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H I G H L I G H T S  

• Hourly real-time measurements of aerosol compositions were conducted during sea fog events in the Arctic Ocean. 
• Sea salt aerosol concentrations increased before sea fog formed, but decreased dramatically when sea fog formation began. 
• Non-sea-salt sulfate (nss-SO4

2-) concentrations remained consistently high during sea fog formation processes. 
• Condensation may be the primary factor leading to the reduction of sea salt ions during the sea fog periods.  
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A B S T R A C T   

Water soluble ions (WSIs) of aerosol particles is one of the important parameters to study the aerosol-fog in-
teractions. To study the changes of aerosol WSIs during sea fog events, hourly real-time measurements of WSIs 
(Na+, K+, Mg2+, Ca2+, MSA− , Cl− , NO3

− , and SO4
2− ) in total suspended aerosol particles (TSP) were conducted 

in the atmosphere over Arctic Ocean ice floe regions from August 1 to 12, 2017, when the sea fog events were 
frequently observed. There were significant differences in Na+, Cl− , Mg2+, methanesulfonic acid (MSA− ), sea salt 
sulfate (ss-SO4

2) and non-sea salt sulfate (nss-SO4
2-) ions during sea fog events vs. non-sea fog periods. The mass 

concentrations of sea salt ions, such as Na+, Mg2+, Cl− and ss-SO4
2-, clearly increased before the occurrence of 

sea fog and then decreased substantially with the formation of sea fog; however, nss-SO4
2- levels did not decrease 

but remained high during the sea fog processes. These results suggest that sea salt aerosol particles were more 
likely to serve as condensation nuclei for fog and could be more effectively removed by sea fog than nss-SO4

2- 

particles. MSA− only combined with sea salt particles, which were likely to serve as condensation nuclei and be 
removed by sea fog. Condensation may be the primary factor leading to the reduction of sea salt ions during the 
sea fog periods, while other factors like the presence of dense sea ice and long-range transport input may also 
affect the decreasing rate.   

1. Introduction 

Fog is a ubiquitous atmospheric phenomenon in which horizontal 

visibility is reduced to below 1 km due to suspended water droplets or 
ice crystals near the Earth’s surface (Gultepe et al., 2007). Low visibility 
caused by fog can severely influence human activities, leading to 
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numerous traffic accidents and delays. The loss of life and damage to 
property caused by fog highlight the significance of fog monitoring and 
prediction (Shin and Kim, 2018). However, due to our incomplete un-
derstanding of fog processes, it is still difficult to predict fog, and there 
continues to be significant uncertainty in climate modeling (IPCC, 
2013). Fog processes involve droplet microphysics, aerosol chemistry, 
radiation, turbulence, large- and small-scale dynamics, and surface 
conditions (Gultepe et al., 2007). The complexity of aerosol-fog inter-
dependence is one of the important aspects of the understanding of fog 
processes (Gultepe et al., 2007). As the activation, diffusion and growth 
of fog droplets depend on the physico-chemical character of the ambient 
aerosols, intricate relationships exist between aerosols and fog charac-
teristics: 1) aerosol particles can act as condensation nuclei to promote 
the formation and evolution of fog; 2) the physical and chemical char-
acteristics of aerosols (e.g., number concentration, particle size, and 
chemical composition) have a great influence on the formation of fog; 
and 3) the fog processes can substantially alter the evolution of aerosols 
(e.g., new particle formation, secondary conversion, and removal) 
(Gultepe et al., 2007; Biswas et al., 2008; Li et al., 2011). Thus, to 
improve fog forecasting, it is crucial to understand aerosol-fog 
interactions. 

