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The hygroscopicity and ability of aerosol particles to act as cloud condensation nuclei

(CCN) is important in determining their lifetime and role in aerosol–cloud interactions,

thereby influencing cloud formation and climate. Previous studies have used the aerosol

hygroscopic properties measured at the ground to evaluate the influence on cloud

formation in the atmosphere, which may introduce uncertainty associated with aerosol

hygroscopicity variability with altitude. In this study, the CCN behaviour and

hygroscopic properties of daily filter collections of PM2.5 from three different heights (8,

120, 260 m) on a tower in Beijing were determined in the laboratory using water, water/

methanol and methanol as the atomization solvents. Whilst there was substantial

temporal variability in particle concentration and composition, there was little obvious

difference in aerosol CCN and hygroscopic behaviour at different heights, although the

planetary boundary layer height (PBLH) reduced to below the tower height during the

nighttime, suggesting that use of surface hygroscopicity measurements is sufficient for

the estimation of aerosol particle activation in clouds. Additionally, the critical coating

thickness (in terms of mass ratio of coating/refractory BC, MRc) defining the BC

transition between being hydrophobic to hydrophilic, was determined by combining
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hygroscopic tandem differential mobility analyser (H-TDMA), centrifugal particle mass

analyzer (CPMA) and single particle soot photometer (SP2) measurements. The MRc of

250 nm BC-containing particles increased from a background value of between 0.8 and

1.6 to around 4.6 at the onset of the growth event of nanoparticles, decreasing

monotonically back to the background level as the event progressed. This indicates that

large particles do not act as an effective pre-existing condensation sink of the

hygroscopic vapours during the nanoparticle growth events, leading to the 250 nm BC

particles requiring more coating materials to transition between being hydrophobic and

hydrophilic. These findings show that large particles may be less important in

suppressing the new particle formation and subsequent growth in the atmosphere.
1 Introduction

According to the Intergovernmental Panel on Climate Change (IPCC), the impacts
of aerosols on clouds are one of the largest uncertainties in estimates of global
radiative forces. Aerosol hygroscopicity is one of the most important properties to
determine if particles can act as a cloud condensation nucleus (CCN) and then
form cloud droplets under atmospheric water saturation ratios.1–3 The hygro-
scopicity depends on the chemical composition of aerosols. Generally, inorganic
salts such as sulfate, nitrate and chloride, are hydrophilic,4,5 organics are less
hygroscopic, whilst black carbon and dust are more hydrophobic.6

Over the last several decades, aerosol hygroscopicity has been intensively
measured by hygroscopicity tandem differential mobility analyser (H-TDMA)7–12

and CCN counter (CCNc)8,13–16 under sub- and super-saturation, respectively.17 To
associate aerosol hygroscopicity with its composition, the hygroscopicity
parameter, kappa (k), has been introduced.18 The kappa from online measure-
ments has been used to compare with that predicted from chemical composition
(kchem), which is obtained by simply volume weighting the kappa of each single
compound in particles.19,20 Mismatch of kappa between measurement and
prediction has been frequently observed but discrepancies remain difficult to
interpret. Since the varying properties of organic compounds, such as solubility,
surface activity and extent of dissociation in the atmosphere,21,22 the hygroscop-
icity of an organic material is difficult to quantify and most studies simply
attribute discrepancies between the measurement and prediction to the organic
fraction, and reconcile the discrepancy by tuning the kappa of organic (korg).14,23–26

For example, Chang et al.14 parameterised korg in terms of the oxidation degree (as
O/C) based on measurements conducted in Canada during the spring of 2007,
and presented korg ¼ (0.29 � 0.05) � (O/C). Mei et al.24 found that korg was better
parameterized using f44 than O/C, as korg ¼ 2.10(�0.07)� f44 � 0.11(�0.01). Padró
et al.26 provided a simple way to parameterize organic hygroscopicity in atmo-
spheric models, i.e. korg ¼ 0.28� 3wsoc (where 3wsoc is the volume fraction of water-
soluble organic carbon (WSOC)). The inuence of the organic fraction on
a particle’s hygroscopicity and the appropriateness of reconciling the discrepancy
between the measurement and prediction by simply tuning the korg, remains
unclear. Most previous eld studies of aerosol hygroscopicity or ability to behave
as CCN have been performed at or near ground level.17 These measurements have
then typically been used to inform model descriptions of the aerosol hygro-
scopicity inuence on cloud formation in the atmosphere. It is possible that such
240 | Faraday Discuss., 2021, 226, 239–254 This journal is © The Royal Society of Chemistry 2021
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an approach may introduce uncertainty associated with aerosol hygroscopicity
variability with altitude.

