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Abstract. Hygroscopicity plays crucial roles in determin-
ing aerosol optical properties and aging processes in the at-
mosphere. We investigated submicron aerosol hygroscopic-
ity and composition by connecting an aerosol time-of-flight
mass spectrometer (ATOFMS) in series to a hygroscopic tan-
dem differential mobility analyzer (HTDMA), to character-
ize hygroscopicity and composition of ambient aerosols in
Shanghai, China. The HTDMA–ATOFMS data suggested
that particle types, including biomass burning, elemental car-
bon (EC), dust/ash, organic particles, cooking particles and
sea salt, were shown to have distinct hygroscopicity distri-
butions. Peak intensities in particle spectra were found to be
nonlinearly correlated with hygroscopicity, and the correla-
tions were variant with particle types. Based on the measured
hygroscopicity–composition relations, we developed a statis-
tical method to estimate ambient particle hygroscopicity just
from their mass spectra. The method was applied to another
ambient ATOFMS dataset sampled from 12 to 28 Septem-
ber 2012 in Shanghai. The estimated hygroscopicity sug-
gested that ambient particles were present in three apparent
hygroscopicity modes, whose growth factors peaked at 1.05,
1.42 and 1.60 (85 % relative humidity, RH). The estimated
growth factor (GF) were divided into four bins as < 1.1, 1.1–
1.3, 1.3–1.5 and > 1.5 to represent the nearly hydrophobic
(NH), less-hygroscopic (LH), more-hygroscopic (MH) and
sea salt (SS) modes. Number contributions of particle types
to hygroscopicity modes showed consistent results with the

HTDMA–ATOFMS experiment. Based on the combined in-
formation on particle composition, hygroscopicity, air mass
back trajectories and ambient pollutant concentrations, we
inferred that the NH, LH, MH and SS modes were character-
ized by primary organic aerosol (POA) /EC, secondary or-
ganic aerosol (SOA), secondary inorganic aerosol (SIA) and
salt compositions, respectively. The proposed method would
provide additional information to the study of particle mixing
states, source identification and visibility variation.

1 Introduction

Atmospheric particles have critical impacts on climate and
the environment. They affect climate by directly interacting
with sunlight and changing the energy balance of Earth’s
atmosphere (Facchini et al., 1999; Lohmann and Feichter,
2005). Aerosol particles also act as cloud condensation nu-
clei or ice nuclei and impact cloud formation (Lohmann and
Feichter, 2005). Aerosol particles provide surfaces for het-
erogeneous reactions to occur and act as the sink for many
atmospheric reactions (Gard et al., 1998; Qiu and Zhang,
2013), which are of significance to air quality, visibility and
human health. The climate-relevant and other properties of
aerosols are largely determined by their hygroscopicity. In
atmospheric conditions the hygroscopic growth transforms
particles into microdroplets and their optical effects are al-
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tered importantly (Cheng et al., 2008; Qu et al., 2015), which
further impacts particle aging processes and visibility degra-
dation (Qu et al., 2015; Liu et al., 2012; Qiu and Zhang,
2013; Chen et al., 2012).

Atmospheric particles are a mixture of a complicated vari-
ety of chemical compounds. The bulk chemical composition
of particulate matter (PM) usually refers to its dry composi-
tion. However, in ambient conditions the particulate water is
also an important constitution of PM which has not been ac-
counted for in conventional gravitational analysis. The mass
of particulate water may be much larger than the total mass of
dried PM at elevated relative humidities (RHs; Swietlicki et
al., 2008). The factors that affect water contents in particles
include the particle hygroscopicity, the particle size distri-
butions and ambient RH. The hygroscopicity parameter de-
termines the particle’s ability to grow in a humid environ-
ment, which is directly related to particle composition and
size. To accurately predict particulate water content, a de-
tailed knowledge of particle hygroscopicity and composition
is needed (Gysel et al., 2007; Sjogren et al., 2008; Laborde
et al., 2013; Healy et al., 2014).

Aerosol hygroscopicity can be quantitatively measured by
techniques such as the hygroscopic tandem differential mo-
bility analyzer (HTDMA) (Swietlicki et al., 2008). Previous
studies measured aerosol hygroscopicity and chemical com-
position simultaneously by deploying HTDMA and chemi-
cal composition measurements in parallel (Gysel et al., 2007;
Sjogren et al., 2008; Laborde et al., 2013). The measured hy-
groscopicity was compared with the reconstructed values us-
ing the mixing rules of variant compositions (Gysel et al.,
2007). The hygroscopicity reconstructed in this way rep-
resents the averaged hygroscopicity of ensembled particles
and therefore could not reflect the mixing states of parti-
cles (Healy et al., 2014). However, the HTDMA measure-
ments suggested that several hygroscopicity modes exist si-
multaneously, which evidenced the external mixing state of
atmospheric particles. HTDMA hygroscopicity modes gen-
erally fell into four categories: nearly hydrophobic (NH),
less-hygroscopic (LH), more-hygroscopic (MH) and sea salt,
with their center growth factors (GFs, 90 % RH) in the 1.0–
1.11, 1.11–1.33,> 1.33 and> 1.8 ranges, respectively (Swi-
etlicki et al., 2008). To investigate the chemical nature of
these hygroscopicity modes, it is better to connect HTDMA
and composition measurement techniques in tandem, since
more direct connection between hygroscopicity and com-
position could be established in this way (Buzorius et al.,
2002; Zelenyuk et al., 2008; Herich et al., 2008; Laborde et
al., 2013). For composition measurement techniques, single-
particle mass spectrometers are preferred since they are sen-
sitive to particles of low concentrations in the HTDMA out-
flow (Herich et al., 2008, 2009), and the particle mixing state
information is preserved during analysis (Healy et al., 2014).

Only a few studies have reported simultaneous charac-
terization of hygroscopicity and composition using the tan-
dem method (Herich et al., 2008, 2009; Buzorius et al.,

2002; Zelenyuk et al., 2008). Zelenyuk et al. (2008) con-
nected a single-particle mass spectrometer SPLAT with the
HTDMA to demonstrate the capability of this system to
derive quantitative information on aerosol hygroscopicity,
composition and effective density (Zelenyuk et al., 2008).
Herich et al. (2008) firstly applied the tandem HTDMA and
aerosol time-of-flight mass spectrometer (ATOFMS) system
to characterize particle composition of different hygroscop-
icity (Herich et al., 2008, 2009). A large portion of the less
hygroscopic modes were found to be contributed by organ-
ics and combustion species at both the urban and remote
sites, while the sulfates and nitrates were present in almost
all particles independent of hygroscopicity. Similar findings
were also observed in our preliminary characterization using
HTDMA–ATOFMS in Shanghai city (Wang et al., 2014), ex-
cept higher nitrate and sulfate intensities were found in hy-
groscopic particles in our study. However, the preliminary
dataset was not sufficiently large since only a few GFs were
characterized in that study (GFs of 1.05–1.1, 1.3, 1.4 and 1.5
at 85 % RH). The primary objective of the present study is
to establish more complete connections between hygroscop-
icity and single-particle signatures, which could be further
utilized to predict hygroscopicity of ambient particles. We
conducted a comprehensive HTDMA–ATOFMS experiment
with the particle GF varied in a more complete range (0.9–
1.7, 85 % RH), which accounted for the main number frac-
tion of atmospheric particles in the urban atmosphere (Liu
et al., 2014, 2011; Ye et al., 2013). Based on the HTDMA–
ATOFMS data, we further developed and tested a method to
estimate the hygroscopicity of ambient particles analyzed by
ATOFMS.

