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Abstract. We present an aerosol cloud condensation nuclei
(CCN) closure study over the north-east Atlantic Ocean us-
ing six approximating methods. The CCN number concen-
trations (NCCN) were measured at four discrete supersatura-
tions (SSs; 0.25 %, 0.5 %, 0.75 % and 1.0 %). Concurrently,
aerosol number size distribution, sub-saturation hygroscopic
growth factor and bulk PM1 chemical composition were ob-
tained at matching time resolution and after a careful data
validation exercise. Method A used a constant bulk hygro-
scopicity parameter κ of 0.3; method B used bulk PM1 chem-
ical composition measured by an aerosol mass spectrome-
ter (AMS); method C utilised a single growth factor (GF)
size (165 nm) measured by a humidified tandem differen-
tial mobility analyser (HTDMA); method D utilised size-
dependent GFs measured at 35, 50, 75, 110 and 165 nm;
method E divided the aerosol population into three hygro-
scopicity modes (near-hydrophobic, more-hygroscopic and
sea-salt modes), and the total CCN number in each mode
was cumulatively added up; method F used the full-size-scale
GF probability density function (GF–PDF) in the most com-
plex approach. The studied periods included high-biological-
activity and low-biological-activity seasons in clean marine
and polluted continental air masses to represent and discuss
the most contrasting aerosol populations.

Overall, a good agreement was found between estimated
and measured NCCN with linear regression slopes ranging
from 0.64 to 1.6. The temporal variability was captured very
well, with Pearson’s R value ranging from 0.76 to 0.98 de-

pending on the method and air mass type. We further com-
pared the results of using different methods to quantify the
impact of size-dependent hygroscopicity and mixing state
and found that ignoring size-dependent hygroscopicity in-
duced overestimation of NCCN by up to 12 %, and ignor-
ing a mixing state induced overestimation of NCCN by up
to 15 %. The error induced by assuming an internal mixing
in highly polluted cases was largely eliminated by dividing
the full GF–PDF into three conventional hygroscopic modes,
while assuming an internal mixing in clean marine aerosol
did not induce significant error.

1 Introduction

Aerosols play an essential role in climate change through di-
rect and indirect effects (Twomey, 1977). The direct effect
refers to the effect of aerosol absorbing and scattering in-
coming solar radiation, and the indirect effect refers to the
activation of aerosol into cloud droplets, thereby modifying
cloud properties. Cloud condensation nuclei (CCN) is a sub-
set of the aerosol population that can be activated into cloud
droplets under certain water vapour supersaturation (SS).

Despite its essential role in regulating climate, the aerosol–
cloud interactions have not been satisfactorily understood,
resulting in the largest source of uncertainty in current cli-
mate models (IPCC, 2013). The accurate representation of
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natural aerosol is crucial for reducing the uncertainty in
climate models (Carslaw et al., 2013). The CCN number
concentration (NCCN) is, therefore, crucial in characterising
aerosol–cloud interaction and their radiative impacts

The NCCN can be measured in situ using a CCN counter
(Roberts and Nenes, 2005) or estimated by the extrapola-
tion of sub-saturation hygroscopicity based on Kölher the-
ory (Köhler, 1936). Petters and Kreidenweis (2007) proposed
a water activity parameterisation, making it possible to de-
scribe aerosol hygroscopic growth and CCN activation with
a single parameter, κ . Comparison between measured and ex-
trapolatedNCCN constitutes a so-called hygroscopicity–CCN
closure. In the last few decades, intensive efforts have been
made in achieving hygroscopicity–CCN closure (Cai et al.,
2018; Cerully et al., 2011; Hansen et al., 2015; Hämeri et
al., 2001; Hong et al., 2014; Jurányi et al., 2013; Kim et al.,
2011). For example, Kawana et al. (2016) found that in ur-
ban areas of Tokyo, the aerosol organic matter played a vital
role in CCN activity, whereby the NCCN was greatly under-
estimated if organic matter was assumed to be completely
insoluble. Wex et al. (2010) compiled data from urban, ru-
ral and coastal areas for hygroscopicity–CCN closure, show-
ing that the assumption of aerosol internal mixing leads to
an overestimation of NCCN for continental aerosols, where
less-hygroscopic aerosol species dominated. A detailed ex-
ploration of hygroscopicity–CCN closure in a remote sub-
arctic Sordalen mire site was conducted by Kammermann et
al. (2010), and the results showed that ignoring particle mix-
ing state did not impair CCN closure considerably, but size-
resolved hygroscopicity or chemical composition informa-
tion was essential for accurate estimation of NCCN. Good et
al. (2010) found good closure between sub-saturated hygro-
scopicity and CCN activity when non-sea-salt sulfate (nss-
sulfate) and ammonium were the major chemical species in
terms of aerosol mass.

An alternative approach for NCCN estimation is to use
chemical composition rather than sub-saturated aerosol hy-
groscopicity because of the wider application of aerosol mass
spectrometers (AMS) as compared to the humidified tandem
differential mobility analyser (HTDMA). Chemical compo-
sition can be used to estimate water activity using vari-
ous models, such as the Zdanovskii–Stokes–Robinson (ZSR)
simple mixing rule (Stokes and Robinson, 1966; Zdanovskii,
1948) and thermodynamic models (Nenes et al., 1998; Top-
ping et al., 2005; Zuend et al., 2011). Chemical composition–
CCN closure has been successfully achieved in various envi-
ronments, including marine (Martin et al., 2011), rural (Wu et
al., 2013), urban (Ren et al., 2018), boreal (Hong et al., 2014)
and free-troposphere (Jurányi et al., 2010) environments.

The above-mentioned closure studies have provided great
value in validating current small-scale thermodynamic and
large-scale climate models. The discrepancies in certain clo-
sure studies revealed many factors that had not been taken
into account, such as the change in solubility of organics
(Petters and Kreidenweis, 2008), or liquid-phase-driven sur-

face tension effects (Davies et al., 2019; Ovadnevaite et al.,
2017; Petters and Kreidenweis, 2013; Ruehl et al., 2016).
Successful closure studies suggested that it is possible to es-
timate the NCCN in large-scale models quite accurately. For
example, Pringle et al. (2010) used the global chemical com-
position distribution to model the global distribution of the
hygroscopicity parameter κ .

Although chemical composition–CCN closure studies
have been conducted more widely than the hygroscopicity–
CCN closure studies, there are several benefits of using sub-
saturation hygroscopicity to be further explored. Firstly, sub-
saturation hygroscopicity measurements provide information
about ultra-fine or Aitken-mode particles which are not re-
solved in bulk chemical composition. Although size-resolved
chemical composition data were presented in some loca-
tions by using a high-resolution aerosol mass spectrometer
(AMS), it is difficult to achieve the same in remote environ-
ments where the mass concentration of submicron aerosols is
usually too low to be size-resolved. Secondly, sub-saturation
hygroscopicity measurements can reveal the aerosol mixing
state. Chemistry–CCN closures often assume that aerosols
are internally mixed, an assumption that can lead to overesti-
mation of CCN number (Ching et al., 2017, 2019). The HT-
DMA is one of the few instruments that can deliver the infor-
mation of mixing state of submicron aerosol in near real time.
Thirdly, although the hygroscopicity of inorganic salts is well
established, the hygroscopicity of organics is still rather un-
certain. The organic matter species are highly diverse and
complex in the ambient environments; therefore, in many
CCN closure studies a constant hygroscopicity of organics
was assumed for simplification (e.g. Pringle et al., 2010).
However, the hygroscopic properties of organic matter were
widely reported to be dependent on their molecular weight
(Wang et al., 2019), oxidation level (Chang et al., 2010;
Jimenez et al., 2009; Massoli et al., 2010; Nakao, 2017)
and solubility (Petters and Kreidenweis, 2008). Freshly emit-
ted carbonaceous aerosols are often non-hygroscopic, while
the aged secondary organic aerosols are more hygroscopic.
The HTDMA can provide information on the hygroscopic-
ity and mixing state of organic matter. Furthermore, the or-
ganic matter may transform into organic nitrate (Kiendler-
Scharr et al., 2016) or organosulfate (Vogel et al., 2016),
which have significantly different hygroscopicity, thus intro-
ducing over- or underestimation of the particle hygroscop-
icity. Lastly, it is well recognised that some of the organic
compounds in the atmosphere can lower the surface tension
of the droplets, thus leading to a decrease in critical diam-
eter at activation (Dcrit). Such information is not necessar-
ily provided by chemical composition measurement. There-
fore, surface tension of water (0.072 N m−1) is most often
assumed. With the sub-saturation growth factor, the obtained
NCCN was not affected by surface tension as long as κ and
surface tension were self-consistently applied in calculations
(Petters and Kreidenweis, 2007) due to the surface tension
being used twice and cancelling out. There were a few re-
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ported exceptions where the surface tension evolved with the
relative humidity (RH), and liquid–liquid phase separation
occurred, leading to the surface tension evolution during the
growth of an organic enriched droplet (Liu et al., 2018; Ovad-
nevaite et al., 2017)