Black carbon (BC) is a widely investigated component of atmospheric aerosol
because it can absorb solar radiation and heat the atmosphere.27 The hygro-
scopicity of BC aerosol signicantly affects its lifetime and then inuences its
radiative forcing.28 Fresh BC particles are hydrophobic,29 but on acquisition of
hygroscopic materials through atmospheric aging, they can transform from
hydrophobic to hydrophilic to then more effectively act as a CCN.30,31 The
hygroscopicity of BC particles has been explored extensively by coupling the BC
identication instruments, such as the single particle soot photometer (SP2),32–34

downstream of the rst35 or second differential mobility analyser (DMA)36–38 of H-
TDMA systems. These studies found that the hygroscopicity of BC particles was
mainly determined by the coating layer thickness and materials. However, the
quantication of the critical coating thickness dening the transition between
BC-containing particles being hydrophobic to hydrophilic has hitherto been re-
ported. Such information can be used to simplify estimations of the lifetime of BC
in the atmosphere and improve prediction of its radiative forcing.

In this study, we aim to address the two main questions identied above:
(i) To assess the vertical structure of composition affecting CCN behaviour, the

CCN behaviour and hygroscopic properties of daily lter collections of PM2.5 from
three different heights (8, 120, 260 m) on a tower in Beijing were determined in
the laboratory using water, water/methanol and methanol as the atomization
solvents, and compared with in situ measured hygroscopicity.

(ii) To determine the role of the BC mixing state in CCN in a dynamic urban
environment, the critical coating thickness dening the BC transition between
being hydrophobic to hydrophilic was determined by combining H-TDMA,
scanning mobility particle sizer (SMPS), centrifugal particle mass analyzer
(CPMA) and SP2 measurements.
2 Experimental and methods

This study was conducted in the framework of the Air Pollution and Human
Health-Beijing (APHH-Beijing) programme outlined in Shi et al.39 In this study,
the measurements were conducted at the 325 m Institute of Atmospheric Physics
(IAP) tower site (39�5802800N, 116�2201600E) in Beijing from 12th to 29th November,
2016. The site is located between the 3rd ring and 4th ring in the north of central
Beijing.
2.1 Filter sample collection and analysis

In this study, lter samples were collected daily for 9 days through 16th to 29th

November, 2016. Aerosol samples (PM2.5) were collected on pre-combusted
(450 �C for 6 h) quartz lters (PALLFLEX 2500QAT-UP, 20 � 25 cm) at 8, 120
and 260 m up the tower using a high-volume sampler (Kimoto AS-810B) with
a ow rate of 0.6 m3 min�1. The interval of sample collection was 24 h, and the
lters were replaced at 7:30 am (local time) each day. Aer sampling, the lters
were kept separately in the pre-cleaned glass jar with a Teon-lined screw cap and
stored at �20 �C prior to analysis.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 226, 239–254 | 241
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2.1.1 Analysis of chemical species. Concentrations of inorganic ions (NH4
+,

SO4
2�, NO3

�, Na+, Cl�, K+, Ca2+ and Mg2+), water-soluble organic carbon (WSOC),
organic carbon (OC) and elemental carbon (EC) in the lter samples were
measured in this study. The detailed analysis method can be found in Yan et al.40

Briey, for inorganic ions, a punch (20 mm in diameter) of lter samples were
extracted with 10 ml organic-free ultrapure water (resistivity of >18.2 MU cm,
Sartorius arium 611 UV). For WSOC, a punch of 20 mm diameter of each quartz
ber lter was extracted with 15 ml ultrapure water. These water extracts were
passed through a syringe lter (Millex-GV, 0.22 mm, Millipore) to remove the
particles and lter debris aer 15 min ultra-sonication, and were analyzed using
an ion chromatograph (761 Compact IC, Metrohm, Switzerland) and a carbon
analyzer (Shimadzu, TOC-5000A).