2 Experiment

2.1 HTDMA

The custom-built HTDMA (Ye et al., 2009) consists of two
DMAs and a humidifier connected in series (Fig. 1). Aerosol
was dried before entering the HTDMA (RH− 10 %) by a
diffusional silica gel tube. The dried aerosol reached charge
equilibrium in a Kr-85 neutralizer. The DMA1 (model 3081,
TSI Inc.) selected particles by electrical mobility size as
Ddry. The monodisperse particles from DMA1 grew in a
Nafion humidifier (RH= 85 %). The sizes of humidified par-
ticles DRH was determined by the second DMA connected
by a condensation particle counter (CPC) to measure their
concentrations. The sheath flow rate in DMA2 (3 L min−1)
was regulated by a mass flow controller. The RH of the
DMA2 sheath flow was managed to match the humidifier
(85 % RH). The HTDMA was installed in a thermostatic
chamber in which temperature was controlled to 25± 0.1◦.
The total aerosol flow was 0.4 L min−1 (the sum flow rate
of the CPC was 0.3 L min−1 and that of the ATOFMS was
0.1 L min−1). Aerosol residence time in the humidifier was
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Figure 1. The schematic of HTDMA–ATOFMS characterization setup showing the major parts of the HTDMA (left) and ATOFMS (right).
The humidifier in the HTDMA was maintained at 85 % RH.

∼ 10 s. Polystyrene latex (PSL) spheres of known size and
(NH4)2SO4 salt were used to calibrate the HTDMA. The HT-
DMA uncertainty in GF determination is ±0.05 (Ye et al.,
2009; Swietlicki et al., 2008).

2.2 ATOFMS

The schematic of the ATOFMS (model 3800-100, TSI. Inc)
is illustrated in Fig. 1. Particles were drawn into ATOFMS
through a 0.1 mm orifice and focused into a narrow beam
through successive expansions and contractions in the aero-
dynamic focusing lens (AFL). Particles leaving the AFL ob-
tain velocities depending on their aerodynamic sizes. In the
ATOFMS sizing region particles pass through two orthogo-
nally oriented continuous lasers (Nd:YAG, 532 nm) and laser
light was scattered. The scattered light generates pulses in
two photomultiplier tubes (PMTs) and the signal delay be-
tween the two pulses is used to calculate particle veloc-
ity. Particle velocity was also used to trigger the ionization
laser (Nd:YAG, 266 nm) at the exact time to ionize particles.
The negative and positive ions generated from particles are
recorded by a dual polar time-of-flight mass spectrometer.
More details of ATOFMS were described elsewhere (Su et
al., 2004).

The ATOFMS data were analyzed within the YAADA
toolkit (http://www.yaada.org/, last access: 10 April 2018).
Particles showing similar composition were classified by the
adaptive-resonance-theory-based clustering algorithm (ART-
2a) (Song et al., 1999). The ART-2a algorithm parameters
were set to a vigilance factor of 0.85, learning rate of 0.05
and number of iterations of 20. The clusters generated by the
ART-2a were manually regrouped into major types by con-
sidering their common composition patterns. The obtained
particle types were labeled by referring to previous single-
particle characterization studies (Spencer et al., 2006; Silva
et al., 1999; Sullivan et al., 2007; Gaston et al., 2011; Qin et
al., 2012).

2.3 Sampling description

The HTDMA–ATOFMS characterization was carried out at
the building of the Department of Environmental Science
and Technology at Fudan University (31◦18′ N, 121◦29′ E)
from 26 February to 7 March 2014. The aerosol inlet was in-
stalled at the building roof about 6 m above the ground. The
Fudan campus was influenced by local emissions sources
from transportation, residential, business and cooking activ-
ities from surrounding areas which can be viewed as an ur-
ban environment. A period of ambient ATOFMS data, which
persisted from 12 to 28 September 2012, was recorded at the
same site on the Fudan campus. Ambient air quality data of
pollutant concentrations (PM2.5, O3 and SO2) in Shanghai
city were provided by the Shanghai Environmental Monitor-
ing Center (SEMC).

The sampling procedure was similar to our previous study
(Wang et al., 2014). The typical HTDMA GF distributions
at this site showed two separated hygroscopicity modes. In
85 % RH conditions, the two modes were present with cen-
ter GFs of 1.05 and 1.45, which were conventionally classi-
fied as near-hydrophobic (NH) and more-hygroscopic (MH)
modes, respectively (Swietlicki et al., 2008). These modes
were normally present elsewhere in China and other areas
(Liu et al., 2011; Swietlicki et al., 2008). The HTDMA data
suggest that the majority of particles (> 97 %) were of GFs
in the 0.9–1.7 range. Consequently, particles in this GF range
were characterized by the HTDMA–ATOFMS with a GF
step of 0.1.

To characterize the desired GFs, the two DMAs in HT-
DMA were set at certain diameters Ddry and DRH accord-
ing to GF=DRH/Ddry. The HTDMA–ATOFMS system was
kept sampling until a sufficient number of particles (> 200)
were analyzed by ATOFMS for each GF setting (Table 1).
We fixed the DMA1 (Ddry) diameter to 250 nm, while the
DMA2 diameter (DRH) was set as shown in Table 1. The
number of particle spectra in ATOFMS was affected by am-
bient particle concentrations of certain GFs. Since particle
concentrations downstream of the HTDMA were very low,
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Table 1. Statistics of the DRH, GF, sampling duration and the number of chemically analyzed particles from the ATOFMS (Ddry = 250 nm,
RH= 85 %).

DRH (nm) 225 250 275 300 325 350 375 400 425
Growth factor 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Duration (hours) 42 67 11 20 8 11 34 20 11
Number of particle spectra 742 1665 709 1401 2330 4469 6399 723 262

longer sampling was maintained to record a sufficient num-
ber of spectra in the ATOFMS (see the CPC concentrations
in Fig. S1 in the Supplement). The ATOFMS instrument used
in this study has a size detection range of 100–3000 nm. Con-
sidering this, the detection efficiency for 250 nm is expected
to be low, as 250 nm is on the lower end of the ATOFMS
detection range. However, in the HTDMA–ATOFMS exper-
iment we selected 250 nm particles, because the concentra-
tions of larger particles were found to decrease further in
scanning mobility particle sizer (SMPS) size distributions.
Therefore, the selection of Ddry as 250 nm is a compro-
mise between detection efficiency and particle concentra-
tions (Wang et al., 2014; Herich et al., 2008). With the mea-
sured ATOFMS particle numbers and CPC concentrations,
the detection efficiency of the ATOFMS was calculated to
be ∼ 1.6× 10−2 at the dry size. In Fig. S2 we presented
ATOFMS detection efficiencies together with the particle hit
rate (hit particles divided by total sized particles) at differ-
ent growth factors. Generally, the detection efficiencies sug-
gested variations at different GFs. We found higher detection
efficiencies in the moderate GF range (1.2–1.4) and higher
hit rates in the < 1.3 GF range, which is probably caused by
variations in compositions with GF (Hatch et al., 2014).