Unfortunately, a long-standing debate on the use of HT-
DMA for NCCN estimation is that the κ derived from HT-
DMA measurements (κHTDMA) is generally lower than the κ
derived from CCN measurements (κCCN) for the same chem-
ical species. For example, κ(NH4)2SO4 is defined as 0.53
and 0.61 from HTDMA and CCN measurements, respec-
tively (Petters and Kreidenweis, 2007). Similarly, in both
lab experiments and ambient measurements, the κCCN was
higher than κHTDMA by about ∼ 20 % to 50 % (Rose et al.,
2010; Wu et al., 2013), while a few previous studies found
κHTDMA and κCCN agreeing well within 20 % (Carrico et al.,
2008; Duplissy et al., 2008). A meta-analysis compiled of
HTDMA–CCN reconciliation over 10 sites revealed that at
most of the sites, the agreement was within the calculated
error bars; however, there was a tendency of underestimat-
ing NCCN using HTDMA, especially at low supersaturation
(Whitehead et al., 2014).

Here we present the CCN closure study from the Mace
Head research station (MHD) using collocated aerosol num-
ber size distribution measurements, NCCN measurements,
sub-saturated hygroscopicity using HTDMA, aerosol bulk
PM1 chemical composition including refractory sea salt by
AMS and black carbon measurements by absorption pho-
tometer. Although several studies have investigated CCN and
hygroscopic properties of aerosol in this region (Dall’Osto
et al., 2010; Reade et al., 2006), the temporal coverage was
limited, and no attempt has been made at estimating NCCN
with hygroscopic properties of aerosols in various air masses
and in different seasons. We compared the NCCN closure
results by approximating both chemical composition and
hygroscopicity parameter and analysed the extent of devi-
ations caused by different simplifications and assumptions
that were commonly applied in modelling studies.

2 Methods

2.1 Site

Measurements were taken over the period from 1 Au-
gust 2009 to 12 November 2009 and from 14 April 2010 to
23 July 2010 at Mace Head atmospheric research station, lo-
cated on the west coast of Ireland (http://www.macehead.org,
last access: 30 April 2020), situated in the mid-to-high lati-
tude of the North Atlantic Ocean. Meteorological parameters
including solar radiation, wind speed, wind direction, rela-
tive humidity (RH) and pressure were also recorded over the
measurement periods.

The aerosol population varied dramatically at MHD, rang-
ing from polluted air masses advecting over the European

continent and the United Kingdom to the cleanest air masses
advecting over the north-east Atlantic (Dall’Osto et al., 2010;
Ovadnevaite et al., 2014) and evolving by season, thus pro-
viding a unique opportunity to quantify the impact of simpli-
fied assumption in estimating NCCN in the above scenarios.

2.2 Measurements

2.2.1 Aerosol number size distribution

The aerosol number size distributions (20 to 500 nm) were
measured using a scanning mobility particle sizer (SMPS).
The SMPS is comprised of a differential mobility analyser
(DMA) and a condensation particle counter (CPC), which
scans the full size range every 10 min. A nano-SMPS was
used to measure aerosol number size distribution from 3.5 to
20 nm. The SMPS system follows the particle physical prop-
erty measurement protocol developed by the EUropean Su-
persites for Atmospheric Aerosol Research (EUSAAR; http:
//www.eusaar.net/files/activities/na3.cfm, last access: 12 Oc-
tober 2020).

2.2.2 CCN number concentration (NCCN)

The NCCN was measured using a continuous-flow stream-
wise thermal gradient CCN counter (CCN-100, Droplet
Measurement Technologies, USA) described in Roberts and
Nenes (2005). The CCN-100 operates at a flow rate of
0.5 L min−1, which is separated into a wetted zero-air sheath
flow and sample flow at a ratio of 10± 0.3 (sheath/sample).
Aerosol is drawn into a temperature-regulated wetted verti-
cal column, which creates supersaturated conditions through
its centreline proportional to the applied vertical temperature
gradient along the column wall. The CCN-100 was oper-
ated at four discrete water vapour supersaturations of 0.25 %,
0.5 %, 0.75 % and 1 %, with a dwell time of 5 min per super-
saturation (SS). Column SS was calibrated using ammonium
sulfate according to the methodology of Rose et al. (2008).
Taking into account the length of this study’s measurement
period and normal operational drift of the CCN-100 column
SS, a SS uncertainty of ±0.03 % was applied to the data
(Schmale et al., 2017).

2.2.3 Sub-saturated hygroscopicity

An HTDMA (Liu et al., 1978; Rader and McMurry, 1986;
Swietlicki et al., 2008; Tang et al., 2019a) was used to mea-
sure the growth factor probability density function (GF–
PDF). A detailed description of the HTDMA instrument op-
erated at MHD can be found in previous studies (Bialek et
al., 2012; Xu et al., 2020). Briefly, the HTDMA consists of
two DMAs, a temperature triggered humidifier and a CPC.
First, mono-disperse particles with certain electrical mobil-
ity were selected by applying a certain voltage to DMA-1.
The particles were then humidified by a Gex-Tex membrane
and then scanned by the DMA-2, on which the varying volt-
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age was applied corresponding to discrete particle electrical
mobility diameter. By counting the particles at different volt-
ages, GF–PDF was obtained over the full size range from 35
to 165 nm. The HTDMA RH probes were calibrated using
ammonium sulfate monthly, the sizing of HTDMA was reg-
ularly cross-checked with SMPS, and the sizing difference
between two DMAs was performed regularly using dry scan.
The GF was calculated by measuring the aerosol size distri-
bution at a fixed RH. The GF is defined as the ratio of wet and
dry diameters. To retrieve the GF–PDF from raw data and to
correct the broadening of the DMA distribution, a piecewise
linear inversion algorithm was used (Gysel et al., 2009). In
this study, the DMA-1 was held at an RH below 10 %, while
the second DMA was set at an RH of 90 %. The electrical
mobility diameters selected by the DMA-1 were 35, 50, 75,
110 and 165 nm. The main sample and sheath flow rates were
1 and 9 L min−1, respectively. The operation and quality as-
surance procedure followed the standard configuration and
deployment recommended by the European Supersites for
Atmospheric Aerosol Research (EUSAAR) network project
(Duplissy et al., 2009).

It is important to note here that the definition of mix-
ing state is arbitrary, although it was recently defined as
the heterogeneous distribution of chemical species across the
aerosol populations (Riemer et al., 2019; Ching et al., 2017).
However, the mixing state metric proposed by Riemer et
al. (2019) can only be obtained from single-particle chemi-
cal composition, which is not available in this study. Previous
attempts of evaluating the impact of mixing state sometimes
assumed chemical species being externally mixed with each
other (e.g. Ren et al., 2018), while in the current study, the
mixing state was defined as the distribution of hygroscopic
species across the aerosol population, where the GF–PDF
was practically divided by the bin of 0.01, and the binned
GF–PDF was considered to be the representation of the mix-
ing state. Therefore, the method F always represented the real
mixing state of the ambient aerosol.

