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To investigate the relationships among the chemical compositions of fog
droplets, atmospheric pollutants, and the fog microphysical characteristics,
four fog cases were sampled in a comprehensive field experiment conducted at
the Donghai site in an agricultural city, China, in the winter of 2020. The pH,
electrical conductivity (EC), total ion concentration (TIC), and chemical
compositions of the fog water were all size-dependent. High concentrations
of non-sea-salt calcium (nssCa®*) and NH4* led to the alkaline pH of 6.13-7.32.
The TIC of fog water was relatively high, especially in small droplets of diameter
within 4-16 pm (463527.9 peq/L). The relatively high NO,™ concentration was
also found in the fog water, dominated by the non-homogeneous chemical
reaction between NO, and fog droplets. An interesting finding is that the TIC of
fog water measured on December 12 was much higher than that measured on
December 11. Compared to the first fog, the stronger thermal inversion and
local emissions led to the higher concentration of atmospheric particles in the
second fog. Generally, the relatively high concentration of atmospheric
particles resulted in a large number of small-sized droplets, which had fast
liquid-phase oxidation reaction rates and high gas-liquid conversion
efficiencies, leading to a higher TIC in the fog water during the second fog.

KEYWORDS

fog chemical compositions, size-dependent characteristics, atmospheric
environment, aerosol-fog interactions, agricultural city

Abbreviations: abrRH, relative humidity; abrAQl, air quality index; abrMDLs, minimum detection limits;
RSDs, relative standard deviations; AP, acidification potential; CASCC1, Caltech Active Strand
Cloudwater Collector;CCN, cloud condensation nodule; EC, electrical conductivity; LWC, liquid-
water content; MVD, mean-volume diameter; N, number concentration; NP, neutralization potential;
nssCa2+, non-sea-salt calcium; PM, particulate matter; S, surface area; TIC, total ion concentration; T,
temperature; VWM, volume-weighted mean; WS, wind speed; WD, wind direction.
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Highlights

o The pH, electrical conductivity, and ion concentration of
fog water were all size-dependent.

o The non-homogeneous chemical reaction of NO,
dominated the high NO,™ concentration in the fog water.

o The level of ion concentration in the fog water depends on

the physicochemical processes of the droplets.

1 Introduction

Fog is the visible aggregation of many water droplets and ice
crystals suspended in the atmosphere close to the ground (Niu
et al,, 2010a). Essentially, fog is formed by activating aerosol
particles under supersaturation conditions (Hoag et al., 1999).
Aerosol-fog interactions change the size-dependent chemical
composition of fog droplets. This is mainly determined by the
liquid phase reaction rate and the fog scavenging effect (Reilly
et al,, 2001; Moore et al., 2002). Fog droplets can effectively trap
pollutants near the surface, enhancing the formation of the
secondary aerosols through liquid-phase oxidation reactions,
which in turn increase the aerosol concentration (Pandis and
Seinfeld., 1989). The acidity and catalyst content in fog droplets
affect the liquid phase reaction rates of different ionic
components (Reilly et al, 2001). The concentration of ion
components determines the pH of droplets. The difference in
the concentration of ion components in different droplet sizes
causes size-dependent pH; for instance, the small droplets are
generally more acidic (Collett et al., 1999). The size-dependent
pH in turn affects the oxidation processes, thereby the chemical
compositions in the fog droplets (Gurciullo and Pandis, 1997).
Additionally, fog can reduce the ambient aerosol concentration
by removing part of the aerosol particles through scavenging and
settling effects (van Pinxteren et al., 2016; Li et al.,, 2017a; Izhar
et al., 2020). The scavenging efficiency depends on the droplet
size, contributing to the size-dependent chemical composition in
fog droplets.

Theoretically, a decrease in aerosol loading could increase the
ambient supersaturation when ignoring the changes in the source
term of supersaturation. In this way, the activation rate of cloud
condensation nuclei (CCN) increases, thereby changing the
chemical and microphysical characteristics of fog (Guo et al,
2015). Many fog field experiments have shown that fog
chemical characteristics depend on the physical and chemical
properties of CCN, fog microphysical processes, and non-
homogeneous chemical reactions on the droplet surface
(Munger et al.,, 1983; Hoag et al., 1999; Moore et al., 2004; Guo
etal, 2012). Water-soluble ions from CCN and surrounding gases
enter the droplets through chemical reactions, participating in
dissolution, diffusion, dilution, and secondary reactions. Small
droplets correspond to a large total surface area and a strong
ability to absorb pollutants, resulting in a high concentration of
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water-soluble ions (Li et al., 2017a; Hu et al,, 2019). Therefore, the
chemical characteristics of fog water are closely related to droplet
size. Thereto, the comprehensive fog field experiments on its
physicochemical ~characteristics are urgently needed to
investigate the relationship among the fog chemical and
microphysical characteristics, and atmospheric pollutants.