Previous studies on fog and aerosol-fog interactions have been con-
ducted all over the world; however, most studies focused on land fog (e. 
g. Bott, 1991; Yuskiewicz et al., 1998; Mohan and Payra, 2006; Aikawa 
et al., 2007; Niu et al., 2010; Fan et al., 2010; Ian et al., 2018; Brege 
et al., 2018; Jia et al., 2019; Tsai et al., 2021), and little attention was 
given to sea fog (e.g. Sasakawa and Uematsu, 2002; Sasakawa et al., 
2003; Pant et al., 2010; Sheng et al., 2011). Sea fog is a hazardous at-
mospheric phenomenon that occurs within the marine atmospheric 
boundary layer (Yang and Gao, 2020). It usually forms as a result of the 
advection of warm and moist air masses that pass over cold ocean sur-
faces and cool to a sufficiently low saturation temperature (Cotton and 
Anthes, 1989; Koračin et al., 2001; Sasakawa et al., 2003; Gultepe et al., 
2007; Gilson et al., 2018). Low visibility caused by sea fog can seriously 
affect marine activities such as navigation and aviation and result in 
transportation risk. To mitigate transportation hazards and improve 
weather and visibility forecasting, sea fog research is vital (Gultepe 
et al., 2007; Koračin and Dorman, 2017; Yang and Gao, 2020). Over 
polar ocean water, sea fog is expected to increase in frequency due to 
warmer oceans and the declining extent of seasonal sea ice (Deser et al., 
2010; Eastman and Warren, 2010; Palm et al., 2010; Vavrus et al., 
2011). One previous study found that the Arctic Ocean and North Pacific 
Ocean regions at latitudes >40◦ have a high sea fog frequency with a 
maximum of 50% in summertime (Wang, 1985). Arctic sea fog peaks 
when sea ice breaks apart, and most frequently occurs throughout the 
Arctic melt season (Tjernström et al., 2012, 2015; Gilson et al., 2018). 
However, research on the interactions between sea fog and aerosol 
particles in the Arctic region is rather limited. 

Sea fog and aerosol chemistry were investigated during the 8th 
Chinese National Arctic Research Expedition (CHINARE) from July 20 to 
October 7, 2017. According to the statistical data obtained from an 
automatic weather station, sea fog was observed on 66 d, i.e., approxi-
mately 82.5% of the whole Expedition, while according to manual ob-
servations, there were 44 d of sea fog, accounting for 55% of the 
investigation (Chen et al., 2019). The different statistical results for the 
number of days of sea fog are because the automatic weather station 
misjudged periods of low visibility, e.g., rainy days, as foggy days, while 
manual observations were limited by the observation time, which led to 
omissions. However, both sets of observations and data indicated that 
sea fog occurred frequently during the Expedition. In this study, aerosol 
chemistry was investigated over the Arctic Ocean ice floe regions from 
August 1 to 12, 2017, during which time sea fog events were frequently 
observed. The chemical compositions of the aerosol particles acting as 
condensation nuclei determine the initial compositions of the fog 
droplets (Sasakawa et al., 2003; Yue et al., 2014); whereas, higher 
relative humidity during fog conditions enhanced uptake and 

scavenging of soluble aerosol species in fog droplets. Thus, the water 
soluble ions (WSIs) of aerosol particles is one of the important param-
eters to study the aerosol-fog interactions. To study the changes of 
aerosol WSIs during sea fog events, a recently commercialized semi 
continuous in situ gas and aerosol composition (IGAC) monitoring sys-
tem and ion chromatography were deployed for the high-resolution 
time-resolved characterization of atmospheric aerosol particles during 
sea fog processes. This study helps to improve current understanding of 
the relationship between sea fog processes and aerosol chemistry over 
the Arctic Ocean, and the results can be used to understand sea fog 
formation and improve the assessment of ocean-atmosphere interactions 
and their impact on the climate and ecological environment of the 
Arctic. 

2. Materials and method 

2.1. Observation period and regions 

The 8th CHINARE Expedition was conducted from July 20 to 
October 7, 2017. The research vessel (R/V) Xuelong, an icebreaker, set 
sail from Shanghai, China, crossed the East China Sea, the Sea of Japan, 
the Sea of Okhotsk, the Northwest Pacific Ocean, the Bering Sea, and the 
Arctic Ocean, circled the Arctic Polar in a clockwise direction, and 
finally returned to Shanghai; the whole cruise was shown in Fig. 1a. This 
was the first time that the Xuelong icebreaker voyaged through the 
Arctic Ocean along the Northwest Passage. This study focused on the 
Arctic Ocean during the period from August 1 to 12 (as shown in 
Fig. 1b). During this period, intensive sea fog observation was conducted 
by the researchers from Chinese academy of meteorological science 
(Chen et al., 2019). 