2.2.4 Chemical composition

The PM1 mass and chemical compositions, including organic
matter (Org), ammonium (NH4), non-sea-salt sulfate (nss-
SO4), nitrate (NO3) and methanesulfonic acid (MSA), were
measured using a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS; Aerodyne Research Inc., Bil-
lerica, MA) (DeCarlo et al., 2006). The 23Na35Cl+ ion sig-
nal at m/z 58 and a scaling factor of 51 was used to re-
trieve refractory sea-salt concentration (Ovadnevaite et al.,
2012). The ion signal of CH3SO+2 and CH3SO3H+, which
are related to MSA, was used for quantification and cal-
ibration of MSA (Ovadnevaite et al., 2014). Regular cali-
brations were also conducted using ammonium nitrate and
sulfate. The AMS was operating at a vaporiser tempera-
ture of 650 ◦C and 5 min time resolution. The composition-
dependent collection efficiency was applied (Middlebrook et

al., 2012) to account for bouncing effects. Further details of
the high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS) operations can be found in Ovadnevaite et
al. (2014).

A multi-angle absorption photometer (MAAP; Thermo
Fisher Scientific model 5012) was used to measure the mass
concentration of black carbon (BC). The MAAP operated at
a flow rate of 10 L min−1. The MAAP measured the trans-
mittance and reflectance of BC-containing particles at two
angles to calculate the optical absorbance, as described by
Petzold and Schönlinner (2004).

2.3 Data validation and quality assurance

Air masses that advected over MHD were categorised into
clean marine and polluted continental types according to
the hourly averaged BC concentration, wind direction and
wind speed. The clean marine sector criteria were used fol-
lowing the previous studies, where westerly air masses with
BC concentration of less than 15 ng m−3 convincingly sep-
arated anthropogenically impacted air masses (O’Dowd et
al., 2014). The polluted continental sector was defined ac-
cording to wind direction alone (Xu et al., 2020). The rest
of the data were defined as “mixed” sector, where either
clean marine air masses were continentally modified, or pol-
luted continental air masses recirculated into marine sec-
tor wind direction ranges. The clean, polluted and mixed
sectors were further divided by the level of oceanic bio-
logical activity, further noted as “H” or “L” for high- and
low-biological-activity seasons, respectively. The duration of
high-biological-activity periods was classified according to
prominent phytoplankton blooming periods (O’Dowd et al.,
2004; Yoon et al., 2007). The sea surface chlorophyll con-
centration varied significantly in H and L seasons for the
North Atlantic (Fig. S1). Table 1 summarises the data selec-
tion criteria and their frequency of occurrence. The duration
of Clean-H and Clean-L conditions was 237 and 68 h, re-
spectively, while the duration of Polluted-H and Polluted-L
conditions was 98 and 345 h, respectively.

The study used a large overlapping data set of six different
instruments, and the data integrity was ensured by using a set
of conservative processing criteria and taking advantage of a
large initial data set:

1. All of the data were averaged to hourly resolution to
match the resolution of various instruments due to dif-
ferent scanning time.

2. The data were manually checked to avoid any time
stamp mismatch between individual data sets.

3. It was mandated that the NCCN at higher SS was always
higher than or equal to theNCCN at lower SS; otherwise,
data were filtered out. In some cases, however, theNCCN
only marginally increased at high SS as theDcrit moved
in the tail of aerosol size distribution. For example, the
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Table 1. The total number of hours obtained in each air mass category after data validation.

Sector Criteria Level of Month Abbreviation Duration
biological activity (hours)

Clean marine BC<15 ng m−3 High (H ) May to Aug Clean-H 237
Wind direction (WD) from 190◦ to 300◦

Wind speed (WS)>3 m s−1

Clean marine BC< 15 ng m−3 Low (L) Oct to Apr Clean-L 68
WD from 190 to 300◦

WS>3 m s−1

Polluted continental WD from 35 to 135◦ H May to Aug Polluted-H 98

Polluted continental WD from 35 to 135◦ L Oct to Apr Polluted-L 345

Mixed All the data not included in clean H May to Aug Mixed-H 343
or polluted sectors

Mixed All the data not included in clean B Oct to Apr Mixed-L 319
or polluted sectors

Dcrit of sea salt at 0.75 % SS and 1 % SS is about 28 and
23 nm when assuming surface tension of water, and the
gain in NCCN when summing up the aerosol size distri-
bution from 28 to 23 nm would be minor, especially in
low-marine-background events. Such a small difference
could mask itself within the measurement uncertainty.

4. The SMPS data were cross-checked by an independent
condensation particle counter (CPC; CPC3010, TSI)
measurement. The ratio between Ncpc (the total number
measured by CPC) and N10 (the total number of parti-
cles larger than 10 nm measured by SMPS) was calcu-
lated hourly. The upper envelope of the ratio was ex-
pected to be ranging between 1 and 1.1 to account for
the rather frequent new particle formation at MHD. The
SMPS data were corrected on a daily basis to make sure
the 84.15th quantile of Ncpc/N10 was ranging from 1 to
1.1. The 84.15th quantile was used as it represents the
upper limit of the mean value plus 1 standard deviation
in the normal distribution.

5. The total SMPS number was mandated to exceed that
of NCCN to have meaningful comparison. For high-
particle-number events (N30>400 cm−3), the NCCN
(0.75 %)<1.1×N30 was considered to be the upper
credibility limit of activation, where N30 represented the
total particle number larger than 30 nm. For low-number
events (N30<400 cm−3), theNCCN (0.75 %)<1.2×N30
was considered to be the upper limit. The different up-
per limits were used due to the larger uncertainty in
SMPS measurement at low total particle number con-
centration.

6. Only data periods lasting longer than 4 h were used in
further analysis to avoid transient events.

As shown in Fig. S2, most of the clean sector air mass
advected over the North Atlantic without land contact for at
least 3 d. The polluted sector showed larger anthropogenic
impact, with the highest-frequency pixels located over land,
but also revealed re-circulated air masses because of the ge-
ographical location of MHD. The wind rose, BC distribution
and meteorological parameters of each category are given in
Fig. S3.

2.4 Uncertainty

The uncertainty in the aerosol number size distribution mea-
sured by the SMPS was normally less than 10 % (Wieden-
sohler et al., 2017); the uncertainty in the HTDMA measure-
ment was around 10 %. The uncertainty in the AMS measure-
ment was about 30 %–40 %, which was mainly arising from
the species-dependent collection efficiency. However, only
the relative mass fractions were used to calculate aerosol hy-
groscopicity arising from chemical composition. Therefore,
we assumed the uncertainty in the AMS-based κ to be lower
than 20 %. The RH of the air sample in the inlet of SMPS
and AMS was always lower than 40 %, while the inlet RH
of the HTDMA was even lower, at ∼ 10 %. The uncertainty
due to the inlet RH was minor because most of the inor-
ganic aerosols undergo deliquescence when RH is greater
than 40 %. For non-deliquescent organics, the increase in
growth factor at 10 % and 40 % RH is typically limited to
10 % of the electrical mobility sizes. The accuracy of GF–
PDF is sensitive to the total number; therefore GF–PDF un-
certainty was 20 % for marine cases and even lower for pol-
luted cases (Gysel et al., 2009). The accuracy in the CCN
measurements was mainly determined by the accuracy of SS
of the CCN counter column, which has an associated error on
the order of ±0.03 % SS, translating to approximately 10 %
uncertainty in measured NCCN. Considering the uncertain-
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ties induced by interpolation between discrete sizes, any esti-
mated NCCN within 30 % of measured NCCN was believed to
be reasonable closure. The relative root square error (RRSE)
represented the relative error between the measurement and
the estimated value, and it was calculated as

RRSE=

√∑
i(pi − yi)

2∑
i(yi − y)

2 , (1)

where pi is the estimated value, yi is the measured value, and
y is the mean value of yi .

3 Calculation of estimated NCCN

3.1 Method A: internally mixed NCCN calculation
based on constant κ of 0.3

Method A applies a constant κ of 0.3 to all of the data re-
gardless of aerosol composition. Method A is regarded as the
simplest method that can be used for estimating NCCN, and
the κ of 0.3 has been suggested as the averaged κ over conti-
nental regions (Schmale et al., 2018). TheDcrit under certain
SS was obtained by κ-Köhler theory (Petters and Kreiden-
weis, 2007).

Dcrit =
3

√
4A3

27κln2SS
(2)

A=
4σs/aνw

RTρw
, (3)

where T is the temperature (298.15 K), R is the univer-
sal gas constant (8.315 J K−1 mol−1), ρw is the density
of water (997.1 kg m−3), Mw is the molar mass of wa-
ter (0.018015 kg mol−1), and σs/a is surface tension at the
droplet–air interface (assumed to be 0.072 N m−1).

