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Abstract We use a single-particle aerosol mass spectrometer coupled with a ground-based counterflow
virtual impactor to measure the chemical compositions of individual submicron fog droplet residues. This
is the first report on single particle mass spectrometry measurements of fog droplet residual particles at
ground level in an urban area. We show that most of the fog droplet residues were composed of elemental
carbon (EC) (67.7%), followed by K-rich (19.2%) and mineral dust/metal (12.3%) particles. The predominance
of EC-containing particles demonstrated that these particles could be effective fog nuclei and highlights the
important influence of anthropogenic emissions on regional climate system. Compared with interstitial and
ambient aerosols, nitrate was enhanced, sulfate was depressed, and ammonium- and organics-containing
particles were hardly found in the fog droplet residues during fog events, suggesting that dust and metal
particles containing nitrate may be preferentially activated and that ammonium and organics may not play
important roles in fog formation in Guangzhou. We also present direct observational evidence that
trimethylamine and hydroxymethanesulfonate are not found within fog droplet residues, although we
previously observed enhanced gas-to-particle partitioning of these compounds by fog processing.
Additionally, higher fraction or intensities of [K]+, [Fe]+, and [SiO3]

�were found in fog droplet residues than in
ambient and interstitial particles.

1. Introduction

Fog can impair atmospheric visibility. The interactions between atmospheric pollutants and fog droplets may
have substantial influence on peoples’ daily lives, agriculture, and human health [Butler and Trumble, 2008;
Michna et al., 2015; Yamaguchi et al., 2015]. Therefore, the physical and chemical processes of fog formation
need to be elucidated. Fog water has been studied for decades, and most previous studies focused on offline
measurements following the collection of bulk fog water. These studies showed that ammonium, sulfate, and
nitrate are the primary inorganic species and that a considerable fraction of soluble organics exists in fog
water [Guo et al., 2012; Herckes et al., 2015; Kiss et al., 2001; Straub et al., 2012]. The suspended insoluble par-
ticles that have been measured in fog water are dominated by water-insoluble organic matter and elemental
carbon (EC) [Giulianelli et al., 2014; Herckes et al., 2013]. The limitations of bulk fog water measurements are
that the samples are composed of a mixture of droplets, interstitial particles, and potential artifacts from shat-
tered droplets. In contrast, the direct observation of activated fog droplets is rare. Facchini et al. [1999]
reported that water-soluble species constitute a significant part of total carbon within fog droplets, whereas
water-insoluble carbon species are preferentially found in the fog interstitial particles. Hammer et al. [2014]
observed that the concentration of activated fog droplets was relatively low and that the nonactivated
hydrated particles contributed significantly to the observed light scattering and, thus, the reduction in
visibility. However, to date, the connection between the input particles and activated fog droplet properties
has not been directly demonstrated. To accurately estimate the influence of anthropogenic activities on
fog formation, it is critical to understand the factors that determine the ability of a particle to act as a
fog droplet nucleus.

Freshly emitted carbonaceous particles from local sources are often relatively less hydrophilic, and the long-
lived species associated with the atmospheric aging process may play a substantial role in the formation of
fog/cloud droplets [Straub et al., 2012]. Indeed, the aging processes that the particles experience during
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transport make them more hydrophilic and increase their fog-scavenging tendencies. Black carbon (BC) with
relatively thick coatings was found to be efficiently incorporated into cloud droplets at the marine boundary
layer [Schroder et al., 2015]. Organic species have also been shown to be incorporated in cloud droplets
[Sorooshian et al., 2006, 2007]. The enhancement of sulfate and nitrate through various mechanisms has been
observed to be important in the cloud formation process [Hayden et al., 2008; Wonaschuetz et al., 2012]. In
addition, metals have been shown to influence the production of sulfate and organic species in fog/cloud
droplets [Coggon et al., 2012; Harris et al., 2013; Z. Wang et al., 2014]. However, the formationmechanisms that
affect the chemical compositions of fog at the ground level and fog/cloud processing at high altitudes may
differ because the atmospheric conditions (e.g., meteorological conditions and pollution levels) are signifi-
cantly different [Michna et al., 2015]. Additionally, Dall’Osto et al. [2009] suggested different formation
mechanisms of aerosol species between fog interstitial particles and droplet residual particles that depend
on parameters (e.g., oxidizing ability and source of aerosols) other than the water content, although these
mechanisms are not fully understood. To date, fog formation remains poorly constrained with respect to
input particle properties.