A lter punch of 20 mm diameter from each lter was used to measure the OC
and EC concentration using a carbon analyzer (Sunset Laboratory Inc., USA) with
thermal/optical transmission method following the Interagency Monitoring of
Protected Visual Environments (IMPROVE) method. The organic matter/OC (OM/
OC) ratio of 1.4, the value commonly used for ambient aerosols in previous
studies,41 was applied to derive the mass concentration of organics.

2.1.2 Hygroscopicity parameter (k) predicted by chemical compositions.
Based on the aerosol chemical compositions obtained above, the hygroscopicity
parameter (k) of aerosol in mixed compositions can be predicted using the Zda-
novskii–Stokes–Robinson (ZSR) mixing rule,19,20 expressed as:

k ¼
X
i

3iki (1)

where 3i is the volume fraction of each chemical composition and ki is the kappa
of each component present in the mixed-composition particle.

Since the chemical composition is reported in terms of the component inor-
ganic ions, while the ZSR calculation requires the volume fraction and k of each
neutral salt, a simplied ion pairing scheme according to Gysel et al.23 is applied
to convert ion mass to the mass concentrations of inorganic salts, expressed as:

nNH4NO3
¼ nNO3

�

nH2SO4
¼ max

�
0; nSO4

2� � nNH4
þ þ nNO3

�
�

nNH4HSO4
¼ min

�
2nSO4

2� � nNH4
þ þ nNO3

�; nNH4
þ � nNO3

�
�

nðNH4Þ2SO4
¼ max

�
nNH4

þ � nNO3
�nSO4

2�; 0
�

nHNO3
¼ 0

(2)

where n denotes the number of moles. Table S1† lists the density and k of each
individual component for the kchem calculation.

2.1.3 Hygroscopicity and CCN effectiveness of atomized aerosols. Half
a piece of each 14 mm diameter quartz lter was extracted with 3.5 ml ultrapure
water, 8 ml methanol, and a mixture of both (i.e., 3.5 ml ultrapure water with 8 ml
methanol, this mixing ratio makes equal activity of water and methanol in the
solvent), respectively. The extracts were ltered with disk lters (Millex-GV, 0.22
mm, Millipore) to remove suspended particles and lter debris aer 15 min ultra-
sonication, and then diluted to 20 ml with the corresponding solvent (keeping the
same mixing ratio if the solvent is the mixture) for aerosol atomization.
242 | Faraday Discuss., 2021, 226, 239–254 This journal is © The Royal Society of Chemistry 2021
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The generated aerosols were rst passed through a Naon drier to remove the
water vapour, and subsequently passed through a diffusion drier with molecular
sieve (type 5A, 3–4 mm dia.) to remove the methanol vapour in the sample stream.
The dried particles were charged by a 90Sr diffusion charger and thenmeasured by
H-TDMA and a differential mobility particle sizer (DMPS) + CCNc system. The
detailed description of the H-TDMA and DMPS + CCNc system can be found in
Good et al.42 Briey, for H-TDMA measurements, the charged polydisperse
particles were introduced into the rst DMA (DMA-1, Brechtel Manufacturing
Inc., USA) to select the particle with a desired dry diameter (D0). Quasi-
monodisperse particles exiting DMA-1 were subsequently exposed to
a controlled humidity environment, i.e. a Naon humidier, where the RH was
regulated to 90% in this study. The humidied particle size distribution was
measured by the second DMA (DMA-2, Brechtel Manufacturing Inc., USA)
combined with a condensation particle counter (CPC, Model 3786, TSI Inc., USA).
The hygroscopic growth factor (GF), dened as the ratio of the humidied particle
diameter (Dp) over D0, was obtained through the inversion of scanning DMA-2
data by the TDMAInv soware.43 For DMPS + CCNc measurement, the dried
and charged polydisperse particles were fed into a Vienna style DMA44 and then
were split between the CCNc and CPC (Model 3775, TSI Inc., USA). By stepping
through different dry sizes in DMA, the activation diameter (D50) of particles at
a given water super-saturation (SS) was determined as the diameter at which 50%
of the particle number concentration measured by the CPC were measured to be
activated in the CCNc. The corresponding hygroscopicity parameter (k) under
sub- and super-saturated conditions was derived using the method developed by
Petters and Kreidenweis.18

Before the experiment, DMAs were calibrated with certied polystyrene latex
spheres (PSLs). Both the H-TDMA and DMPS + CCNc system were calibrated with
(NH4)2SO4 particles.
2.2 Ambient aerosol measurement

In addition to the lter study, ambient measurement of aerosol hygroscopicity,
size distribution and the properties of size-resolved BC particles were conducted
during the measurement period at the ground site of the IAP at the foot of the
tower on which the lter sampling was conducted, using H-TDMA, SMPS, CPMA
and SP2, respectively.