In recent years, fog chemical characteristics have been
focused on in China. Radiation fog mainly occurs in inland
areas; the main anion in the fog water is SO,>, and the cation is
mostly Ca®* and NH," (Lu et al,, 2010; Zhang et al., 2021). Sea fog
is mostly advective fog, with Na* and CI” as the main ionic
components (Yue et al,, 2014). Hu et al. (2019) and Zhang et al.
(2021) showed that secondary water-soluble ions (NH,*, NO;~,
and the

concentration of ions showed a U-shaped profile with droplet

and SO,*) were enriched in small droplets,
size. Zhu et al. (2018) found that NH," concentration was higher
in small droplets, whereas SO,* and NO;~ concentrations were
higher in large droplets at Mount Tai, China; Ca®* and Mg*"
concentrations decreased with decreasing droplet particle size.
Hu et al. (2019) reported the fog water was severe acidification in
the winter of 2016 at Mount Lu, and the acidification
transformed from sulfuric acid to mixed sulfuric and nitric
acid, which was different from that observed at Mount Lu in
1998 (Zhang and Qin, 1998). Thus, fog water size-dependent
characteristics varied with sampling locations and times.
Jiangsu Province is one of the most polluted areas in China.
Extensive field fog experiments have been conducted in Jiangsu
Province and surrounding areas (Li et al., 2011; Li et al., 2017b;
Xu et al,, 2018; Zhu et al., 2018; Zhang et al., 2021), but mainly
focused on the industrial and commercial cities. To fill up the
research in agricultural regions, we conducted a 2-month field
fog experiment in the winter of 2020 at the Donghai County
Meteorological Bureau observation site in Jiangsu Province.
Chemical characteristics of the size-dependent fog water are
focused on in this study. The remainder of this paper is
organized as follows. Section 2 introduces the data and
methods. Section 3 presents the chemical characteristics of
size-dependent fog water. Section 4 shows the significant TIC
difference between two persistent fog cases. Finally, concluding

remarks are presented in Section 5.

2 Materials and methods
2.1 Field experiment

Donghai County belongs to Lianyungang City, located in the
northeastern part of Jiangsu Province. It is approximately 90 km
from the Yellow Sea and belongs to the plains and mountains at
the southeast edge of the North China Plain. The resident
population of Donghai County is approximately 1.18 million,
who are mainly employed in agriculture. The study site is located
in the observation field of the Donghai County Meteorological
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Observation site

(A) Geographical location of the Donghai site in Jiangsu Province, China, (B) surrounding of the observation site, and (C) photo of the

observation site.

Bureau (34.32° N, 118.42° E, altitude 30 m), which is surrounded
by farmland, lakes, and industrial manufacturing bases, as shown
in Figure 1.

We used a three-stage Caltech Active Strand Cloudwater
Collector 1 (CASCCI1) to collect fog water within three diameter
ranges. The first stage (S1) collected large fog droplets of diameter
larger than 22 pm; the second stage (S2) was for medium droplets
of diameter within 16-22 pm; the third stage (S3) was for the
small droplets of diameter within 4-16 um. The collection
efficiency for these cut-off diameters was 50% (Demoz et al.,
19965 Spiegel et al., 2012). See Zhang et al. (2021) for its collection
principle. Before sampling, we repeatedly soaked and cleaned the
CASCCI using the ultrapure water with a resistivity of 18.2 MQ/
cm. The CASCCI1 was also cleaned after collecting fog water at
each fog event to avoid the effects of residual fog water. When the
visibility dropped below 1 km, the CASCC1 was turned on. The
collection bottle was replaced when the volume of the collecting
fog water was greater than 10 ml. During this experiment, 4 fog
cases were observed, and 21 fog water samples were collected,
including 10 Slsamples, 6 S2 samples, and 5 S3samples.

During this experiment, fog microphysical characteristics
were also measured using a Fog Monitor model 120 (FM-120,
DMT). FM120 counts and sizes droplets with diameters ranging
from 2 to 50 um divided into 30 bins, with a sampling frequency
of 1Hz. A self-developed Unmanned Aerial Vehicleupper
(UAV) was used to obtain the vertical profiles of the ambient
temperature (T), relative humidity (RH), wind speed (WS), and
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wind direction (WD). The T, RH, WS, WD, and atmospheric
pollution concentrations were observed at the ground-based
observation site.

2.2 Sample analysis

The pH and EC of the fog water were measured using a
pH meter (Metrohm 827) and a conductivity meter (DDS-11A).
In the laboratory, the fog water samples were ultrasonically
shaken for 1h, then filtered through a 0.22-um aqueous filter
head. Water-soluble ion concentrations were determined using a
chromatograph (Metrohm 850 Professional IC), which included
Na*, NH,", K*, Mg**, Ca*, Cl", NO,", NO;7, and SO,*. The
MetrosepC6-150/4.0 and MetrosepC4Guard/4.0 were used for
cation separation and protection column models, respectively;
the MetrosepASupp16-250/4.0 and MetrosepASuppl6Guard/
4.0 were used for anion separation and protection column
models, respectively. We eluted the cations at 0.9 ml/min with
4 mmol/L HNOj; and the anions at 0.8 ml/min with 7.5 mmol/L
Na,COj; and 0.75 mmol/L NaOH. The volume of the quantitative
loop for anions and cations was 100 pL. The column temperature
was maintained at 45°C. Ultrapure water was used to dilute the
solution.

The minimum detection limits (MDLs) of Na*, NH4", K,
Mg**, Ca*', CI', NO,", NO;~, and SO,* were 0.0340, 0.0354,
0.0502, 0.0155, 0.0436, 0.0208, 0.2014, 0.0456, and 0.0270 mg/L,
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TABLE 1 Comparison of pH, electrical conductivity (EC), and main ion concentrations of fog water measured in different regions.