The physical characteristics of fog in the mountainous area of the Pearl River Delta (PRD) region have been
observed and simulated [Deng et al., 2007]. However, few studies have addressed the chemical characteristics
of fogs in urban areas in the PRD region. In this study, online measurements were performed using a single
particle aerosol mass spectrometer (SPAMS) coupled with a ground-based counterflow virtual impactor
(GCVI) to characterize the size-resolved chemical compositions of individual fog droplet residual particles
in an urban area in the PRD region. Single particle mass spectrometry of fog interstitial particles has been per-
formed previously at the same site [Zhang et al., 2012]. The present paper provides the in situ single-particle,
dual-polarity mass spectrometry measurements of fog droplet residual particles at ground level. The differ-
ences in the chemical compositions of fog droplet residues and ambient aerosols after the fog period are also
discussed. To the best of our knowledge, this is the first report of the application of a single-particle mass
spectrometer to study the activated particles responsible for fog droplet formation at ground level in an
urban area.

2. Experiments
2.1. GCVI

A GCVI inlet system (GCVI Model 1205, Brechtel Mfg. Inc.) was used to sample the fog droplets. CVI has been
extensively used to collect fog/cloud droplet residues in fog or cloud field measurement campaigns [Hayden
et al., 2008; Roth et al., 2016; Sorooshian et al., 2013; Zelenyuk et al., 2010]. The characterization of CVI per-
formed using a BMI Model 1204 is described by Shingler et al. [2012]. Similarly, a small wind tunnel was used
to accelerate droplets and unactivated aerosols to velocities between 50 and 120m s–1 (100m s–1 was set in
this study) immediately upstream of the CVI sampling tip. Only droplets exceeding a certain controllable size
(or cut size) can pass through the counterflow, exit the CVI tip, and enter the evaporation chamber (with an air
flow temperature at 40°C). In this chamber, the associated water is removed, leaving the dry residual particles
that act as fog nuclei. Previous field measurements observed that median size of cloud/fog droplets is
approximately 10μm [Quan et al., 2011; Shingler et al., 2012]. In this study, the cut size was set to 8μm,
and the particle transmission efficiency was 50% [Shingler et al., 2012]. The observation of fog/cloud droplet
residue is affected by the possibility of volatilization of some compounds due to the heating required to dry
the droplets in the CVI [Hayden et al., 2008; Prabhakar et al., 2014; Youn et al., 2015].

2.2. Aerosol Sampling

Sampling was performed at the Guangzhou Institute of Geochemistry (GIG), Chinese Academy of Sciences
(CAS). It is an urban site, surrounded by a highway and an expressway, and is situated 2 km away from the
central business district. The dominant primary sources near the site are traffic and industry, with additional
impact from harvest biomass burning [Chan and Yao, 2008; Tao et al., 2012]. In the last few decades, substan-
tial atmospheric pollution events have been reported in this area because of the rapid urbanization and
industrialization of the city [Chan and Yao, 2008; Tao et al., 2012].

This study is a part of a CAS research project called “Formation Mechanism and Control Strategies of Haze in
China,” which aims to clarify the key physical and chemical mechanisms of regional fog/haze formation and
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identify keypollutants andemission sources. During the campaign, fogdroplet residual particleswere sampled
on top of a nine-story building. GCVI-SPAMSwas deployed at GIG for 4 days (22May to 25May 2015). An upper
limit visibility threshold of 5 km and a lower limit relative humidity (RH) threshold of 95%were set in the GCVI
software to reliably identify thepresenceof fog. It is also noted that duringmost fog events, RH remained stable
at 100%, as illustrated in Figure 1. Therefore, it is reasonable to assume that all dried particles in the
droplets> 8μm were activated as fog nuclei. Additionally, the GCVI system rainfall detector was used to
exclude rainy periods. When fog occurred without precipitation, sampling was triggered automatically by
the GCVI control software.

