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polluted urban area of India. Samples were analyzed by an aerosol mass spectrometer after drying and
directly in other instruments. Residues of ﬁne fog droplets (diameter: 4–16 μm) are found to be more
enriched with oxidized (oxygen to carbon ratio, O/C = 0.88) and low volatility organics than residues of coarse
(diameter > 22 μm) and medium size (diameter: 16–22 μm) droplets with O/C of 0.68 and 0.74, respectively.
These O/C ratios are much higher than those observed for background ambient organic aerosols, indicating
efﬁcient oxidation in fog water. Accompanying box model simulations reveal that longer residence times,
together with high aqueous OH concentrations in ﬁne droplets, can explain these trends. High aqueous OH
concentrations in smaller droplets are caused by their highest surface-volume ratio and high Fe and Cu
concentrations, allowing more uptake of gas phase OH and enhanced Fenton reaction rates, respectively.
Although some volatile organic species may have escaped during droplet evaporation, these ﬁndings indicate
that aqueous processing of dissolved organics varies with droplet size. Therefore, large (regional, global)-scale
models need to consider the variable reaction rates, together with metal-catalyzed radical formation
throughout droplet populations for accurately predicting aqueous secondary organic aerosol formation.

1. Introduction
Fog is a cloud whose base is near the Earth’s surface with liquid water contents (LWC) ranging between 0.01
and 0.5 g m3 and which results in severe visibility degradation. It is a natural meteorological phenomenon
that occurs throughout the world and lasts for few hours to several days. Although fog can act as an effective
and natural cleansing agent for air pollutants, several studies around the world have reported a link between
air pollution and fog formation [Kokkola et al., 2003; Tiwari et al., 2011; Syed et al., 2012]. Field studies at various locations on both bulk and size-resolved chemical composition of fog water have been conducted
[Collett et al., 1999; Raja et al., 2008; Ehrenhauser et al., 2012; Herckes et al., 2014] along with studies on its
effects on physicochemical aerosol properties, such as size distribution, chemical composition, and elemental
ratios [Das et al., 2008; Ge et al., 2012]. The majority of the earlier studies focused on inorganics present inside
fog water [Munger et al., 1983; Pandis et al., 1990; Forkel et al., 1995; Hoag et al., 1999]. Some of these studies
also reported droplet size-resolved fog chemistry for inorganics, mainly sulfate [Hoag et al., 1999]. However,
several recent ﬁeld and modeling studies focused on organic fog water constituents [Kiss et al., 2001;
Mazzoleni et al., 2010; Ervens et al., 2013; Herckes et al., 2013, 2014]. Organics in fog may originate from dissolution of condensation nuclei, from dissolution of organic trace gases, or from the formation of secondary
organic aerosol (SOA) in fog water by aqueous phase chemical reactions (aqSOA) [Ervens et al., 2011; Kaul
et al., 2011; Ge et al., 2012]. Such reactions can occur in all aqueous media in the atmosphere, i.e., in cloud,
aerosol, and fog water [Ervens et al., 2011], but in the current study, we focus on the latter, while most of
the ﬁndings can easily be extended to cloud water. Oxidized organics produced via aqueous processing often
have different physicochemical properties as compared to traditional gas phase SOA in terms of O/C ratio,
hygroscopicity, optical properties, and atmospheric lifetime [Ervens et al., 2011], and, therefore, they likely
interact differently with solar radiation (direct/indirect aerosol effects) [Ervens et al., 2011; Yu et al., 2014].
SOA formation in the aqueous phase can occur by both oxidative and nonoxidative processes [Ervens
et al., 2011; McNeill, 2015], whereas the oxidative processes often lead to highly oxidized products with higher
O/C ratios than observed from gas phase reactions. Such highly oxidized products might partly explain the
reasons for more highly oxidized SOA in the ambient atmosphere than found in (dry) smog chamber
experiments [Hallquist et al., 2009; Ervens et al., 2011; Lin et al., 2014; Ervens, 2015; Herrmann et al., 2015;
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McNeill, 2015]. To date, very few studies reported elemental ratios (O/C and H/C) of dissolved organic matter
(DOM) in bulk fog/cloud water samples [Mazzoleni et al., 2010; Zhao et al., 2013b]. Elemental ratios can be a
measure of aerosol properties, such as cloud condensation nuclei activity [Jimenez et al., 2009] and optical
properties [Lambe et al., 2013]. Since fog contains droplets of different sizes with vastly different LWC and
types and concentrations of organics [Ervens et al., 2003b], conclusions on aqueous processing based on bulk
fog water samples may not result in reliable estimates of the effects of aqueous phase processing on organic
aerosols (OA) composition and elemental ratios. In addition to uncertainties associated with such bulk
approaches, accurate estimates of the radical concentrations in the aqueous phase are needed to properly
understand the extent and impact of aqueous processing on OA oxidation. The role of transition metals
(e.g., Cu, Fe, and Mn) in producing aqueous phase OH radicals via Fenton reactions [Ervens et al., 2014] in
the ambient atmosphere and its subsequent effects on aqSOA formation has been the subject of only a
few studies.
Conclusions on the extent of aqueous phase processing can be drawn from modiﬁcation of aerosol bulk
properties upon fog dissipation such as increased WSOC (water-soluble organic carbon) and SOA masses
[Ge et al., 2012], correlations of O/C with RH (relative humidity) [Ervens et al., 2011; Chakraborty et al., 2015],
presence of tracer compounds such as organosulfur compounds [Munger et al., 1986; Dall’Osto et al., 2009],
or modiﬁcation of the aerosol size distributions [Maria et al., 2004]. The fraction of material that remains in
the particle phase upon fog evaporation depends on its volatility. Oxidation usually leads to products with
lower volatility [Jimenez et al., 2009], but ultimately, oxidation might lead to fragmentation of the carbon
backbone and to evaporation of high-volatility products to the gas phase [Kroll et al., 2009; Daumit
et al., 2014].
The volatility is an essential property of organic aerosol constituents, and organic aerosol models apply socalled “volatility bins” in order to classify classes of organics and their partitioning behavior between the
gas and particulate phases [Lane et al., 2008; Grieshop et al., 2009; Murphy et al., 2012]. Volatility is often measured using a thermodenuder where particles are exposed to different temperatures in order to determine
their vaporization enthalpy [An et al., 2007].
No previous fog-related ﬁeld study has explored the volatility of size-resolved fog droplet residues in detail.
However, a few studies reported an increase in the O/C ratio of bulk OA and increased oxidized OA and
polycyclic aromatic hydrocarbon concentrations from before- to after-fog events and speculated that
fog-processed residues with relatively lower volatility probably resulted from these changes [Ehrenhauser
et al., 2012; Ge et al., 2012; Chakraborty et al., 2015].
The present study location (Indo-Gangetic Plain (IGP), Kanpur, India) is an ideal place to study the composition of polluted fog water and aqSOA formation via aqueous processing of ambient aerosols due to the combination of severe air pollution and radiation fog events during every winter [Kaul et al., 2011]. These fog
events last for several hours predominantly during nighttime (usually 22:00 h to 08:00 h but sometimes until
noon). Although numerous ﬁeld studies have previously reported fog water composition, this is the ﬁrst study
that reports the observation of fog droplet size-dependent O/C ratios and volatility of DOM. These observations are accompanied by model studies that use observed data as input values and explore the role of
Fenton reactions for OH production in the droplets to reproduce trends in observed O/C ratios as a function
of droplet size.