Location Time pH EC

(uS/cm)

Donghai site, China Winter 2020-2021 6.13-7.32  89-1955
Urban
Nanjing, China Winter 2017 7.07-8.03  101.1-1323
Nanjing, China Winter 2013 2.73-6.97 167-1991
Coastal
Baengnyeong Island, Korea Summer 2014 3.48-5.00 Not tested
Western North Pacific Summer 2012 3.35-3.83  Not tested
Shanghai, China Whole year 4.68-6.58  72.8-8250
2009-2010
Guangzhou, China Spring 2005 5.35-5.85  280-5800
Suburb
Xishuangbanna Rainforest, Winter 2019-2020 6.96-8.06  40-300
China
Mount Monduver, Spain Whole year 51-7.7 21-240
2009-2011
Mount Tai, China Summer 2015 3.60-6.60  26-547
Mount Tai, China Whole year 2.56-7.64 Not tested
2007-2008
Kern Wildlife Refuge, Winter 1995-1996 6.40-7.50  Not tested

United States

respectively; the lower limits of determination were 0.1361,
0.1417, 0.2008, 0.0622, 0.1743, 0.0830, 0.8057, 0.1824, and
0.1078 mg/L, respectively. The relative standard deviations
(RSDs) were 0.23%-3.18%, and the corresponding recoveries
were 80.5%-113.4%.

3 Chemical characteristics of three-
stage fog water in donghai site

3.1 pH, electrical conductivity, and total
ion concentration

The pH and EC are the basic chemical characteristics of fog
water, reflecting the acid-base balance and total ionic content.
Table 1 compares the pH, EC, and main ion concentrations of fog
water measured in this study with those reported in other studies.
The pH range of three-stage fog water was 6.13-7.32, with an
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Diameter SO, NO;~ NH,* Ca*>* References
(neq  (neq (neq  (neq
LY L LY LY
>22 um 3329.9 1141.1 5722.6 2071.6 This work
16-22 pm 5691.9 2228.1 7862.4 4319.5
4-16 um 96952.5 45912.5 1968229 773782
>22 um 2,079 2,069 2,068 3,052 Zhang et al. (2020)
16-22 um 1,607 1,618 1,905 2,374
4-16 um 3,226 2,850 3,180 4,081
>22 um 1,245 2,199 3,739 2,157 Zhang et al. (2020)
16-22 pm 1,221 2,317 4,822 1,215
4-16 pm 2,850 5,905 11,745 2,755
>4 pm 1,460 1,260 2220 154 Boris et al. (2016)
>3.5 um 396.3 35.8 129.3 46.9 Kim et al. (2019)
>3.5 um 2,830 2,416 4,005 2,064 Li et al. (2011)
41454 13884 5106 22782 Wu et al. (2009)
>22 um 59.4 39.6 56.5 397.7 Wang et al. (2021)
16-22 um 178.4 194.1 55.1 1326.9
4-16 um 267.9 488.4 101.3 1406.1
>3.5 um 166.7 209.7 * 3144 Corell et al. (2021)
>22 um 604 306 548 424 Zhu et al. (2018)
16-22 um 774 353 739 236
4-16 um 586 244 688 92
>4 um 1,064 407 1,215 193 Guo et al. (2012)
>3.5 um 117.5 483.0 1,008 8.9 Collett et al.
(1999)

average value of 6.93, which is alkaline according to the definition
of acid rain (pH > 5.6). Compared with the sea fog, the fog water
in Donghai site had a higher pH and lower EC. In urban and
suburban areas, the higher pH of fog water was mainly associated
with relatively less SO,* and NO;~ and more NH," and Ca*".
Figure 2 shows the pH, the assumed pH value without
neutralization reaction (pAi), EC, and TIC of the three-stage
fog water in Donghai site. The pH values were generally in the
order of small, medium, and large droplets, indicating that small
droplets were more acidic. The pAi value is the assumed pH value
when no neutralization reaction occurs between sulfuric acid and
nitrogen-containing acid in atmospheric liquid water (Hara et al.,
1994). The volume-weighted mean (VWM) pH values of the
three-stage fog water were 7.08, 6.97, and 6.50 for large, medium,
and small droplets, respectively, whereas the VWM pAi values
were 3.06, 2.70, and 1.33, respectively. Thus, the input acidity was
much higher than the true acidity, indicating that the
neutralizing ions in the fog water had a neutralizing effect on
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FIGURE 3
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neutralization potential (NP) of three-stage fog water in Donghai
site. The S1, S2, and S3 represent the sample for the large droplets
of diameter larger than 22 pm, medium droplets of diameter
within 16—-22 um, and small droplets of diameter within 4-16 pm,
respectively.