Fog droplet residual particles collected by the GCVI were subsequently analyzed by the downstream SPAMS
(Hexin Analytical Instrument Co., Ltd. (Guangzhou, China)) for size-resolved chemical composition and by a
condensationparticle counter (CPC,Model 1500AerosolGenerationandMonitoringSystem,MSPcooperation,
MN,USA) for concentration.Onlinemeasurementof black carbon (BC) is conductedby aMultiangleAbsorption
Photometer (MAAP) (Model 5012, ThermoFisher Scientific Inc.), based on the optical absorption and scattering
of light by aerosols sampled on a filter tape [Petzold et al., 2005]. Other air quality parameters (i.e., PM2.5, NOx,
SO2, and O3) were also measured. Details for the instrumentation can be found in the supporting information.

Over the course of the campaign, the SPAMS collected an intermittent data set because the ambient
particles between fog events were not sampled. Figure 2 shows the overall size statistics of the fog
droplet residues, ambient particles after fog events, and interstitial particles detected during the
previous study [Zhang et al., 2012]. Because the particle-detection efficiency of the SPAMS is strongly
dependent on the particle size [Zhang et al., 2013], the number count does not represent the actual atmo-
spheric concentration. In total, positive and negative ion mass spectra were collected for 1305 fog droplet
residues with vacuum aerodynamic diameters (dva) between 200 and 1100 nm. Because the low number
of analyzed fog droplet residues limits the measurement statistics, we do not extend our analysis to the

Figure 1. Temporal profiles (1 h resolution) of the mass concentrations of PM2.5, BC, and gaseous pollutants (SO2, NOx,
and O3) and important meteorological parameters, including Temp, RH, WD, and WS, during 22–25 May 2015.
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differences between single fog events. Instead, an average analysis covering all the fog events is pre-
sented. The average concentrations of the fog residual droplets and ambient particles were 0.37 cm�3

and 2860 cm�3, respectively. Their average ratio was approximately 0.0001, indicating that instances of
particle breakthrough and small particle contamination were absent [Shingler et al., 2012]. According to
the calculation suggested by Shingler et al. [2012], the enhancement factor of particles measured by CVI
was estimated to be approximately 5.25. It should also be noted that the concentrations measured by
the CPC between the fog events might be underestimated because particles were sampled through the
long pipe (~10m) of the GCVI without pumping when the GCVI was off. Given these two factors, the ratio
should be even lower, further indicating the negligible influence of particle contamination. After the fog
period, 14,476 ambient particles were analyzed by the SPAMS over a period of 3 h for comparison.
Statistically insufficient numbers of the fog residuals (1305) relative to the ambient particles (14,476)
may restrictedly reflected the difference between the fog residuals and the ambient particles.

2.3. Data Analysis

An adaptive resonance theory-based neural network algorithm (ART-2a) was applied to cluster individual par-
ticles based on the presence and intensity of ion peaks in the single-particle mass spectrum, with a vigilance
factor of 0.7, a learning rate of 0.05, and 20 iterations [Zhang et al., 2013]. The ART-2a algorithm generated 27
clusters used to describe the data set. By manually merging similar clusters, five major particle types with
distinct chemical patterns were obtained, representing ~99.2% of the population of detected particles. The
remaining particles were grouped together as “Other” in this study.

3. Results and Discussion
3.1. General Characteristics

Precipitation fog is formed by rain that falls from warmer air masses down to colder air masses and evapo-
rates and is considered to be the main fog type in this study. The evaporative cooling and additional water
vapor in the atmosphere are the main contributors to fog events [Hammer et al., 2014]. Figure 1 shows the
temporal variations (1 h resolution) of meteorological parameters, including temperature (Temp), RH, wind
direction (WD), wind speed (WS), visibility, and air quality parameters (i.e., PM2.5, NOx, SO2, O3, and BC).
During the field study, Temp, RH, and WS varied in the ranges of 23–32°C, 72–100%, and 0–4.5m s�1, with
average values of 25°C, 96%, and 1.4m s�1, respectively. In general, Temp and O3 concentrations peaked

Figure 2. Histograms of the SPAMS-sized particles (black) and hit particles with polarity spectra shown in red and the hit
rate indicated by the dotted green line: (a) fog residues, (b) ambient particles after fog events, and (c) interstitial particles
(detected in 2010) [Zhang et al., 2012].
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during 13:00–15:00 and reached
minimum values at night, whereas
the variation of RH showed the oppo-
site trend. The concentration peaks
for PM2.5 and BC were typically
observed at nighttime and were
associated with meteorological con-
ditions facilitating the accumulation
of pollutants. It should be noted that
BC was optically measured by the