2. Materials and Methods
2.1. Fog Water Sampling
The fog water samples were collected from December to February during the winters of 2012–13 and
2013–14, at the IIT Kanpur (Indian Institute of Technology Kanpur). Kanpur (26.4607°N, 80.3334°E) is located
in the center of the Indo-Gangetic Plain (IGP) region and is a large urban environment with a population of
∼4.5 million inhabitants [Mishra and Tripathi, 2008; GOI, 2011]. The main pollution sources in the region are
industries, domestic fuel combustion, vehicular transport [Behera and Sharma, 2010], and biomass burning,
which contribute up to 31% of submicron OA [Chakraborty et al., 2015]. IIT Kanpur is located 8 km from the
city center but within the boundary of the city. A three-stage Caltech Active Strand Cloud Collector
(CASCC)[Raja et al., 2008; Kaul et al., 2011] with 50% cutoff diameters of 22 μm, 16 μm, and 4 μm
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[Kaul et al., 2011] from the ﬁrst to third stages, respectively, was used to collect droplet size-resolved fog
water samples. In this study stage cutoff diameters are taken as diameters for coarse (C), medium (M), and
ﬁne (F) droplets. For each fog event, all three droplet size classes were collected simultaneously. On average,
coarse, medium, and ﬁne droplets represented 38%, 42%, and 20% of the total fog LWC, respectively.
The fog water collector and cloud combination probe Droplet Measurement Technologies (DMT) placed at
the roof of the building, housing other instruments such as an aerosol mass spectrometer (AMS, Aerodyne
Inc.) and a Vaisala relative humidity (RH) and temperature sensor. RH varied from 92 to 100% during fog
events with an average of 97%, while temperature varied from 2 to 10°C. After each fog event, fog water collectors were cleaned by rinsing them with high-purity deionized water (ρ > 18 MΩ cm), and ﬁeld blanks were
collected routinely to ensure the adequacy of the collector-cleaning procedures. Average ﬁeld blank values
are shown in Table S1 in the supporting information (SI). In total, 70 fog water samples were collected, out
of which four could not be analyzed due to their extremely low volume (<5 mL). The remaining 66 samples
were analyzed by AMS, but due to volume limitations, the number of samples actually analyzed in other
instruments were limited. Out of 66 samples, 37 were coarse, 15 were medium, and 14 were ﬁne droplet samples. Differences in LWC of droplet classes and variability in the maximum number of collecting bottles
allotted for different stages (three for coarse and one each for medium and ﬁne droplets) resulted in different
numbers of samples for different droplet sizes. We have considered three collecting bottles of the ﬁrst stage
as different samples, which resulted in a higher number of coarse droplet samples. This may result in some
differences in the exact cut points of the collected samples as the foremost collecting strands of the ﬁrst stage
may sample slightly larger sizes of droplets than the last strand of the same stage. However, results showed no
signiﬁcant differences among those coarse droplet samples collected during a single event; therefore, the composition of fog water in a particular size class for each fog event was assumed to be very consistent. Immediately
after collection, fog water samples were ﬁltered through a 0.22 μm membrane ﬁlter to remove any suspended
particles. Due to this instrumental limitation, the discussion in the current study is restricted to the soluble fraction of fog water samples. Filtering of fog water samples was necessary to prevent clogging of the atomizer, the
inlet of the AMS, and other instruments, although in doing so some undissolved/insoluble part of organic matter (OM) was lost. Other fog studies have shown that this fraction might comprise up to 25% of the total OM
[Herckes et al., 2002, 2013]. However, the lost insoluble materials is unlikely to be processed by fog as it is not
dissolved in fog droplets and thus does not take part in aqueous phase reactions inside the droplets.
The whole process from fog water collection to storage was usually completed within 10 min. After ﬁltration,
samples were deep frozen at 20°C in dark in polypropylene bottles until further analysis.
2.2. AMS Measurements
Real-time submicron ambient aerosol sampling using the AMS [DeCarlo et al., 2006; Canagaratna et al., 2007]
was carried out simultaneously with fog water sample collection via the fog water collector (for details, see
Chakraborty et al. [2015]). The AMS inlet lenses have 100% particle transmission efﬁciency from 70 to
700 nm and partial transmission for particle diameters from 700 nm to 1.5 μm [Takegawa et al., 2005;
DeCarlo et al., 2006; Canagaratna et al., 2007; Liu et al., 2007]. Therefore, the AMS inlet cutoff size does not
allow direct sampling of fog water droplets, but it can sample residual ambient aerosols, such as droplet residues upon evaporation during a fog event [Ge et al., 2012; Gilardoni et al., 2014; Chakraborty et al., 2015]. For
ofﬂine analysis of fog water samples via AMS and AMS + TD (thermodenuder), the samples were atomized by
a commercial TSI atomizer (Model 3079), using particle-free compressed zero air. The AMS was operated with
a silica gel drier in front of the sampling line (outlet RH < 20%) during ambient and lab-based fog water studies to prevent direct entry of moisture into the instrument. Therefore, the AMS characterization of fog water
samples presented in the current study indicates the characteristics of fog droplet processed aerosol residues, which remained in the particle phase after droplet water evaporation in the silica gel drier. However,
during drying, small, highly oxidized, volatile organics, such as formaldehyde, or formic acid, can also be
removed together with the evaporating water. This removal of small volatile organics occurs from fog water
samples of every droplet size, so our relative comparison of the composition of droplet residues remains
unaffected due to the loss of these species. These species evaporate under ambient conditions as well, so
conclusions drawn in this study about the changes in composition of ambient organic aerosol due to fog processing are meaningful. During real-time ambient sampling, the AMS also sampled submicron background
interstitial ambient aerosols present at the site before or during a fog event, which were too small and/or

