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• A HTDMA and a VTDMA were used together in a unique field study in China.
• A certain fraction of hydrophobic particles is volatile.
• Minor difference was found between the mixing states for different air mass types.
• Submicron particles in North China Plain are external mixture of two major groups.
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a b s t r a c t

In this unique processing study, the mixing state of ambient submicron aerosol particles in terms of

hygroscopicity and volatility was investigated with a Hygroscopicity Tandem Differential Mobility An-

alyzer and a Volatility Tandem Differential Mobility Analyzer. The measurements were conducted at a

regional atmospheric observational site in the North China Plain (NCP) from 8 July to 9 August, 2013.

Multimodal patterns were observed in the probability density functions of the hygroscopicity parame-

ter κ and the shrink factor, indicating that ambient particles are mostly an external mixture of particles

with different hygroscopicity and volatility. Linear relationships were found between the number fraction

of hydrophobic and non-volatile populations, reflecting the dominance of soot in hydrophobic and non-

volatile particles. The number fraction of non-volatile particles is lower than that of hydrophobic particles

in most cases, indicating that a certain fraction of hydrophobic particles is volatile. Distinct diurnal pat-

terns were found for the number fraction of the hydrophobic and non-volatile particles, with a higher

level at nighttime and a lower level during the daytime. The result of air mass classification shows that

aerosol particles in air masses coming from north with high moving speed have a high number fraction

of hydrophobic/non-volatile population, and are more externally mixed. Only minor differences can be

found between the measured aerosol properties for the rest of the air masses. With abundant precursor

in the NCP, no matter where the air mass originates, as far as it stays in the NCP for a certain time,

aerosol particles may get aged and mixed with newly emitted particles in a short time.

© 2015 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The mixing state of atmospheric particles is a key feature for

understanding their role in the atmosphere (Jacobson et al., 2000;
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iemer et al., 2009; Oshima et al., 2009). It determines climate-

elevant aerosol physical properties such as cloud condensation

uclei activity (Furutani et al., 2008; Zelenyuk et al., 2010; Wu

t al., 2013b), hygroscopicity (Johnson et al., 2005; Herich et al.,

009; Liu et al., 2011) and optical properties (Jacobson, 2001; Mof-

et and Prather, 2009; Zaveri et al., 2010). Moreover, information on

he aerosol mixing state is also necessary for accurate assessment

f environmental problems (Laborde et al., 2013; Healy et al., 2014;

amilli et al., 2014) and health effects (Schnelle-Kreis et al., 2009;
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Fig. 1. Map of the North China Plain. The measurement site is marked with red

star. Black dots show the major cities in the NCP. Contour plot shows the 3-year

summer average OMI AOD distribution (2012–2014, 0.25° × 0.25° resolution). The

red solid line denotes the 500 m contour line of elevation height, which can be

considered as the boundary of the NCP.
ondahl et al., 2010; Yang et al., 2014), and reducing uncertainties

n global and regional aerosol models (Cappa et al., 2012; Redding-

on et al., 2013; Riemer et al., 2009).

The use of tandem differential mobility analyzers (TDMA) has

een proven to be an effective way to determine particle mixing

tate and give indirect insights on chemical composition of parti-

les (Swietlicki et al., 2008). A Volatility Tandem Differential Mo-

ility Analyzer (VTDMA) in conjunction with a Differential Mobility

article Sizer (DMPS) was used to determine the number and mass

oncentration of externally mixed less-volatile particles in urban

ackground air (Frey et al., 2008). It was shown that the mass

oncentration of less-volatile particles agrees well with measured

lack carbon mass concentration. Wehner (Wehner et al., 2009),

ose (Rose et al., 2011) and Cheng (Cheng et al., 2012) estimated

he mixing state of soot particle based on the fraction of low-

olatile group from VTDMA measurements at Yufa, China in Aug.

Sep. 2006. Wehner (Wehner et al., 2009) indicated that the

raction of externally mixed soot particles decreased from about

7% during clean periods to 18% during heavily polluted periods.

iitta (Tiitta et al., 2010) used a VTDMA system together with

ygroscopic and organic TDMAs to study the composition of ul-

rafine particles near the major roads in Kuopio, Finland. In a

aboratory study by Hossain (Hossain et al., 2012), VTDMA sys-

em was used to investigate the mixing state of size-selected ul-

rafine aerosol particles emitted from different biomass burning

ources. The mixing state of aerosol particles from rice straw, oak

nd pine burning under different conditions including smolder-

ng combustion, flaming combustion and open burning were an-

lyzed. The VTDMA was also successfully applied in combustion

ngine exhaust studies in dynamometers by Burtscher (Burtscher

t al., 2001).

Massling (Massling et al., 2009) and Liu (Liu et al., 2011) carried

ut aerosol hygroscopicity experiments applying a Hygroscopicity

andem Differential Mobility Analyzer (HTDMA) in Beijing (Jun. –

ul. 2004, Jan. – Feb. 2005) and Wuqing (Jul. – Aug. 2009), respec-

ively. Massling (Massling et al., 2009) reported the number frac-

ion of freshly emitted soot to be 20–32% depending on dry parti-

le sizes and seasons. Liu (Liu et al., 2011) found that the aerosol

ixing state varied significantly during the day, and the number

raction of externally mixed hydrophobic particles was about 8%

uring daytime and 20% at night. Possible correlations between

on-voylatile particles and hydrophobic particles were analyzed by

uwata (Kuwata et al., 2007; Kuwata and Kondo, 2008) and Rose

Rose et al., 2011). Kuwata (Kuwata et al., 2007) showed that most

f less hygroscopic particles were less volatile, while more hygro-

copic particles were likely to be more volatile. Similar conclu-

ion was found by Rose during a campaign near Guangzhou, China

Rose et al., 2011).