2.2. Instruments and data analysis 

During the 8th CHINARE cruise, an in situ gas and aerosol compo-
sition monitoring system (IGAC, Model S-611, Machine Shop, Fortelice 
International Co. Ltd.) and two online ion chromatographs (Dionex ICS- 
1100) were deployed hourly to make high-resolution measurements of 
the water soluble ions (WSIs) in atmospheric aerosol particles. A 
detailed description and explanation of the operation of the IGAC can be 
found in Young et al. (2016), Tian et al. (2017), and Yan et al. (2020a). 
Similar to the study by Tian et al. (2019), the instruments were installed 
in a laboratory on the first deck of the R/V, ambient air was drawn into 
the system through a 3/4-inch silicone tube at a flow rate of 1 m3/h. The 
sampling inlet with a total suspended particulate (TSP) sampler was 
located at~8 m above sea level on the second floor and influence from 
smoke emitted by the chimney that rested on top of the R/V was limited. 
The gases and aerosol particles were separated and streamed into liquid 
effluent for extraction. In this study, we focused on the soluble ions Cl− , 
NO3

− , SO4
2− , MSA− , Na+, K+, Mg2+, and Ca2+ in the TSP; their detec-

tion limits in aqueous solution were 0.03 μg/L, 0.05 μg/L, 0.006 μg/L, 
0.05 μg/L, 0.03 μg/L, 0.015 μg/L, 0.007 μg/L, and 0.012 μg/L, respec-
tively. Non-sea-salt sulfate (nss-SO4

2-) concentrations were calculated 
according to the following equation: [nss-SO4

2-] = [SO4
2− ]- [Na+] ×

0.25, where 0.25 was the mass ratio of sulfate and sodium in seawater 
(Millero and Sohn, 1992). Sea salt sulfate (ss-SO4

2-) concentrations were 
obtained by calculating [SO4

2− ] - [nss-SO4
2-]. 

Meteorological parameters such as the wind speed, wind direction, 
air temperature, precipitation, relative humidity (RH) and visibility 
were recorded using automatic weather stations (AWS, Vaisala 500) 
installed on the R/V Xuelong. Sea ice concentration data from the daily 
3.125-km AMSR2 dataset (available at https://seaice.uni-bremen.de) 
(Spreen et al., 2008). 

To identify potential transport pathways and possible source regions 
of aerosols over the Arctic Ocean, air mass back-trajectories were 
calculated by the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model of the Air Resources Laboratory of the National 
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Oceanic and Atmospheric Administration (NOAA) (Draxler and Rolph, 
2003). Meteorological field data used to run the model were obtained 
from the US National Centers for Environmental Prediction (NCEP). The 
vertical motion was calculated using the vertical velocity in the mete-
orological model. The model output was a set of latitude–longitude 
coordinates of the estimated position of the air parcel with a 6-h time 
interval and pressure vertical coordinate. In this study, 72-h backward 
air trajectories were simulated with a daily resolution. 

3. Results and discussion 

3.1. Characteristics of the aerosol WSIs and meteorological parameters 
during the observation periods 

Fig. 2 shows the temporal variations in the meteorological 

parameters and mass concentrations of some representative ions during 
the whole observation period. Most of the time, except for several hours, 
the RH was almost 100%, which indicated that the humidity of the at-
mospheric environment over the Arctic Ocean ice floes was very high. 
Air temperatures significantly decreased on August 1, when the ship was 
sailing towards the area with floating ice, according to the cruise route. 
Ice floes first appeared on August 2 (00:00). On August 3, the ship 
entered an area where there was dense floating ice and the sea ice 
density was greater than 70% (as shown in Figs. 1 and 3a). Thus, the air 
temperature decreased obviously and remained at or below 0 ◦C. Visi-
bility, together with RH, is typically used to distinguish fog and haze. 
Low visibility combined with high RH (above 90%) usually identifies as 
a fog event. According to the definitions of meteorology, dense fog, 
heavy fog, fog and light fog were identified by horizontal visibility< 0.2 
km, < 0.5 km, < 1 km, and <10 km, respectively. Precipitation or snow 

Fig. 1. a) Cruise of the 8th CHINARE (Red line represents the observation period in this study); b) Enlarged view of the study period. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Mass concentrations of particulate Na+, MSA− , NO3
− and nss-SO4