the acidity of the fog water. The EC tended to be proportional to
the TIC. The EC and TIC were generally in the order of large,
medium, and small droplets. The EC of the three-stage fog water
in Donghai site ranged from 89 to 1955 uS/cm, similar to that of
urban areas and higher than that of suburban areas. The EC of
fog water in coastal regions is relatively high, but the ionic
components in sea fog are mostly Na* and CI7; therefore, the
EC does not visually reflect the regional pollution situation.
We analyzed the ratios of acidic and basic substances in the
the (AP) and
neutralization potential (NP) (Tsuruta., 1989). The slopes of

fog water using acidification  potential

Frontiers in Environmental Science

05

the NP vs. AP linear regression for large, medium, and small
droplets were 1.822, 1.425, and 2.018, respectively, indicating that
non-sea-salt calcium (nssCa**) and NH," played an important
role in the fog water neutralization reaction, as shown in Figure 3.
The order of pH values of the three-stage fog water was large >
medium > small droplets, which is inconsistent with the slope.
The reason was that the average equivalent concentration ratios
of anions and cations in the three-stage fog water were 97.8%,
91.3%, and 77.1% for large, medium, and small droplets,
respectively, indicating the possible contribution of organic
acids and carbonic acid to the small droplet of fog water
(Millet et al., 1996).

3.2 Characteristics of water-soluble ionic
components

Figure 4A shows water-soluble ion concentrations of the
three-stage fog water in Donghai site. There were relatively high
concentrations of water-soluble ions in the three-stage fog water.
The VWM TIC for large, medium, and small droplets were
14935.8, 24294.7, and 463527.9 peq/L, respectively, which were
much higher than those in other regions, such as Nanjing in 2017
(Zhang et al,, 2021), Mount Lu in 2016 (Hu et al,, 2019), and
Zhanjiang in 2011 (Yue et al., 2014). The VWM water-soluble ion
concentrations were the largest in small droplets, indicating that
small droplets were the most enriched ionic components. Water-
soluble ions were transferred to the aqueous phase mainly
through the activation of CCN during droplet formation (Li
et al.,, 2017b). Concentrations of SO,*, NO5~, and NH,* were
enriched in small droplets. As a gaseous precursor of SO,*, SO,
undergoes non-homogeneous oxidation on the droplets surface
and is absorbed by the droplet in the aqueous phase for the
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(A) Water soluble ion concentration and (B) the ratio of each component in three-stage fog water in Donghai site. TIC is total ion concentration.
The S1, S2, and S3 represent the sample for the large droplets of diameter larger than 22 um, medium droplets of diameter within 16-22 pm, and

small droplets of diameter within 4-16 um, respectively.

aqueous-phase oxidation reaction. The photochemical reaction
of NO, produces gaseous nitric acid, which is effectively absorbed
by droplets. NHj is easily combined with H,SO, and HNOj in
atmospheric pollutants to form NH,SO, and NH,NO3, which
are important components of fine aerosol particles in the
atmosphere. Combined with HCl, NH; can generate NH,CI as
fine aerosol particles emitted into the atmosphere from coal
combustion. Secondary ions such as SO,* are generated in higher
concentrations in small droplets (Brewer et al, 1983). Small
droplets correspond to a larger surface area per unit volume,
which increases the diffusion rate of soluble gases and ions.
Therefore, the size-dependent characteristics of fog water
chemical components could be determined by a series of
dynamic and complex interactions, including the CCN
activation, droplets condensation, non-homogeneous chemical
reactions between droplets and gas, and homogeneous chemical
reactions occurring within the droplets.

Figure 4B shows the ratio of ion concentration in the three-
stage fog water in Donghai site. The main ions were SO4*, NO5,
NH,*, and Ca*%; they accounted for 82.1%, 82.8%, and 90.0% in
the large, medium, and small droplets, respectively. NH, " was the
most concentrated cation and water-soluble ion in the three-
stage fog water, with a higher concentration than that of SO,*
and NO;~. Thus, it was sufficient to neutralize most acidic
substances. SO,> was the major anion originating from the
scavenging effect of droplets on aerosol particles. A large

Frontiers in Environmental Science

06

amount of SO, was present in the air, absorbed, dissolved,
and oxidized by the droplets (Collett et al, 2002). Different
from previous studies (Li et al., 2017a; Zhu et al., 2018; Zhang
et al., 2021), the proportion of NO,~ concentration was more
significant in Donghai site, following the order of large >
medium > small droplets. In the absence of data, it is
assumed that the nitrite observed in water droplets is entirely
from gaseous HONO, which is the same limit suggested by Cape
etal. (1992) in their study. There are three sources of atmospheric
HONO, which are direct emissions (Su et al., 2011; Oswald et al.,
2013), homogeneous reactions (Li et al., 2008; Li et al., 2014), and
non-homogeneous reactions (Ammann et al, 1998; Liu and
Abbatt, 2021). However, the homogeneous reaction is not
important in generating atmospheric HONO, and the non-
homogeneous reaction is its main source (Kleffmann et al,
2005). HONO is extremely unstable at relatively high ambient
temperature; thus, it accumulates mainly at night and reaches its
maximum before sunrise (Moore et al, 2004). During the
daytime, the main source of the low HONO concentration is
the gas-phase homogeneous reaction between OH radicals and
NO. The reaction between NO, and water vapor to form HONO
and HNOj; (Chughtai et al., 1990) is responsible for the higher
NO,™ concentrations in fog water at night. Since HONO is a weak
acid, its solubility increases with increasing pH (Seinfeld and
Pandis, 1998). Thus, the order of the solubility of HONO in
three-stage fog water follows large > medium > small droplets,
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FIGURE 5

Vertical profiles of ambient temperature (T), relative humidity (RH), and wind speed (WS) during different phases of two persistent fog cases. [(A).
pre-formation, (B). formation, (C). mature, and (D). dissipation phase of the first fog; (E). pre-formation, (F). formation, (G). development, (H). mature,

and (I). dissipation phase of the second fog].

leading to the proportion of NO,™ in the fog water being
maximum in the large droplets, followed by medium droplets
and minimum in the small droplets. During this experiment, fog
mainly occurred at night, and most fog samples were collected at
night. After collection, we cryopreserved the fog water samples.
Thus, the measurements should be reliable.