Lastly, the number of CCN (NCCN) was obtained by in-
tegrating the number size distribution from the Dcrit to its
upper end of 500 nm.

NCCN(SS)=
∫ 500 nm

Dcrit

dN
dlogDp

dlogD (4)

3.2 Method B: internally mixed NCCN calculation
based on the temporally resolved chemical
composition

The hygroscopicity parameter κchem was calculated based on
chemical composition using the ZSR mixing rule, which as-
sumed that the total water content of mixed particles is the
sum of the water content of each species. Firstly, the κchem
was determined from the chemical composition as

κchem =
∑
i

εiκi, (5)

Table 2. The κ values and densities of the chemical species consid-
ered in the study.

Species ρ κ

(density; kg m−3)

(NH4)2SO4 1769 0.58
NH4HSO4 1780 0.56
H2SO4 1830 0.68
NH4NO3 1720 0.48
Sea salt 2165 1.12a

Organics 1400b 0.1
MSA 1481 0.6c

BC 1650 0

a The value was adapted from Zieger et al. (2017).
b The value was chosen to represent oxidised organics in
aged air masses (Alfarra et al., 2006).
c The value was adapted from Fossum et al. (2018) and
Tang et al. (2019b).

where κi and εi are the hygroscopicity parameters and vol-
ume fractions of the individual chemical species in the mix-
ture. The εi was derived from the chemical composition ob-
tained by AMS and MAAP:

εi =
mi/ρi∑
mi/ρi

, (6)

where the mi is the mass fraction, which was converted to
volume fractions based on the simplified ion-pairing scheme
(Gysel et al., 2007; Wu et al., 2013), and ρi is the density
of each chemical. The κi and ρi used in this study are sum-
marised in Table 2.

The NCCN was then calculated using Eqs. (4) and (2) by
replacing κ with κchem.

3.3 Method C: internally mixed NCCN calculation
based on temporally resolved single growth factor

Method C is similar to method B, while the κchem was re-
placed by κHTDMA, which was obtained as follows:

κHTDMA = (GFmean(Dp)
3
− 1)exp

(
A

Dp·GFmean(Dp)

)
RH

− 1

 , (7)

where the RH is the relative humidity of DMA-2 of HTDMA.
The GFmean (Dp) is the mean GF of the particle diameter
(Dp), which was obtained by integrating the GF–PDF c (GF,
165 nm) (Gysel et al., 2009) from 0.8 to 2.5 with a 1GF of
0.1:

GFmean(Dp)=

∫ 2.5

0.8
GF · c(GF,Dp)dGF. (8)

In method C, only theDp= 165 nm was used to represent the
accumulation mode, and other sizes were assumed to have
the same κHTDMA.
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3.4 Method D: internally mixed NCCN calculation
based on size-dependent growth factor

Method D used the size-dependent growth factor instead of
a single growth factor, and the measured Dps were 35, 50,
75, 110 and 165 nm. Linear interpolation was used between
these sizes to obtain a full size range measured by SMPS.
Note that the particle diameters larger than 165 nm were as-
sumed to have a growth factor equal to that of 165 nm diam-
eter particles, and the sizes smaller than 35 nm were assumed
to have GF of those of 35 nm.

3.5 Method E: NCCN calculation based on three
hygroscopic growth modes

In method E, the GF–PDF was divided into near-
hydrophobic mode (1<GF<1.3), more-hygroscopic mode
(1.3<GF<1.85) and sea salt (1.85<GF). The number frac-
tion (nf) and GF of these modes were calculated as follows:

nfnear-hydrophobic =

∫ 1.3

1
c(GF,D)dGF (9)

GFnear-hydrophobic =
1

nfnear-hydrophobic

∫ 1.3

1
GF

· c(GF,D)dGF (10)

nfmore-hygroscopic =

∫ 1.85

1.3
c(GF,D)dGF (11)

GFmore-hygroscopic =
1

nfmore-hygroscopic

∫ 1.85

1.3
GF

· c(GF,D)dGF (12)

nfsea salt =

∫ 2.5

1.85
c(GF,D)dGF (13)

GFsea salt =
1

nfsea salt

∫ 2.5

1.85
GF · c(GF,D)dGF. (14)

And then the Dcrit of each mode was calculated by Eq. (4).
Finally, the NCCN was the sum of the activated number of
particles in three modes:

NCCN =
∑
i

(∫ 500 nm

Di

nfi(Dp)
dN

dlogDp
dlogD

)
, (15)

where nfi(Dp) is the number fraction of each mode at Dp
size.

3.6 Method F: NCCN calculation based on temporally
resolved growth factor probability density function
(GF–PDF)

The calculation of NCCN based on sub-saturation hygro-
scopicity followed the method described in Kammermann et
al. (2010). This approach was considered to be the most de-
tailed CCN estimation which takes the mixing state and size-

dependent hygroscopicity into account. The approach calcu-
lates the number fraction of CCN (fCCN) based on the GF–
PDF, which was obtained as follows:

fCCN(SS,Dp)=

∫ GF=2.5

GFcrit(SS,Dp)
c(GF,Dp)dGF, (16)

where GFcrit(SS,Dp) is the smallest GF required when
a particle with a size of Dp is activated under SS. The
GFcrit(SS,Dp) is obtained by using Eqs. (7), (2) and (3). The
full GF–PDF over SMPS size ranges was obtained by inter-
polating the GF–PDF over the five measured electrical mo-
bility diameters using linear interpolation.

The estimation ofNCCN is then obtained by integrating the
number size distribution weighted with the activated number
fraction fCCN(SS,Dp):

NCCN(SS)=
∫ 500 nm

20 nm
fCCN(SS,Dp)

dN
dlogDp

(Dp)dlogDp. (17)

A schematic graph summarising key principles of each
method is given in Fig. 1, where the first row of panels ex-
hibits the types of hygroscopicity parameter κ used, and the
second row of panel visualises how the NCCN was calculated
using aerosol number size distribution. The defining features
and simplifications of each method regarding size-dependent
hygroscopicity and mixing state are given in Table 3.

Note that the upper limit of 500 nm was used when inte-
grating NCCN because the SMPS measured particles up to
500 nm. Particles larger than 500 nm certainly contributed
to the NCCN because of their large sizes. While ignoring
those large particles would cause a slight systematic under-
estimation of NCCN, such underestimation would be negligi-
ble as their contribution to the total activated particle number
(<3 %) was within the measurement uncertainty in the CCN
counter.

Method A was the simplest method that can provide a
rough estimate of NCCN if hygroscopicity data were not
available. Method B was probably the most frequently used
in the scientific community because of various parallel online
and/or offline aerosol chemical analyses. Method C was the
simplest version of hygroscopicity closure, and the complex-
ity increased with the methods D, E and F. Method F was the
most comprehensive method that captured the fine structure
of GF–PDF but which is not always presented in the previous
studies and is computationally expensive. Method E, there-
fore, divided full GF–PDF into three discrete modes and re-
duced the complexity of GF–PDF but kept basic information
of the mixing state. More importantly, the principal hygro-
scopicity modes used in method E were widely reported in
previous HTDMA studies, which then can be readily used
for the NCCN prediction.

https://doi.org/10.5194/acp-21-8655-2021 Atmos. Chem. Phys., 21, 8655–8675, 2021



8662 W. Xu et al.: The impact of aerosol size-dependent hygroscopicity

Figure 1. Schematic illustration of different methods used for NCCN estimation. Method A: constant κ of 0.3; method B: size-independent κ
derived by bulk PM1 chemical composition; method C: size-independent κ derived by hygroscopicity growth factor (GF) at 165 nm; method
D: size-dependent κ derived by hygroscopicity growth factor; method E: size-independent κ and number fractions of near-hydrophobic,
more-hygroscopic and sea-salt modes; method F: size-dependent activation ratio based on GF probability density function (GF–PDF).

Table 3. The simplification and assumption of NCCN and the median relative error estimation methods.