CHAKRABORTY ET AL.

DROPLET SIZE-DEPENDENT FOG CHEMISTRY

4319

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024508

too hydrophobic to be activated into fog droplets. Generally, condensation nuclei for fog droplets are a fraction of the submicron aerosol population with activated fractions of <20–100%, depending on particle size
[Frank et al., 1998; Patidar et al., 2012; Hammer et al., 2014]. Therefore, real-time ambient submicron AMS data
and ofﬂine fog water AMS data can be compared to understand the extent of aqueous processing of organics
inside fog droplets. However, only soluble organic fractions in fog water are characterized here, which are
generally more oxidized (higher O/C) than insoluble and/or less hygroscopic organics [Ervens et al., 2013;
Timonen et al., 2013; Xu et al., 2015], whereas in real-time mode, AMS sampled total ambient OA, including
insoluble, less oxidized, and less hygroscopic organics. Therefore, the O/C ratio of drop residues might be
somewhat biased high in comparison to the real-time ambient OA. For clarity, in the current study, we refer
to in situ online AMS sampled, submicron ambient OA (background/interstitial/residual) as “ambient OA” and
to soluble organics in drop residues obtained from ofﬂine AMS analysis as “residual OM.”
The AMS was only operated in V mode due to its higher sensitivity, and obtained high resolution (HR) data
were processed using PIKA (v1.10H) in IgorPro [Aiken et al., 2008]. AMS calibration for calculating ionization
efﬁciency was carried out before and after the analysis of fog water samples by atomizing pure NH4NO3
particles of 350 nm diameter. In addition to that, pure (NH4)2SO4 was also analyzed in the AMS, in order to
determine different sulfate fragment ratios.
2.3. AMS/TD Measurements
For the combined AMS/TD measurements, the atomized aerosols were passed through the drier and TD (kept
at 200°C) to the AMS. The TD was built in-house with a 1 m heating section and having a 1 cm internal
diameter; aerosol residence time (RT) inside the TD was 53 s. This residence time is on the higher side as compared to usual TD analysis in the literature, but the higher residence time may also help the system to reach
equilibrium inside the TD [An et al., 2007]. Since our main objective is the comparison among different droplet
sizes, our conclusions do not strongly depend on experimental parameters, such as TD losses (around 12%)
and RT (53 s), as we maintained the same setup for all droplet sizes.
Several studies in the past have also deployed similar setups involving an atomizer for ofﬂine chemical analysis of cloud water and ﬁlter extracts using AMS [Crilley et al., 2013; Kaul et al., 2014; Canagaratna et al., 2015].
The deployed commercial atomizers can produce a very high number of particle concentrations (> 105 cm3)
and consume very little sample volume (0.1 cm3 min1) [Joshi et al., 2012; Kaul et al., 2014]. Atomized fog
water samples were ﬁrst passed through a silica gel-based diffusion drier (outlet RH < 20%) and then to
the AMS for 30 min per sample. Some of the samples were analyzed twice to test reproducibility, which
was found to be excellent as values of each parameter (mass concentrations, O/C, f44) were within 5%.
The AMS is designed for online sampling; fog water samples were analyzed ofﬂine via atomization; therefore,
AMS mass concentrations for different chemical species (OM, nitrate, sulfate, chloride, and ammonium) in fog
water samples may not represent true ambient “air” concentrations. However, this is a comparative study
among different droplet sizes, and general trends of species concentrations across the droplet sizes can be
compared from AMS results. From the AMS results, we also obtained the elemental ratios of organic matter
(OM) present in the fog water residues, and as these are normalized parameters, they are independent of the
type of analysis (online or ofﬂine).
2.4. Metal and Total Water Soluble Organic Carbon Analysis
Metal analysis was carried out by Thermo Scientiﬁc ICP-OES (Inductively Coupled Plasma Optical Emission
Spectrometer, ICAP 6300 Thermo, Inc.). This instrument uses superheated Argon plasma of 7000–10,000 K
to break down and excite the atoms of the different elements and then identiﬁes the elements from the
characteristic wavelength emitted during the relaxation process after atom excitation. It is a fairly rapid process and can identify up to 60 elements simultaneously. The instrument was calibrated using a multielement
standard, and samples were blank corrected. For Cu and Fe measurements the ICP-OES has a detection limit
of 2.4 and 3 ppb with 9% and 12% uncertainty, respectively. Since this technique detects the total amount of
Fe and Cu ions [Brennan, 2008], a fraction of which is likely unavailable for chemical reactions due to formation of metal organo complexes or salts and/or acting as a chelating agent, the assumption of all metal ions
being available for aqueous phase chemistry is likely an overestimate (section 4.1).
For the determination of WSOC concentrations in fog water, samples were analyzed in a Shimadzu total
organic carbon (TOC) analyzer (Shimadzu TOC-V 5500/TNM-1, Kyoto, Japan). TOC standards were prepared
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Figure 1. Overall droplet size-segregated fog water composition of coarse (C), medium (M), and ﬁne (F) droplets. Relative
contributions of different aerosol species in fog water residues are derived from AMS data by dividing each species mass
concentration by the total (Org + NH4 + NO3 + SO4 + Cl) mass concentration. Error bars represent ±1 standard deviation.

from a reagent grade potassium hydrogen phthalate diluted with Milli-Q water. TOC concentrations were calculated with the instrument software, and a ﬁve-point standard calibration curve that ranged from 0.05 to
200 mg/L was generated. The limit of detection was based on 3 times the standard deviation of blanks
(0.06 mg/L of C) with 9% measurement uncertainty. WSOC values also increased with decreasing droplet
sizes, similar to the AMS-measured fog water DOM trend (Figures S1 and 1).