The North China Plain (NCP), including a group of megaci-

ies (Beijing and Tianjin), is an area with great industrial activ-

ty and dense population, consuming large amounts of fossil fu-

ls like coal, gasoline, diesel and natural gas (Liu et al., 2009;

ong et al., 2015). As a consequence, large amounts of particu-

ate and gaseous pollutants are emitted into the atmosphere caus-

ng severe air pollution (Tao et al., 2012; Liu et al., 2015). The

idespread combustion of fossil fuels and biomass makes the

CP a significant source of light absorbing carbonaceous aerosol

LAC), which plays an important role in the global radiative bal-

nce (Cheng et al., 2009; Wehner et al., 2009). With high particle

oading and abundant precursor in the NCP, the mixing state of

erosol particles might be complex, and its influence on aerosol

limatic and environmental effects might also be specific. Re-

ent assessments of aerosol radiative effects (Zhuang et al., 2013;

ordmann et al., 2014) have highlighted the importance of parti-

le mixing state in reducing the uncertainties in climate models

nd in improving pollution control strategies. By applying parallel
easurements of V- and HTDMA system in the NCP, we aim to

ave a better understanding of the impact of different aerosol

ources and transformation processes on the particle mixing

tate in polluted areas. Tiitta (Tiitta et al., 2010) has demon-

trated the advantages of using different TDMAs in parallel to

nvestigate the properties of aerosol particles. V- and HTDMA

ystem setup gives not only information on inorganic contri-

ution but also on the temperature-dependent aerosol compo-

ent which separates the contribution of black carbon. To our

nowledge, such a setup was applied for the first time in the

CP.

In this study, an overview of the parallel measurements of VT-

MA and HTDMA is presented. Then a comparison between the

umber fraction of non-volatile particles and hydrophobic parti-

les was done. Diurnal variations of particle mixing state, as well

s volatility and hygroscopicity were discussed. Air mass back tra-

ectory analysis was carried out to investigate the impact of differ-

nt aerosol sources and transportation processes on particle mix-

ng state. At last, we parameterized the measured size-dependent

article mixing state to facilitate further applications.

. Experiment

.1. Measurement site

During the field campaign (8 July to 9 August, 2013), aerosol

icrophysical and optical properties were measured at Xianghe

tation (39.75 °N, 116.96 °E, 36 m a.s.l.), a regional site in the

CP about 70 km southeast from Beijing. The measurement site

s located at the outskirts of a small village about 5 km west to

he Xianghe town center. The surroundings are residential areas

nd farm land. Fig. 1 shows the average aerosol optical depth

AOD) distribution during summer from 2012 to 2014 over the NCP,

onitored by the Ozone Monitoring Instrument (OMI) with a high
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spatial resolution of 0.25° × 0.25° at 483.5 nm (Livingston et al.,

2009) which shows a reasonable agreement with MODIS and MISR

observations over most of the major emission sources (Ahn et al.,

2008). As shown in Fig. 1, high level of AOD can be found in the

whole NCP, and Xianghe station is located near the north boundary

of this region.

During the campaign period, the predominant wind directions

were from the southwest and southeast. The average relative hu-

midity (RH), temperature (T), and wind speed (WS) were 96.6%,

23.2 °C (min: 19.6 °C, max 27.6 °C), and 0.4 m/s for nighttime

(18:00–09:00 Local Time); and were 75.2%, 27.5 °C (min 20.5 °C,

max: 36.5 °C), and 1 m/s for daytime (09:00–18:00 LT), respec-

tively.

2.2. Instruments

Most of the measurements were conducted in a temperature-

controlled (24 °C) measurement container built by Leibniz-Institute

for Tropospheric Research (TROPOS). Atmospheric aerosol was

sampled by an inlet system consisting of a PM10 inlet (Rup-

precht & Patashnick Co., Inc., Thermo, 16.67 L/min), followed by

a 1.5 m Nafion dryer (Wiedensohler et al., 2013) and an auto-

matic drying chamber (Tuch et al., 2009). This setup ensured an

aerosol sample with RH always below 30%. In the measurement

container, sampled air was fed to separate instruments through

an isokinetic flow splitter and stainless steel/conductive tubing

(Wiedensohler et al., 2013). Two Tandem Differential Mobility

Analyzers (TDMA) based systems (HTDMA and VTDMA; Leibniz-

Institute for Tropospheric Research, Germany), accompanied with

a mobility particle size spectrometer type TROPOS-SMPS (Scan-

ning Mobility Particle Sizer; Leibniz-Institute for Tropospheric Re-

search, Germany; Wiedensohler et al., 2012), an Multi-Angle Ab-

sorption Photometer (MAAP Model 5012; Thermo, Inc., Waltham,

MA USA) and a integrating nephelometer (Model 3563; TSI, Inc.,

Shoreview, MN USA) were used to measure size-resolved parti-

cle hygroscopicity and volatility, particle number size distribution

(PNSD), LAC mass concentration, and particle scattering coefficient,

respectively.

2.2.1. HTDMA

During the field campaign, particle hygroscopic growth factor

(GF), defined as GF(RH) = D(RH)/Dd , was measured with a HTDMA

(Massling et al., 2003) at RH of 87% and initial dry particle diame-

ters (Dd) of 50, 100, 150, 200, 250 and 350 nm. One full scan for all

the six sizes took about 50 min. The TDMAinv developed by Gysel

et al. (2009) was used for data inversion.