Method Hygroscopicity proxy Mixing state Size-dependent Temporal Median
assumption hygroscopicity variation relative error

A Constant κ of 0.3 Internal mixing No No 0.015

B Bulk PM1 chemical Internal mixing No Yes 0.17
composition

C Mean GF Internal mixing No Yes 0.11

D Mean GF Internal mixing Yes Yes −0.04

E Number fractions of Quasi-external Yes Yes −0.06
hygroscopicity modes mixing

F GF–PDF External mixing Yes Yes −0.09

4 Results and discussion

4.1 Measured CCN concentration and aerosol size
distribution

The aerosol number concentrations and NCCN varied with
air mass type and season. Figure 2 shows the aerosol num-
ber size distributions for each type of air mass. The Clean-
H and Clean-L showed typical bimodal distribution of ma-
rine aerosol similar to the open-ocean nucleation event cat-
egory (Dall’Osto et al., 2010; O’Dowd et al., 2010). The
Aitken mode peaked at a dry electrical mobility diameter
of 30 to 50 nm, and accumulation mode peaked at 100 to
200 nm. However, the size distribution in Polluted-H and
Polluted-L showed broad distributions centred at 50–60 nm,
but in Polluted-L, the relative contribution of accumulation
mode was more significant due to the increased cloud pro-
cessing during winter. Figure 3a summarises the NCCN for
the given SSs for each type of air mass. Note that the SS
of 1 % data was not included as it was partially unavail-
able. Overall, the measured NCCN in Polluted-L was the
highest (with a median concentration of 1164 cm−3 at SS
of 0.25 % and 1800 cm−3 at SS of 1 %), which was at-
tributed to the high total particle number concentration (the

median particle number with a diameter larger than 30 nm
was 3156 cm−3), consistent with continental sources and en-
hanced emission. Polluted-H also showed remarkably high
NCCN and aerosol number concentrations, with the NCCN
median of 1182 cm−3 at SS of 1 % and median number par-
ticles of N30 of 1499 cm−3. In comparison to the polluted
sector, low number concentrations were found in the clean
sector, reflecting the clean marine conditions over the north-
east Atlantic Ocean selected by the sector criteria (Methods
section). For the clean sector, seasonal variation was also ob-
served. Specifically, the Clean-H showed higher NCCN than
Clean-L (for SS of 0.5 %, median NCCN values are 171 and
114 for Clean-H and Clean-L, respectively), although the
bulk hygroscopicity of Clean-L aerosol was higher because
of the higher contribution of sea salt. The mean κchem was
0.63 and 0.79, and the κHTDMA values for 165 nm particles
were 0.45 and 0.56 for Clean-H and Clean-L, respectively;
see Tables 4 and 5. The NCCN difference between Clean-H
and Clean-L could be explained by the fact that the aerosol
number concentration was high during Clean-H (the median
numbers of particles over 30 nm are 322 and 206 cm−3 for
Clean-H and Clean-L, respectively) due to the prominent
biological activity over the ocean, leading to a higher con-
centration of condensible vapour and secondary aerosol for-
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Figure 2. The aerosol number size distribution for different types of
air masses. The solid lines represent the median number concentra-
tion (dN/dlogDp), and the shaded area represents the 25th to 75th
percentile.

mation. The mixed sector showed intermediate values of to-
tal particle concentrations and size distribution that fell be-
tween the clean sector and polluted sector patterns. Mixed-
H showed greater similarity in number size distribution to
Clean-H , while the Mixed-L was closer to Polluted-L in
number size distribution due to the prevailing winds and
synoptic-scale circulation in the low-biological-activity pe-
riods being predominantly influenced by continental air ad-
vection.

The activation ratios (ARs) at varying SS for each cate-
gory are shown in Fig. 3b. The ARs in the clean sector were
generally higher than those of the polluted sector. Clean-
L was characterised by higher AR than Clean-H at SS of
0.25 %, while at SS of 1 %, the AR was higher in Clean-
H , which is consistent with chemical composition and size-
dependent hygroscopicity (Tables 4 and 5). In Clean-H , the

Figure 3. (a) The NCCN and (b) the activation ratio (NCCN/N30)
at given supersaturations (SSs) for different types of air mass. The
lines represent the median, the boxes represent the 25th to 75th
quantile, the whiskers represent the 1.5 interquartile, and the points
represent outliers. The colour codes represent the level of supersat-
urations. Note the logarithmic Y axes in (a).

smaller particles exhibited higher hygroscopicity, while in
Clean-L, it was the larger particles that were more hygro-
scopic. This pattern is attributed to the presence of Aitken-
mode near-hydrophobic particles in Clean-L, as highlighted
in the previous study (Xu et al., 2020). The AR of less than
100 % in Clean-L suggested that treating wintertime marine
aerosol as pure sea salt or their mixture with nss-SO4 will
likely induce an overestimation of NCCN at higher SS. Fur-
ther research is needed to determine the source of such near-
hydrophobic Aitken-mode particles. The reduced AR in the
Polluted-L sector was consistent with the past studies show-
ing that anthropogenically related organics significantly re-
duced the particle hygroscopicity (Duplissy et al., 2011; Wu
et al., 2013), while the higher AR in Polluted-H lends sup-
port to the idea of enhanced particle ageing by photochemical
reactions during spring, summer and autumn, making them
more hygroscopic and CCN active at low SS.

The bulk PM1 chemical composition and derived κchem for
each category are shown in Table 4. The concentrations of
BC in the clean marine sector were 7.1 and 6.4 ng m−3 for
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Table 4. The mass concentration (ng m−3) of chemical composition and κchem in each type of air mass (arithmetic mean ± standard
deviation).

Sector κchem BC Org nss-SO4
2− Sea salt MSA NH4

− NO3
−

Clean-H 0.64± 0.087 7± 3.8 120± 160 340± 210 170± 130 36± 31 28± 15 9.7± 3.1
Clean-L 0.84± 0.094 6.5± 4.2 55± 41 110± 61 430± 270 1.3± 0.79 10± 7.3 16± 6.3
Mixed-H 0.56± 0.11 49± 410 250± 260 660± 690 120± 110 54± 49 100± 100 26± 27
Mixed-L 0.57± 0.21 84± 130 510± 860 270± 380 280± 220 2.9± 3 96± 230 140± 390
Polluted-H 0.4± 0.087 100± 83 880± 840 760± 560 35± 63 48± 31 260± 230 200± 270
Polluted-L 0.33± 0.097 320± 200 2700± 1700 990± 620 76± 87 5.5± 3.8 510± 400 760± 810

Table 5. The κHTDMA in each type of air mass (arithmetic mean ± standard deviation).

Sector 35 nm 50 nm 75 nm 110 nm 165 nm

Clean-H 0.523± 0.06 0.476± 0.09 0.496± 0.1 0.478± 0.09 0.495± 0.08
Clean-L 0.342± 0.1 0.396± 0.2 0.515± 0.1 0.556± 0.1 0.601± 0.1
Mixed-H 0.364± 0.1 0.335± 0.1 0.332± 0.1 0.354± 0.09 0.389± 0.09
Mixed-L 0.247± 0.2 0.25± 0.2 0.273± 0.2 0.289± 0.2 0.322± 0.2
Polluted-H 0.26± 0.09 0.25± 0.08 0.226± 0.07 0.253± 0.08 0.287± 0.08
Polluted-L 0.146± 0.05 0.139± 0.05 0.13± 0.06 0.154± 0.08 0.183± 0.09

the H and L seasons, respectively, reaffirming the represen-
tativeness of clean marine air masses.

4.2 CCN closure

The measured NCCN and estimated NCCN were compared by
different air mass back trajectory sectors and seasons. The
closure was considered to be achieved when measured NCCN
and estimatedNCCN agreed within the range of measurement
uncertainty (refer to Sect. 2.4). Overall, the estimated and
measuredNCCN agreed well and were highly correlated, with
the Pearson’s R ranging between 0.85 and 0.99. The sector-
specific closure results are shown in Figs. 4 and 5. The slope
of the regression line (with a fixed intercept of zero) larger
than 1.0 suggested overestimation, while the slope smaller
than 1.0 suggested underestimation.

Here we show and discuss the results for the clean and
polluted air mass back trajectory sectors, while the closure
results of Mixed-H and Mixed-L are shown in Fig. S1. Over-
all, the closure results using different methods are similar
within each sector. This points to the fact that for NCCN esti-
mation, the effect of hygroscopicity or chemical composition
is weaker than the particle size (Dusek et al., 2006; Wang et
al., 2018). The estimated NCCN using different methods are
summarised in Table S1. The normalised frequency of dis-
tribution of critical diameter by method A and method D is
given in Figs. S2 and S3.