3. Results and Discussions
3.1. Overall Composition of Fog Water Residues
The overall composition of droplet residues for all three droplet sizes, as obtained from ofﬂine AMS analysis, is
dominated by organics (Figure 1), but the organic fraction decreases from coarse to ﬁne droplet residues
(59% to 44%, respectively). The decrease is statistically signiﬁcant with p < 0.01. The reason for this is not fully
clear but may be caused by the differences in the chemical composition of the condensation nuclei, dominance of fragmentation as oxidation mechanism for highly oxidized residual OM present in ﬁne droplets,
which leads to the loss of organic mass (carbon) [Kroll et al., 2009; Daumit et al., 2014], and/or by the larger
surface-to-volume ratio of the smaller droplets that facilitates the increased uptake of OH radicals that might
lead to continuous oxidation of organic compounds, which ultimately might result in volatile products
[Ervens et al., 2003b, 2014].
WSOC mass as measured by the TOC analyzer of ﬁltered fog water samples is much higher in ﬁne droplets
(126 mgC/L, Figure 1) than in the coarse and medium ones (19 and 24 mgC/L, respectively). The range of
WSOC values varied from 7 to 209 mgC/L, which is well within the range of values (10–280 mgC/L) reported
for polluted fogs around the world [Herckes et al., 2013].
From coarse to ﬁne droplets, the transition metal concentrations increased signiﬁcantly; from 0.23 to 1 ppm
for Cu and from 0.01 to 0.18 ppm for Fe, respectively (Figure 1). The highest relative contributions from sulfate
(15%) and nitrate (21%) are also observed in ﬁne droplet residues. In some previous studies, sulfate was associated with larger droplets that have the highest LWC [Pandis et al., 1990; Moore et al., 2004a], but in this case
it seems that the higher surface-to-volume ratio, longer residence time in the atmosphere, and/or higher
metal concentrations of ﬁne droplets may have outweighed the lower LWC. In this location, fog water is more
enriched in nitrate than in sulfate, because ambient NOx levels are much higher than SO2 levels with average
mixing ratios during winter time of 4.4 ppbv and 1 ppbv for NOx and SO2, respectively [Sinha et al., 2014].
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Figure 2. (a) Measured H/C and O/C ratios for ﬁne (F), medium (M), and coarse (C) droplets. (b) Average f44 [(m/z 44)/total
OA] and f43 [(m/z 43)/total OA] signals for the three droplet classes. Red lines show the “triangle plot” for ambient OA as
suggested by Ng et al. [2011]. Error bars denote ±1 standard deviation.