The measurement uncertainty of the HTDMA mainly depends

on the accuracy of RH in the second differential mobility ana-

lyzer (DMA) and the possible size shift between the two DMAs

(Massling et al., 2007). To correct the RH measured by the dew

point mirror, the growth factor of ammonium sulfate particles

of 100 nm dry diameter at 87% RH were measured periodi-

cally (each 6 h). The estimated uncertainty in RH was ±1% RH,

resulting in a relative uncertainty of around 2.5% for GFs of

ammonium sulfate particles at 90% RH (Massling et al., 2003).

Since ammonium sulfate particles are unable to take up water

at RH lower than the deliquescence point (about 80%), the size

shift between the two DMAs for the entire data set was cor-

rected using the dry scans (without humidifying). Polystyrene La-

tex Spheres (PSL, Thermo Scientific, Duke Standards) of 203 nm

were used to calibrate the offset in sizing by the two DMAs.

PSL sizing checks were performed on regular bases (once per

week) during the whole measurement campaign. The offset in

sizing was observed to be less than 3%, which agrees well

with the recommendations for such systems (Wiedensohler et al.,

2012).
.2.2. VTDMA

Particle volatility was determined by a VTDMA (Philippin et al.,

004). The VTDMA has a similar structure as the HTDMA with

he only difference in the conditioning unit – the humidifier is

eplaced with a volatilization column, where volatile compounds

ould evaporate at 300 °C revealing non-volatile particles or cores

Burtscher et al., 2001). Species, which do not evaporate at 300 °C
re referred to as non-volatile compounds in this study. PNSD

f residual were obtained from the electrical mobility spectra

easured by the second DMA and condensation particle counter

CPC), taking into account charging probabilities (Wiedensohler,

988), counting efficiency of the condensation particle counter

Wiedensohler et al., 2007), transfer function (Birmili et al., 2007),

iffusion and thermophoresis losses. The residence time of the

articles in the heating column was 0.5 s, which is sufficient to

vaporate the volatile fraction of particles in a narrow size range

Philippin et al., 2004). The same dry particle diameters as HTDMA

easurement (50, 100, 150, 200, 250, 300 and 350 nm) was se-

ected for VTDMA measurement. The temporal resolution of full

cans was about 50 min. The TDMAinv developed by Gysel (Gysel

t al., 2009) was used for the data inversion. Ambient temperature

25 °C) scans were used to correct the size shift between the two

MAs and define the width of the transfer function (Gysel et al.,

009). 203 nm PSL particles were used to calibrate the offset in

izing of the two DMAs on weekly basis. In general, the uncer-

ainty in sizing and number counting is ±3% and ±10%, respec-

ively (Philippin et al., 2004).

.2.3. Additional instrumentation and measurements

The mobility particle size spectrometer, which was used to

easure PNSD, consists of a Hauke-type medium-DMA (28 cm ef-

ective length) and a CPC (Model 3772; TSI, Inc., Shoreview, MN

SA) (Wiedensohler et al., 2012). It can measure PNSD with a size

ange from 10 to 850 nm.

The LAC mass concentration was measured with a MAAP

Model 5012; Thermo, Inc., Waltham, MA USA) with a temporal

esolution of 1 min at a wavelength of 637 nm. The aerosol ab-

orption coefficient (σ ap) can be calculated with a mass absorption

ross section of 6.6 m2 g−1 (Petzold and Schonlinner, 2004). To be

ble to measure at highly polluted conditions in the NCP, the flow

as adjusted to 3 l/min by installing a custom made nozzle.

Particle scattering coefficient (σ sp) was measured with a neph-

lometer (Model 3563; TSI, Inc., Shoreview, MN USA) at 450, 550

nd 700 nm with same temporal resolution as MAAP. The trunca-

ion and non-Lambertian error was corrected using a modified Mie

odel (Ma et al., 2011). The single scattering albedo (SSA), defined

s SSA = σ sp/(σ sp + σ ap), is one of the most important parame-

ers in estimating of the direct aerosol radiative forcing. To calcu-

ate SSA at a wavelength of 637 nm, a wavelength correction is ap-

lied to the measured σ sp using an empirical approach, σsp ∝ λα .

he Ångström exponent (α) is yielded from the measured σ sp at a

avelength of 550 nm and 700 nm.

.3. Methodology

.3.1. Hygroscopicity parameter and its probability density function

To facilitate the comparison of the measured particle hygro-

copicity at different RHs, the hygroscopicity parameter κ is cal-

ulated (Petters and Kreidenweis, 2007):

(GF) =
(
GF 3 − 1

) ·
[

1

S
exp

(
4σs/aMW

RTρW DdGF

)
− 1

]
(1)

here S represents the saturation ratio; ρW is the density of water;

W is the molecular weight of water; σ s/a is the surface tension of
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Fig. 2. Averaged probability density functions of hygroscopicity parameter κ (κ-

PDF, solid lines) and shrink factor (SF-PDF, dashed lines).
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he solution/air interface which is assumed to be the same as the

urface tension of the pure water/air interface; R is the universal

as constant; T is the temperature.

Moreover, to investigate the mixing state of aerosol species

ith different hygroscopicity, the Probability Density Function of

F (GF-PDF, c(GF,Dd)) and κ (κ-PDF, c(κ ,Dd)) are introduced as fol-

ows,

∞

0

c(GF, Dd) · dGF = 1 (2)
∞

0

c(κ, Dd) · d κ = 1 (3)

.3.2. Shrink factor and its probability density function

Shrink factor (SF) is defined as a ratio between the diameter of

articles at 300 °C (D(T)) and the dry diameter at ambient temper-

ture (Dd):

F = D(T )

Dd

(4)

Similarly, the Probability Density Function of SF (SF-PDF,

(SF, Dd)) is calculated as:

∞

0

c(SF, Dd) · dSF = 1 (5)

The volume fraction (VF) of non-volatile particles and com-

ounds (at 300 °C) is calculated from the following equation:

FNV =
∞∫

0

SF · c(SF, Dd) · dSF (6)

Thorough information about VTDMA data evaluation can be

ound in Cheng et al. (2009) and Wehner et al. (2009).