2.2.1 Aerosol size distribution and hygroscopicity measurement. Aerosol size
distributions in the diameter range from 10.4 to 504.8 nm were measured by
a commercial SMPS (TSI 3080, USA) with a sheath, and sample ow rates of 5 lpm
and 1 lpm, respectively. The total counting time required for each sample was
about 5 min. In addition, the hygroscopic growth factor of 30, 50, 100, 150 and
250 nm ambient particles at 90% RH were measured by a H-TDMA system.45

Before measurements, the SMPS was calibrated with PSL particles. The H-TDMA
system was calibrated with PSL and (NH4)2SO4 particles.

2.2.2 In situ black carbon properties measurement. In this study, the prop-
erties of black carbon aerosols were in situ observed by coupling a CPMA with an
SP2. The setup has been described in detail in recent studies.46,47 Briey, the
CPMA was placed upstream of the SP2. The monodisperse ambient particles with
a certain nominal mass were selected by the CPMA and then introduced into the
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 226, 239–254 | 243
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SP2 for analysis of the mass of refractory black carbon (rBC) of a single particle.
For the ambient aerosol with a certain mass, the coating thickness, in terms of
mass ratio (MR) of coating/rBC, can be determined. By combining the number
concentration of BC-containing particles detected by the SP2, the MR distribution
of BC-containing aerosol can be derived. In addition, the number concentration
of BC-free particles with particle diameter larger than 200 nm can be determined
by the SP2 as well.

The interval of CPMA + SP2 measurement was 30 min. The CPMA was stepped
from 0.3 to 15 fg for the rst 20 min and paused for the following 10 min to allow
the SP2 to measure poly-disperse ambient particles.
3 Results and discussion
3.1 Vertical prole of aerosol hygroscopicity and CCN ability

Fig. 1 shows the RH, temperature (T), wind speed and direction, and particle
chemical composition measured at the 8 m height of the tower throughout the
whole lter collection period. The period in between the two adjacent vertical grey
dashed lines in Fig. 1(d) corresponds to the lter collection period each day. The
corresponding information at 120 m and 260 m is presented in Fig. S1.† For all 3
heights, particle chemical composition and mass concentration changed signi-
cantly throughout the measurement. The mass concentration varied from 16 to 162
mg m�3. Lower particle mass concentrations were observed on the 19th, 23rd, and
27th November with the dominant wind direction from the north, so clean air from
northern areas such as Inner Mongolia cleaned up the pollutants in Beijing. While,
Fig. 1 Temporal evolution of (a) RH, T; (b) wind speed and direction; (c) mass concen-
tration of chemical compositions; (d) particle size distribution during the experiment.

244 | Faraday Discuss., 2021, 226, 239–254 This journal is © The Royal Society of Chemistry 2021
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when the wind direction was dominantly from the south on the 18th, 24th, 25th, and
26th November, the pollutants were introduced into Beijing from southern areas,
particles come from regional transport are more aged, as reected by the large
particle size (Fig. 1(d)) with a high fraction of organic materials (Fig. 1(c)).