2.4 Estimation of ambient particle hygroscopicity

Particles in the HTDMA–ATOFMS dataset are compara-
ble to ambient ATOFMS particles. Particle types typically
present in the HTDMA–ATOFMS study were also present
in ambient ATOFMS studies. Therefore, it is possible to as-
sign similar GFs to ambient particles if they have similar
composition. The estimation method was firstly performed
by evaluating spectra similarities between the ATOFMS and
HTDMA–ATOFMS datasets (dot products of normalized
spectra). The ATOFMS is known to have higher detection
efficiencies toward some metals (such as Na, K, Fe), result-
ing in inappropriately large peaks in particle spectra. We
solved the bias by taking the 0.5 power treatment to peak
intensities (Rehbein et al., 2012). In this treatment the larger
peaks were suppressed to some degree while smaller peaks
increased their weight relatively. The 0.5 power treatment
of peaks intensity was applied because it offered better re-
sults in the estimation of hygroscopicity than without it, as
discussed in the Supplement (Fig. S3). In the second step
we searched matched particles from the HTDMA–ATOFMS
dataset showing the best similarities with the ambient par-

ticles (dot products in 95 %–100 % range of the maximum
dot product). In this study we set a threshold similarity (0.7
dot product) in matching particles, as was required in the
ART-2a algorithm (Song et al., 1999). Ambient particles with
matching dot products < 0.7 were excluded from analysis of
the estimated GF. The similarity data suggest that 96.2 % of
the matching similarities are > 0.7, and 79 % of them are
> 0.8 (Fig. S4). Since each of the matched particles in the
HTDMA–ATOFMS dataset was associated with a GF, we
obtained a collection of the matching GFs (0.9–1.7 in 0.1
step). The estimated GF of the ambient particle was deter-
mined to be the weighted average of the matched GFs, with
the weights being the number percentage of matched parti-
cles in each GF bin:

GFpred =

∑
GFi ·Fi∑
Fi

,

where GFpred is the estimated GF of ambient particle, GFi is
GF value from 0.9 to 1.7 interspaced by 0.1 and Fi is number
percentages of the matched particles in each GF bin.

The estimation process relied on a statistical approach
in estimating the most probable hygroscopicity for ambi-
ent particles, rather than by inferring particle compositions
of single particles (Healy et al., 2014). The latter method
derived quantitative concentrations of various compositions
from peak intensities, which were then applied to predict par-
ticle hygroscopicity using the Zdanovskii–Stokes–Robinson
mixing rules. Some assumptions including material densi-
ties were needed in that method. As a comparison, we in-
ferred hygroscopicity by matching particles with HTDMA–
ATOFMS particles of known hygroscopicity. Therefore, the
estimated GFs were derived from the measured GF, and the
assumptions of composition densities and detection sensitiv-
ities in ATOFMS are obviated.

The uncertainties in the GF prediction in this method were
estimated. The uncertainties in eventual GFs may stem from
the intrinsic uncertainties in HTDMA–ATOFMS techniques.
For the estimation algorithm itself, only a few parameters ex-
ist that are capable of affecting the estimated GF. With the
0.5 power treatment to peak intensities, the only parameter
that could influence the estimated GF would be the match-
ing criteria of particles. We have adjusted the matching cri-
teria of 95 %–100 % maximum dot products to 90 %–100 %
and 98 %–100 %, and the variations in particle GFs were in-
spected (Fig. S5). Based on the variations in the obtained GF,
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Figure 2. (Left panel) Averaged particle mass spectra of the major particle types detected in HTDMA–ATOFMS characterization. Peaks of
significance were labeled. Right panels show the particle numbers of each type (left axis) and their relative number fractions in total particles
(right axis) as a function of GF.
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we estimated that the uncertainty in GF estimation is within
±0.15.

3 Results and discussions

3.1 Single-particle composition and hygroscopicity in
the HTDMA–ATOFMS experiment

3.1.1 Hygroscopicity distribution of different particle
types

The particles in the HTDMA–ATOFMS dataset were classi-
fied into major types based on their mass spectra. The ART-
2a algorithm was applied to particle clustering and then sim-
ilar clusters were combined. The majority of particles were
eventually classified into nine types including biomass, fresh
elemental carbon (EC), aged EC, dust/ash, high-mass organic
carbon (HMOC), amine-rich, ammonium and organic carbon
(OC), cooking and sea salt. In Fig. 2 we present the average
spectra of each type and their numbers detected in each GF
bin. Since the total number of detected particles in GF bins
was not equal (Table 1), we also present the particle num-
bers normalized by the total numbers to indicate their detec-
tion probability in each GF bin (Fig. 2). The hygroscopicity
of particle types showed different distribution patterns with
GF. The hygroscopicity characters of biomass, EC, dust/ash,
HMOC and amine-rich types were described previously, and
their hygroscopicity has shown a consistent trend with the
previous characterization (Wang et al., 2014).

The biomass particles produced characteristic peaks of
−26(CN), −42(CNO), −59(C2H3O2) and −73(C3H5O2)
and a dominant peak at 39(K) and related peaks at 113(K2Cl)
or 213(K3SO4) (Silva et al., 1999; Zauscher et al., 2013; Pratt
and Prather, 2009). Biomass particles displayed low hygro-
scopicity since the majority of them were present in the< 1.2
GF range, with the peak detection probability at a GF of 1.1
(Fig. 2a). The hygroscopicity of biomass particles is consis-
tent with other HTDMA measurements of biomass particles
(Rissler et al., 2006; Laborde et al., 2013). The hygroscop-
icity of biomass particles in the ambient environment were
similarly detected in the HTDMA–SP2, which suggested the
center GF of 1.1–1.2 of biomass particles (at 90 % RH), cor-
responding to the GF of 1.06–1.13 at 85 % RH (Laborde et
al., 2013).

The EC particles were detected by a series of elemental
carbon peaks at Cn (n= 1,2,3. . .) in the negative and pos-
itive spectra (Ault et al., 2010; Spencer et al., 2006; Toner
et al., 2008). EC particles were distributed broadly from
nearly hydrophobic (NH) mode to more-hygroscopic (MH)
mode. However, the mass spectra of hydrophobic and hy-
groscopic EC particles were different. As shown in Fig. 2b–
c, the mass spectra of hygroscopic EC particles produced
stronger secondary peaks (−62NO−3 , −97HSO−4 , 18NH+4 )
than hydrophobic EC particles, consistent with the significant

Figure 3. Average mass spectra and hygroscopicity distribution of
Al-Si particles.

fractions of secondary matter in hygroscopic EC (Laborde et
al., 2013). According to their hygroscopicity distributions,
the general EC type was divided into fresh EC and aged EC.
The mass spectra of fresh EC suggested they were freshly
emitted without significant secondary coatings (Weingartner
et al., 1997; Laborde et al., 2013; Herich et al., 2009). Peak
intensity trends of 62NO−3 ,−97HSO−4 , 18NH+4 and other re-
lated peaks at different GFs were summarized for EC parti-
cles (Fig. S6). Based on the statistics of peak intensities, we
found clear increasing trends of secondary peak intensities
in the 0.9–1.2 GF range, but not in all GFs (Laborde et al.,
2013; Herich et al., 2008).