.3.3. Number fraction, the mean hygroscopicity and shrink factor

Due to the complex mixing state of ambient aerosol particles,

ifferent groups in terms of hygroscopicity and volatility of parti-

les were frequently observed in several field campaigns over the

CP. Based on previous studies (Wehner et al., 2009; Liu et al.,

011) and our measurement results (shown in Fig. 2), ambient

erosol particles were classified into three groups in terms of

ygroscopicity (hydrophobic group, slight-hydrophilic (SH) group,

nd very-hydrophilic (VH) group) and three groups in terms of

olatility (non-volatile group (NV), slight-volatile (SV) group, and

ery-volatile (VV) group). The κ and SF are used here to define the

oundaries for each group:

Hydrophobic population: κ < 0.1;

Slight-hydrophilic (SH) population: 0.1 ≤ κ < 0.25;

Very-hydrophilic (VH) population: κ ≥ 0.25;

Non-volatile (NV) population: SF ≥ 0.88;

Slight-volatile (SV) population: 0.5 ≤ SF < 0.88;

Very-volatile (VV) population: SF < 0.5.

The number fraction (NF), average κ (κmean) and SF (SFmean) for

ach group with a boundary of [a,b] is defined as:

F =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

b∫
a

c(κ, Dd) · dκ, for HTDMA scans

b∫
a

c(SF, Dd) · dSF, for VTDMA scans

(7)

mean =
b∫
a

κ · c(κ, Dd) · dκ (8)

Fmean =
b∫
a

SF · c(SF, Dd) · dSF (9)
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Fig. 3. Comparison between the number fractions of hydrophobic group and non-volatile group.
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2.3.4. Air mass classification

Regional atmospheric particle properties are related to the his-

tory of the air masses. Back trajectories are therefore useful to

trace the history of air masses and to get a better insight into rele-

vant processes during transportation (Wehner et al., 2008). The air

mass back trajectory analysis was carried out using a PC version

Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)

model and Global Data Assimilation System (GDAS) analysis set.

The HYSPLIT model is developed by NOAA Air Resource Lab (ARL)

(Draxler and Hess, 1997, 1998; Draxler, 1999). The GDAS analysis

set provides meteorological fields every 6 h with a spatial horizon-

tal resolution of 1° × 1° and a vertical resolution corresponding to

standard pressure levels (1000, 925, 850 hPa, etc.). Back trajecto-

ries arriving 72 h back in time were calculated at a starting level

of 500 m above the ground.

3. Results and discussions

3.1. Overview of the measurement

During the whole campaign period from 8 Jul. to 9 Aug., the ini-

tial particle sizes set for the HTDMA and the VTDMA were 50 nm,

100 nm, 150 nm, 200 nm, 250 nm and 350 nm. The numbers of

valid scans were 720, 1300, 1293, 385, 756 and 1095 for HTDMA,

and 823, 688, 862, 180, 685 and 422 for VTDMA for the six sizes,

respectively.

Fig. 2 shows the average κ-PDF (solid lines) and SF-PDF (dashed

lines) for the 6 measured sizes. Generally, multimodal patterns

were observed for κ-PDF, including a dominant very-hydrophilic

mode and a smaller but distinct hydrophobic mode. The very-

hydrophilic mode peaks at κ from about 0.32 to 0.46 for par-

ticles from 50 to 350 nm. The hydrophobic mode does not ex-
ibit significant shifting with the particle size changing. The SF-

DFs also exhibit multimodal behaviors, with a dominant very-

olatile mode and a smaller, but distinct non-volatile mode. The

ery-volatile modes peak at SF from about 0.38 to 0.3, and shift

owards smaller SF with the size increasing. Similar with hy-

rophobic mode, the non-volatile mode does not show evident

hifting with different particle sizes. It should be noted that a

hird mode can be found in κ-PDF for particles smaller than

50 nm. Such a tri-modal pattern of κ-PDF was also observed

n other studies (Kecorius et al., 2015; Tan et al., 2013; Zhang

t al., 2011; Kulmala et al., 2001). Moreover, it is clear that the

lassification of three different groups (described in Sect. 2.3.3)

or particles is appropriate, because the hydrophobic mode and

ery-hydrophilic mode for most scans at all sizes are adequately

aptured.

The distribution of SF-PDF and κ-PDF demonstrates the mixing

tate of particles/compounds in terms of volatility and hygroscop-

city in ambient aerosol particles. The multimodal patterns in SF-

DF and κ-PDF indicate that ambient particles are mostly in an

xternal mixture of two major groups.

As introduced in Sect. 2.1, there are some residential areas

earby our station, thus the measurement might be influenced by

ocal anthropogenic emissions, especially during the nighttime. As

hown in Fig. 4b, particle total volume concentration shows a clear

eak at 20:00 LT and remains at a high level during the whole

ight, resulting from high local emission (traffic, cooking) and

eak vertical mixing in the nighttime. Particle hygroscopicity and

olatility also show a feature of fresh emitted anthropogenic parti-

les (details will be discussed in Section 3.3). Therefore, for a better

egional representation, statistics of the measurements are based

n only daytime data (09:00–18:00 LT). Actually, the influence of

ocal anthropogenic emissions on our measurements might always
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xist. However, the traffic rush hours and the cooking time, dur-

ng which the local emission has strong influence, are excluded

rom the daytime period defined here. And the developing of

oundary layer in daytime causes a vertical mixing, thus might

eaken the influence of local emission. Therefore, the influence

f local anthropogenic emission is relatively small. And the mea-

urements in daytime are assumed to be representative of the

egion.