4 Significant total ion concentration
difference between two persistent
fog cases

As shown in Figure 2, two persistent fog cases occurred on
11th and 12th December , 2020. The TIC of the three-stage fog
water differed by 1-2 orders of magnitude, which has rarely been
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reported in previous studies. The reasons are discussed in the
following.

4.1 Atmospheric boundary layer structure

Figure 5 shows the vertical profiles of T, RH, and WS detected
by the UAV with weather element probes (See Section 4.3 for the
division of fog phases). The first fog appeared as a double-layer
thermal inversion structure. The height of the near-surface
thermal inversion layer was about 150m, and the other existed
at 600 to 800 m. The height of the fog top was determined to be
between 600 and 700 m based on the RH>90% (Wang et al,
2019a). The stable inverse temperature promoted the formation
and maintenance of fog. In the mature phase, turbulence
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Total ion concentration (TIC) and the ratio of water-soluble ions in three-stage fog water for two persistent fog cases. The S1, S2, and
S3 represent the sample for the large droplets of diameter larger than 22 pm, medium droplets of diameter within 16—-22 pym, and small droplets of

diameter within 4-16 pm, respectively.

developed near the fog top due to the decrease in the strength of
inverse temperature. The effect of turbulence on fog has two
aspects. The weak turbulence expands the fog and cooling layers,
promoting fog development; however, strong turbulence
enhances the mixing of fog and dry air, leading to fog
dissipation or raising the fog layer to form low clouds (Rodhe,
1962; Barker, 1977; Jia et al, 2018). After sunrise, the strong
turbulence and evaporation caused the fog dissipation.

The second fog had a lower fog top height than the first fog.
However, the height of the thermal inversion layer was higher,
reaching 280 m and lasting 6 h during the development phase
and up to 400 m during the mature phase. Strong gradient wind
was an important factor driving the rapid dissipation of fog.
During the dissipation phase, the WS within the fog layer
rapidly increased with increasing height, the solar shortwave
radiation enhanced, and the thermal inversion weakened. A
strong, single-layer thermal inversion structure is conducive to
fog development, and a multi-layer weak thermal inversion
structure tends to dissipate fog (Li et al., 2017b; Wang et al.,
2019a). In the two fog cases, the double-layer thermal inversion
structure was found in the first fog, and the near-surface
thermal inversion was found in the second fog, especially in
the mature phase. After the end of the first fog, the inverse
thermal effect during the daytime led to the inability of
atmospheric pollutants to diffuse, and the strong near-
surface thermal inversion of the second fog led to pollutants
enrichment.
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4.2 Local impacts

As shown in Figure 6, NH,* was the most abundant water-
soluble ion in the fog water for two persistent fog cases. The local
source of such a high proportion of NH," concentration was the
soil treatments at the observation site, leading to a large amount
of ammonia produced by amino fertilizer, which dissolved in
water and ionized to form ammonium ions, and ammonium salt
input from surrounding agricultural activities (Collett et al.,
1999). The second most abundant cation in the fog water was
Ca’*, which increased by 13.3% in the large droplets. It proved
that Ca** existed as a crustal element in coarse particles, and a
large amount of sand and dust generated from manufacturing
sites around the observation site may be the main reason for the
higher Ca*" concentration (Nieberding et al., 2018).

The anions that substantially contributed to the components
of the fog water for both fog cases were SO,* and NO5", which
were mainly sourced from secondary transformations of SO, and
NO, from anthropogenic emissions. Previous studies (Li et al.,
2017a; Zhu et al,, 2018; Zhang et al., 2021) have not reported such
high concentration (and ratios) of NO,™. The direct emissions of
HONO mainly originate from combustion processes (Harrison
and Kitto, 1994). Exhaust gases from fuel combustion generate
HONO during cooling; however, the amount of HONO is
relatively small released in this way. The immediate release of
HONO is more pronounced in areas with heavy traffic and
pollution. The 2-day air quality index of the two fog cases
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FIGURE 7

Time series of mass concentration of SO, and NO, in the atmosphere and SO42°, NOs~, and NO,™ in fog water during the two persistent fog
cases. The S1, S2, and S3 represent the sample for the large droplets of diameter larger than 22 um, medium droplets of diameter within 16-22 pym,

and small droplets of diameter within 4-16 um, respectively.

indicated severe pollution, and the HONO directly released by
straw and waste incineration on that day could not be ignored.
The metabolic action of the many microorganisms in the
fertilizer, which was applied to remediate the soil, produced
high amounts of HONO at the observation site soil. It was also an
important cause of the high NO,™ concentrations in fog water (Su
et al,, 2011; Oswald et al., 2013). According to Section 3.2, the
contribution of the homogeneous reaction of NO, to HONO was
relatively low at night. The non-homogeneous reaction of NO,
on the aerosol surface contributed to more than 70% of the
atmospheric HONO concentration (Zhang et al., 2020). As fog
droplets are the product of condensation and activation of water
vapor on aerosol particles, the HONO generated from the non-
homogeneous chemical reaction between NO, and droplets is the
main source of NO,  in droplets. Because of the high
concentration of NO, generated by incineration, the N and
LWC of droplets in the second fog were lower than those in
the first fog (Section 4.4), which indicated that the reaction
degree between the droplets and NO, in the second fog was
lower than in the first fog. Therefore, compared to the second fog,
there was a higher proportion of NO,™ in the first fog.