2-, and meteorological parameters during August 1st to 12th, 2017 over the Arctic Ocean 
(SF1-SF3 represent three sea fog events, SIC represent sea ice concentration, while SIT represent sea ice thickness). 
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events can also be associated with low visibility; thus, detailed infor-
mation on the meteorological parameters was carefully checked. During 
this observation period, the visibilities ranged from 0.6 km to 20 km. 
Most of the time, visibilities were greater than 10 km; however, the 
visibility was very low (close to 0 km) for several hours or days. Chen 
et al. (2019) reported that three types of sea fog occurred over the Arctic 
Ocean, advection fog, radiation fog and steam fog; from August 1 to 12, 
there were approximately 10 sea fog events, including 4 advection fog 
events, 5 radiation fog events and 1 steam fog event (Table S1). The low 
visibility caused by advection fog persists for a long time, sometimes for 
even more than 24 h. According to a study by Chen et al. (2019), we 
divided the observation period into: the sea fog (SF) period and the 
non-sea fog (NSF) period. Changes in aerosol WSIs during three 
long-term advection fog events, named SF1, SF2 and SF3 (shown in 
Fig. 2), are discussed in detail. 

The ocean is a major natural source of sea salt aerosol particles and 
other biogenic marine aerosol particles. Ions are classified into two 
categories, primary sea salt (original) ions and secondary (conversion) 
ions, according to correlation coefficients (listed in Table S2). Na+, Cl− , 
and Mg2+, typically used as markers of sea salt in the marine atmosphere 
are mainly primary sea salt (original) ions. Concentrations of K+ and 
Ca2+ exhibited a significant positive correlation with Na+ and 
Cl− indicating that they may also mainly originate from sea salts. Jung 
et al. (2013) reported that over the subarctic western North Pacific 
Ocean, most of the Mg2+, K+ and Ca2+ present in aerosols and sea fog 
water originated in sea salt particles. Dimethyl sulfide (DMS), released 
by phytoplankton, is an important source of sulfur in the marine at-
mosphere boundary layer (Bates et al., 1992; Jung et al., 2014; Yan 
et al., 2020b). The two major oxidation products of DMS are MSA and 
sulfate (usually called nss-SO4

2-). In the marine atmosphere, MSA 
mainly originates from the oxidation of DMS and is typically used as a 
marker of biogenic origin, while SO4

2− has several other sources, 
including oceanic spray (ss-SO4

2-) and volcanic and anthropogenic in-
puts (nss-SO4

2-), which may be obtained from the conversion of SO2. 
Similarly, NO3

− may result from the conversion of NOx. Thus, nss-SO4
2-, 

NO3
− and MSA− were mainly secondary (conversion) ions. In Fig. 2, Na+

was used to represent the sea salt particles, while MSA− , NO3
− , and 

nss-SO4
2- represented the biogenic and secondary conversation parti-

cles. The average mass fractions of theses represent ions during the 
whole period were 23.6%, 0.4%, 0.3% and 44.5% respectively (as 
shown in Fig. S1). The mass concentrations of Na+ during the 

observation period ranged from approximately 5 ng m− 3 to over 400 ng 
m− 3. The highest values of Na+ were observed during periods of several 
hours on August 1, 2, 3, 7, and 9, when, in most cases, wind speeds were 
higher than 8 m/s. Sea salt aerosols originating from broken sea bubbles 
usually increased with increasing wind speed. MSA− concentrations 
were much lower than those of Na+. Higher concentrations of MSA−

were found on August 1, 4 and 11. MSA− concentrations were lower 
than 2 ng m− 3 most of the time. Similarly, NO3

− concentrations were 
low most of the time; the highest concentration of NO3

− was observed on 
August 2. Unlike MSA− and NO3

− , the mass concentrations of nss-SO4
2- 

were much higher and ranged from approximately 100 ng m− 3 to 400 
ng m− 3 during the whole period. According to Fig. 2, the nss-SO4

2- mass 
concentration decreased obviously on August 1, and then remained at 
approximately 200 ng m− 3 most of the time. 

The WSIs data that were collected hourly during the whole obser-
vation period and the SF and NSF periods were statistically analyzed, 
and a summary of the average WSIs concentrations during these 
different periods is presented in Table 1. The average WSIs mass con-
centrations during the SF, NSF and whole period were in the following 
order: nss-SO4

2- > Na+ > Cl− > Mg2+ > ss-SO4
2- > K+ > Ca2+> MSA− >

NO3
− . Fig. S1 lists the mean contributions of each analyzed ion to the 

total ion mass concentration during the SF, NSF and whole period. The 
first three ions accounted for over 80% of the total ion mass concen-
tration. The nss-SO4