The fog water pH indicated slightly acidic or neutral solutions (5.1 < pH < 7.3) and did not vary much across
droplet sizes. NH4+ concentrations were sufﬁcient to neutralize the acidic anions (SO42, NO3) in all three
droplet sizes.
Fine droplet residuals also contain the highest concentrations of all aerosol constituents, as expected (Figure S1),
since they are least dilute. Fine droplet samples result in a visibly “yellowish” solution compared to almost clear
solutions of other drop sizes (Figure S2). The presence of light-absorbing materials in fog and cloud water has
been reported before in locations impacted by biomass burning [Gelencser et al., 2003; Nguyen et al., 2012;
Desyaterik et al., 2013].
Generally, for all solutes, intradroplet variability (Figure 1) was signiﬁcant across all three droplet sizes, which
indicates that the composition of droplet residues from similar droplet size fractions also show considerable
variation from one fog event to another.
3.2. Characteristics of Organic Residues of Size-Resolved Droplet
3.2.1. O/C Ratio
AMS-derived O/C ratios of size-resolved fog droplet residues (average of all samples O/C = 0.73) are much
higher than those of ambient submicron OA, present before or during the fog (O/C ~ 0.40 and 0.54, respectively) [Chakraborty et al., 2015]. The O/C ratios of ﬁne droplet residues are also much higher than those of the
other two coarser droplet size residues, while their H/C ratio is much lower (H/C = 1.15) compared to residual
OM associated with larger droplets (H/C =1.33 and 1.29 for coarse and medium droplets, respectively;
Figure 2a). This indicates that ﬁne droplet residues contain more highly oxidized OM than coarse or medium
droplet residues. This observation is further supported by the dominance of more oxidized functional groups
like carboxylic acids in ﬁne droplet residues ([CHOgt1 (O > 1)], organic fragments in AMS containing more
than one oxygen in Figure S3) compared to the larger size droplet residues, where CH groups from less
oxidized organic compounds dominate [Frossard et al., 2014]. In terms of the O/C ratio, WSOC mass, and
OM functional group composition, coarse and medium droplet residues are very similar; the reason for these
similarities between coarse and medium droplet residues can be attributed to similarities in their LWC as
described in section 2.1. In the case of medium droplet residues, a clear split is observed in their O/C ratio,
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ranging from moderate to higher O/C (Figure 2a). The reason for this trend is not fully clear; future investigations to explain this observation with a higher number of samples of fog water are warranted.
In the present study, the average O/C ratios of fog water residual organics for all three droplet classes are
much higher than the values reported in other studies for bulk fog and cloud water (O/C = 0.43 and 0.62,
respectively) [Mazzoleni et al., 2010; Zhao et al., 2013b]. However, in those studies, fog water samples are
directly analyzed via the soft ESI (electro spray ionization) technique without any prior drying, so some differences may have been caused by the analysis of the different media (fog water versus residues) and different
methods of analysis (hard electron impact ionization in AMS versus soft ESI technique). A large fraction of
dissolved fog water OC is usually composed of small volatile organic acids and aldehydes, e.g., HCHO and
HCOOH [Ervens et al., 2013; Herckes et al., 2013], which largely evaporate during water evaporation [Daumit
et al., 2014] while passing through the silica gel drier in front of the AMS and, therefore, are unlikely to contribute to the fog residue O/C. However, the residual + interstitial ambient OA during fog events also had
much lower average O/C ratio (0.54) than the fog water organic residues (average O/C = 0.73) but exhibited
a higher ratio than prefog ambient OA (average O/C ~ 0.4, range: 0.30–0.60). However, as mentioned earlier,
ambient OA consists of both more oxidized water-soluble and less oxidized nonsoluble organics, while fog
droplet residues only represent the soluble fraction of OM. Therefore, it is important to identify whether these
higher O/C ratios inside fog droplets have resulted from scavenging of water-soluble, highly oxidized organics from ambient OA or whether oxidative processing occurred on organics inside the droplets.
Unfortunately, characteristics of water-soluble organics of ambient OA have not been separately measured.
However, oxidized ambient OA can be considered to be a proxy of WSOA (water-soluble OA) [Timonen et al.,
2013], so using source apportionment of ambient OA, one can separate out the oxidized (secondary) OA from
total ambient OA, thus, indirectly quantifying the WSOA contribution to total OA. Based on source apportionment of ambient OA [Chakraborty et al., 2015], OOA, i.e., oxidized OA and aged biomass burning OA (BBOA)
factors have been identiﬁed, which are both secondary or atmospherically processed OA with much higher
O/C ratio in addition to several primary factors, i.e., HOA (hydrocarbon-like OA, which mostly originates
from vehicular emissions) and BBOA. Based on this previous analysis, we have calculated the bulk O/C
ratio of prefog WSOA (section 1 and Figure S4 in Supporting Information S1) and found it to be much higher
(O/C = 0.60) than the O/C ratio of prefog ambient total OA (O/C = 0.47) but even lower than the average O/C
value of least oxidized coarse droplet residues (O/C = 0.68). This suggests that aqueous oxidation has occurred
inside the droplets leading to an enhancement of the O/C ratio. This enhancement is also reﬂected in trends of
the O/C ratio of ambient OA as it increased from prefog to postfog periods (Figure S5).
These ﬁndings could have important implication for smog-fog-smog cycle proposed by Munger et al. [1983].
Highly oxidized and possibly more hygroscopic fog residues [Asa-Awuku et al., 2015] can interact more
efﬁciently with atmospheric moisture, thus paving the way for more smog and fog formation under suitable
meteorological conditions. The addition of these highly oxidized fog-processed residues to preexisting
aerosols increases their soluble mass and therefore may lead to higher drop numbers during a fog event.
In a previous aerosol volatility study, it was found that ﬁne droplet residues contain more low volatility OM
than coarser ones, in line with their higher O/C ratios (cf. also section 3.2.3) [Jimenez et al., 2009]. However,
the volatility and O/C relationship is very complex, and higher O/C does not always lead to lower volatility
as reported in a few previous studies [Tritscher et al., 2011; Paciga et al., 2016]. Volatility can be inﬂuenced
by several other parameters like carbon number, molecular structures, and ambient conditions [Kroll et al.,
2011; Tritscher et al., 2011; Donahue et al., 2014; Paciga et al., 2016].
3.2.2. Triangle Plot
In order to elucidate the difference further among residues of differently sized fog droplets, the f44 versus f43
triangle plot [Ng et al., 2011] is used (Figure 2b). In this plot, f44 denotes the mass of (m/z = 44)/total OA and
f43 is the mass of (m/z = 43)/total OA. In the AMS, m/z = 44 usually originates from the decarboxylation of
organic acids [Takegawa et al., 2005; Zhang et al., 2005], while m/z = 43 is from fragmentation of less oxidized
aldehydes and ketones [Miyakawa et al., 2008]. As OA aging continues, f44 typically increases, whereas f43
decreases indicating the conversion of less oxidized aldehyde or ketone functional groups to more oxidized
carboxylic functional groups, thus, causing a shift of the data points toward the upper left corner in the triangular space. This triangle plot also reveals that the ﬁne droplet residues contain more aged and oxidized OM
than the residues of the other two droplet sizes. There are several explanations for this trend: (i) Fine droplets
have a higher surface-to-volume ratio than larger ones which allows faster dissolution of small carbonyls that
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might act as aqSOA precursors in those droplets [Ervens et al., 2003b]. (ii) Not only the uptake rates of organic
compounds but also those of oxidants (e.g., OH radicals) are enhanced, which leads to more efﬁcient
oxidation of aqSOA precursors [Ervens et al., 2014]. (iii) The concentration of Fe and Cu ions is many times
higher inside ﬁne droplets than in coarser ones (Figure 1), possibly leading to additional OH radical production but also to other complex interactions in terms of organic ligand chemistry and other oxidant cycling.
However, the effects associated with metal chemistry cannot be fully quantiﬁed here due to the lack of complete information of their dissolved fraction in fog water (cf. section 4). (iv) The ambient residence time of ﬁne
droplets can be expected to be generally higher (slower settling) as compared to larger droplets, so organics
inside the ﬁne droplets might be processed for longer duration. (v) It is possible that ﬁne and coarse droplets
have formed on condensation nuclei with different composition [Gupta et al., 2004; Singh et al., 2011]. It
seems likely that all of these reasons might have contributed to the observed trends to some extent; however, based on the current data set, only (i) and (ii) can be considered as more certain, whereas the other ones
are rather speculative.
3.2.3. Volatility of Residual OM
Fog water samples were atomized and passed through a silica gel drier and TD kept at 200°C to the AMS to
determine the extremely low volatility (ELV) fraction of residual OM. This remaining mass fraction (MFR) is the
fraction of the mass of the droplet residues that remains in the particle phase after being heated at 200°C
inside the TD. Residues left behind after droplet evaporation are already less volatile than the volatile species
that evaporate simultaneously with fog water. However, most of the AMS + TD-based ﬁeld volatility studies
[Huffman et al., 2009; Häkkinen et al., 2012; Poulain et al., 2014; Gkatzelis et al., 2016] were conducted on
previously dried ambient aerosols (usually inlet RH < 20%) with a wide range of heating temperatures from
50°C to 400°C, and the main aim of those studies was to evaluate the volatility proﬁles of ambient OA. Results
of those studies indicated that the major fraction of the ambient OA is semivolatile in nature [Huffman et al.,
2009; Lee et al., 2010; Häkkinen et al., 2012], i.e., it was evaporated at 150–200°C. This means that, depending
upon atmospheric conditions, they can be present in the gas or particulate phases, respectively [Huffman
et al., 2009]. Although ambient particles will never be exposed to 150–200°C, the vaporization enthalpy as
determined in the TD allows conclusions about its gas/particle partitioning in the ambient atmosphere.
Therefore, the result of our volatility study provides some indication about the fractions of these droplet sizeresolved oxidized residues being ELV or semivolatile in nature. The ELV fraction is more likely to remain in the
particle phase under different ambient conditions, whereas the semivolatile fraction may (partially) escape to
gas phase during daytime when temperatures are high and ambient concentrations are diluted due to boundary layer expansion. This kind of size-segregated volatility measurement of fog droplet residues has not been
carried out before. The relative comparison among the residues of the three droplet sizes demonstrates that ﬁne
droplet residues with highest O/C ratios also contain the highest fraction of ELV OM, while coarser droplet residues with lowest O/C ratios contain the lowest fraction. The difference in MFR between coarse (0.35 ± 0.05) and
ﬁne droplets (0.43 ± 0.04) is modest in magnitude but statistically signiﬁcant, p < 0.03 (Figure 3a). This result is in
agreement with the conventional inverse relationship between OA oxidation ratio and OA volatility [Jimenez
et al., 2009]. These results also demonstrate that a major fraction of residual OM is semivolatile to moderately
volatile in nature. However, a substantial fraction (>30%) of residual OM is most likely to remain in the particulate phase under ambient conditions. Interestingly, the fraction of residual OM left behind after TD treatment
with a RT of 53 s is still higher than the MFR reported (0.10–0.20) during nonfoggy periods for ambient OA from
several studies at other locations at 200°C and with much shorter RT (10–15 s) [Huffman et al., 2009; Lee et al.,
2010]. The contribution of these highly oxidized residues may impact the bulk properties of total background
ambient OA, which is reﬂected in Figure S5 where postfog (daytime period after a fog event) O/C ratios and oxidized OA concentrations are signiﬁcantly higher compared to prefog periods. Note that the organics lost inside
TD do not include highly volatile species (e.g., HCHO and HCOOH) that evaporate upon fog water evaporation,
as the atomized fog water is ﬁrst passed through a silica gel drier before being heated in TD and analyzed by
AMS (section 2.3). However, these compounds are not thought to contribute to ambient residual mass, as in
ambient fog they also escape to the gas phase during drop evaporation.
The dominance of semivolatile materials in residual OM in spite of overall high O/C ratios is not entirely
surprising considering that laboratory studies suggested that aqueous oxidation can produce organics with a
wide range of volatilities, ranging from volatile to extremely low volatility products [Dennis-Smither et al.,
2014; Yu et al., 2014]. For coarse and medium droplet residues, the difference in the O/C ratios due to TD
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Figure 3. (a) O/C ratio (left axis) and remaining mass fraction (MFR; right axis) and (b) f44 versus f43 in ﬁne (F), medium (M),
and coarse (C) droplets before and after passing through a thermodenuder. Error bars represent ±1 standard deviation for
each droplet size class.