MAAP and not by the SPAMS, which was used tomeasure EC in the fog residual particles. The air was stagnant
during sampling, as confirmed by the low WS, and thus, the influence of local sources is reflected. The aver-
age SO2 concentration during the fog events was 22μgm�3. The NOx concentration peaked (281μgm�3) on
24 May. Back trajectories calculated with the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) transport model (http://ready.arl.noaa.gov/HYSPLIT.php) showed that a relatively stagnant air mass
was present at the site on 24 May (Figure S1), consistent with high levels of NOx and PM2.5 characteristic of
local emissions. The pollution levels during and after fog were similar and were primarily controlled by local
emissions with high levels of BC and PM2.5. However, an elevated level of O3 and decrease in level of NOx

were observed after the fog period, which is mainly due to the beginning of sunny scenario and the asso-
ciated fog dissipation.

The SPAMS allowed for the detection of individual fog droplet residual particles in real time. The average digi-
tized mass spectra of fog droplet residual particles are illustrated in Figure S2. The dominant peaks corre-
sponded to potassium (K+), sodium (Na+), and carbon cluster ions (e.g., m/z ±12[C]+/�, ±36[C3]

+/�, ±48
[C4]

+/�, ±60[C5]
+/�,…) in the positive mass spectra, whereas sulfate, nitrate, OH�, CN�, and the carbon clus-

ter ions generated the most common negative-ion peaks. The other species included metallic elements, such
as iron (Fe+). The complexmixture of these particles could be attributed to different sources and/or the exten-
sive processing of fog droplet residue particles. As much as 95% of the fog droplet residual particles were
found to consist of internal mixtures of secondary inorganic species (sulfate and/or nitrate) in variable
amounts, indicating secondary processing [Moffet and Prather, 2009].

3.2. Chemical Characterization of Fog Droplet Residues

The chemical patterns of the analyzed fog residual particles were illustrated by classifying the particles into
six distinct groups. The detected number and number fractions of various particle types are listed in
Table 1, and their average mass spectra are shown in Figure 3. EC-containing particles, identified by the
intense ion signals from EC cluster ions, accounted for the largest fraction (67.7%) of the fog droplet residues.
Three EC-containing particle types were observed: (1) the internally mixed EC and sodium/potassium salt
(EC-NaK) type, (2) the EC type, and (3) the internally mixed EC and metal species (EC-Metal) type. The
EC-NaK type was associated with dominant carbon cluster ions, nitrate, and sulfate in the negative spectra
and the dominant 23[Na]+ and 39[K]+ peaks in the positive spectra. These particles constituted the most
abundant type, comprising 25.7% by number of the total particles, and are probably attributable to coal
combustion (unpublished data). The EC-type particles were dominated by the distinct EC cluster ions, which
likely arose from diesel exhaust [Li et al., 2013], and mainly associated with sulfate. They accounted for 21.8%
of all the clustered particles by number. The internally mixed EC andmetal species (EC-Metal) type wasmainly
mixed with nitrate and accounted for 20.2% by number of the clustered particles. The associated metallic
species were mainly 39[K]+, 23[Na]+, and 56[Fe]+, likely produced by the metal industry [Taiwo et al., 2014].
The EC-containing particles were found to be internally mixed with sulfate and nitrate, indicating some
degree of atmospheric aging or fog processing [Dall’Osto et al., 2009; Ram et al., 2012; Yuan et al., 2015].

In addition to EC-containing particles, K-rich and mineral dust/metal particles were also identified. The
K-rich type mainly contained 39[K]+ and nitrate (�46[NO2]

– and �62[NO3]
–) and accounted for 19.2%

of the total particles. These particles were attributed to traffic emissions and/or residential wood
smoke [Taiwo et al., 2014]. The mineral dust/metal type, with strong peaks at m/z 56[Fe]+, 55[Mn]+,
60[SiO2]

–, and 76[SiO3]
–, was mainly associated with nitrate and represented 12.3% of the total particles.