Dust/ash particles produced inorganic peaks of salts and
metals (Gaston et al., 2017; Ault et al., 2011; Sullivan et al.,
2007). Most dust/ash particles were detected in the hygro-
scopic range (GF> 1.3). Most dust/ash particles were inter-
nally mixed with nitrate. Within the general dust/ash type
there are many sub-clusters according to specific associa-
tion of metal peaks in particle spectra. Some of the clusters
showed characteristic hygroscopicity distributions which of-
fered values in the source apportionment of these particles.
As an illustration, we presented the mass spectra and hy-
groscopicity distribution of the Al-Si cluster in Fig. 3. The
mass spectra of Al-Si particles showed stronger aluminum
(27Al+) and silicate (−76SiO−3 ) peaks in their positive and
negative spectra, respectively. Particle number distribution of
Al-Si particles suggested that they were detected with the
highest probability at a GF of 1.1. In the preliminary study
we identified the similar Al-Si particles exclusively in NH
mode (Wang et al., 2014). Based on their hygroscopicity dis-
tribution, we assumed the Al-Si particles are soil dusts ac-
cording to their reported low hygroscopicity (Koehler et al.,
2009).

The spectra of HMOC particles showed obvious organic
peaks in the higher m/z range (> 150). Some HMOC
particles produce obvious polycyclic aromatic hydrocarbon
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(PAH) peaks in positive spectra and high mass signals in neg-
ative spectra. The mass spectra of HMOCs suggested they
were generated from combustion, including traffic emissions
(Dall’Osto et al., 2013; Toner et al., 2008). The majority
of HMOC particles displayed low hygroscopicity (GF< 1.2)
(Wang et al., 2014; Herich et al., 2008).

Amine-rich particles produced amine peaks at
+59(C3H9N), +86(C5H12N) and +101(C6H15N) (An-
gelino et al., 2001; Pratt et al., 2009). Particulate amine
formation was favored in low temperatures and higher-
humidity conditions (Huang et al., 2012; Zhang et al., 2012).
The elevated amine particle fractions may be related to the
low temperature (6◦) and high humidity (78 % RH) during
this experiment. Both the preliminary and present studies
identified the hydrophilicity of amine-rich particles, with the
highest number contributions to the > 1.5 GF range (Wang
et al., 2014). Short alkyl chain aliphatic amines are known to
have relatively high vapor pressures and be basic in nature;
their presence in particles indicates they most likely occur
in the form of aminium salts, whose formation is greatly
favored in the presence of particulate water (Angelino et
al., 2001; Chen et al., 2019). Mass spectra of amine-rich
particles suggest that 77 % of them were internally mixed
with sulfate or nitrate.

With the expanded GF range and sampling durations, we
identified other particle types of specific hygroscopic pat-
terns, including ammonium–OC, cooking and sea salt par-
ticles in this study. The ammonium–OC particles demon-
strated some similarities with biomass particles. There was
a predominant potassium peak 39K and many organic peaks
in the positive mass spectra, as shown in Fig. 2. Addi-
tionally, stronger 18NH+4 peaks for ammonium and sulfate
(−97HSO4) were also present in these particles. The typ-
ical −26CN− and −42CNO− peaks observed for biomass
particles were absent or very weak, suggesting the composi-
tion differences between ammonium–OC and biomass par-
ticles (Silva et al., 1999; Zauscher et al., 2013; Pratt and
Prather, 2009). The hygroscopicity of the ammonium–OC
particles was unique since they have the largest contributions
to the moderate GF range (GF of 1.1–1.3), with the maxi-
mum contribution found at GF= 1.2. The GF of ammonium–
OC particles suggests that they can be categorized as LH
mode (Swietlicki et al., 2008). A prior ATOFMS study iden-
tified that ammonium–OC particles were from agricultural
sources and found most of them were present in higher-
photochemical-oxidation periods (Qin et al., 2012), consis-
tent with the prominent secondary peaks of ammonium found
in this study. It is likely the organics in this type are sec-
ondary since the GF of 1.2 is close to the hygroscopicity of
secondary organic aerosol (SOA) (GF= 1.24 at 90 % RH)
(Gysel et al., 2007; Sjogren et al., 2008). We inferred that am-
monium was not contributing major fractions to ammonium–
OC particles, since ammonium salts were very hydrophilic
while ammonium–OC demonstrates only moderate hygro-
scopicity.

Cooking is an important source of primary organic aerosol
(POA) in urban regions (Crippa et al., 2013; Dall’Osto and
Harrison, 2012). Zhang et al. estimated that up to 35 %
of POA is attributed to cooking aerosol during meal hours
(Zhang et al., 2007). Cooking particles around the site was
likely to be significant considering that the Fudan cam-
pus is located in a heavily populated area. The ATOFMS
characterization of cooking particles has been performed
previously (Dall’Osto et al., 2013). The marker peaks at
−255(C16H32O2, palmitic acid) and −281 (C17H34O2, oleic
acid) in the negative spectra were used to identify cooking
particles (Dall’Osto and Harrison, 2012; Silva, 2000). As
shown in Fig. 2h, cooking particles demonstrated very low
hygroscopicity and were detected exclusively in the < 1.1
GF range. It is noted that GF of 0.9 does not necessarily
indicate a particle shrinkage in 85 % RH. Cooking particles
might become more spherical in elevated RH, resulting in
smaller mobility diameters. This phenomenon was observed
for other organic particles (Shi et al., 2012; Pratt and Prather,
2009). The low hygroscopicity of cooking particles is con-
sistent with the enriched organic as indicated by the fatty
acids (−171, −255, −279, −281) and hydrocarbon organic
aerosol (HOA) (+55, +57) peaks in the spectra. The detec-
tion of cooking particles in NH mode complemented the con-
clusion that combustion processes are mainly responsible for
NH particles (Swietlicki et al., 2008; Laborde et al., 2013;
Herich et al., 2009).

With particles of higher GF being analyzed in this exper-
iment, we also identified the sea salt particle, which consti-
tutes an important particle type in ambient air in coastal areas
(Herich et al., 2009; Gard et al., 1998). Sea salt mass spectra
contain a dominant sodium peak 23Na+ and other sodium
cluster peaks at 62Na2O+, 63Na2OH+ and 81Na2Cl+ (Gas-
ton et al., 2017). The hydrophilicity of sea salt makes it
clear that they were mostly detected in the largest GF bins
(> 1.5), with their number fractions increased from GF of
1.5 to 1.7 (Fig. 2). HTDMA studies in a marine environ-
ment have shown that sea salt particles constitute a sepa-
rated hygroscopicity mode of the largest GF (Swietlicki et al.,
2008), which is generally consistent with the observed GF
range in the experiment. However, the observed sea salt parti-
cle hygroscopicity is somewhat different from the HTDMA–
ATOFMS characterization in a subarctic region, where sea
salt particles were found mainly in the 1.3–1.5 GF range at
82 % RH (Herich et al., 2009). We inferred that sea salt hy-
groscopicity properties are variant with locations, and other
factors (organics in seawater, marine microbiological con-
ditions, aging) should be considered (Facchini et al., 2008;
Randles et al., 2004).