4.2.1 Clean sector

Hygroscopicity–CCN closure or chemistry–CCN closure in
marine environments are few and far apart due to the in-

accessibility of the marine environment. By contrast, geo-
graphically well-located sites like MHD offer ample oppor-
tunities for the systematic study of the marine atmosphere
by carefully selecting observation periods. In this study, the
clean sector represented the air masses advected across the
North Atlantic Ocean, setting up the regional aerosol back-
ground entering the European continent. The low number
concentration (See Sect. 4.1) and low black carbon mass con-
centration suggested the least anthropogenic impacts. The
accumulation-mode Clean-L aerosol was mainly composed
of nss-SO4 and sea salt, as suggested by the chemical com-
position (Table 4) and hygroscopicity measured at 110 and
165 nm (Fig. S5), while the Aitken-mode aerosol consisted
of a fraction of near-hydrophobic particles (Fig. S5), which
was not discerned by the bulk chemical composition due to
negligible mass (Xu et al., 2020). As shown in Fig. 4, the Per-
son’s R values for the clean sector ranged from 0.76 to 0.98
depending on the type of air mass and SS. In the Clean-L,
sea salt was the major contributor to the PM1 mass loadings,
leading to a high average of κchem of 0.78. In contrast, nss-
SO4 and organics accounted for a larger fraction in Clean-H .
The averaged BC concentrations of 6.5 ng m−3 confirmed the
cleanness and representativeness of the filtered clean sector
data.

For the Clean-L, the slopes of regression lines of method
A ranged from 0.76 to 1.4, and the Pearson’s R values were
0.95 to 0.97. The slopes of method A were among the low-
est, which was expected as either κHTDMA or κchem values
were higher than 0.3 due to the high contribution of sea salt
to the aerosol mass (Tables 4 and 5). Compared to method
F, method A showed about 10 % to 15 % underestimation
at SS from 0.25 % to 0.75 %. Method B and method C also
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Figure 4. Comparison of measured NCCN against the estimated NCCN under different SS using each method in Clean-L and Clean-H
periods. The colour codes representing SS, equation of regression line, Pearson correlation efficient and relative root square error (RRSE)
are shown in each panel. The dashed lines represent ±30 % uncertainty ranges. Note that axes are in logarithmic scales.

showed significant overestimation at SS over 0.5 %, and the
correlations were the highest when SS was 0.5 or 0.75 %
due to the fact that the Dcrit was moving towards the tail of
the SMPS spectrum with increasing SS, where the change in
Dcrit did not produce a considerable change in NCCN. Simi-
lar results between method B and C suggested a minor dif-
ference between κchem and κHTDMA in Clean-L. The differ-
ence in NCCN between method C and method D was aris-
ing from size-dependent hygroscopicity. The NCCN obtained
by method D was generally lower than that of method C by
3 % to 19 %, as shown in Table 5, with the larger particles
exhibiting higher hygroscopicity. The reduced hygroscopic-
ity in smaller sizes was consistent with our previous obser-
vation of near-hydrophobic Aitken-mode particles in winter-
time clean marine air masses (Xu et al., 2020).

No statistically significant difference was found between
method D and method E, with the corresponding chi-squared
value of 70 (while the critical chi-squared value was 303

at the significance level of 0.05), suggesting that the sim-
plification of full GF–PDF into near-hydrophobic, more-
hygroscopic and sea-salt modes was a good representation of
aerosol mixing state. Similar results were obtained between
method C, D and E at any given SS, demonstrating a mi-
nor impact of mixing state to NCCN closure. This is probably
due to the fact that although aerosol particles were externally
mixed sea salt and nss-SO4, both of them were pretty hygro-
scopic. Consequently, if the species were not hygroscopic,
the impact of neglecting the mixing state would be signifi-
cant.

For the Clean-H sector, the Pearson’s R values ranged
from 0.76 to 0.98, suggesting that most of the variability in
measured NCCN was captured well. The slopes ranged from
0.58 to 1.1 and increased with increasing SS. The Pearson’s
R values were as high as 0.96 using method A, and the slopes
ranged from 0.58 to 0.8, suggesting significant underestima-
tion by using a constant κ of 0.3. The NCCN using method B
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Figure 5. Comparison of measured NCCN against estimated NCCN under different SS using each method in Polluted-L and Polluted-H . The
colour codes representing SS, equation of regression line, Pearson correlation efficient and relative root square error (RRSE) are shown in
each panel. The dashed lines represent 30 % uncertainty ranges. Note that axes are in logarithmic scales.

was substantially higher than method A by 10 % to 40 % be-
cause of high κchem values (averaged κchem of 0.63). No sta-
tistical difference between method C, D, E and F was found
in terms of slopes, R values and the RRSE, the similarity be-
ing consistent with the internal mixing of Clean-H aerosol.
As shown in Fig. S5, the size-resolved GF–PDF of the Clean-
H aerosols was mainly composed of the more-hygroscopic
mode, which can be the nss-sulfate or the mixture of sea salt
and organics. The steep activation curve derived by GF–PDF
also confirmed the minor difference between method B and
C (Fig. S4).

The results in the clean sector were different from other
closure studies in marine environments. For example, a
closure study conducted during the RHaMBLe Discovery
Cruise by Good et al. (2010) found a discrepancy between
κHTDMA and κCCN. They found consistent underestimation
of CCN activity by using aerosol composition and sub-
saturation hygroscopicity. A CCN closure study in the sum-

mer high Arctic during the Arctic Summer Cloud Ocean
Study (ASCOS) found that the calculated CCN was always
higher than the measured CCN at an SS of 0.73 % and 0.41 %
(Martin et al., 2011). Ovadnevaite et al. (2011) found that
marine primary organic aerosol exhibited low-GF and high-
CCN activation ratio simultaneously and hypothesised that
the formation of marine hydrogel was responsible for the
measured dichotomy. Similarly, Ovadnevaite et al. (2017)
found underestimation of NCCN by an order of magnitude by
using chemical composition, and liquid–liquid phase separa-
tion was considered to be the main driver of surface tension
lowering. In contrast, Mochida et al. (2011) calculated CCN
efficiency spectra from hygroscopic growth, and it agreed
reasonably well with measured CCN spectra without lower-
ing of the surface tension. When comparing to those studies,
there were a few important differences in the current study:
(1) the sea-salt component was retrieved with our method,
which was not measured by some of the above studies; (2)
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our conservative data selection approach aimed at remov-
ing anthropogenic influence by using the threshold of BC
of 15 ng m−3, while in some of the above-mentioned stud-
ies, some impact of anthropogenic perturbation might have
influenced results; (3) lastly, an apparent dichotomy during
significant marine organic matter events would violate clo-
sure. The organic matter events are regularly observed at
MHD with organic matter (OM) concentration approach-
ing 3–4 µg m−3 and lasting up to 24 h (Ovadnevaite et al.,
2011, 2017). The above events can be dominated by either
primary and/or secondary marine biogenic sources and are
most importantly characterised by low-hygroscopicity parti-
cles, which however readily activated to CCN and formed
cloud droplets (Ovadnevaite et al., 2011). The violation of
closure depends on the specific κ value of OM during the
events, the mixing ratio with sea salt (Vaishya et al., 2013),
and whether or not OM is lowering the particle surface ten-
sion (Ovadnevaite et al., 2017). In this paper we used surface
tension of water throughout the study, which does not apply
during the OM events, and as such the detailed exploration of
OM events is beyond the scope of the current study. Further-
more, the OM events were extensively covered in the above
studies.

Our current methodological approach did not allow the
calculation of κCCN, which required size-resolved CCN mea-
surement, making it challenging to compare κCCN with
κHTDMA or κchem (and concurrently advancing understand-
ing of OM events). However, by comparing measured and
estimated NCCN, we conclude that using a constant κ of 0.3
is likely to induce significant underestimation of NCCN, and
using the HTDMA and AMS enabled the prediction ofNCCN
accurately most of the time, at least at MHD.