The positive-ion mass spectral signature of the remaining particles (Other type) showed organic fragments

Table 1. Summary of the SPAMS Classifications During the Fog Events
(22 May–25 May 2015)

SPAMS
Class

Number of
Particles

Percentage of the
Total Residues

EC-NaK 335 25.7
EC 284 21.8
EC-Metal 264 20.2
K-rich 251 19.2
Mineral dust/metal 161 12.3
Other 10 0.8
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at m/z 37[C3H
+]. Additionally, very intense �26[CN]– and �42[CNO]– signatures were observed in the

Other type, indicating the contribution of organic nitrogen [Murphy et al., 2006]. However, this type only
accounted for 0.8% of all the particles, suggesting that they contribute negligibly to fog formation.

The number fraction (Nf) for each particle type was found to be highly dependent on dva (Figure 4). The EC
and EC-NaK types showed similar distributions, with Nf decreasing as dva increases. Although these types
dominated the particles (with Nf> 82.5%) detected between 0.2 and 0.4μm, the EC-Metal, K-rich, and
mineral dust/metal types dominated (52–80%) in the size range of 0.5–0.8μm. Notably, only droplet residues
in the size range of 0.2–1.1μm were detected in this study, but the results are still representative for all dro-
plet residues. A study performed near Paris on the size-dependent particle activation of fog droplets revealed
that the dry activation diameters were between 300 and 400 nm and that above this range, the activation
fraction of particles exceeded 50% [Hammer et al., 2014].

3.3. Comparison With Previous Fog/Cloud Measurements

Fog water has been observed to be dominated by sulfate, nitrate, and ammonium in many areas [Guo et al.,
2012; Herckes et al., 2015, and references therein; Michna et al., 2015]. Herckes et al. [2013] reviewed the
measurements of organic matter in fog and cloud water, and some extremely high concentrations of organic
matter have been observed in fog and cloud impacted by agriculture or biomass burning. In this study, the
SPAMS analysis indicates that the fog droplet residues were dominated by EC, sulfate, and nitrate. The

Figure 4. Size-resolved number fraction distributions of the particle types in fog droplet residues (100 nm resolution)
throughout the sampling period.

Figure 3. Average mass spectra of the major particle types identified in the fog droplet residues. The RPA is the relative
peak area of each particle type.
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overwhelming majority (~98%) of these residual particles appear to contain particles no apparent ammo-
nium or organics. Ammonium was observed to be one of the most abundant ions in fog samples collected
in Pennsylvania (USA), the Swiss Alps, and Japan [Michna et al., 2015; Straub et al., 2012; Yamaguchi et al.,
2015]. The dominance of organic particles in the nonrefractory aerosol components of cloud droplet resi-
dues has also been reported [Hao et al., 2013; Zelenyuk et al., 2010]. However, the depletion of organics in
cloud droplet residues was observed at a central European mountain site [Roth et al., 2016]. It should be
noted that the absence of ammonium and organics is partly because of their volatile natures [Prabhakar
et al., 2014; Youn et al., 2015]. However, this effect could not be significant because the temperature
was set to 40°C to evaporate the associated water in fog droplets in this study. Previously, a volatility study
demonstrated that ammonium nitrate/sulfate and most organics are unlikely to be evaporated when the
particles are heated to temperatures lower than 75°C [Bi et al., 2015]. Although the photolysis of metal-
organic complexes could lead to the reduction of some organic compounds [Sorooshian et al., 2013], this
was likely negligible during the campaign that mainly associated with overcast or rainy days. Therefore, the
absence of ammonium and organics in this study suggests that these species do not play significant roles
in fog formation in Guangzhou.

Aqueous phase formation of secondary organic matter in fog process has been reported in the literatures
[Giulianelli et al., 2014; Kaul et al., 2011; Lim et al., 2010]. Indeed, such formation has been observed via
airborne measurements using a CVI and cloud water measurements [Sorooshian et al., 2006, 2007; Z. Wang
et al., 2014]. Rehbein et al. [2011] demonstrated that cloud/fog processing could enhance the gas-to-particle
partitioning of trimethylamine (TMA), which is highly dependent on aerosol water content. The concentration
of particles containing hydroxymethanesulfonate (HMS), which can be used as a tracer for aqueous phase fog
processing, has also been shown to sharply increase during fog events [Dall’Osto et al., 2009; Zhang et al.,
2012]. We did observe enhanced TMA-containing particles in fog events during a 2010 sampling campaign
using SPAMS without GCVI at the same sampling site [Zhang et al., 2012]. However, we observed the absence
of TMA- and HMS-containing particles in the fog droplet residues. Therefore, our results imply that TMA and
HMS might be produced on the surfaces of unactivated interstitial particles, suggesting that their formation
mechanisms depend on parameters other than the water content [Dall’Osto et al., 2009]. However, this find-
ing might also be partially attributable to the volatilization of these species during droplet evaporation
[Prabhakar et al., 2014; Youn et al., 2015], which is beyond the scope of this work and needed to be better
addressed in future studies.