Figure 7 shows the time series of the pollutant gases (SO, and
NO,) concentrations in the atmosphere and the water solute ions
(SO4*, NO5", and NO,") concentrations in the fog water during the
two fog cases. The concentration of NO,™ was the highest in the large
droplets and lowest in the small droplets, owing to the non-
homogeneous chemical reaction of NO, on the surface of the
droplets. The concentrations of SO, and NO;~ were highest in
small droplets and lowest in large droplets, owing to the larger total
surface area of small droplets and high efficient gas-liquid transport.
We observed a deviation between the pollutant gas concentrations
and ion concentrations. The SO, concentration in the atmospheric
phase was much lower than NO,, while the SO,* concentration in
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the fog water was higher than the NO;~ and NO,™ concentrations.
There is a connection between the pollutant gas in the atmospheric
phase, the chemical components in the aerosol phase, and the
chemical components in the fog-water phase. The concentrations
of SO, and NO;™ in the aerosol phase depend mainly on the
concentrations of SO, and NO, in the atmospheric phase, partly
from the gas-particle transformation of pollutant gases in the
atmosphere (secondary transformation) (Huang et al, 2014). In
addition to the aerosol chemical components, the chemical
components in the fog water depend on the fog scavenging effect
(fog microphysical processes) and the liquid phase oxidation
reactions in the fog water. Fog scavenging effect is the transfer of
gases and atmospheric particles into the liquid phase of fog droplets
(Collett et al, 2001). Fog scavenging efficiency varies between
different chemical species, with fog having the highest scavenging
efficiency for NO;™, and a slightly lower scavenging efficiency for
SO4* (Gilardoni et al., 2014). However, a significant fraction of SO4>
and NOj;™ in fog water originates from liquid phase oxidation, which
generates sulfate faster than in the gas phase. Fog water samples were
mainly collected at night, and NO, was not fully oxidized to NO;™ at
night. Therefore, the concentration of NO,™ should be considered
together with NO;~. Collett et al. (1999) found that excessive
differences in the pH of droplets in different particle size
segments led to significant differences in the sulfur oxidation
rates within the droplets. Smaller droplets with lower pH had
faster oxidation rates and higher sulfate yields.

4.3 Aerosol-fog interactions
Figures 8A,B show the time series of the meteorological

conditions during the two fog cases. We divided the first fog
case into four phases based on visibility, T, WS, and WD
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Time series of (a) visibility, relative humidity (RH), ambient temperature (T), (b) wind speed (WS) and wind direction (WD), (c) mass concentrations

of particles with diameter less than 2.5 and 10 um (PM, s and PM;g), and (d) air quality index (AQI). I, II, lll, and IV correspond to the pre-formation,
formation, mature, and dissipation phase of the first fog case, respectively. V, VI, VIII, VIII, and IX correspond to the pre-formation, formation,
development, mature, and dissipation phase of the second fog case, respectively.

variations: (I) Pre-formation phase: from 2:00 to 3:15 on
December 11, visibility fluctuated down to approximately
1,000 m, WS remained at 1.2m/s, T did not substantially
drop, and RH remained at about 94%. (II) Formation phase:
from 3:15 to 5:15, T generally dropped, RH gradually increased,
water vapor in the air reached a state of supersaturation,
suspended in the air part of the aerosol particles as CCN were
activated to form fog droplets, and fog gradually formed. Lower
WS ensured the maintenance and development of fog. (III)
Mature phase: from 5:15 to 7:20, visibility dropped to below
50 m in 15 min, developing into a strong, dense fog, and fog had
the characteristics of explosive growth (Niu et al, 2010a). T
remained at -1°C, RH was high, and WS decreased to 0 m/s. (IV)
Dissipation phase: from 7:20 to 8:00, solar radiation enhanced
after sunrise, surface T gradually rebounded, WS remarkably
increased, and visibility rose to more than 1,000 m. After the first
fog formed, the T dropped rapidly causing the fog to develop
rapidly into a strong dense fog. But the second fog was
accompanied by a slow drop in T and a gradual increase in
RH, and the fog gradually developed into a strong dense fog.
Similarly, we divided the second fog case into five phases: (V)
Pre-formation phase: from 18:30 to 23:45 on December 11; (VI)

Frontiers in Environmental Science

10

Formation phase: from 23:45 on December 11 to 1:00 on
December 12; (VII) Development phase: from 1:00 to 7:30 on
December 12; (VIII) Mature phase: from 7:30 to 9:50; (IX)
Dissipation phase: from 9:50 to 10:30.