4.2.2 Polluted sector

The polluted sector represents the aerosol population in the
polluted air masses advected across Ireland from the UK or
the European continent with higher mass loadings of chem-
ical species and higher number concentrations, leading to
a higher NCCN. Aerosols in the polluted sector were rather
externally mixed, which consisted of the near-hydrophobic
mode and more-hygroscopic mode (Fig. S5) and led to the
flatter activation curves (see panel of Fig. S4 for clarity).
The near-hydrophobic mode was mainly composed of an-
thropogenic organic matter or BC and their mixture with nss-
SO4 and NH4, and the more-hygroscopic mode was mainly
composed of secondary inorganic species. The BC concen-
trations (290 and 410 ng m−3 for Polluted-H and Polluted-L)
were nearly an order of magnitude higher than those in the
clean sector. Polluted-L also showed a high mass contribu-
tion of organics. Higher BC and organic matter in Polluted-L
suggested significant contribution of biomass and fossil fuel
combustion in winter. Figure 5 shows the NCCN closure of
Polluted-H and Polluted-L sectors.

For the Polluted-L, the Pearson’s R values ranged from
0.74 to 0.97, suggesting that the temporal variability inNCCN
was well explained by either chemical composition or sub-
saturation hygroscopicity. The slopes were the highest at
0.75 % SS, while the Pearson’s R values were highest at
1 % SS. RRSE values were lowest at 0.75 % SS. The high-
est Pearson’s R values obtained at 1 % SS were likely the
combined result of hygroscopicity and aerosol number size
distribution. The obtainedDcrit’s were between 40 and 50 nm
(Fig. S3), which was within the peak of aerosol number size
distribution, where the uncertainty in aerosol number size
distribution was the lowest. As shown in the method A panel
of Fig. 4, using a constant κ of 0.3 results in the steepest
slope, for example, the slope of 1.5 at 0.5 % and 1 % SS,
which is higher by over 30 % than obtained by method F.
That suggested that using κ of 0.3 may induce the poten-
tial overestimation of 30 % to 50 % in highly polluted air
masses. Method A and method B showed very similar results
due to similar κ values used in the calculation. As shown
in Table 4, the κchem was 0.31± 0.097 during the Polluted-
L, and the mean κchem (0.30± 0.1) was larger than κHTDMA
for 165 nm particles (0.17± 0.07), suggesting the possible
overestimation by using the assumed κorg of 0.1. In a previ-
ous sub-saturated hygroscopicity and chemical composition
study (Xu et al., 2020), the closure was achieved during win-
tertime between GFHTDMA and GFAMS, suggesting that us-
ing κ instead of GF will substantially increase an apparent er-
ror due to their cubic relationship, as shown in Eq. (7). More-
over, the selected κ values for the NCCN closure were usu-
ally in the upper range of hygroscopicity of specific chemi-
cal species, leading to the larger discrepancies between κchem
and κHTDMA (Tables 4 and 5).

In the Polluted-H sector, the slopes ranged from 0.6 to
1.1, and the Person’s R values ranged from 0.93 to 0.97. The
slopes and correlations were the lowest at low SS. Method
A showed the highest slopes of regression, with the majority
of the slopes exceeding 1 except at 0.25 % SS. The differ-
ences between method A and B were minor, suggesting that
the influence of replacing κchem by κHTDMA(165 nm) was mi-
nor and consistent with our previous study on the chemical
composition–hygroscopicity closure (Xu et al., 2020). The
slopes of method C (0.71 to 1.1) were lower than those of
method B (0.79 to 1.1), indicating that the assumption made
about the hygroscopicity being homogeneous across the sizes
contributed to overestimation of NCCN by less than ∼ 10 %.
Method D had the slopes closest to 1, suggesting the best
achieved closure and the minor contribution of 1κ or sur-
face tension reduction. TheNCCN results obtained by method
E were lower than method D but higher than method F.

CCN closure studies in polluted areas were attempted in
the past, and the results varied rather significantly: Ervens
et al. (2010) used simplified assumptions of organic aerosol
from six locations, and the slopes of regression ranged from
0.2 to 7.9, and the locations farther away from fresh emission
sources are more reliable, similar to the closure studies at the
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high alpine site and MHD (Jurányi et al., 2010). Compared
to the aforementioned studies, the site in the current study,
MHD, is also far away from fresh anthropogenic emission
sources (O’Connor et al., 2008), making MHD less influ-
enced by the mixing state. A more recent study by Schmale et
al. (2018) compiled CCN closure by using chemical compo-
sition, particle number size distribution and CCN measure-
ment from 12 sites on 3 continents. When applying the sim-
ple κ-Köhler theory and assuming internal mixing and ig-
noring the size dependency, the slopes ranged from 0.87 to
1.37, and κorg worked reasonably well in their study. How-
ever, there were a few differences in our method versus the
Schmale et al. (2018) study, in which MHD data were also
included: (1) the temporal coverage was different; (2) the
Schmale et al. (2018) selection of κ of chemical species was
different from this study. The slope of regression lines were
∼ 1.14, and Pearson’s R values were∼ 0.97, suggesting that
the selection of higher κ values might induce a slight overes-
timation but still result in good correlation. However, due the
variability in aerosol in MHD and different temporal cover-
age of the two studies, the difference in slopes resulted not
only from the selection of κ but also the seasonal coverage of
the data. Overall, the reasonable closure at MHD confirmed
that data quality and aerosol number size distribution are es-
sential for accurate NCCN estimations.

To conclude, by using a constant κ of 0.3, reasonable clo-
sure in Polluted-H was achieved but resulted in significant
overestimation in Polluted-L by up to 50 to 60 %, and using
bulk PM1 chemical-composition-derived κ again resulted in
reasonable NCCN prediction in Polluted-H but showed over-
estimation in Polluted-L.

In the Mixed-H sector (Fig. S1), the slopes of regression
lines were higher (ranged from 1.1 to 1.6), and the Pearson’s
R values were lower (0.64 to 0.79). The mixed sector repre-
sents the aerosols of continental modified marine air masses
or continental outflow. As shown in Table 4, the concurrent
high concentration of BC and sea salt and the coexistence
of near-hydrophobic and sea-salt modes in GF–PDF confirm
their external mixing in a mixed air mass. Generally, Mixed-
H was rather similar to Clean-H , and Mixed-L was more
similar to Clean-L, which is expected due to the seasonal
distribution of wind direction and synoptic-scale circulation
at MHD. For the Mixed-L, the NCCN obtained by method D
was generally higher than method C but lower than method
B, suggesting that dividing GF–PDF into three modes in-
hibits some information of external mixing, especially the
existence of completely non-hygroscopic Aitken particles in
the wintertime.

4.2.3 The impact of size-dependent hygroscopicity and
mixing state

The importance of size-dependent hygroscopicity and mix-
ing state in NCCN estimation has been emphasised in earlier
studies. For example, Meng et al. (2014) found the NCCN

deviation increasing up to 26 % when NCCN was calculated
by bulk PM1 chemical composition (without size-dependent
hygroscopicity). A CCN closure conducted in the winter sea-
son in India (Bhattu and Tripathi, 2015) found that the clo-
sure was sensitive to both aerosol chemical composition and
mixing state at lower SS (e.g. 0.18 %), while at the higher
SS, size-resolved chemical composition and the solubility of
organics were needed for accurate NCCN estimation. In this
study, the relative difference between each method was es-
tablished to quantify the effect of simplified size-dependent
hygroscopicity and mixing state. The relative difference be-
tween method C and method D can be viewed as the impact
of size-dependent hygroscopicity. Similarly, the error of ig-
noring mixing state was obtained by looking at the relative
difference between method D and method F.

As shown in Fig. 6 (left), the size-dependent
hygroscopicity-induced relative error increased with
the given SS and reached the highest value at 0.5 % or
0.75 % SS and then decreased again at SS of 1 %. The
trend was shared by all types of air masses, suggesting that
the impact of size-dependent hygroscopicity was the most
prominent at moderate to high SS values. The assumption
of size-independent hygroscopicity may cause larger errors
in Clean-L, and the relative differences were within ±25 %
for Clean-H and were up to 37 % for Clean-L at 0.75 % SS.
As shown in Table 5, the κHTDMA of Clean-L increased with
particle size, and the trend was similar to previous ship-based
observations in the North Atlantic, where Aitken-mode par-
ticles were more hygroscopic than accumulation-mode
particles because of the higher mass loading of nss-SO4
(Saliba et al., 2020). The relative differences in the Clean-L
sector increased with increasing SS, which confirmed the
fact that Aitken-mode particles were less hygroscopic as
would be the case with nss-SO4 vs. sea-salt particles. For
the mixed and polluted sectors, the relative differences
introduced by size-dependent hygroscopicity were mostly
within 25 %, ranging from 8 % to 25 % depending on SS.