treatment is insigniﬁcant, but for ﬁne droplet residues there is a statistically signiﬁcant increase (p < 0.03); in the
triangle plot (Figure 3b), it is observed that only for ﬁne droplets after TD treatment the point moved to the
upper left corner, i.e., f44 increased while f43 decreased (both are statistically signiﬁcant changes, p < 0.02),
which means that in the ﬁne droplet residues, less oxidized organics are also more volatile in nature.
For large droplet residues, f43 decreases without any corresponding increase in f44 after TD treatment,
which is a notable difference to trends for ﬁne droplet residues. Changes in the O/C ratio before and after
passing through the TD are also insigniﬁcant for large droplet residues. These ﬁndings indicate that in
coarse droplet residues, the difference in volatility between remaining and evaporated organics cannot
be explained by the O/C ratio and/or aging alone. This is not very surprising since several other factors
apart from O/C can inﬂuence volatility of organics [Tritscher et al., 2011; Paciga et al., 2016]. In addition,
Altieri et al. [2008] have shown that higher molecular weight compounds and/or oligomers formed in cloud
usually have lower O/C ratios than their monomeric parent compounds but are likely to be less volatile due
to a higher number of carbon atoms [Jimenez et al., 2009]. Therefore, it seems possible that the remaining,
relatively low volatility but less oxidized organics in the coarse droplet residues are oligomers and/or other
high-molecular-weight compounds [Hallquist et al., 2009].
3.3. OrganoSulfur Compounds as Tracer Compounds for Aqueous Phase Processing
Often, the presence of organosulfur compounds is considered evidence of aqueous processing as they are
mostly formed via aqueous chemistry [Ervens et al., 2011; McNeill et al., 2012]. Organosulfur compounds found
in ambient aerosols can comprise organosulfates (OS, ROSO3) [Perri et al., 2010] or sulfonates such as
methane sulfonic acid (MSA, CH3SO3H) and hydroxyl methane sulfonate (HMS, HOCH2SO3) [Whiteaker
and Prather, 2003; Dall’Osto et al., 2009; Ge et al., 2012]. Unambiguous and quantitative identiﬁcation of
any type of organosulfur compounds is very difﬁcult using AMS as it uses a hard thermal decomposition process resulting in complete fragmentation of the parent molecules [Farmer et al., 2010; Hawkins et al., 2010].
Most of these compounds will be fragmented into smaller SO+ and SO2+ ions, which might be falsely
assigned to inorganic sulfates in the AMS fragmentation table [Hawkins et al., 2010]. In a previous study, it
was concluded based on chamber experiments that some covalent C–O–S bonds of OS may have been
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retained inside the AMS even after vaporization, although no OS fragments were directly identiﬁed in that
study [Liggio and Li, 2006]. MSA was qualitatively determined in a previous study of fog-processed ambient residual aerosols using high-resolution (HR) AMS [Ge et al., 2012]. Farmer et al. [2010] suggested that fragments like
CH3SO2+ originate from both OS and adducts (sulfonates) in the AMS and can provide an upper estimate of organosulfur compounds present by comparison with organosulfur AMS standards. We observed several organosulfur fragments in HR AMS spectra of fog droplet residuals (Figure S6); the signals of these fragments are clear
enough for unambiguous differentiation from adjacent ions. Fragments identiﬁed in fog water (Figure S6) match
those of methane sulfonic acid (MSA, CH3SO3H) in the AMS spectra [Ge et al., 2012]. Apart from that, the presence
of HMS, considered as another tracer for aqueous processing [Whiteaker and Prather, 2003; Dall’Osto et al., 2009],
is also identiﬁed qualitatively via AMS. As HMS formation is generally accelerated at higher pH (>6), the relatively
high pH values of collected fog water samples (5.3 < pH < 7.1) have provided suitable conditions for HMS
formation and stability. The ratio of different sulfate AMS fragments (SO+/SO3+ and SO2+/SO3+) is higher for samples containing HMS as compared to samples with only ammonium sulfate, since some fragments, such as SO3+,
are not produced by HMS [Dall’Osto et al., 2009; Ge et al., 2012]. These ratios (SO+/SO3+ and SO2+/SO3+) are nearly
2–3 times higher in residual OM (11 and 17, respectively) compared to the ratios observed in ambient OA (5 and
6, respectively) during the study period. These ratios are also much higher than those from pure ammonium
sulfate fragments (5 and 7, respectively) determined by our AMS. Therefore, it seems that OS, such as HMS, are
present inside fog water residues in signiﬁcant quantity. We have not analyzed any organosulfur standards in
our AMS, so we are unable to provide any quantitative estimates. Interestingly, no organosulfur fragments were
identiﬁed in AMS spectra of the real-time ambient (background) OA mass taken during the foggy periods of
2012–13 and 2013–14, which strongly suggests that OS were formed in the fog droplets.