Figures 8C,D show the time series of the particulate matter
(PM) concentration, and AQI over time for the two fog cases.
Before the two fog cases occurred, the accumulated aerosol
particles in the atmosphere provided enough CCN for water
vapor condensation, which activated into fog droplets. After the
fog formation, the atmospheric PM concentration gradually
decreased due to the reduction of nighttime emissions and the
scavenging effect of fog. However, the atmospheric PM
concentration increased slowly during the late phase of the
second fog development. This was due to an increase in
short-term wind speed, which slowed down the rate of fog
droplet formation. Because of the increase in anthropogenic
emissions after sunrise, PM concentrations continued to rise
during the mature phase. As well as, the higher PM concentration
reduced the ambient supersaturation, and aerosol particles
suspended in the atmosphere could not be consumed. After
the two fog cases dissipated, the fog droplets re-released aerosol
particles after evaporation, and the PM concentration rebounded
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rapidly. At Mount Tai (Li et al., 2017a), researchers observed a
strong positive correlation between the concentration of PM, 5 as
CCN and TIC, with a high concentration of PM, 5 usually leading
to a high TIC. The mean PM, 5 concentrations during the two fog
cases in Lianyungang city were 118 and 242 pug/m’. The mean
PM,, concentrations were 119 and 270 ug/m’, respectively,
which may be related to the large number of secondary
aerosol particles re-released by droplets and transported air at
the end of the first fog, local emissions, and the boundary layer
structure of the fog (Huang et al., 2014). The atmospheric PM
concentrations during the second fog severely exceeded the
particle concentration limits of the Chinese ambient air
quality standards. However, the atmospheric pollution gases
did not exceed the limit. This proves that the high
concentration of aerosol particles can still cause severe fog
pollution when the concentration of atmospheric pollution
gases is not high, mainly due to the liquid phase oxidation
reaction and fog scavenging effect. AQI is based on the
percentage of various components in the atmosphere and is
reduced to a single value to characterize short-term air quality
conditions and trends. China’s air quality standards come from
the Ambient Air Quality Standards (GB3095-2012) issued by the
State Ministry of Environmental Protection. The 3-day AQI of
Lianyungang City was 142, 206, and 254, corresponding to light,
heavy, and heavy pollution. We collected fog water samples
mainly in the early morning, which was more representative
of the pollution level of the previous day. The haze worsened on
December 11, and a strong thermal inversion effect led to the
accumulation of pollutants near the surface. Therefore, the fog
water collected in the second fog absorbed more pollutants than
in the first fog.

Changes in the atmospheric aerosol concentration affect the
ambient supersaturation, which affects the activation rate of
CCN, leading to changes in the number of activated droplets.
The liquid water content (LWC) reflects the degree of droplet
dilution, and the dilution effect of fog water can further affect the
chemical composition of the droplet. The LWC of the droplets is
higher, and the ion concentration in the fog water is lower when
the particle size of droplets is larger, or the number of large
droplets is higher. Thus, there is an interaction between
atmospheric aerosols and fog microphysical quantities,
affecting the fog chemical characteristics. The changes in the
microphysical quantities of droplets during two fog cases are
discussed in Section 4.4.

4.4 Fog scavenging effects

Figure 9A shows the time series of the number concentration
(N) of three-stage fog droplets during the two fog cases. During the
formation phase of the first fog, the RH gradually increased, and the
ambient water vapor could reach supersaturation. Owing to the poor
reliability of the RH measurements at near-saturation conditions,
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the RH in Figure 8A was less than 100%. Thereto, CCN could
activate into fog droplets, leading to an increase in N, especially for
the small droplets. It should be noted that the interstitial aerosols
could contribute significantly to N (Shen et al., 2018; Mazoyer et al.,
2019; Wainwright et al, 2021), because of the generally low
supersaturation in fogs and relatively high aerosol loading in this
region. After 5:15 am. (beginning of the mature phase), the
continuous activation (Devenish et al., 2012) and condensation
processes caused a significant fog droplets number concentration
at each stage. Later, the increase of WS could enhance the strength of
collision-coalescence, sedimentation, and horizontal transport,
thereby decreasing fog droplets number concentration. In
addition, the influence of solar radiation led to droplet
evaporation. In the development phase of the second fog, owing
to the continuous decrease in T and increase in RH, the water vapor
in the air reached saturation or even supersaturation. CCN activated
to form droplets, leading to an increase in the number concentration
of small droplets. In the mature phase, owing to the influence of
human activities, the increasing aerosol loading consumed water
vapor through hygroscopic growth, leading to weakening of the
activation process (Guo et al,, 2015; Wang et al., 2019b). As well as
the enhancement in solar shortwave radiation accompanied this
phase, the increase in temperature increased the strength of
evaporation and deactivation processes (Niu et al, 2010a).
Therefore, the N of droplets in the second fog was lower than in
the first fog.