The impact of simplification of the aerosol population to
a complete internal mixture on NCCN estimation was well
recognised, however not well quantified. Lance et al. (2013)
found that neglecting the mixing state leads to overestimation
of CCN concentration during morning rush hour in greater
Mexico City. To access the effect of internal mixing, stud-
ies often assumed that the chemical species were externally
mixed (Ren et al., 2018; Zhang et al., 2020). The relative
difference between method C and method F provided quan-
titative assessment of the error introduced by the assump-
tion of internal mixing. As shown in Fig. 6 (middle), the
assumption of complete internal mixing did not induce a
significant relative difference in the clean sector (including
Clean-H and Clean-L) due to (1) clean sector aerosols being
relatively internally mixed (compared to the polluted sector)
and (2) the high hygroscopicity of aerosol in the clean sector
(compared to pure organics). The median relative difference
caused by the assumption of complete internal mixing was
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Figure 6. The relative difference induced by ignoring size-dependent hygroscopicity (a), simplification of the aerosol as complete internal
mixing state (b), total error in the first two assumptions (c). The lines represent medians, the boxes represent 25th to 75th quantiles, the
whiskers represent the 1.5 interquartile, and the points represent outliers.

relatively smaller for Clean-H , suggesting that the Clean-L
had a higher degree of external mixing. Such external mixing
resulted from the near-hydrophobic particle type in Clean-
L as noted several times (Xu et al., 2020). The impact of
the mixing state varied at different SS. In the Polluted-H ,
the relative difference induced by the mixing state increased
with increasing SS, while in the Polluted-L the relative dif-
ference by mixing state decreased with increasing SS. The
seasonal pattern of the impact of mixing state to polluted air
masses was similar to a previous study (Wang et al., 2010).
As shown in Fig. 6 (middle), the median relative difference
induced by the mixing state was within ±5 % for Clean-H ,
Clean-L and Mixed-H . As expected, the relative difference
induced by mixing state was high in Polluted-H , Polluted-L
and Mixed-L. The highest median relative difference of 13 %
was observed in Polluted-L. The impact of mixing state in
the polluted sector decreased with increasing SS, which is
similar to a previous study conducted at the HKUST Super-
site (Meng et al., 2014).

A general conclusion can be drawn that the mixing state
matters more at low SS, while size-dependent hygroscopic-
ity was crucial at higher SS. Since the negligence of size-
dependent hygroscopicity and the assumption of an internal
mixture are commonly adapted practices, the total relative
difference was considered to be an upper limit for the NCCN
error, at least at the current sampling location. As shown in
Fig. 6 (right), the error introduced by the two assumptions
was relatively small in the clean sector as it resulted in less
than 5 % deviation between measured and estimated NCCN
at low SS (0.25 %) in Clean-H and up to 10 % deviation in
Clean-L. At higher SS, these two assumptions added up to

over 45 % error in Clean-L and 20 % in Clean-H . In con-
trast, it resulted in up to 30 % error at low SS and 17 % at
high SS in the polluted sector. The effect was less evident
with increasing SS, pointing to the fact that the size plays a
more important role in CCN activation at high SS.

4.2.4 The effectiveness of method E

In principle, method E was a simplified version of method F,
which aimed at reducing the computational complexity while
preserving the information of mixing state. Additionally, the
data of these hygroscopic modes were commonly reported
in previous studies. To evaluate the representativeness of the
mixing state by three hygroscopic growth modes versus the
mixing state represented by GF–PDF, the relative differences
between method E and method F were considered by the fol-
lowing ratio:

NCCN D−NCCN E

NCCN D−NCCN F
, (18)

where NCCN D−NCCN F is the difference in NCCN between
method D and F, which represents the error in NCCN caused
by assuming the complete internal mixture, while NCCN D−

NCCN E is the difference in NCCN between method D and E,
which represents the NCCN that was corrected by using three
hygroscopicity modes. The ratio in Eq. (18) of 100 % sug-
gests that three modes can represent the full GF–PDF pretty
accurately, and a value of 0 % suggests that the three-mode
method cannot represent the GF–PDF at all.

As shown in Fig. 7, for the Clean-L, the median values
were highest at 1 % SS, which is consistent with our previ-
ous observations showing that the Aitken mode of marine
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Figure 7. The effectiveness of the three hygroscopicity modes
(method E) in the real mixing state scenario (method F), as defined
in Eq. (18). The lines represent medians, the boxes represent 25th
to 75th quantiles, the whiskers represent the 1.5 interquartile, and
the points represent outliers.

aerosols in wintertime was the external mixture of species.
For the Polluted-H and Polluted-L, reducing the full GF–
PDF into three modes can diminish the error by up to 50 %
when mixing state was completely ignored.

In general, the median value of the effectiveness of method
E decreased with increasing SS, which suggested the increas-
ing fraction of completely hydrophobic species in smaller
size ranges, except for Clean-L, in which the effectiveness
increased with increasing SS. When compared to a CCN clo-
sure study in a polluted region in China (Ren et al., 2018), the
estimated NCCN using bulk composition is higher than NCCN
using size-resolved composition by less than 5 %, while the
assumption of an internal mixture induced an error of about
40 % to 50 %. During the study in Mexico City, Wang et
al. (2010) found ∼ 20 % deviation by assuming an inter-
nal mixture and using bulk chemical composition. A study
conducted by Wex et al. (2010) compiled data of different
aerosol types and concluded that for aerosol populations with
a contribution of the less-hygroscopic mode of over 50 %, the
NCCN can be overestimated by 100 % by assuming an inter-
nal mixture. The above study also concluded that the fraction
of the less-hygroscopic mode is important when the NCCN
was calculated by measured aerosol number size distribution
and particle hygroscopicity. In the Polluted-L of the current
study, the number fraction of near-hydrophobic-mode par-
ticles (GF< 1.3) was lower, leading to a smaller overesti-
mation. The smaller overestimation by assuming a complete

internal mixture might be due to the lack of hydrocarbon-
producing sources from the sampling location.

5 Conclusion

A reductionist approach is commonly applied to reduce the
complexity of aerosol processes and properties. Simplifica-
tions, approximations and parameterisations are at the heart
of every atmospheric model; however, those should not go
beyond realistic representation of aerosol population and
should have limited associated uncertainties. Several reduc-
tionist methods were applied to calculate NCCN based on
different assumptions of mixing state or size-dependent hy-
groscopicity. Generally, good agreement was found using ei-
ther AMS or HTDMA data, and the Pearson’s R value be-
tween estimatedNCCN and measuredNCCN ranged from 0.65
to 0.97 depending on air mass type and the supersaturation
level. This study not only provided a quantified evaluation
of NCCN estimation based on AMS and HTDMA measure-
ment but also evaluated the impact of size-dependent hygro-
scopicity and the assumption of internal mixing on predict-
ing NCCN, which led to several key conclusions. Firstly, us-
ing a constant κ of 0.3 leads to underestimation, except in
Polluted-L conditions. Bulk PM1 chemical composition and
sub-saturated hygroscopicity can be used to estimate NCCN
within the range of measurement uncertainty. Secondly, the
closure results were poorest in low SS; therefore careful con-
siderations should be taken at low SS. Thirdly, the impact of
size-dependent hygroscopicity and mixing state in terms of
the relative error could be as high as 50 % in Clean-L and
about 25 % in the polluted sector. The relative difference in-
duced by the assumption of internal mixing was typically less
than 25 % due to the lack of nearby fresh emission sources
at MHD. Lastly, a reduction of a full GF–PDF representa-
tion to the three basic hygroscopicity modes reduces the er-
ror caused by assuming a complete internal mixture (method
D) by up to 80 %, especially in the polluted sector.
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