2- concentrations during the observation period 
ranged from approximately 100 ng m− 3 to 400 ng m− 3, with a mean of 
187.01 ng m− 3. The Na + concentrations were in the range from 5.65 to 
420.26 ng m− 3 with a mean of 99.03 ng m− 3. The Cl− concentrations 
varied from 9.94 ng m− 3 to 296.81 ng m− 3 with a mean of 60.55 ng m− 3. 
Table 2 lists a comparison of our measurements to those from previous 
studies over the Arctic Ocean and subarctic western North Pacific Ocean. 
Results of our study were similar to the previous studies (Jung et al., 
2013; Yu et al., 2020; Mukherjee et al., 2021) in some places: sea salt 
ions (contained Na+, Cl− , Mg2+, ss-SO4

2-, K+, and Ca2+) were the 
dominant ions, and then followed by nss-SO4

2-, while concentrations of 
NO3

− and MSA− were much lower. Higher concentrations over the 
western north Pacific Ocean than those obtained in this study may be 
due to different study areas, that large area of open sea without sea ice 
may be originated more sea salts ions; and air masses originated from 
the Asian continent and the Kamchatka Peninsula indicating that the 
higher concentrations of ions may also affected by anthropogenic and 
crustal sources as well as the eruptions of two volcanoes (Jung et al., 

Fig. 3. Spatial distributions of a) sea fog processes (color bar represents the sea ice concentrations) and aerosol WSIs b) Na+, c) nss-SO4
2- and d) MSA− (color bars 

represent the mass concentrations of the ions) over the Arctic Ocean. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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2013). Higher concentrations of sea salt ions, NO3
− and MSA− over the 

Arctic Ocean (Yu et al., 2020) than our results may be caused by their 
longer sampling period. In our study, the sampling period was shorter 
and most of the sampling period were with sea ice regions, besides the 
removal of sea fog events may be also one of the influence factors result 
in the lower concentrations. Average WSIs concentration levels in our 
study were comparable to the segment 2 study results by Mukherjee 
et al. (2021) over the Arctic Ocean, which were mainly influenced by the 
polar marine air and sea-ice coverage may reduce the production of 
sea-salt ions. 

In this study, the average mass concentrations of Na+, K+, Mg2+, 
Ca2+, MSA− , Cl− , NO3

− , ss-SO4
2- and nss-SO4

2- during the sea fog pro-
cesses, were 72.41 ng m− 3, 8.42 ng m− 3, 23.34 ng m− 3, 4.33 ng m− 3, 
1.98 ng m− 3, 43.83 ng m− 3, 1.74 ng m− 3, 17.43 ng m− 3 and 225.30 ng 
m− 3, respectively, while during the non-sea fog processes, they were 
107.54 ng m− 3, 9.51 ng m− 3, 30.76 ng m− 3, 8.63 ng m− 3, 1.33 ng m− 3, 
65.93 ng m− 3, 1.11 ng m− 3, 27.13 ng m− 3 and 174.85 ng m− 3, respec-
tively. The average mass concentrations of Na+, K+, Mg2+, Ca2+, Cl− and 
ss-SO4

2- during the SF period were obviously lower than those during the 
NSF period, while nss-SO4

2- concentrations during the SF processes were 
much higher than those in the NSF period; MSA− and NO3

− levels were 
slightly higher than those in the NSF period. The relative contribution of 
ions during SF and NSF were slightly different (in Fig. S1), it can be seen 
that the average contributions of Na+, K+, Mg2+, Ca2+, MSA− , Cl− , 
NO3

− , ss-SO4
2- and nss-SO4

2- during SF were 18.2%, 2.1%, 5.9%, 1.1%, 
0.5%, 11%, 0.4%, 4.4% and 56.5% respectively; while during NSF were 
25.2%, 2.2%, 7.2%, 2.0%, 0.3%, 15.4%, 0.3%, 6.4% and 41%. The 
differences in ion concentrations and contribution ratios during SF and 

NSF may cause by many factors. One possible reason is that partial ions 
in aerosol particles may serve as fog condensation nuclei easily, thus the 
chemical ions entering into the fog droplets or fog waters while some 
chemical components are not easy act as fog condensation nuclei and 
stay in aerosol particles. Besides, the removal of fog droplets during sea 
fog processes may be another reason for the change of chemical 
composition of aerosol during SF and NSF. Detailed discussions are lis-
ted in section 3.3. 