Statistics of HTDMA and VTDMA measurements in daytime are

ummarized in Table 1. In general, the ensemble mean particle

ygroscopicity increases with particle sizes, and is slightly higher

han that observed at another station in the NCP in 2009 (Liu et al.,

011). The volume fraction of non-volatile compounds is around

.23 for all the measured sizes.

.2. Relationship between non-volatile and hydrophobic particles

Non-volatile components at 300–350 °C in submicron particles

an be assumed to be representative of LAC particles in the NCP

Wehner et al., 2009; Frey et al., 2008; Rose et al., 2006). LAC

s also one of the major hydrophobic components in particulate

atter (Jacobson et al., 2000; Riemer et al., 2010). Therefore, the

on-volatile group in SF-PDF and hydrophobic group in κ-PDF is

upposed to be correlated to the externally mixed LAC particles.

o better understand the relationship between non-volatile parti-

les and hydrophobic particles, the measured number fraction of

on-volatile group (NFNV) is compared with the measured number

raction of hydrophobic group (NFphb). Nighttime data (marked as

x’ in black) and daytime data (marked as ‘o’ in gray) of NFNV and

Fphb are shown in Fig. 3.

Generally, weak linear relationships can be found between

Fphb and NFNV, especially for particles larger than 100 nm. The
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ubplot (a) and (c).
etermination coefficients (R2) are respectively 0.57, 0.61, 0.64, 0.72

nd 0.64 for diameter of 100, 150, 200, 250 and 350 nm, respec-

ively (See Fig. 3b–f). All the slopes of linear fits are lower than

, indicating that a certain fraction of hydrophobic particles are

olatile. Similar measurement in Tokyo found that 10–17% of hy-

rophobic particles are completely volatile (Kuwata et al., 2007).

rimary particles from lubricant oil emitted from motor vehicles

ight be one possible species of this hydrophobic but volatile par-

icles (Sakurai et al., 2003). It should be noted that the slope of

inear fit is only 0.36 for 50 nm, indicating that only a minor frac-

ion of hydrophobic particles are non-volatile. This is because pri-

ary LAC particles are mainly in the size range larger than 50 nm

Harris and Maricq, 2001), the major composition of 50 nm hy-

rophobic particles is probably volatile insoluble organic matter.

The linear correlations between NFphb and NFNV shown in Fig. 3

ndicate that those two groups are very likely to be dominated

y the same component, i.e. LAC. However, the R2 is not re-

lly high since the data points are widely scattered. This might

e attributable to two reasons. Firstly, completely volatile par-

icles such as externally mixed organics and ammonium sul-

ate, are usually not taken into consideration in the mixing state

n terms of volatility, since they are not visible in the SF-PDF

easured by VTDMA. The number fraction of non-volatile par-

icles thus might be overestimated. The degree of the overesti-

ation depends on the number fraction of completely volatile

articles which might vary with time, and cause the dispers-

ng of the data points in Fig. 3. Secondly, as mentioned above,

ome insoluble particles are volatile at 300 °C, resulting in a

umber fraction of hydrophobic group greater than the num-

er fraction of non-volatile group. Since the number fraction of

nsoluble non-volatile particles may vary largely with time, the re-

ationship of the two number fractions does not follow a strict lin-

ar correlation.
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Table 1

Summary of the HTDMA and VTDMA measurements during the Xianghe campaign. Statistics are based on only daytime (09:00–18:00 LT) data.

Dry diameter (nm) 50 100 150 200 250 350

Hydrophobic population (κ < 0.1)

Mean GF ± STD 1.087 ± 0.034 1.069 ± 0.028 1.071 ± 0.031 1.06 ± 0.017 1.067 ± 0.025 1.04 ± 0.03

Mean κ±STD 0.056 ± 0.023 0.039 ± 0.017 0.038 ± 0.018 0.031 ± 0.009 0.034 ± 0.014 0.02 ± 0.015

Mean NF ± STD 0.123 ± 0.122 0.101 ± 0.082 0.116 ± 0.082 0.152 ± 0.072 0.125 ± 0.101 0.138 ± 0.122

Slight-hydrophilic population (SH, 0.1 < κ < 0.25)

Mean GF ± STD 1.283 ± 0.036 1.279 ± 0.032 1.285 ± 0.042 1.277 ± 0.054 1.275 ± 0.051 1.282 ± 0.055

Mean κ±STD 0.211 ± 0.033 0.185 ± 0.025 0.183 ± 0.032 0.174 ± 0.041 0.17 ± 0.038 0.173 ± 0.041

Mean NF ± STD 0.274 ± 0.273 0.165 ± 0.188 0.102 ± 0.129 0.029 ± 0.03 0.06 ± 0.092 0.026 ± 0.048

Very-hydrophilic population (VH, κ > 0.25)

Mean GF ± STD 1.449 ± 0.05 1.472 ± 0.036 1.498 ± 0.038 1.535 ± 0.028 1.544 ± 0.047 1.581 ± 0.046

Mean κ±STD 0.378 ± 0.057 0.365 ± 0.038 0.38 ± 0.04 0.412 ± 0.03 0.42 ± 0.051 0.455 ± 0.051

Mean NF ± STD 0.603 ± 0.318 0.734 ± 0.219 0.782 ± 0.174 0.819 ± 0.084 0.815 ± 0.174 0.836 ± 0.153