3.1.2 Peak intensity variations with GF

Apart from particle number distributions, the HTDMA–
ATOFMS dataset provided another aspect of information re-
garding peak intensities with GF. In this study, we used rela-
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tive peak intensities (peak areas normalized by the total areas
in the spectrum) to investigate the relation between peak in-
tensities and particle GF. Generally, the responses of peak
intensity to GF variation were found to be nonlinear, since
they were correlated only within specific GF ranges. A sim-
ple trend applicable to the whole GF range was not observed.

We presented the statistics of peak intensity of ni-
trate (46NO−2 , 62NO−3 , 125H(NO3)−2 ) and sulfate (80SO−3 ,
97HSO−4 ) which were known to be critical to particle hy-
groscopicity (Fig. 4). As previously observed, the nitrate and
sulfate peaks were present in the majority of particles in
all GF bins (Herich et al., 2009, 2008; Wang et al., 2014).
However, peak intensities of nitrate and sulfate were indeed
stronger in hygroscopic particles than hydrophobic particles.
In Fig. 4 we observed positive correlation between nitrate and
sulfate intensities and GF in the < 1.2 GF range, suggesting
the contribution of nitrate and sulfate to particle hygroscop-
icity in the low GF range (Fig. 4). However, in the higher
GF range (GF of 1.3–1.5), nitrate and sulfate peaks seem to
reach a plateau with unclear dependence on GF. Nitrate and
sulfate were known to contribute large fractions of particle
mass in MH particles (Swietlicki et al., 2008; Laborde et al.,
2013; Liu et al., 2014). The unclear trend of nitrate and sul-
fate with GF seems to suggest that nitrate and sulfate were in
stable ratios since nitrate and sulfate peaks were dominating
peak areas in negative spectra. For particles of even higher
GF, differences were observed between GF ranges of 1.3–1.5
and 1.5–1.7 in that stronger nitrate and weaker sulfate peaks
were detected in the 1.3–1.5 GF range. Particle classification
suggests that this general characteristic also varies for dif-
ferent particle types. The same statistics for EC and dust/ash
particles were presented in Fig. 4. Compared with EC parti-
cles, smaller sulfate and stronger nitrate peaks were found in
dust/ash spectra, and the observed trend in total particles was
less obvious in dust/ash. These facts highlight the nonlinear-
ity between peak intensities and GF and that particle types
should also be considered in describing peak intensities.

The analysis of peak intensities with GF can disclose some
atmospheric processes happening in aerosol. We take sea salt
as an illustration. Sea salt particles were known to react with
atmospheric nitric acid, with NaCl in fresh sea salt being
transformed into NaNO3 in the reacted sea salt (Gard et al.,
1998). This composition transformation is indicated in cor-
responding changes of NaCl and NaNO3 peak intensities in
particle spectra. The unreacted sea salt particles tend to pro-
duce larger peaks of Na2Cl+ and NaCl−2 in spectra (Gaston et
al., 2011; Prather et al., 2013). In particle spectra of reacted
sea salt, the NaCl peaks (Na2Cl+, NaCl−2 ) decrease while
NaNO3 peaks (Na2NO+3 , Na(NO3)−2 ) increase. We presented
peak intensities of sea salt in the 1.5–1.7 GF range where sea
salt particles were detected with the largest numbers (Fig. 5).
We found a positive correlation between NaCl peak intensity
and GF and a negative correlation for NaNO3 peaks. There-
fore, the HTDMA–ATOFMS data showed that reacted sea
salt reduced hygroscopicity (Herich et al., 2009; Gaston et

al., 2018). A laboratory HTDMA study suggested that NaCl
and NaNO3 deliquesce at 85 % RH and that the NaNO3 (GF
of 1.8) is less hygroscopic than NaCl (GF of 2.2) (Hu et al.,
2010). The reduced hygroscopicity of sea salt is in line with
the GF of sodium salts. However, the sea salt hygroscopicity
(GF of 1.5–1.7) was smaller than pure NaNO3 salt (suppos-
ing fully reacted), suggesting that the chemical transforma-
tion alone is not sufficient to account for the observed hygro-
scopicity of sea salt. We hypothesize that other compositions
such as organics were mixed into sea salt and contributed to
the reduction of sea salt hygroscopicity (Gaston et al., 2011;
Randles et al., 2004; Facchini et al., 2008).

3.2 Predictability of hygroscopicity from particle mass
spectra

The GF of a particle can be estimated based on HTDMA–
ATOFMS data for two reasons. First, different particle types
had distinct GF distributions. Second, particles in different
GF bins had different mass spectra. The GF estimation from
particle spectra requires that the HTDMA–ATOFMS data are
capable to represent the major particle types normally pre-
sented in the atmosphere, which is evidenced in the preced-
ing discussions. In addition, the GF prediction from mass
spectra also demands that HTDMA–ATOFMS data are sen-
sitive to the composition differences with GF variations.

To test the sensitivity of HTDMA–ATOFMS data, we
evaluated the average spectral similarities between each pair
of GF groups. The average similarities were calculated from
the similarities between every possible pair of particles from
the two GF groups. The self-comparing of particles within
the same GF group was excluded. As shown in Fig. S7, we
observed a general trend that particles in the same GF bins
tend to produce the highest similarities. As the GF differ-
ences increase, the mass spectra similarity between two GF
bins tended to decrease. This result is evidence that the parti-
cles with different GFs are more likely to have discriminable
mass spectra, which suggests that the HTDMA–ATOFMS
dataset is capable to estimate hygroscopicity just from par-
ticle mass spectra.

3.3 Estimated hygroscopicity of ambient particles

A case study of the hygroscopicity estimation was carried out
based on a period of ambient ATOFMS measurement. The
ATOFMS data were collected at the same Fudan site from
12 to 28 September 2012. During this period the ATOFMS
recorded 538 983 mass spectra of individual particles. With
the described estimation method, the GF value (correspond-
ing to 85 % RH) was generated for each particle based on
individual particle mass spectra. A fraction of the estimated
GFs (4 %) were excluded from analysis since their maxi-
mum similarities failed to exceed the threshold value (dot
product > 0.7) between ATOFMS and HTDMA–ATOFMS
particles. Particle mixing states in this period were analyzed
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Figure 4. Statistics of nitrate and sulfate peak intensities (minimum, 25th percentile, median, 75th percentile, maximum) with GF in the
HTDMA–ATOFMS experiment.

Figure 5. Statistics of peak intensities in sea salt particle mass spec-
tra in the 1.5–1.7 GF range. The statistics include minimum, 25th
percentile, median, 75th percentile, maximum and outliers for each
GF bin.

by clustering particles using the ART-2a algorithm (Song et
al., 1999). After merging the clusters of similar composi-
tion and temporal trends, the majority of particles were fi-
nally grouped into the same general types as discussed in the
HTDMA–ATOFMS dataset (fresh EC, aged EC, dust/ash,

Figure 6. Particle number distribution of different particle types as
a function of estimated GF from 12 to 28 September 2012.

HMOC, amine-rich, ammonium–OC, cooking and sea salt),
which account for 90.8 % of the total analyzed particles in
this period.