4. Trends in aqSOA Formation Predicted by Box Model Studies
4.1. Model Description
In order to explore the reasons for the drop-size-dependent trends in OA loading and oxygenation state,
model simulations were performed with a particular focus on the role of OH sources within the droplet.
The detailed model description can be found in section 3 of SI, with the initial aqueous phase concentrations
in Table S1, uptake parameters in Table S2, and gas phase mixing ratios in Table S3. We do not attempt to
exactly reproduce the chemical composition of the fog droplets or their residues due to the lack of detailed
gas phase measurements during the study period. Instead, we chose glyoxal as a proxy of aqSOA precursors,
since its oxidation chemistry has been studied in detail before [Lim et al., 2013], and simulate its oxidation
chemistry in fog droplets. This approach is quite simpliﬁed and might lead to an overestimate of the resulting
O/C ratios as other precursors are known to produce less oxidized compounds. However, a relative comparison between the droplet sizes is still meaningful and reveals sensitivities of trends in O/C ratios to oxidant
levels and droplet sizes. The goal of the model studies is to predict trends in oxygenation state (O/C) throughout the drop population and therefore to test our understanding of aqSOA formation and processing within
the aqueous phase. Assumptions of O/C ratios of aqSOA products upon glyoxal oxidation are discussed in
section 3 of S1.
The three droplet classes in the model are represented by average drop sizes (10, 20, and 25 μm) that are created from averages of the measured droplet populations (Figure S7). OH in the gas phase is initialized with a
relatively low concentration (5 · 104 cm3), which corresponds to typical levels as observed during night at
other locations, which seems appropriate for the foggy periods that occurred mostly during nighttime and
morning hours. These concentrations result in glyoxal concentrations of a few tens of parts per thousand
upon oxidation of proxy precursors (toluene, benzene, and isoprene; Table S3) and glyoxal productions rates
of <10 ppt/s, being in agreement with prior measurements at various locations [Washenfelder et al., 2011].
In a ﬁrst simulation, it is assumed that all OH in the aqueous phase is transported from the gas phase. The
second simulation considers Fenton reactions as an additional OH source and subsequent recycling of the
oxidized metal ions via

Fe2þ =Cuþ þ H2 O2 →Fe3þ =Cu2þ þ OH þ OH
Fe =Cu
3þ
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Figure 4. Predicted and observed (dotted lines) average O/C ratios for drop sizes 10 μm (red), 20 μm (blue), and 25 μm
(black). Model results are bounded by the assumptions that none (solid lines) or all (dashed lines) Fe and Cu ions are
available for photochemical Fenton reactions. Bold lines mark ranges for assumed fog thickness of 20–50 m.