The planetary boundary layer height (PBLH) can vary dramatically over the day
with responding changes in surface radiative forces from a few kilometres at noon
to a few meters at night. Clearly such a change of PBLH will inuence the vertical
prole of pollutant concentrations and potentially particle properties. Fig. S2†
presents the diurnal variation of PBLH during the measurement. The average
PBLH reduced to below the top of the tower, and below our top measurement site
at 260 m (red dashed line in Fig. S2†) during nighttime. This may lead to
decoupling of the layers and possible differences in particle behaviour between
that measured at 260 m and that at 8 and 120 m. The temporal and vertical
proles of kappa for 100 nm aerosols generated using water, water/methanol and
methanol alone as the atomization solvents are presented in Fig. 2. It shows that,
for the lters with the same solvent extraction, there is little obvious difference of
the hygroscopicity and particle CCN effectiveness at 260 m compared with the
other two heights. The average differences of the kappa with heights are 8 � 10%,
14 � 13% and 25 � 22% for the 100 nm aerosols generated using water, water/
methanol and methanol alone as the atomization solvents, respectively. This
lack of obvious difference is consistent with the largely invariant aerosol
composition with altitude presented in Fig. 1 and S1,† and suggests that the use of
surface hygroscopicity measurements is sufficient for the estimation of aerosol
particle activation in clouds.
Fig. 2 Temporal and vertical profile of kappa of 100 nm aerosols generated using (a)
water; (b) water/methanol; and (c) methanol as the atomization solvents.
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The temporal evolution of kappa for 100 nm aerosols generated using
water, water/methanol and methanol alone as the atomization solvents at 8 m
height is presented alone in Fig. 3, to compare the kappa predicted from
chemical composition and the daily averaged kappa from the H-TDMA
ambient measurements. It is clear that the kappa of aerosols generated
using water as the atomization solvent shows the highest kappa value, fol-
lowed by that using water/methanol mixture, and methanol, as the atomiza-
tion solvents. This is reasonable since the inorganic compounds (sulfate,
nitrate) which are readily dissolved in water and are substantially less soluble
in methanol and are more hygroscopic than the organics extracted in meth-
anol. In summary: the mixed solvent (water/methanol) can dissolve both
inorganics and organics, the presence of organics (inorganics) will decrease
the fraction of inorganics (organics) in the atomized particles compared with
that using water (methanol) as the only atomization solvent, and then it
exhibits lower (higher) hygroscopic values than the latter.

As shown in Fig. 3(b), the aerosol hygroscopicity predicted using the chemical
composition of lters slightly deviated from the H-TDMA ambient measurements.
Fig. 3 Temporal evolution of: (a) kappa from H-TDMA ambient measurements; (b) kappa
from H-TDMA measurements of filter samples; (c) kappa from CCNc measurements of
filter samples; and (d) volume fraction of aerosol composition. The daily averaged kappa
from (a) and the predicted kappa (kchem) based on the chemical volume fraction in (d) are
presented in (b) and (c) for comparison.
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The discrepancy of both methods in characterizing aerosol hygroscopicity likely
arises from: (1) the lter measurement being sensitive to larger particles which
contribute the majority of the total mass, thus the bulk composition tends to
mainly reect the composition information for larger particles, but ambiguously
hides the information for smaller particles. In contrast, the ambient H-TDMA
measurements are number-based, and are thus able to provide more realistic
information on smaller particles; (2) lter collection and analysis artifacts; and (3)
gas-particle partition during lter collection, storage and analysis. The gas-
particle partition issue may also occur in the H-TDMA system, but it is mini-
mized in this study since the close loop of sheath air was used during the
measurement, which will keep the surrounding environment of particles inside
the DMA as close as that in the ambient.

Since water was used to extract the lter for aerosol chemical composition
(inorganics and WSOC) analysis in this study, the kappa predicted by chemical
composition was expected to be similar to that of the atomized aerosol with water
extraction. As shown in Fig. 3, the predicted kappa (red square in Fig. 3(b) and (c)) is
slightly higher than the measured value (black circle in Fig. 3(b) and (c)). There are
three possible reasons: (1) the organic mass concentration used for kappa prediction
was calculated from the OC concentration by applying the OM/OC ratio of 1.4,
although this value could vary widely (1.17–2.67) based on previous studies.48,49 If the
actual OM/OC ratio in our study is higher than the value of 1.4, the organic fraction
will be under-estimated and then lead an over-estimated predicted kappa. (2) Some of
the ammoniumnitrate evaporates from the particles during the nebulization process,
and losing some of the compounds with high hygroscopicity will decrease the
hygroscopicity of the generated particles. (3) It should be noted that the aggregated
composition volume, and hence mass fractions, were derived from a combination of
instruments; the inorganic compounds by IC and organics were measured with an
OC/EC analyser. There will be uncertainty associated with each technique which will
propagate into the combined input into the kchem calculation. For example, the BC
and organicmassmeasured by the OC/EC analyser using the thermal-optical analysis
method could be biased by charring of organic carbon, which will lead to over-
estimating the BC mass concentration and underestimating the mass concentration
of organics. To quantify the uncertainty of the kchem, the OC mass concentration was
assumed to be underestimated by amaximum of 20% due to charring within the OC/
EC analyser,50 and the conversion factor from OC to organic mass concentration was
assumed to be in the range 1.2–1.6 with a mean value of 1.4. The analysis results are
presented as the error bar for the red squares in Fig. 3(b) and (c).