3.2. Spatial distributions of sea fogs and aerosol WSIs over the Arctic 
Ocean 

Spatial distributions of sea fog processes and aerosol WSIs over the 
Arctic Ocean are shown in Fig. 3. According to the description in Section 
2.1, SF1 occurred over a zone without sea ice. After SF1, the ship sailed 
among the ice floes, and before SF2, the ship entered an area with dense 
floating ice and a sea ice density greater than 70%. According to Fig. 3a, 
SF1 occurred over the Chukchi Shelf near the coastal area, while SF2 and 
SF3 occurred mainly over the Arctic Ocean basin where there was dense 
floating ice. Na+, nss-SO4

2- and MSA− exhibited obviously different 
spatial distributions (Fig. 3b, c and d), which may be correlated to both 
the emissions/transport inputs and removal processes. Na+ first gradu-
ally decreased from the Chukchi Shelf to the Arctic Ocean during the 
Expedition (Fig. 3b) and then slightly increased at the beginnings of SF2 
and SF3; the highest Na+ value was observed at 81.5◦N and 160◦E, 
which coincided with strong wind. Except for the above area, the con-
centrations of Na+ seemed decreased significantly. Removal effect dur-
ing the SF period may be the primary factor resulted in the decrease, 

Table 1 
Statistical analyzed values of WSIs in aerosol particles during the observation period.   

WSIs in aerosol particles/ng.m− 3 

Na+ K+ Mg2+ Ca2+ MSA- Cl− NO3
− ss-SO4

2- nss-SO4
2- 

Sea fog periods 
Mean 72.41 8.42 23.34 4.33 1.98 43.83 1.74 17.43 225.30 
SD 76.03 12.94 9.83 9.14 1.42 40.89 1.74 19.04 53.50 
Min 5.65 1.11 11.12 0.06 0.19 10.49 0.06 0.00 147.30 
Med 39.14 4.68 20.92 2.85 1.43 24.76 1.19 8.95 212.66 
Max 335.54 84.52 55.70 72.03 5.12 207.24 7.46 83.89 424.14 
N 69 46 66 63 66 70 42 66 66 
Non sea fog periods 
Mean 107.54 9.51 30.76 8.63 1.33 65.93 1.11 27.13 174.85 
SD 97.03 16.67 18.81 11.08 1.05 56.21 1.12 24.53 30.89 
Min 6.51 0.24 9.18 0.36 0.02 9.94 0.01 1.63 109.38 
Med 77.77 5.30 21.81 5.74 1.12 43.75 0.84 19.83 173.8 
Max 420.26 178.91 96.96 98.54 5.42 296.81 5.97 105.06 254.18 
N 216 162 209 191 201 218 87 210 211 
Whole periods 
Mean 99.03 9.27 28.98 7.56 1.49 60.55 1.29 24.67 187.01 
SD 93.49 15.90 17.36 10.78 1.19 53.67 1.35 23.65 43.16 
Min 5.65 0.24 9.18 0.06 0.02 9.94 0.00 0.00 109.38 
Med 65.06 5.10 21.45 4.80 1.16 37.62 0.87 16.12 180.70 
Max 420.26 178.91 96.96 98.54 5.42 296.81 7.46 105.06 424.14 
N 285 208 275 254 267 288 129 276 277  

Table 2 
Comparison with other studies.  

Study area (observation time) Average WSIs in aerosol particles/ng.m− 3 

Na+ K+ Mg2+ Ca2+ Cl− MSA- NO3
− nss-SO4

2- References 

Arctic Ocean (August 1 to 12, 2017) 99.03 9.27 28.98 7.56 60.55 1.49 1.29 187.01 This study 
Arctic Ocean (July 29 to September 7, 2018) 930 100 20 20 470 20 40 180*a Yu et al. (2020) 
Arctic Ocean (August 10 to October 12, 2015) 3600*1 72 120 190 Mukherjee et al. (2021) 

370*2 3.6 2.9 21 
6400*3 1.4 22 35 

Western North Pacific Ocean (July 29–August 19, 2008) 759 23.01 70.8 36 994 59.58 155 864 Jung et al. (2013) 

Note: Mukherjee et al. (2021) divided their study period into three segment according to the air masses: *1, *2 and *3 represent the segment 1, 2 and 3; the values 
represent the concentrations of all sea salt ions. *a the data were the concentration of SO4