The transfer of gases or fine particles to droplets is a multistep
process in which the larger the area of the gas-liquid interface,
the stronger the pollutant absorption ability of the droplets (Niu
et al., 2010a). The surface area of the droplet (S) reflects the
absorption capacity of the droplet, whereas the LWC reflects the
dilution capacity of the droplet. An increase in droplet’s LWC
often accompanies an increase in S; therefore, both do not
accurately reflect potential droplet scavenging efficiency. Lu
et al. (2010) showed that S/LWC can reflect the combined
droplet scavenging ability and dilution effect and that the TIC
of fog water tends to be positively correlated with S/LWC. When
S/LWC is large, the droplets have a strong scavenging capacity
per unit LWC. As shown in Figures 9A,B,D, medium and large
droplets differed more from small droplets in the order of
magnitude of N during both fog cases. However, they
narrowed the order of magnitude gap in LWC and S. The N
and size of the droplets affect the S and LWC of droplets per unit
volume. Between individual droplets, medium and large droplets
have larger S and LWC. Compared between the two fog cases, the
three-stage droplet LWC in the first fog is higher. On the one
hand, the droplet N in the first fog is higher than in the second
fog. On the other hand, due to the higher height of the first fog,
the upper fog droplets collided with more droplets in gravity
settlement, thus forming larger droplets, increasing the LWC of
near-surface fog (as shown in Figure 9C) (Niu et al., 2010b).
Figure 9D shows the variation in S/LWC and TIC with time for
large, medium, and small droplets. The second fog had a longer
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Time series of fog droplet (A) number concentration (N), (B) liquid-water content (LWC), (C) mean-volume diameter (MVD), (D) total surface

area (S), and (E) ration of S to LWC (S/LWC) and total ion concentration (TIC) during the two persistent fog cases. The S1, S2, and S3 represent the
sample for the large droplets of diameter larger than 22 um, medium droplets of diameter within 16—-22 pm, and small droplets of diameter within
4-16 pm, respectively. II, Ill, and IV correspond to the formation, mature, and dissipation phase of the first fog, respectively. VI VII, VIII, and IX
correspond to the formation, development, mature, and dissipation phase of the second fog, respectively

fog water collection time and was collected in the development
phase when the fog water S/LWC values were higher. The values
were still higher in the mature phase than in the mature phase of
the first fog. This proves that fog droplets of the second fog had a
stronger potential scavenging capacity, and the TIC of fog water
collected by the second fog was higher.

5 Conclusion

In the winter of 2020, we conducted a comprehensive fog
experiment in Donghai site, an agricultural city in China. Based
on these data, we summarized the chemical characteristics of three-
stage fog water. Additionally, an interesting finding is that there was
a significant difference in TIC observed in two persistent fog cases,
which could be related to the effects of the atmospheric boundary
layer structure, local impacts, aerosol-fog interactions, and fog
scavenging effects. The conclusions are as follows:

The pH of the three-stage fog water was between 6.13 and 7.32,
and the EC values ranged from 89 to 1955 uS/cm. Compared to the
medium and large fog droplets, the small droplets of diameter within
4-16 um had the lowest pH values and the highest EC and TIC.
Non-sea-salt calcium (nssCa®") and NH," played a critical role in the
neutralization reaction of fog water. The ion concentration level of
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the three-stage fog water was relatively high, with the VWM TIC of
small droplets reaching 463527.9 peq/L. In the fog water, the main
ions were SO,*, NO5~, NH,*, and Ca®*, which were all enriched in
small droplets. It should be noted that a high concentration of NO,~
was observed in fog water, especially in large droplets of diameter
greater than 22 um. The major reason could be that the non-
homogeneous chemical reaction between NO, and fog droplets
generated HONO, which was dissolved in fog droplets with a
variation in pH. The HONO produced by the combustion
process and the metabolic action of microorganisms in the soil
were also responsible for the high NO,™ concentration.

The TIC difference in fog water measured on two fog cases on
December 11 and 12, 2020, reached 1-2 orders of magnitude,
which was rarely reported in previous studies. After the end of
the first fog, fog droplets re-release secondary aerosol particles,
increasing the aerosol loading. Additionally, the local emissions
and the strong thermal inversion near the surface caused the
of the
atmospheric SO,, NO, concentrations deviated from the
concentrations of SO,*, NO;~, NO,™ in the fog water. This
proved that the ion concentration of aerosol particles as CCN

enrichment atmospheric  pollutants. However,

did not contribute much to the ion concentration of fog droplets.
The contribution was more to the liquid-phase oxidation
reaction and scavenging effect of fog droplets. The high
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concentration of atmospheric PM in the second fog impacted the
microphysical quantities of the fog, resulting in the smaller
particle sizes of droplets during the second fog. Smaller
droplets had a larger total surface area and faster liquid phase
oxidation rate. The S/LWC parameter reflects the scavenging
ability and dilution effect of fog droplets in an integrated manner,
which tends to be positively correlated with TIC. The S/LWC
values of the fog water during the second fog were higher than
those of the fog water during the first fog during the fog water
collection of both fog cases, indicating that the fog water of the
second fog was more efficient in scavenging atmospheric
pollutants.

In China, most of the urban fog experiments have been
conducted in industrial and commercial cities, ie., Beijing (Jia
et al, 2018; Liu et al, 2019; Wu et al,, 2022), Shanghai (Li et al,
2011; Xu et al,, 2018), Nanjing (Lu et al., 2010; Niu et al,, 2010a;
Zhang et al,, 2021); however, it is scarce in the agricultural city. This
study helps fill the gap and shows the fog chemical characteristics in
an agricultural city in China. However, due to the limitation of
experiment conditions, the measurements of aerosol chemical
composition, CCN number concentration, and turbulence were
missing, which are supposed to supply in further fog experiments
and analyzed their impacts on fogs in further studies.
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