3.4. Comparison With Ambient Particles Sampled After Fog Events

The mass spectra of the droplet residues, the ambient particles after fog events, and interstitial particles col-
lected previously are compared in Figure 5. The formation of particulate sulfate and organics decreased and
that of nitrate increased in fog droplets during fog events, rather than in interstitial particles and ambient par-
ticles, indicating that nitrate-containing particles are preferentially activated as fog droplets [Prabhakar et al.,
2014]. It should be noted that although elevated O3 level and decreased NOx level (Figure 1) after the fog per-
iod might lead to potential formation of secondary species (i.e., sulfate, nitrate, and secondary organics), this
conclusion could be still validated from the comparison between droplet residues and interstitial particles, as
shown in Figure 5b. Drewnick et al. [2007] suggested that high contents of nitrate, rather than sulfate, in the
initial particles results in more efficient activation into cloud droplets. A closer look at size distribution of
nitrate-containing fog droplet residues showed that nitrate is mostly associated with larger particles com-
prised of dust and metals, including potassium (Figure S3). However, Zelenyuk et al. [2010] found that droplet
residuals had higher sulfate contents than interstitial particles. Therefore, further examination of the activa-
tion of nitrate- and sulfate-containing aerosols is required to explain these different behaviors. The detected
markers for organics (37[C3H]

+) and ammonium (18[NH4]
+) in fog droplet residues were significantly lower

than those in ambient particles after fog events and in interstitial particles, further indicating that these spe-
cies are less important for fog formation, as discussed in section 3.3, or that they predominantly existed in
smaller cloud condensation nuclei (CCN) [Rose et al., 2011] not sampled by the SPAMS.

Although previous field observations noted lead enhancement in cloud residues [Roth et al., 2016], we did
not find higher lead concentrations in the fog droplet residues in this study. Higher intensities of [K]+ and
[Fe]+ were detected compared to unactivated particles (Figure 5), suggesting their importance in urban
fog events. Additionally, a higher fraction of [SiO3]

�, a tracer for mineral dust [Kamphus et al., 2010], was
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identified in fog droplet residues than in ambient or interstitial particles, indicating its activity as fog nuclei.
Previous measurements using single-particle mass spectrometers in the Swiss Alps showed that mineral dust
had a low abundance in cloud droplet residues [Kamphus et al., 2010]. Therefore, the presence of metals and
mineral dust in fog residues most likely depends on the local sources of these materials. The comparison pre-
sented in Figure 5 should not be regarded as quantitative because we are comparing fog droplet residue
compositions from one period with the ambient particle compositions from another. This is because the ori-
gins of the air masses and particle sources may be different.

3.5. Mixing States of Fog Droplet Residues With Secondary Species

More abundant fractions of sulfate signals were found for EC-NaK (76.4%) and EC (83.4%), as shown in
Figure 6, and less abundant fractions of sulfate (35.1–59.0%) were present in the other particle types. For
EC-Metal, SO2 oxidation catalyzed by the natural in cloud oxidation of transition metal ions might be the
dominant pathway of sulfate formation [Harris et al., 2013]. For EC-NaK and EC, sulfate formation likely
occurred before the particles were activated because in the absence of sulfate, the particles should be less
hydrophilic. Therefore, we suspect that some amount of sulfate was formed via the oxidation of sulfur during
combustion, which then condensed onto the existing EC particles in the plume [Moffet and Prather, 2009;
Zaveri et al., 2010]. Additionally, the rainy periods around the fog events were unfavorable for SO2 oxidation

Figure 5. (a) Difference between the average mass spectra of the fog droplet residual and ambient particles after fog and
(b) the fog droplet residual and interstitial particles.
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by OH radicals [Xiao et al., 2009]. It should also be noted that once activated, the oxidation of SO2 by O3

and/or H2O2 may further contribute to the observed sulfate [Zelenyuk et al., 2010].