3.3.1 Hygroscopicity modes and contributions of
particle types

The estimation method determined that the GFs of ATOFMS
particles were restricted within the GF range in the
HTDMA–ATOFMS dataset (0.9–1.7). Within this GF range,
the ATOFMS particle GF distribution suggested several hy-
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Figure 7. The distribution of ATOFMS particles as a bivariate func-
tion of estimated GF and aerodynamic diameter.

groscopicity modes similar to the HTDMA measurement. As
shown in Fig. 6, three hygroscopicity modes were clear in
the GF number distributions, with particle GF centered at
about 1.05, 1.42 and 1.6 (85 % RH). Prior HTDMA stud-
ies suggested the regular presence of the nearly hydrophobic
mode with a center in the 1.05–1.1 GF range in the Shanghai
area (Ye et al., 2011), consistent with the 1.05 GF mode in
this study. The second mode at 1.42 GF mode in ATOFMS
particles corresponds to the MH mode (GF of 1.43–1.47) in
Shanghai and other sites using a HTDMA (Ye et al., 2013,
2011; Liu et al., 2011). The sea salt mode in HTDMA GF
distribution is not always clear because of the larger size of
sea salt particles. However, the sea salt particles were read-
ily detected by the ATOFMS because of the detection range
of the ATOFMS. The particles in GF of 1.6 mode contained
rich sodium content and their mass spectra suggest typical
sea salt peaks (Fig. S8). In marine areas the sea salt particles
were found to constitute hygroscopicity mode of the largest
GF (about 2.0 at 90 % RH, corresponding to 1.76 at 85 %
RH) (Swietlicki et al., 2008).

The ATOFMS measured particle aerodynamic diameters
simultaneously for individual particles. Together with the es-
timated GF, we inspected particle number distribution as a
bivariate function of the estimated GF and diameter (aero-
dynamic diameter, dva) (Fig. 7). The hygroscopicity modes
were clearer in the GF–dva diagram, which suggests the in-
creasing trend of particle diameter with increasing GF, a re-
sult very consistent with HTDMA studies (Ye et al., 2011,
2013). Healy et al. (2014) applied a different method to esti-
mate particle hygroscopicity from single-particle data using
the Zdanovskii–Stokes–Robinson (ZSR) mixing rule (Healy
et al., 2014). The particle aerodynamic diameter dva was
transformed to equivalent mobility diameter dm by assum-
ing a particle density in that study. Although the methods are
different, the identified hygroscopicity modes were similar

between the two studies, except the sea salt mode which was
not found by Healy et al. (2014).

Based on the GF of hygroscopicity modes, prior HTDMA
studies conventionally classified the observed modes into
categories as nearly hydrophobic (NH), less-hygroscopic
(LH), more-hygroscopic (MH) and sea salt (SS) (Swietlicki
et al., 2008; Liu et al., 2011; Sjogren et al., 2008). How-
ever, the chemical nature of these hygroscopicity modes was
not clear since the HTDMA technique is based on particle
numbers and the particle composition information was not
obtainable. With the ATOFMS single-particle data, particle
composition and hygroscopicity were connected directly. To
facilitate comparison, we similarly divide the estimated GF
into four bins (< 1.1, 1.1–1.3, 1.3–1.5 and > 1.5) to roughly
represent the NH, LH, MH and SS particles according to the
conventional classification of hygroscopicity modes (Swi-
etlicki et al., 2008). As shown in Fig. 6, particle types were
distributed differently in GF modes. For example, the or-
ganic particles including HMOC, biomass and freshly emit-
ted EC particles were mainly enriched in NH mode, which
suggests directly that combustion sources are mainly respon-
sible for NH particles in ambient conditions (Herich et al.,
2008, 2009; Ye et al., 2011).

In Table 2 we list the statistics on average number con-
tributions of particle types for the NH, LH, MH and SS
modes. The presented statistics were based on the tempo-
ral contributions of each particle type at daily resolution. It
is noted that particle number contributions presented in Ta-
ble 2 may be different from the HTDMA–ATOFMS dataset
(Fig. 2). For example, the cooking particle contributions to
NH mode were significantly lower in the ATOFMS dataset
(3 %) than the HTDMA–ATOFMS dataset (19 %). This re-
sult is understandable because particle concentrations vary
with particle size, and the HTDMA–ATOFMS only analyzed
a narrow size bin from the total particle size distribution.
For each hygroscopicity mode, there were multiple particle
types contributing significant number fractions, suggesting
that even within the same hygroscopicity mode there was still
some heterogeneity in particle composition. Particles in the
same hygroscopicity mode may share some common features
in compositions but their differences are distinguishable in
single-particle data. In another respect, the contributions of
each type also suggest the existence of a predominant type
that accounts for major fractions in respective modes com-
pared with other types, such as aged EC in MH mode and
ammonium–OC in LH mode. The comparison between Table
2 and Fig. 2 suggests that, although their absolute contribu-
tions may be different, the hygroscopicity patterns of particle
types in the two datasets are in good agreement. Based on this
fact, we concluded that the composition–hygroscopicity con-
nections contained in the HTDMA–ATOFMS dataset were
successfully reflected in the predicted GF.

Atmos. Chem. Phys., 20, 6273–6290, 2020 https://doi.org/10.5194/acp-20-6273-2020



X. Wang et al.: Single-particle hygroscopicity and composition 6283

Table 2. Statistics on particle number contributions of ATOFMS particle types to different GF modes. The statistics are the average contri-
butions and variation ranges (in brackets) based on temporal data at daily resolution.

Contribution NH LH MH SS
(%) (GF< 1.1) (GF 1.1–1.3) (GF 1.3–1.5) (GF> 1.5)

Fresh EC 14 (7–17) 2 (1–4) 0 (0–3) 0 (0–1)
Cooking 3 (0–7) 1 (0–3) 0 (0–0) 0 (0–0)
Biomass 18 (7–35) 9 (2–17) 0 (0–1) 0 (0–0)
HMOC 40 (30–68) 8 (2–15) 0 (0–1) 0 (0–0)
Ammonium–OC 11 (3–21) 32 (20–45) 2 (1–5) 0 (0–0)
Aged EC 2 (1–5) 12 (5–20) 47 (15–72) 13 (1–42)
Dust/ash 3 (1–6) 13 (9–22) 27 (13–53) 26 (4–44)
Amine rich 3 (1–5) 12 (2–41) 13 (4–39) 11 (1–44)
Sea salt 0 (0–1) 0 (0–1) 1 (0–4) 40 (7–78)

Figure 8. Temporal variations in atmospheric visibility and number concentrations of nearly hydrophobic (estimated GF< 1.1) and hy-
groscopic (GF> 1.1) particles (a). (b) The temporal variation in estimated GF from 12 to 28 September 2012. (c) The particle number
distribution with GF during the period.

