composition measurements (Fig. 3b). This suggests that the particles were highly aged
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and internally mixed at XT during theis field campaign. The c€oating of sulfates and
secondary organics during the aging process changes the structure of BC and makes it
these particles grow; which can significantly enhance the hygroscopicitiesy of

particles (e.g., Zhang et al., 2008; Jimenez et al., 2009; Tritscher et al., 2011; Guo et

al., 2016), In—additionstThe observed unimodal distribution of k-PDF also suggests

the internal mixing state of the particles (Swietlicki et al., 2008),

Figure 5 shows the average size-resolved k¢ derived from H-TDMA data at XT

and at-other sites in China. At XT, kg for different particle sizes were larger in the

daytime than at night, and the difference between daytime and nighttime decreased
with increasing particle size. This suggests that the impact of photochemical reactions
on aerosol hygroscopicity is strong. and-thattThe effect is weaker with increasing
particle size because most of the larger particles are always well aged.

The magnitude of kg was larger at XT than at other sites ef~in China. In

e Y (| | a Y s (|

particular, the magnitude of g Was much larger at XT than at sites in the northern

part of the NCP, i.e., Beijing, Wuging, and Xianghe. The lower k¢ in the Beijing

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 magnitudes of x,¢ at these two sites are higher

e T [ S [ S T | S (S A (A

than at Beijing but lower than at XT. Although distant from these megacities, XT is

situated in the industrial center of the NCP, so particles there are more internally

mixed and highly aged due to the higher concentrations of precursors and strong
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photochemical reactions.AdtheughXT-islecated-far-away-from-these-megacities—itis

highly-aged: This is why k¢ #n-at XT is larger than at other sites. This suggests that

the hygroscopicitiesy of particles from different emissions and chemical processes
differ in the NCP. In-addition;40Forty nm particles were always more hygroscopic

than 80--nm particles at XT, especially in the daytime.; This differed from other

siteswhich-was-also-differentfrom-othersites: This-is-likely because the coating effect
of sulfates and secondary organics is more significant ea—for smaller particles
(Tritscher et al., 2011; Guo et al., 2016). Furthermore, since the field measurements
took place in a locality with heavy industrial activities, it is possible that amine
contributeds 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. The PBL
height ean—be—determined—atis the altitude where a sudden decrease in the

MPL-measured scattering coefficient occurs—frem-the-MPE-data (Cohn and Angevine,

2000; Brooks, 2003), Note that the retrieved PBL height is only valid from 07:00 local
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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 PMi5_685 nm, respectively). Variations in the-N15-685 nm
and PM 5685 nm trended eppese-opposite from each other. From 08:00 LT to 14:00 LT,
the PBL height lifted from ~0.5 km to ~0.6 km, while PMis_¢85 nm generally decreased
from ~24 pg m to ~19 pg m3-altheush-there-wasashehtinereaseat-the beginningof
the—period. This suggests the important effect of PBL evolution on PMis5-685 nm.
However, Nis_¢s5snm sharply increased from ~7600 cm at 07:00 LT to ~13,000 cm™ at
13:00 LT. This is related to the sudden burst of small Aitken--mode particles (< 50 nm)
when-during NPF events-eeeurred. Newly formed fine particles contribute little to
PMi5-685 nm. In the evening, PMi5-635 nm increased gradually while Ni5-685nm decreased.
TFhis-is-attributed-to+tThe deeliningtrend-indecline of the nocturnal PBL and particle
coagulation and growth_explains this. In other words, the evolution of the PBL played
a-dominantrele-eninfluenced the aerosol mass concentration, while particle formation

and growth had a greater influence on the variation in aerosol number concentration,,

4.3.2. Diurnal variation in aerosol hygroscopicity

. . - . . -
Figure 6c shows diurnal variations in kg and kcpem. Values of i for different

particle sizes increased in the morning when the NPF event started. The increase was
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sharpest for 40-nm particles. AH-sized—ez—inereased-beginningfrom-the NPE event;

especially—{forthe—40—nm—particles: The increase ef—in i, in the morning was

synchronizedeus with the particle number concentration (Nis-¢85nm) but not with the
PBL height, further suggesting the impact of photochemical reactions on aerosol
hygroscopicity. The «gr for 40--nm particles increased from ~0.32 at 07:00 LT to ~0.44

at 15:00 LT; and approached the k value of pure ammonium sulfate; This also

suggestsing that a large amount of hygroscopic compounds were produced during

EHEAEIEAEIE:
ot | o | ot | 3| o
A bad B
FFEFF

NPF events. Fig. S5 #the-supplement-shows the-sharply increased concentrations of

SOz and VOCs in the morning and the enhanced atmospheric oxidation capacity

under high RH and low T gconditions. The production of sulfate and SOAs

resulted.made—plenty—of —sulfate —and—SOA—produced: This is why aerosol

hygroscopicity and the occurrence of NPF events increased . Fhis—is-thereason—in-the