Due to the low time resolution (1 day) and limited number of lter samples in
our study, we are unable to establish a reliably robust relationship between korg

with the parameters of O/C, f44 or 3wsoc as that presented by Chang et al.,14 Mei
et al.24 and Padró et al.26 However, the validity and robustness of the methods
mentioned above can be tested by our data. As shown in Fig. S3,† the korg

calculated using korg ¼ 0.28 � 3wsoc which was presented by Padró et al.,26 was
more appropriable for our study than the other two methods.
3.2 Hygroscopicity transition threshold of BC

The evolution of the hygroscopicity of BC was investigated by combining the H-
TDMA, SMPS and CPMA + SP2 measurements, and the critical coating
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 226, 239–254 | 247
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thickness dening the BC transition between hydrophobic and hydrophilic was
determined by introducing a novel data analysis method. Since the H-TDMA and
CPMA did not operate during the 22nd to 29th November 2016 due to an instru-
ment issue, the subset of the measurement period from 12th to 22nd November,
2016 was investigated in this section. As shown in Fig. S4,† ambient BC-
containing particles had the highest concentration around 200 nm. The SP2
can only detect the number concentration of BC-free particles with particle
diameters larger than 200 nm, so 250 nm (240–260 nm) BC-containing particles
were chosen for investigation.

The particle number concentration detected by the different instruments was
validated by comparison of the integrated number concentration of 250 nm (240–
260 nm) particles from SMPS size distribution with that (BC-containing + BC-free
particles) detected by the SP2. As shown in Fig. 4(c), the particle number
concentration measured by the SMPS (orange line) robustly agrees well with that
measured by the SP2 only (sum of black and grey bar). BC particles measured
using the CPMA + SP2 combination (purple dashed line) were about 47% lower in
number than those detected by the SP2 only (black bar), owing to the reduced
Fig. 4 Temporal evolution of: (a) kappa of 250 nm ambient aerosols, and (b) number
fraction of 250 nm ambient particles in a less-hygroscopic mode (LH) and more-hygro-
scopic mode (MH), from H-TDMA field measurements; (c) number concentration of
250 nmBC-containing and BC-free particles, and the calculated number concentration of
250 nm BC-containing particles in LH; (d) percentage of number concentration of 250 nm
BC-containing particles with different coating thickness (MR_BC), the black circles
represent the percentage number concentration of 250 nm BC-containing particles in LH;
(e) size distribution of ambient aerosols.
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transmission through the CPMA. In the discussion below, the SP2 particle
number concentration was used, with the CPMA + SP2 measurement providing
the coating thickness (MR) distribution of BC-containing particles, which
remained uninuenced by the CPMA particle loss.