Ensemble mean of all populations from HTDMA

Mean GF ± STD 1.364 ± 0.09 1.405 ± 0.067 1.43 ± 0.066 1.454 ± 0.043 1.473 ± 0.089 1.501 ± 0.096

Mean κ±STD 0.291 ± 0.089 0.299 ± 0.064 0.312 ± 0.063 0.329 ± 0.043 0.348 ± 0.084 0.373 ± 0.092

Non-volatile population (NV, SF > 0.88)

Mean SF ± STD 0.921 ± 0.029 0.936 ± 0.026 0.947 ± 0.023 0.97 ± 0.016 0.961 ± 0.025 0.977 ± 0.032

Mean NF ± STD 0.12 ± 0.075 0.11 ± 0.058 0.118 ± 0.057 0.134 ± 0.052 0.115 ± 0.084 0.111 ± 0.072

Slight-volatile population (SV, 0.5 < SF < 0.88)

Mean SF ± STD 0.572 ± 0.046 0.57 ± 0.027 0.578 ± 0.022 0.583 ± 0.019 0.584 ± 0.022 0.58 ± 0.026

Mean NF ± STD 0.441 ± 0.207 0.349 ± 0.134 0.327 ± 0.131 0.301 ± 0.087 0.302 ± 0.144 0.285 ± 0.122

Very-volatile population (VV, SF < 0.5)

Mean SF ± STD 0.366 ± 0.028 0.356 ± 0.033 0.347 ± 0.034 0.345 ± 0.023 0.332 ± 0.039 0.323 ± 0.032

Mean NF ± STD 0.463 ± 0.255 0.538 ± 0.154 0.555 ± 0.154 0.565 ± 0.115 0.583 ± 0.191 0.604 ± 0.147

Ensemble mean volume fraction of non-volatile compounds from VTDMA

Mean VF ± STD 0.247 ± 0.097 0.233 ± 0.09 0.234 ± 0.094 0.235 ± 0.077 0.228 ± 0.125 0.21 ± 0.118
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ticulate matter results in an increase in κ and decrease in SF of
3.3. Diurnal variation

To investigate the diurnal variations of the mixing state, hy-

groscopicity and volatility of aerosol particles, the average diur-

nal variations of κ , SF, number fractions of hydrophobic mode and

non-volatile mode, as well as the total number and volume con-

centrations (Ntot, Vtot) during the whole campaign are present in

Fig. 4.

Distinct diurnal patterns of NFphb can be seen in Fig. 4a, with

a higher level during nighttime and a lower level during day-

time. NFNV shows a similar diurnal pattern but with less amplitude

compared with NFphb. Both NFphb and NFNV show a daily max-

imum at around 20:00 LT. In the evening, large amount of pri-

mary particles with low hygroscopicity and volatility (mainly LAC)

are emitted from traffic sources and accumulate in the nocturnal

boundary layer, which also can be seen as a peak in the diurnal

variation of Vtot (Fig. 4b). Emission from cooking is very likely to

contribute on the hydrophobic and non-volatile fractions (Zhang

et al., 2014). Accidental open burning might also be a contributor.

With deactivated aging processes during nighttime, those particles

remain externally mixed (Petters et al., 2006; Zhang et al., 2008),

and cause high level of NFphb and NFNV during the whole night-

time. A small peak can be seen for both NFphb and NFNV at around

06:00 LT. This is because human activity has started at this time

but secondary particle production might be still weak. During the

daytime between 09:00 and 18:00 LT, local anthropogenic emis-

sion is lower, and the active aging processes facilitate the mixing

of primary particles with secondary species. Also, the developing

of boundary layer may entrain the more aged particles from aloft.

Therefore, the number fraction of hydrophobic particles and non-

volatile particles are at a relatively low level (around 10%). Those

externally mixed non-volatile and hydrophobic particles are likely

to originate from the traffic emission in daytime in the area. This

diurnal variation of particle mixing state agrees with the result de-

rived from particle optical properties in the NCP (Ma et al., 2012).

The average κ of hydrophilic particles (including slight-

hydrophilic and very-hydrophilic groups) shows an opposite di-
rnal variation compared with hydrophobic particles (Fig. 4d).

ne possible explanation is, some primary hydrophobic particles

mainly LAC) grow up quickly to the size we measured via aging

rocesses in the daytime. Although mixed with secondary parti-

le species, which is to a large extent hydrophilic (e.g. ammonium

ulfate), the overall hygroscopicity of these particles is still low

ue to the existence of LAC. However, those particles are grouped

nto hydrophilic mode, resulting in a lower average κ in daytime

Wiedensohler et al., 2009). Similar results were also reported in

revious studies (Moffet and Prather, 2009; Rose et al., 2011).

In order to see the dependence of particle mixing state on its

ize, the average diurnal variations of κ-PDF and SF-PDF for all

easured sizes during the entire campaign are shown in Fig. 5.

enerally, κ-PDF and SF-PDF show inversion symmetrical patterns.

wo distinct modes can be seen from the distributions at most

f the measured sizes. As discussed above, the very-hydrophilic

ode for particles larger than 100 nm shifts towards lower kappa

n daytime. A slight shift towards higher SF can be also seen

or the very-volatile mode for particles larger than 100 nm, but

s not as clear as the shift in very-hydrophilic mode and nearly

nvisible for 250 and 350 nm. The hydrophobic mode and non-

olatile mode is much stronger at nighttime than in daytime.