- Zhang

et al. (2018) characterized the aerosol chemistry during NPF events in this field

campaign.Petaled-characterization—ot-acrosol-chemistry-during NPFE-cvents—in—this
eampaign-has-been-studied-inZhanget-alk(2048): The diurnal variatien-pattern in Ker

for 80-200 nm particles differs from that of 40--nm particles. The differences in ir
between—for 80-200 nm particles in the early morning were large but gradually
decreased as the sun roserises. After H:00-EF+The kg for 80-200--nm particles were

similar but lower than that effor 40--nm particles_after 1100 LT. The condensation of

sulfates and secondary organics likely caused the enhanced hygroscopicity of the 40—

200-nm particles, especially of 40-nm particles (Fig. 6d). AH-these—suggests—the
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Figure 6¢ also shows that the Kcpem, for PM; was lower than the kg¢ for 40—

200--nm particles and had a weaker diurnal variation. This feature was stronger at

noon when atmospheric oxidation and the aging process were more rapid. The simple

ZSR mixing rule is responsible for this. Fhe-difference—was—mainly—induced-bythe

stmpleZSR—mixine—+ule: During the daytime, the condensation of sulfuric acid on

organics or BC greatly enhances their hygroscopicitiesy (Zhang et al., 2008; Zhang et

al., 2017), The ZSR model cannot accurately represent tFhis phenomenon-ean’t-be

deseribed-aceurately-by-the ZSR-medel. Cruz and Pandis (2000), have shown that the

measured Kgr, of internally mixed (NH4)>SOs-organic aerosols is larger than the

predicted K pem, based on the ZSR model.

In summary, the ample supply of effluent-SO> and VOCs provided sufficient
precursors for the strong photochemical reactions at XT during this field campaign,
and the productione and condensation of sulfate and SOAs greatly enhanced aerosol

hygroscopicity—targely, especially during the daytime. The oxidation of precursors

likely induced the observed frequent NPF events.This-alse-suggests-that-the-observed

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
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morning, Ncen first decreased then increased while AR 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 were less than 15 nm in size; which was below
the detection limit of the SMPS. As a result, N15-¢85nm decreased (Fig. 6b) as the PBL
lifteds, and Ncen also decreased. However, the mixing of aged particles within the

PBL made the particle size (Fig. 7b) and AR increase slightly. Condensation and the

growth of new particles caused the number of fine particles detected by the SMPS to

increase rapidly. However, because of their smaller sizes, some of these particles were

not activated. With

activated—beeause—their—smaller—size: Therefore, Ncen increased, but AR decreased

from 08:00 LT to 14:00 LT. In the afternoon and evening, Nccn and AR increased
slightly with—the—inerease—inas particle sizes increased (Fig. 7b). Hewever,—tThese
trends became-weakerweakened as SS decreased ;-this-is-because the critical diameter
is larger at low SS and the influence of aerosol size distribution on Nccn and AR is
relatively weaker. This—demenstrates—that-the—pParticle size was the most important
factor influencing the-aerosol activation-ability and the-CCN number concentrations,

especially at larger SS-Hevels. Figure 6S shows the results from aFhe sensitivity test of

particle size in a CCN closure study similar with-to that in-done by Dusek et al. (2006)
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4.4. CCN estimation from chemical composition data

This section presents a CCN closure study and a discussion of the impact of

chemical composition on Ncen.ti-this-seetion,a-CEN-elosure-study-is-conducted-and

the-impaet-of chemical-composttiononMNceon-is-diseussed: It is reasonable to assume

that aerosols are internally mixed when estimating Nccn, because H-TDMA data

showed that this was the case at XTHFPDMA-datahas-showed particles—were-highly

estimatingNcen is—reasonable. —Figure 8a shows estimated Nccn as a function of
measured Ncen using real-time kchem. The estimated Ncen correlates well with
measurements (R2 = 0.85), but is generally overestimated. The slope of each linearly
fitted line is greater than 1.10 and increases with increasing SS. In-additien,—tThe
relative deviation (RD) increases from 16.2-% to 25.2-% as SS increases from 0.13-%

The large

to 0.75—%, suggesting that estimates become worse at larger SS.

measurement uncertainties of CCNC mainly cause the overestimation of NcenThe

L ¢ Neexi il el ties of CONC:
(1) Tthe 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-optical particle counter

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 Ncen lower than the actual Ncen. At larger SS, these-activated aerosols in

the cloud chamber of the CCNC are greater in number and smaller in size, so the
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568  impact of these uncertainties is greater. Figure S7 shows results from the Neen closure
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569  study for separated NconFheseparated-Neen-closurestudyisshowninFig—S7. Figure BIERE. Th
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570  S7-suggeststThe CCN closure is wery—goodreasonable when Ncen < 5500 cm; HEHRRE: ARG X 1