To analyze the hygroscopicity transition threshold of BC, we assume that the
hygroscopicity of BC-containing particles increases with its coating thickness,
and BC-free particles are more hygroscopic than BC-containing particles. This
assumption is reasonable since fresh BC is hydrophobic29 and any increase in
hygroscopicity of coated BC particles should be attributed to the coatings.30,31 As
shown in Fig. 4(a), there are two hygroscopicity modes of 250 nm ambient
particles detected by the H-TDMA system throughout the measurement: one was
at the less hygroscopic mode (LH) with kappa around 0.1, and the other one was
a more hygroscopic mode (MH) with kappa around 0.5. The number fraction of
particles in each mode is presented in Fig. 4(b). By multiplying the particle
number fraction in the LHmode with the total number concentration of particles
at 250 nm measured by SP2, the particle number concentration in the LH mode
(red dotted line in Fig. 4(c)) can be derived. According to the above assumption,
BC particles with low coating thickness will rst account for the LH mode. Since
the particle number concentration in the LH mode was less than the BC particle
concentration detected by the SP2 (black bar in Fig. 4(c)) in this study, there were
evidently some BC particles with high coating thickness in the MH mode. The
ratio of particle number concentration in the LH mode to total BC number
concentration shows the proportion of BC particles in the LH mode (black circle
in Fig. 4(d)). Combining the MR distribution of BC particles measured by the
CPMA + SP2 (Fig. 4(d)), and through accumulating the proportion of BC particles
from MR ¼ 0 to match the proportion of BC calculated in the LH mode, the
critical coating thickness (MRc of coating/rBC) dening the transition threshold
between BC being hydrophobic to hydrophilic, can be determined as the coating
thickness value indicated by the black circles in Fig. 4(d). Two examples of the
derivation of MRc for BC are presented in Fig. 5, one is for the highMRc condition
Fig. 5 Examples of the derivation of critical coating thickness (MRc) for 250 nm BC-
containing particles: (a) high MRc condition as indicated by the red arrow in Fig. 4(d); (b)
low MRc condition as indicated by the grey arrow in Fig. 4(d). The red circle represents the
percentage number concentration of 250 nm BC-containing particles in LH.
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(Fig. 5(a)), indicated by the red arrow in Fig. 4(d) and the other is for the low MRc
condition (Fig. 5(b)) which is indicated by the grey arrow in Fig. 4(d).

Throughout the investigation period, the MRc of coating/rBC was stable and
ranged from 0.8 to 1.6 with the exception of the aernoons of the 15th and 16th

November. In the aernoons of the 15th and 16th November, nanoparticle growth
events were observed and the MRc of coating/rBC increased from a background
value to around 4.6 at the onset of the growth event, decreasing monotonically
back to the background level as the growth event progressed (the trend is marked
by the orange arrows in Fig. 4(d)). The high MRc of coating/rBC of BC-containing
particles at the beginning of the growth event of nanoparticles indicates that the
coating material is less hygroscopic compared with that during the background
period, suggesting either that any condensing material with high hygroscopicity
was captured by other sinks instead of the surface of BC particles during the
growth event of nanoparticles, or that only non-hygroscopic material was avail-
able for condensation. This result suggests that large particles cannot act as an
effective pre-existing condensation sink of the hygroscopic vapours during the
growth event of nanoparticles.
3.3 Atmospheric implications

Global modeling simulations show that new particle formation (NPF) and the
following growth of nanoparticles can contribute around half of the CCN pop-
ulation in the atmosphere.51,52 NPF and the following growth of the nanoparticles
has been observed in various environments around the world including urban,
forested areas and marine/coastal regions.53–55 A clean environment was
acknowledged as favorable for NPF and its following growth, because of less pre-
existing particles competing with the newly formed nanoparticles to capture the
condensing vapours.53 Our results show that, even though large particles pre-exist
in the atmosphere, they may not act as an effective pre-existing condensation sink
of the hygroscopic vapours during the growth event of nanoparticles; the BC
particles here are shown only to scavenge the condensing vapours with the lower
hygroscopicity, either because there are no hygroscopic vapours available to
scavenge or because they preferentially leave the condensing vapors with higher
hygroscopicity for the newly formed particles. These nding show that large
particles may be less important in suppressing the new particle formation and
subsequent growth in the atmosphere.
4 Conclusions

In this study, the vertical prole of aerosol hygroscopicity and CCN ability during
winter in Beijing is examined using laboratory measurements of the water uptake
of particles nebulised from extractions of daily lter collections of PM2.5 from
three different heights (8, 120, 260 m) at the IAP tower. Our results provide
evidence that using surface hygroscopicity measurements is sufficient for the
estimation of aerosol particle activation in clouds, because there was no signi-
cant difference in aerosol CCN and hygroscopic behaviour at different heights
throughout the measurement period, even though substantial temporal vari-
ability in particle concentration and composition was observed. In addition, the
critical coating thickness (in terms of mass ratio of coating/refractory BC, MRc)
250 | Faraday Discuss., 2021, 226, 239–254 This journal is © The Royal Society of Chemistry 2021
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dening the BC transition between being hydrophobic to hydrophilic was
determined by applying a novel analysis method to the data from the H-TDMA,
CPMA and SP2 ambient measurements. The high MRc observed during the
growth events of nanoparticles indicates that the coating material of BC-
containing particles is less hygroscopic during the growth event of nano-
particles compared with that during the background period, and then it requires
more coating materials for transition between being hydrophobic and hydro-
philic. This suggests either that any condensingmaterial with high hygroscopicity
was captured by other sinks instead of the surface of BC particles during the
growth event of nanoparticles, or that only non-hygroscopic material was avail-
able for condensation. Our results indicate that large BC-containing particles do
not act as an effective pre-existing condensation sink of the hygroscopic vapours
during these nanoparticle growth events.