2− . 
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while another reason may be their decreased emissions caused by the 
sea-ice coverage after entering into the dense floating ice area. May et al. 
(2016) reported that the sea-salt aerosol formation was highly depen-
dent on wind speed and sea-ice coverage; their study showed that about 
2 times higher sea-salt concentrations were measured over open water 
than that covered with sea-ice area. Mukherjee et al. (2021) also found 
that sea-ice coverage reduced the production of sea-salt aerosols. The 
nss-SO4

2- concentrations gradually decreased as the route continued 
towards the north (Fig. 3c). the highest (and the relatively high) 
nss-SO4

2- concentrations (above 250 ng m− 3) were recorded during SF1, 
which occurred over the Chukchi Shelf near the coastal area, and 
gradually decreased when the ship left the coastal area and sailed into 
the Arctic Ocean. Although MSA− concentrations were much lower than 
those of sea salt ions and nss-SO4

2-, they exhibited obviously different 
spatial distributions (Fig. 3d). The highest (and the relatively high) 
MSA− concentrations (over 4 ng m− 3) were observed mainly over the 
Chukchi Shelf, and sporadically high values were measured near 85◦N 
and 120◦E; most of the MSA− concentrations were less than 3 ng m− 3 in 
other areas. Previous studies (Springer et al., 1996; Li et al., 2020; Liu 
et al., 2011) reported that diatoms were the primary source of the 
Chukchi Shelf; the Chukchi Sea Shelf area had high amounts of diatoms 
and an extremely high rate of accumulation of labile organic matter. 
MSA and partial nss-SO4

2- are the primary oxidation products of DMS, 
which is released by phytoplankton such as diatoms. Thus, higher con-
centrations of nss-SO4

2- and MSA− above the Chukchi Shelf may be 
caused by the release of these substances by diatoms. Higher MSA−

values near 85◦N and 120◦E (a region of dense sea ice) may be caused by 
long-range transport of MSA− from other regions. In addition to the 
oxidation of DMS, there are several other sources of nss-SO4

2-, including 
volcanic and anthropogenic inputs that may form from SO2. According 
to the backward trajectory results (Fig. 4), the air masses affecting SF1 
over the Chukchi Shelf area originated mainly in the continental shelf 
area, while the air masses affecting SF2 and SF3 were mainly from the 
marine area. The higher nss-SO4

2- level over the Chukchi Shelf area may 
also be influenced by anthropogenic inputs; with the air masses 
changing to those marine origin, the anthropogenic inputs decreased, 
and the nss-SO4

2- concentrations decreased and became lower than 
those over the Chukchi Shelf. Similar spatial variations of NO3

− can also 
be found during this region. 

3.3. Changes in aerosol WSIs during different sea fog processes 

To evaluate the differences between sea fog and non-sea fog pro-
cesses, the effects of sea fog processes on the chemical characteristics of 
TSPs and WSIs during SF and NSF periods were calculated by indepen-
dent samples tests. The results are listed with the F-statistic and signif-
icance values in Table S3. A significance value of p < 0.05 was the 

threshold for statistically significant differences between dependent 
variables. Concentrations of Na+, Cl− , Mg2+, MSA− , ss-SO4

2 and nss- 
SO4

2- exhibited statistically significant differences between sea fog and 
non-sea fog periods, whereas there were no statistically significant dif-
ferences for NO3

− , K+ and Ca2+. This result suggests that the sea fog 
processes obviously influenced the Na+, Cl− , Mg2+, MSA− , ss-SO4

2 and 
nss-SO4

2- ions and may have had less impact on the NO3
− , K+ and Ca2+

ions. Changes in the concentrations of Na+, Cl− , Mg2+, MSA− , ss-SO4
2 

and nss-SO4
2- during the 3 sea fog events are discussed in detail, 

including the occurrence and development of the sea fog periods and 
subsequent conditions. 

Fig. 5 shows the variations in the concentrations of Na+, Cl− , Mg2+, 
MSA− , ss-SO4

2 and nss-SO4
2- during the 3 sea fog periods. Before the 

occurrence of sea fog, the mass concentrations of sea salt ions, such as 
Na+, Cl− , Mg2+ and ss-SO4