3.3.2 Temporal variations in estimated hygroscopicity

The temporal variation in particle estimated GF from 12 to
28 September was illustrated in Fig. 8. Four distinct pe-
riods (P1–P4) were identified based on their different hy-
groscopicity distributions. Generally, the P1 and P3 periods
were characterized by elevated MH mode which dominated
the ATOFMS particle numbers, while in P2 and P4 the MH
particles decreased significantly and sea salt mode was pro-
nounced. Back trajectories during P1–P4 were analyzed us-
ing the HYSPLIT mode (Draxler and Rolph, 2019) to inspect
the air mass that influenced the sampling site (Fig. S9). The
24 h back trajectories suggest that the air mass in the P1 pe-
riod mainly circulated in local regions from the northwest
to Shanghai. The local circulations brought regional aerosol
pollution to the sampling site, resulting in elevated concen-
trations of particles, especially the MH particles. During P2,
the air mass originated from the ocean in the northeast with

less continental influence. The cleaner air from the ocean al-
most wiped out the accumulated particles observed in P1, and
the concentrations of sea salt particles increased. The major-
ity of the time during P3, the air mass stayed over continental
areas. The MH particles dominated particle numbers in this
period and the sea salt mode was barely present. From 18 to
20 September in P3, the LH particles showed increased con-
centrations and gradually decreased after 20 September. Sim-
ilar to P1, the origin of air mass in P4 shifted to the ocean in
the east and SS mode emerged again. Both the particle spec-
tra and the back trajectories supported that the GF mode of
1.6 can be mainly attributed to sea salt particles.

Except for meteorological conditions, other differences
exist in the temporal trends for each hygroscopicity mode.
Generally, the NH mode showed relatively stable trends irre-
spective of the different periods P1–P4, as indicated in Fig. 8.
Closer inspection of NH particles suggests a notable feature
that obvious sharp spikes were present in NH particle tem-
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poral concentrations (Fig. 8). This characteristic is typical
for particles from local emission sources, with undissipated
plumes at the time of detection. With the combined infor-
mation from particle composition in Table 2, we inferred
that the NH particles were freshly emitted particles from lo-
cal sources with high organic or elemental carbon content
(Laborde et al., 2013; Herich et al., 2008; Weingartner et al.,
1997). The mass spectra of NH particles indicated low nitrate
and sulfate signals, suggesting that secondary matter has not
accumulated significantly on these particles, consistent with
negligible coating thickness on NH particles (Laborde et al.,
2013). We tend to ascribe the organics in NH particles to pri-
mary organic aerosol (POA) considering their relatively fresh
emission state (Sjogren et al., 2008; Liu et al., 2011; Gysel et
al., 2007).

Some characteristics of LH particles were noticed. Similar
to the particles in the MH range, the LH particles mainly pre-
sented in continent-influenced periods (P1 and P3) (Fig. 8).
However, the temporal concentration trends suggested dif-
ferences between LH and MH particles. For example, MH
mode dominated particle numbers in the entire P3, while the
LH particles were only pronounced from 17 to 21 Septem-
ber, with peak concentrations observed on 19 September.
The particle contributions showed that ammonium–OC is the
main contributor to NH particles (Table 2). This conclusion
is also correct on a temporal basis since the ammonium–
OC contributions to the LH range were always much larger
than other types of particles in the studied period. We inves-
tigated the nature of the ammonium–OC particles by com-
paring its concentration with ambient pollutant levels. As
shown in Fig. 9, the number fractions of ammonium–OC
particles showed strong connections to ambient O3 concen-
trations. From 17 to 21 September there were daily oscil-
lations of O3 levels, which were followed by the same pat-
tern of ammonium–OC particles with lags of several hours.
The maximum O3 concentration was found on 19 Septem-
ber (219 µgm−3) in the period, the same day when the high-
est ammonium–OC particle contribution was observed. HT-
DMA studies suggested that LH mode became pronounced in
new particle formation (NPF) periods with high atmospheric
reactivity (Swietlicki et al., 2008). Based on these facts, we
think the ammonium–OC particles were related to the oxi-
dation processes of organic vapors by oxidants such as O3
(Varutbangkul et al., 2006). The moderate hygroscopicity of
ammonium–OC agrees with the hygroscopicity of ambient
secondary organic aerosol (SOA) (Gysel et al., 2007; Sjogren
et al., 2008). During periods of higher ammonium–OC con-
tributions (17 to 21 September), increased SO2 levels were
also encountered, which coincided with high sulfate signals
in mass spectra of ammonium–OC (Fig. 2). Compared with
the organic compositions, the sulfate was inferred to have mi-
nor contributions to mass fractions because of the moderate
hygroscopicity of ammonium–OC.

Particles in MH mode dominated the particle numbers for
the majority of the time in P1 and P3 (60 %) compared with

the average fraction of 25 % in P2 and P4. Inspection of the
temporal trends of MH particles also suggests some diurnal
variations with higher concentrations in nighttime (Fig. 8).
As illustrated in Figs. 4 and S6, mass spectra of MH parti-
cles were dominated by sulfate and nitrate peaks, suggesting
that MH particles were mixed with a significant fraction of
secondary inorganic aerosol (SIA). The coating thickness of
the secondary matter was determined by the HTDMA–SP2 at
different GFs (Laborde et al., 2013). The thickness of the sec-
ondary coating was measured to 40–80 nm (Ddry = 265 nm)
in the 1.2–1.7 GF range, being equivalent to 55 %–76 % of
hygroscopic particle volume attributed to secondary matter
(Laborde et al., 2013; Healy et al., 2014).

3.3.3 Peak intensity variations with estimated GF

Particle hygroscopicity and peak intensities in particle mass
spectra were correlated to show their connections. The
correlation was illustrated similarly to the analysis of the
HTDMA–ATOFMS dataset, as shown in Fig. 10. In addi-
tion to the statistics on peak intensities of different GFs,
the number distributions of ATOFMS particles with GF and
peak intensities were presented for nitrate (46NO−2 , 62NO−3 ,
125H(NO3)−2 ) and sulfate peaks (80SO−3 , 97HSO−4 ), in
Fig. 10c, d. The general trends of peak intensities with GF in
the HTDMA–ATOFMS dataset were preserved in estimated
GF of ambient particles. The trends of nitrate and sulfate
peak intensities showed increases from the NH to LH range
and remained constant in the MH mode. Similar to HTDMA–
ATOFMS particles, stronger nitrate peaks were detected in
SS particles compared with the MH particles, while an oppo-
site trend was observed for sulfate intensities. These results
highlight the nonlinearity between GF and peak intensities of
ATOFMS particles.

The nonlinearity of peak intensities with GF was also sug-
gested by the different particle types presented in ATOFMS
data. As shown in Fig. 10c, d, the distribution of ATOFMS
individual particles showed enrichment in different areas in
the GF peak intensity diagram, suggesting the presence of
particle groups of different compositions. To illustrate this
character, we selected two areas with clear particle enrich-
ments in the GF peak intensity diagram, and their particle
composition was analyzed (denoted as A and B in Fig. 10c).
Obviously, particles in area A produced much larger nitrate
signals than particles in area B. Particle numbers in the two
areas suggested that dust/ash dominated particles in area A
(59 %) while in area B the dust/ash only accounted for 14 %
of particles (Fig. S10). As a contrast, particles in area B were
dominated by aged EC (53 %) followed by 25 % dust/ash. Ta-
ble 2 suggests that aged EC and dust/ash are the major types
presented in the same MH mode. However, peak intensity
responses to GF were indeed different for different particle
types, suggesting the importance of particle types in describ-
ing peak intensities.
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Figure 9. Temporal traces of ammonium–OC relative number concentrations, ambient O3 and SO2 concentrations from 12 to 28 September
2012.

Figure 10. Statistics (minimum, 25th percentile, median, 75th percentile, maximum) on the nitrate and sulfate peak intensities of ambient
particles at different GFs (a–b). Particle number distributions as a bivariate function of estimated GF and peak intensities of nitrate and
sulfate (c–d).