Author contributions

G. M., D. H. and P. F. designed the research; D. H. and Y. W. performed the H-
TDMA lab experiments; Q. X. and S. Y. performed lter analysis; C. Y., R. J.,
D. L. and J. A. performed CMPA + SP2 ambient measurements; Y. W. D. S., X. F.,
Z. W. and M. H. performed SMPS and H-TDMA ambient measurements; D. H.
carried out data analysis; D. H. and G. M. co-wrote the paper.

Data availability

Processed data are available through the APHH project archive at the Centre for
Environmental Data Analysis (http://data.ceda.ac.uk/badc/aphh/data/beijing/).
Raw data is archived at the University of Manchester and is available on request.

Conflicts of interest

The authors declare no competing nancial interests.

Acknowledgements

This work was supported through the UK Natural Environment Research Council
(NERC) in the Air Pollution and Human Health-Beijing (APHH-Beijing) pro-
gramme (grant ref: NE/N00695X/1). Thanks to Prof. Yele Sun's group for providing
the AMS data.

References

1 G. McFiggans, P. Artaxo, U. Baltensperger, H. Coe, M. C. Facchini, G. Feingold,
S. Fuzzi, M. Gysel, A. Laaksonen, U. Lohmann, T. F. Mentel, D. M. Murphy,
C. D. O’Dowd, J. R. Snider and E. Weingartner, Atmos. Chem. Phys., 2006, 6,
2593–2649.

2 U. Dusek, G. P. Frank, L. Hildebrandt, J. Curtius, J. Schneider, S. Walter,
D. Chand, F. Drewnick, S. Hings, D. Jung, S. Borrmann and M. O. Andreae,
Science, 2006, 312, 1375–1378.

3 D. O. Topping and G. McFiggans, Atmos. Chem. Phys., 2012, 12, 3253–3260.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 226, 239–254 | 251

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fd00077a


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
8 

sp
al

io
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

02
6-

01
-3

1 
09

:4
4:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4 D. Hu, J. Chen, X. Ye, L. Li and X. Yang, Atmos. Environ., 2011, 45, 2349–2355.
5 D. Hu, L. Qiao, J. Chen, X. Ye, X. Yang, T. Cheng and W. Fang, Aerosol Air Qual.
Res., 2010, 10, 255–264.

6 J. H. Seinfeld and S. N. Pandis, Atmospheric Chemistry and Physics: From Air
Pollution to Climate Change, John Wiley & Sons, New York, 2006.

7 M. C. Yeung, B. P. Lee, Y. J. Li and C. K. Chan, J. Geophys. Res.: Atmos., 2014,
119, 9864–9883.

8 Y. Y. Wang, Z. Q. Li, Y. J. Zhang, W. Du, F. Zhang, H. B. Tan, H. B. Xu, T. Y. Fan,
X. A. Jin, X. X. Fan, Z. P. Dong, Q. Y. Wang and Y. L. Sun, Atmos. Chem. Phys.,
2018, 18, 11739–11752.

9 H. Wex, G. McFiggans, S. Henning and F. Stratmann, Geophys. Res. Lett., 2010,
37, L10805.

10 W. Xu, J. Ovadnevaite, K. N. Fossum, C. Lin, R. J. Huang, C. O’Dowd and
D. Ceburnis, Atmos. Chem. Phys., 2020, 20, 3777–3791.

11 Y. Yan, P. Q. Fu, B. Jing, C. Peng, S. K. R. Boreddy, F. Yang, L. F. Wei, Y. L. Sun,
Z. F. Wang and M. F. Ge, Sci. Total Environ., 2017, 578, 307–316.

12 E. Swietlicki, H. C. Hansson, K. Hämeri, B. Svenningsson, A. Massling,
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