t should be noted that the diurnal variation of κ-PDF and SF-

DF for 50 nm is slightly different from those for larger diam-

ters. For 50 nm particles, the slight-hydrophilic mode moves

owards higher κ and the slight-volatile mode moves towards

ower SF in the morning, which is very likely to be caused by

ew particle formation (Wu et al., 2013a). New particle forma-

ion events occurred during the whole campaign period, which

an be seen in the average diurnal variation of particle total num-

er concentration as a pronounced peak with a decreasing parti-

le total volume concentration in the afternoon (Fig. 4d). It was

ound that the growth of the newly formed particles is mainly

ontributed by sulfate and organic matters in Beijing area (Yue

t al., 2011; Zhang et al., 2011). During the growth, the increase

f the volume fraction of sulfate and oxidized organics in par-
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Fig. 5. Diurnal variations of κ-PDF and SF-PDF at six measured particles sizes.
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Fig. 6. Average back trajectories of the seven types of air masses over the NCP.
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0 nm particles, as shown in Fig. 5. Similar variation of hygroscop-

city of ultrafine particles was also found in the former studies in

inland (Kulmala et al., 2001; Ehn et al., 2007), Germany (Wu et al.,

013a), and China (Kecorius et al., 2015).

.4. Particle hygroscopicity, volatility and mixing state in different air

asses

In the NCP, synoptic-scale air masses can be a concept to ex-

lain the variations of hygroscopicity, volatility and mixing state of

erosol particles. To investigate the influence of air mass origin and

ransportation on these aerosol properties, our measurement data

as classified according to the types of back trajectory obtained

ith NOAA HYSPLIT model described in Section 2.3.4.

Seven clusters were carried out based on 144 back trajecto-

ies, and the mean trajectory of each cluster is shown in Fig. 6.

he air mass moving speed is illustrated with markers on the

ean trajectories (the duration of transporting between two mark-

rs is 6 h). Xianghe station is mainly influenced by the air masses

riginated from southwest (Cluster 4) and north (Cluster 3, 5,

, 1 and 7). Air masses in cluster 2–5, which account for 76%

f all trajectories mainly transported with low speed and alti-

udes. Air masses in the other two clusters (Cluster 1 and 7)

ove with relatively high speeds. It should be noted that clus-

er 6 only consist of 3 trajectories which always stays at a height

f 200 m. These three trajectories are in the period when East

hina is under the influence of tropical storm Leepi. Therefore,

luster 6 is excluded in the following discussion due to its weak

epresentativeness (the results under cluster 6 are included in

igs. 7–9 ).

Air masses in cluster 2–5 stayed within a height lower than

500 m for more than 30 h. Such a long residence time in the

oundary layer over the NCP is enough for particles to be well

ged in the air masses (Wehner et al., 2009). Single scattering

lbedo represents the relative contribution of particle scattering on

xtinction. During the aging processes, SSA for dry state particles

ay increase due to the secondary production of particulate mat-

er. SSA therefore can reflect the degree of aging of aerosol parti-

les to some extent. As shown in Fig. 7, high SSA and Vtot but low

tot were observed for cluster 2–5, indicating a high degree of ag-
ng of aerosol particles. In contrast, the Vtot and SSA for air masses

n cluster 1 and 7 are at a low level, since these air masses have

ery short residence time over the NCP so that aerosol particles in

he air masses are less aged (Meng et al., 2009).

The average κ , NFphb and NFNV for the seven clusters are shown

n Fig. 8. In general, results for cluster 1 and 7 are quite similar,

ut largely different from those for the rest clusters. The average к
or cluster 1 and 7 is around 0.2 at all the measured sizes, lower
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than those for the rest clusters. The average NFphb and NFNV for

cluster 1 and 7 is higher than those for cluster 2–5 at most of

the measured sizes. As discussed above, air masses of cluster 1

and 7 mainly transport in a high altitude (higher than 1500 m)

above the clean area with inactive secondary aerosol production,

and then experience a strong downward motion just before arriv-

ing at the measurement site. Therefore, aeorosol particles do not

have enough time to be well aged. Primary hydrophobic and non-

volatile particles remain externally mixed, resulting in high level of

NFphb and NFNV.

It should be noted that only minor differences can be found be-

tween the results of cluster 2–5. This is probably because of the

high activity of the secondary aerosol production in the NCP. With

abundant precursors in the NCP (Zhang et al., 2014; Shen et al.,

2011; Xu et al., 2011), no matter where the air mass originates, as

long as it enters the boundary layer over the NCP, particles may

get aged in a short time and mixed with newly emitted parti-

cles. Therefore the aerosol particles of cluster 2–5 show similar hy-

groscopicity independent of their origin. Within cluster 2–5, lower

кmean and higher NFphb can be found for cluster 2 and 5 comparing

with the other two clusters, probabily because the residence time

of the air mass of cluster 2 and 5 in the mixing layer over the NCP

is shorter than the other two clusters (see Fig. 6).

To further investigate the influence of aerosol sources and

transportation on its mixing state, the average κ-PDF and SF-PDF

for the seven clusters are shown in Fig. 9. Generally, the average

к-PDF and SF-PDF show similar pattern for cluster 2–5, which is
uite different from the results for cluster 1 and 7. Since parti-

les are more likely to become similar in chemical composition

uring the aging processes (Tan et al., 2013), only one hydrophilic

ode can be found in cluster 2–5. As a contrast, with short resi-

ence time over the NCP, aerosol particles in air mass of cluster 1

nd 7 are less aged, hence are more diverse in chemical compos-

ion. Two hydrophilic modes, including distinct slight-hydrophilic

ode (0.1 < к< 0.25 in cluster 1; 0.1 < к< 0.3 in cluster 7) and

very-hydrophilic mode (0.25 < к< 0.6 in cluster 1; 0.3 < к< 0.6

n cluster 7), appear in the к-PDF of cluster 1 and 7. For the SF-

DF, multimodal distributions are observed for all the seven clus-

ers. Comparing with cluster 2–5, the volatile mode in cluster 1

nd 7 shifts towards higher SFs (shown in Fig. 9b), also because

erosol particles for these two clusters are less aged than cluster

–5.