Our observations also indicate that some fraction of sulfate should exist in the form of sulfuric acid rather than
ammonium sulfate salts [Zhang et al., 2013] because very little ammonium was detected. Measurements taken
in a power plant plume also showed that aerosol species were internally mixed and that the particles were
acidic [Zaveri et al., 2010]. Compared to the EC-NaK and EC types, over 90% of EC-Metal, mineral dust/metal,
and K-rich particles contained nitrate (Figure 6). The preferential enrichment of nitrate in alkaline particles indi-
cates that nitrate tended to be formed through partitioning and heterogeneous/aqueous chemistry of nitric
acid and other precursors [Li and Shao, 2009]. The sulfate in the fog droplet residues was also found to be
in slightly smaller particles compared to nitrate (Figure S4). This trend is opposite to that reported in cloud
measurements [Hayden et al., 2008] and might be explained by the different formation mechanisms of these
species in fog and cloud measurements. Hayden et al. [2008] suggested that the formation of nitrate mainly
occurred via gas-phase mass transfer, whereas sulfate forms through nucleation scavenging, leading to lower
sizes of nitrate relative to sulfate. In this study, however, as discussed above, sulfate exists in the particles
before becoming activated in the fog droplet, especially for the EC and EC-NaK types, whereas nitrate is
preferentially associated with mineral dust/metal and K-rich particles with larger sizes (Figure S3).

3.6. Atmospheric Implications

In general, freshly emitted EC particles are less hydrophilic and do not substantially affect the fog droplet con-
centration [Hammer et al., 2014]. In this study, we observed the presence of EC in most fog residual particles.
This result highlights the importance of EC in interactions with fog droplets, which represents one of the lar-
gest gaps in our understanding of the climate impact of EC [Bond et al., 2013]. However, few field studies have
focused on this issue. Roth et al. [2016] reported a similar enhancement of EC in cloud droplet residues, rather
than ambient particles; however, the Nf of EC-containing particles (~30%) in cloud droplet residues was lower
than observed here. Based on indirect measurement, Leng et al. [2014] concluded that BC mass concentration
had a strongly positive effect on the CCN concentration on foggy-hazy days. Using a single-particle soot photo-
meter (SP2), Schroder et al. [2015] demonstrated that BC could be incorporated into cloud droplets. In contrast,
Facchini et al. [1999] reported that water-insoluble carbon species preferentially exist in fog interstitial particles.
Zelenyuk et al. [2010] observed negligible EC in cloud droplet residues by CVI-single-particle mass spectrome-
try. As described in the discussion above, the EC-containing particles were internally mixed with secondary
inorganic compounds, primarily sulfate/nitrate. Furthermore, these EC-containing particles exhibited a high
degree of mixing at our site [Zhang et al., 2013] and in polluted areas [Huang et al., 2011; Q. Wang et al.,
2014; Zhang et al., 2014]. This mixing with soluble species enhanced their ability to act as CCN [Khalizov
et al., 2009; Roth et al., 2016; Zhang et al., 2008] and should explain the enhancement of EC in the fog droplets.
The contrasting observations of Facchini et al. [1999] and Zelenyuk et al. [2010] might be attributable to less EC
processing and a lower degree mixing. Additionally, atmospheric conditions might also be responsible for the
different observations between fog and cloud droplets at different altitudes. Further time-resolved measure-
ments are required to correlate these results with meteorological measurements.

Figure 6. Nf values of several selected markers associated with the various particle types, indicated by different colors.
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4. Conclusions

Here we present the first in situ chemically resolved measurements of fog droplet residual particles in China
using GCVI-SPAMS. The results show that EC-containing particles were the dominant contributors to the fog
droplet residues, implying their significant role in fog processing, at least at ground level in an urban area.
Single-particle mixing state analysis revealed that alterations of the hygroscopic nature of the EC particles
by internal mixing with secondary species are likely the main factor contributing to their activity as fog nuclei.
The involvement of EC particles in fog formation highlights the importance of the interplay between anthro-
pogenic emissions and the regional climate system. While dust and metal particles containing nitrate may be
preferentially activated, ammonium and organics may not play important roles in fog formation in
Guangzhou. TMA and HMS were not found within the fog droplet residues, although we previously observed
enhanced the gas-to-particle partitioning of these species by fog processing.
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