Fe and Cu concentrations for the three drop classes were taken from the fog water measurements (section 2.4).
While we assume in the second simulation that all Fe and Cu ions are available for aqueous phase reactions, this
assumption might represent an overestimate since not all ions might be dissolved. Previous measurements of
the photochemically available fraction of iron in aerosol particles have shown values from <3% to 100% [Siefert
et al., 1996]. In fog and stratus clouds, this fraction was on average smaller (2–53%) for iron, whereas it was
similar for copper (13–100%) [Siefert et al., 1998]. The model does not include the direct photolysis of
metal-organo-complexes (e.g., iron-oxalato complexes). Under particular conditions, these processes might
be a substantial sink for oxalate [Sorooshian et al., 2013]; however, for ligands other than oxalate, they will
not affect a large fraction of the total OM [Weller et al., 2014].
Previous model sensitivity studies have suggested that under many conditions OH uptake is the main OH
source in the aqueous phase, followed by Fenton reactions [Ervens et al., 2003a; Tilgner et al., 2013]. Some studies suggest that additional OH sources in the aqueous phase exist, e.g., from organic compounds [Zhao et al.,
2013a]; however, due to the lack of mechanistic data, these sources cannot be quantiﬁed to date yet. Due to
these canceling effects (i.e., overestimating the role of Fenton reactions and neglecting other OH aqueous
phase sources), we think that our assumption of using Fenton reactions as the only chemical OH source is a
reasonable approximation of a high limit of OH in the aqueous phase. A recent sensitivity study suggested that
OH-initiated aqSOA formation in the aqueous phase is OH-limited since the moderately soluble OH radical is
not sufﬁciently fast transported into the droplets, and aqueous phase OH sources are not efﬁcient enough to
compensate the OH loss to organics [Ervens et al., 2014]. In this latter study, it was shown that on a drop-to-drop
basis, aqSOA is most efﬁciently formed in small droplets as they have the highest surface-to-volume ratio and
solute concentrations and, therefore, the highest OH concentration and lowest OH limitation, respectively.
4.2. Model Results
The order of O/C ratios in Figure 4 as predicted by the model follows the observed trends (Figure 3a). Droplets
of different sizes likely have different lifetimes and therefore processing times. In order to give a trend of such
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time scales, in Figure 4, ranges for assumed lifetimes are marked for the different droplet sizes in the fog layer.
As the thickness of the fog layers at the measurement location varied, a range of fog thickness is assumed
(20–50 m), in agreement with typical values for radiation fogs. The droplet lifetimes were calculated under
the assumption that droplets fall from the middle of a fog layer to the ground [Seinfeld and Pandis, 2006].
The resulting time is an average value since other droplets fall from the top of layer and will have a longer
lifetime, whereas droplets that fall from near the fog base live shorter. These assumptions bound the lifetime
of a droplet, and therefore, the time that is available for aqueous phase processing in a very approximate
manner. However, in order to estimate trends and due to lack of other means to estimate this time scale, it
seems a reasonable approach. Due to the relatively high RH during foggy periods (average RH = 97%, range
of 92–100%, associated measurement uncertainty is 5%), faster evaporation of small droplets was likely
negligible as compared to their settling.
The predicted O/C ratios using OH uptake as the only OH source are lower than the observed ones for all drop
sizes. If chemical OH sources in the aqueous phase are added (“with Fe, Cu” in Figure 4), O/C ratios tend to be
overestimated. However, it should be kept in mind that the model only simulates aqSOA formation from
glyoxal. The predicted products oxalate and glyoxylate have a much higher O/C ratio (1.5 and 2, respectively)
than frequently found for total aqSOA [Lim et al., 2010; Ervens et al., 2011; Lee et al., 2012]. Comparing the relative
differences between predicted O/C ratios for the three drop sizes (Figure 4), the simulations without metal ions
(solid lines) show that the O/C ratio in the two largest size classes (medium and coarse) are very similar to each
other, whereas the smallest one is predicted to exhibit the highest O/C ratio, in agreement with trends in the
measurements (Figure 3a). The results suggest that the role of metal ions in producing OH might have been
overestimated, in particular for the smallest droplets where incomplete dissolution might be most likely due
to lowest LWC. As discussed earlier, assuming that all measured metal ions are available for aqueous phase
reactions likely represents an overestimate. However, additional aqueous phase reactions might also lead to
OH radicals (e.g., direct photolysis of H2O2 and nitrate [Ervens et al., 2003a], or organics); however, their role
might be relatively small due to low photochemical activity in the morning hours.
The model studies conﬁrm the general trends in O/C ratios of the measurements. Exact agreement in predicted SOA mass and O/C ratios cannot be expected, since we restricted our simulations to oxidation of
glyoxal only, whereas in ambient fog droplets and residues many additional organics will contribute to the
organic fraction. Comparison of the two simulations (only OH uptake, and additional chemical OH source
in the aqueous phase as denoted as “without Fe, Cu” and “with Fe, Cu,” respectively, Figure 4) suggests that
not only the higher surface-to-volume ratio of the smaller droplets but also trends in metal concentrations
that initiate OH formation as well as estimates of processing times are needed to fully represent variability
in oxygenation states within a fog droplet population.

5. Atmospheric Implications and Conclusions
Fog water analysis via AMS revealed that ﬁne droplets (diameter: 4–16 μm) are more concentrated in terms of
organic and inorganic solutes as compared to medium (16–22 μm) and coarse (>22 μm) ones. Residues of
ﬁne droplets are more enriched in more highly oxidized and low volatility OM as evident from their higher
O/C ratio and higher mass fraction remaining in the TD as compared to coarser ones. A substantial portion
(>50%) of residual organics left behind by evaporated droplets is removed upon heating at 200°C, indicating
that much of the highly oxidized residues are semivolatile in nature. However, it also indicates that a decent
portion of droplet residues will remain in the particulate phase and possibly impact the properties of background aerosols as evident from the increase in the O/C ratio that occurred during fog events as shown by
the comparison of prefog and postfog samples. Accompanying box model studies support that ﬁne droplets
can produce much more highly oxidized material than their larger counterparts. Model results also indicate
the importance of metal-assisted Fenton reactions in producing highly oxidized OM. Our ﬁndings also
suggest that to accurately predict SOA formation and processing in fog/cloud droplets and their effects on
ambient aerosols, one needs to take into account fog/cloud microstructure, such as droplet size distribution
and lifetime, LWC, thickness, and duration. These conclusions are similar to those that were drawn in earlier
studies on sulfate formation [Moore et al., 2004b].
In South Asia, fog frequency has increased in the last few decades along with air pollution [Mohan and Payra,
2009; Syed et al., 2012]. Polluted air with more aerosol particles and higher mass loadings usually is more
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prone to form fog with more numerous but smaller droplets [Bréon et al., 2002; Pandithurai et al., 2009]. The
smaller drops settle more slowly and thus enhance fog duration and limit cleansing. Therefore, this shift
toward smaller fog droplet sizes might lead to enhanced production of highly oxidized, less volatile SOA
mass, which in turn might impact the resulting particle properties in terms of hygroscopicity and lifetime.
Such trends might (partially) reverse the role of fog as a natural cleansing agent of the atmosphere due to
efﬁcient ﬁne particle scavenging and settling of droplets.
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