.5. Parameterization of particle hygroscopicity and volatility

Hygroscopicity and volatility parameters of aerosol particles

ere measured only for several individual diameters in this study.

o facilitate the use of this information, the measured parameters

ere parameterized as functions of dry diameter DP with:

f (DP) = B · log(DP) + C · DP + D (10)

here, B, C and D are fitting parameters. This equation was used

n the parameterization of hygroscopicity parameter κ and number

raction of each group (Rissler et al., 2006; Liu et al., 2011), and

as also used for the parameterization of the results from VTDMA.

The average κ and number fraction of very-hydrophilic group

nd hydrophobic group, as well as the average SF and number frac-

ion of very-volatile group and non-volatile group at measured di-

meters are shown in Fig. 10. As mentioned in Sect. 3.1, nighttime

easurements are sometimes influenced by local anthropogenic

missions. Therefore, only daytime results are parameterized in

his section.

For the average κ of very-hydrophilic group particles, the min-

mum was found at 100 nm. The average κ increases obviously

ith the increase of dry diameter for the particles larger than

00 nm. The average κ of hydrophobic group decreases with the

ncrease of particle diameter. Similar dependence of κ on parti-

le diameter was also found in another site in the NCP (Liu et al.,

011). The absolute values in Liu et al. (2011) are somehow differ-

nt from our results, due to different boundaries of groups which

ere chosen in their study. The relationships between SF for each

roup and particle diameters are nearly linear. With the increase of

article diameter, the average SF for very-volatile mode decreases

lightly, while it increases slightly for non-volatile mode. Repre-

enting mainly the externally mixed LAC, both number fractions of

on-volatile mode and hydrophobic mode show almost the same

alues at the size range measured, at about 12%. The number frac-

ions of very-hydrophilic mode and very-volatile mode increase

ith the increase of particle diameter, with a higher slope for 50–

50 nm and a lower slope for 150–350 nm.

The fitting results are shown as dashed lines in Fig. 10. It can

e seen that the fitting curves match the measurements quite well.

he fitting parameters B, C and D are listed in Table 2. It should

e noted that without any measured data points, it is not rec-

mmended to use Eq. (10) and the parameters in Table 2 for DP

> 350 nm or DP < 50 nm.

. Conclusion

To investigate the aerosol mixing state in terms of hygroscop-

city and volatility in the north NCP, we performed Hygroscopicity
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Fig. 10. Parameterization of (A) average κ for very-hydrophilic (VH) mode, hydrophobic mode and all modes, (B) average number fraction of VH mode (NFVH) and hydropho-

bic mode (NFphb), (C) average SF of very-volatile (VV) mode, non-volatile (NV) mode and all modes, (D) average number fraction of VV mode (NFVV) and non-volatile mode

(NFNV). The lines present the results of the fittings with Eq. (10).

Table 2

Fitting parameters for the parameterization of particle hygroscopicity and volatility.

B C D

Hygroscopicity

κ overall −1.05e-2 3.51e-4 3.14e-1

κ VH mode −5.23e-2 6.14e-4 5.49e-1

κ phb mode −1.34e-2 −1.75e-5 1.07e-1

NF VH mode 2.23e-1 −6.99e-4 −2.30e-1

NFphb mode −3.60e-2 3.01e-4 2.46e-1

Volatility

SF overall −1.65e-2 −1.78e-5 5.67e-1

SF VV mode −1.14e-2 −7.28e-5 4.15e-1

SF NV mode 1.49e-2 7.61e-5 8.60e-1

NF VV mode 1.07e-1 −2.79e-4 6.15e-2

NF NV mode −4.35e-3 3.44e-5 1.33e-1

g

i

A

i

s

D

Y

s

t

p

of two major populations. Linear relationships were found between

the number fraction of hydrophobic and non-volatile particles, es-

pecially for the size larger than 100 nm, reflecting the dominance

of LAC in hydrophobic and non-volatile particles. The number frac-

tion of non-volatile particles is lower than that of hydrophobic par-

ticles in most cases, indicating that a certain fraction of hydropho-

bic particles are volatile.

Distinct diurnal patterns were found in the number fraction of

hydrophobic and non-volatile group, with a higher level at night-

time and a lower level during the daytime. Both the number frac-

tion of hydrophobic group and non-volatile group show peaks at

around 06:00 LT and 20:00 LT, corresponding to the periods of

intensive human activities. The average κ of hydrophilic particles

shows a lower level in daytime than in nighttime, which is oppo-

site to the average κ of hydrophobic group.

To investigate the influence of air mass origin and transporta-

tion on particle mixing state, our measurement data was classi-

fied according to the types of back trajectory obtained with NOAA

HYSPLIT Model. It was found that the measured aerosol proper-

ties strongly depend on the residence time of the air mass over

the NCP. Aerosol particles in air masses coming from north with

high moving speed are less aged, therefore show a higher num-

ber fraction of hydrophobic/non-volatile group, and a more exter-

nally mixing state in terms of hygroscopicity and volatility com-

pared with the aerosol particles in the other air mass types. Due to

the active secondary particulate production over the NCP, only mi-

nor differences can be found between the measured particle prop-

erties for the rest air mass types. With abundant precursors in the

NCP, regardless of the origin of air masses, aerosol particles may
et aged and mixed with newly emitted particles as long as it stays

n the NCP for a certain time.
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