Figure 11. The R squares between visibility and PM volume con-
centrations with and without considering particle hygroscopicity.

The particle distribution with sulfate intensities showed
similar enrichment patterns to nitrate (in Fig. 10d). Sulfate
peak intensities were found to be correlated with hygroscop-
icity in the < 1.2 GF range, but in the MH range no cor-
relation with GF was observed. We note that except for the
larger peaks of nitrate and sulfate, some smaller peaks were
also found to be correlated with GF within specific parti-
cle type. We correlated peak intensities of Na2Cl+ and NO−3
with the estimated GF of sea salt particles (Fig. S11). The
Na2Cl+ peaks were positively correlated with GF while the
nitrate peaks were negatively correlated with GF. The ob-
served correlation in sea salt particles is consistent with dis-
cussed trends in the HTDMA–ATOFMS dataset. These re-
sults demonstrate that the GF estimation method has effec-
tively reflected the minor changes in particle mass spectra
into the estimated hygroscopicity.
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3.3.4 Comparing the estimated hygroscopicity with
visibility

Particle optical properties were closely connected to hygro-
scopicity (Liu et al., 2012; Qu et al., 2015; Chen et al.,
2012). The hygroscopic growth increases particle volumes
and cross sections and contributes to the visibility degrada-
tion. With the estimated hygroscopicity of ATOFMS parti-
cles, we correlated atmospheric visibility with particle con-
centrations to study their contributions to the visibility vari-
ations. The ATOFMS particle volume concentrations were
calculated for hygroscopicity modes of NH, LH, MH and SS
based on ATOFMS particle diameter and numbers. The par-
ticle volume concentrations were used because hygroscopic
growth changes particle sizes rather than numbers (Chen
et al., 2012). The visibility data were obtained from https:
//www.wunderground.com/ (last access: 25 February 2015)
logged in the Hongqiao airport (31◦12′ N, 121◦20′ E) and
Pudong airport (31◦9.3′ N, 121◦49′ E) during the study pe-
riod (see the map in Fig. S12). The temporal variations in
visibility at two sites correlated strongly (Fig. S12), despite
the 45 km distance between the two airports. The Fudan site
is located roughly between the two airports, and the two sets
of visibility data were averaged to represent the study site.
In P2 and P4 the site was under influences from the ocean,
resulting in visibilities larger than 10 km (Fig. 8). Apart from
ATOFMS particles, contemporary PM2.5 volume concentra-
tions were also correlated with visibility. The PM2.5 vol-
ume concentrations were derived from PM2.5 mass concen-
trations using particle density (1.4 g cm−3). A strong corre-
lation between ATOFMS particle numbers and PM2.5 was
found (R2

= 0.80).
An exponential relation between visibility and PM con-

centrations was found by the previous study (Qu et al., 2015).
After applying the exponential fitting to the visibility and par-
ticle volume concentrations, we found a moderate correlation
for ATOFMS particles (R2

= 0.45) and better correlations
for PM2.5 concentrations (R2

= 0.64) (Fig. S13). However,
the fitting errors were clearly dependent on ambient RH, with
larger errors in higher humidity, indicating that hygroscopic-
ity might affect visibility degradations, which were consis-
tent with other studies (Chen et al., 2012; Liu et al., 2012).
To further examine the effect of particle hygroscopicity on
visibility, we derived particle volumes in different RHs us-
ing estimated κ values (Petters and Kreidenweis, 2007). The
κ values were calculated using the GF of individual par-
ticles at 85 % RH for ATOFMS data and the average GF
of 1.36 for PM2.5 volume concentrations. With hygroscop-
icity being considered, we found notable improvements of
the correlations between PM concentrations and visibility,
with the improved correlation observed for PM2.5 concentra-
tions (R2

= 0.82) after applying correction for hygroscopic-
ity (Fig. 11). However, this improvement was barely the case
for NH particles, probably due to the negligible hygroscopic
growth. For the ATOFMS particles in different GF modes,

we found the highest R2 (0.65) for the MH particles. The
correlation between SS particles and visibility was distorted
due to the visibility reaching its limit (10 km) when sea salt
mode was pronounced (Fig. 8). The R2 between MH parti-
cles and visibility suggests that the variation in MH parti-
cles accounted for the major part of visibility changes (65 %)
during this period, which coincided with the major contribu-
tion of nitrate and sulfate to light extinction (61 %) in east-
ern China areas (Qu et al., 2015). These results indicate the
importance of discriminating particles by hygroscopicity in
explaining the measured visibility.

4 Conclusions

The hygroscopicity and composition of submicron particles
were characterized in a megacity in eastern China. A single-
particle mass spectrometer was connected to the downflow of
an HTDMA to analyze particle composition of different hy-
groscopicities at 85 % RH. Direct connections between hy-
groscopicity and single-particle signatures were established.
The HTDMA–ATOFMS dataset suggested that particle types
were distributed differently in various hygroscopicity ranges.
Generally, fresh EC particles and organic particle types in-
cluding biomass, cooking and high molecular organic carbon
(HMOC) were enriched in nearly hydrophobic (NH) mode
(GF< 1.1). The majority of particles in NH mode suggested
characteristics of freshly emitted particles from combustion
sources. Particle types in the more-hygroscopic (MH) range
(GF of 1.3–1.5) include aged EC, amine-rich and dust/ash
particles. The mass spectra of MH particles suggested that
they were mixed with significant fractions of secondary mat-
ter. The sea salt particles were detected in the higher GF
range (GF of 1.5–1.7), with increasing detection probability
at larger GFs. In the moderate hygroscopicity range (GF of
1.1–1.3), the ammonium–OC particles were identified with
peak detection probability at a GF of 1.2.

Single-particle spectra peak intensities were correlated
with GF to disclose their possible connections. The peak in-
tensities were nonlinearly correlated with GF. The peak in-
tensities of nitrate and sulfate showed a gradual increase from
a GF of 0.9 to 1.2 while in the larger GF range the same
trends were not observed. Peak intensities showed opposite
directions for nitrate and sulfate in the 1.5–1.7 GF range with
stronger nitrate peaks and smaller sulfate peaks. Except the
general nonlinearity of peak intensities is subjected to varia-
tions with different particle types. The peak intensity analysis
suggested the reduced hygroscopicity of sea salt after atmo-
spheric aging.

Based on the established connections between hygroscop-
icity and composition, we developed a method to estimate
particle hygroscopicity from single-particle mass spectra.
The method was tested in a period of ATOFMS data in
Shanghai. The estimated GF of individual particles suggested
that ATOFMS particles were present in similar hygroscopic-
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ity modes as HTDMA measurements on ambient aerosol. We
discriminated particles into NH, LH, MH and SS modes by
the GF of individual particles. Particle type contributions to
the these hygroscopicity modes suggested consistent with the
HTDMA–ATOFMS dataset. Based on the combined infor-
mation on particle composition, hygroscopicity and air mass
back trajectories, we inferred that POA/EC, SOA, SIA and
sea salt are the characteristic compositions for particles in
the NH, LH, MH and SS modes, respectively. The proposed
method is a novel way of single-particle mass spectrometry
data analysis, which would provide additional information to
the study of particle mixing states, source identification and
visibility degradation.
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