571  reflecting-thevalidation-ofthe CEN-closure-method-this-study.
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572 Figure 8b shows estimated Ncen using the mean value for fepem, (chem, =0.31).
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580 the shape of the aerosol size distribution (Juranyi et al., 2010), which further R B X 1
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581  demonstrates;furtherverifying the importance of particle size to Ncen. The sensitivity
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582  of Ncen to chemical composition (K pem) becomes weaker with increasing SS, ,”,,[WHE&E@, S X 1

(B8R0 e X371

583  suggesting that chemical composition becomes less important in Nccn estimates at

584  larger SS. Inadditionthe-RD is always less than 10-% when estimating Nccn using

. . (ke FhHe XF1
585 the mean value of Kcpem,s suegesting—thatThe value k = 0.31 is thus a good (BHRE: hEE T 1
, o (ke THHE XT 1
586  reference value to model the-CEN-number-coneentration/Ncon, in this region.-  (BERE: T 0, THHE XF 1
(#HERE: FHRE XF L T
587 In summary, the particle size is the most important factor influencing the-aerosol { HERE: ARG XF 1

588  activation-ab#ity at XT, especially at larger SSHevels. The chemical composition was

589  not as important when estimating Nccn because the-particles were highly aged and
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610

internally mixed at XT.; aeresel-Aerosol hygroscopicity was not sensitive to estimates

of Ncen.

5. Summary and conclusions

The Atmosphere-Aerosol-Boundary Layer-Cloud (A?BC) Interaction Joint

Experiment was earried—eutdone at a suburban site (Xingtai. or XT) located in the

investigated, aerosol hygroscopicity, the mixing state, and CCN activity at thesite

ot X T s i b el
In general, the probability density function (PDF) of the hygroscopicity parameter
K_(k-PDF) for 40-200--nm particles was a unimodal distribution, which is different

from distributions at other sites in China. Particles of all sizes covered a large range of

Kgr, (the—mmean hygroscopicity parameter derived from H-TDMA measurements;

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.
The k-PDF patterns also suggests that the-particles were highly aged and internally
mixed at XT during the this—field campaign. This is likely related to strong
photochemical reactions.

The mean_—kpka for different particle sizes were larger in the daytime than at

night. Daytime and nighttime k¢ differences decreased with increasing particle size.

Fhis-Hustrates-thattThe impact of photochemical reactions on aerosol hygroscopicity

was strong, and that-the effect became weaker as particle sizes increaseds. The coating
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of sulfates or secondary organics likely enhanced the hygroscopicitiesy of 40-200-

nm particles—ves—tob—eause d-b—the-contnool—utnico e eondap—oreanies, and
tThise effect was more significant for 40--nm particles. Compared with other sites in
China, the aerosol hygroscopicity was much larger at XT because of the sufficient
amount of precursors and strong atmospheric oxidation-eapaetty. The comparison also
shows that the hygroscopicitiesy of particles from different emissions and chemical

processes differed largelygreatly.

New particle formation events occurred frequently at XT during this field
campaign. The evolution of the planetary boundary layer (PBL)-played-a-dominant
rele-eninfluenced the aerosol mass concentration, while particle formation and growth
had a greater influence on the variation in the-aerosol number concentration. Particle

size was the most important factor influencing the-aerosol activation-ability and the

CCN number concentration (Nccn) at XT-during-the—field-experiment, especially at

larger supersaturations (SS). Although the—estimated Ncen correlateds well with
measurements (R = 0.85), Nccn wasis overestimated because of measurement
uncertainties. The effect of chemical composition on Nccn is-was weaker relative to
the particle size. Sensitivity tests show that the impact of chemical composition on
Nccn beeemes-became weaker as SS increaseds, suggesting that the effect of chemical

composition on_the estimation of Nccn estimates-is less important at larger SS. The

value k¥ =0.31 is a good proxy for Ncen

usefor the-medelatin this regionXF.
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se XT is located

in the most polluted region in China. XT-is-the-top-mest-potutedregionin-China-The

multitude of factories in the region generates strong emissionswhere-there-are-meore

lentifulof & . : ssionsindustrial-emissi o I NCP. The

plenitude of gas precursors and strong photochemical reactions at XT make aerosol

properties—_there uniquethere—different—from—these—at—sites—under—other—poluted
conditions. More field measurements on gas-particle transformation and aerosol
properties in this region are needed;—which-would-be-meaninetul for studying the-haze

formation mechanisms and climate effects-ehange-inthe NCP,
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Table 1. The-sNumber fractions of different hygroscopic groups for different particle

(wkn: 2HFe X371

sizes.

(##m: 2HHE XF1

40 nm 80 nm 110 nm 150 nm 200 nm
NH 51% 5.0% 51% 5.0 % 5.7 % (ke THHe XF 1
LH 4.8 % 42 % 43 % 4.7 % 51% (wtn: THHe XF 1
MH 90.1 % 90.8 % 90.6 % 90.3 % 89.2 % (#iEstm: 2HHE XF 1
(e

NH: nearly hydrophobic; LH: less hygroscopic; MH: more hygroscopic
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