2-, first increased obviously; at the beginning 
of the occurrence of sea fog events, concentrations of Na+, Cl− , Mg2+

and ss-SO4
2 decreased significantly in a short time and then remained at 

a low throughout and after the sea fog events. These variations may 
correlate with the aerosol nucleation mechanism and the formation and 
development of the sea fog processes. A previous study reported that fog 
occurrence usually correlated with strong winds (Gultepe et al., 2007). It 
can be found that before SF processes, wind speeds were approximately 
9 m s− 1 in SF1, while wind speeds increased obviously, even from 
approximately 3 m s− 1 to more than 9 m s− 1, in SF2 and SF3 (Fig. S2). As 
high wind speed over the ocean surface usually caused more bursting 
bubble or droplet formation (Exton et al., 2010; Yu et al., 2020), 
increasing sea salt ion concentrations before SF processes may be pri-
marily due to higher or increasing wind speed. Chen et al. (2019) re-
ported that the advection fogs (SF1, SF2 and SF3) over the Arctic Ocean 
ice floe regions were formed by the cooling and condensation of the 
warm southerly humid air mass on the surface of the cold ocean or sea 
ice. A similar phenomenon also frequently occurs in the North Pacific 
Ocean regions in the summertime. Sasakawa et al. (2003) reported that 
when warm and wet air masses from the low and middle latitudes of the 
North Pacific Ocean pass over the cold sea surface of the northern North 
Pacific Ocean, they cools to a saturation temperature sufficiently low for 
the formation of sea fog. It has been proposed that marine particles can 
lead and provide material for both nucleation and larger particle for-
mation (Leck and Bigg, 1999; Lange et al., 2019). Due to the curvature 
effect, coarse particles are more likely to serve as fog condensation 
nuclei and can be removed effectively by sea-fog (Sasakawa et al., 2003; 
Fahey et al., 2005; Jung et al., 2013). Above the ocean surface, coarse 
particles such as sea-salt aerosol particles, rather than the fine particles 
such as NO3

− and nss-SO4
2-, usually act predominantly as condensation 

nuclei for sea fog droplets (Sasakawa and Uematsu, 2002; Sasakawa 
et al., 2003). Increased concentrations of Na+, Cl− , Mg2+ and ss-SO4

2 

ions before SF events may have included some larger particles, which 

Fig. 4. Backward air mass trajectories arriving at the Arctic Ocean: Trajectories terminated at the beginning of SF1 (a), SF2 (b) and SF3 (c).  
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were more likely to become fog condensation nuclei and were prone to 
form large fog droplets. In addition to their large size, sea salt particles 
were hydrophilic. When the mass concentrations of hydrophilic sea salt 
ions in aerosol particles reached a sufficiently high level, under the in-
fluence of continuous supersaturated water vapor, these hydrophilic 
ionic particles may develop into fog condensation nuclei, forming sea 
fog. After fog formation, aerosol particles and gases can enter fog 
droplets by Brownian motion or diffusion to participate in chemical 
reactions (Yue et al., 2014). Thus, with the formation and development 
of sea fogs, the concentrations of hydrophilic sea salt ions in the fog 
droplets increased, and the corresponding ion concentrations in the 
aerosol particles decreased significantly. In other words, the sea fog 

process can result in a decrease in the concentration of sea salt ions, such 
as Na+, Cl− , Mg2+, and ss-SO4

2-, in the atmospheric particles, proving 
the behavior of the condensation nuclei of sea fog droplets and the 
removal or deposition effect of sea fog. 

During SF1 (Fig. 5a), the mass concentrations of these ions decreased 
during the first 9 h, and then remained at much lower concentrations 
until the end of the sea fog event. Concentrations during SF2 (Fig. 5b) 
and SF3 (Fig. 5c) were lower at 2 h and 6 h, respectively. One reason for 
the differences between SF1 vs. SF2 and SF3 may be correlated with the 
sea ice cover; it is possible that during SF2 and SF3, Na+, Cl− , Mg2+, ss- 
SO4

2- were little emitted from the sea surface due to sea ice cover. 
During SF1, except for fog removal or deposition, higher wind speeds (as 

Fig. 5. Mass concentrations of Na+, Cl− , Mg2+, ss-SO4
2 and nss-SO4

2- during SF1 (a), SF2 (b) and SF3 (c); and MSA− during SF1 (d), SF2 (e) and SF3 (f).  
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shown in Fig. S2) still affected sea salt particle formation; thus, in the 
SF1 process, the sea salt ion decrease lasted a slightly longer time. 
Slightly longer persistence during SF3 may also correlate with much 
higher wind speed (as shown in Fig. S2) and long-range high latitude 
transport input (Fig. 4c). A similar situation was found by (Sasakawa 
et al., 2003); since sea salt was continuously supplied from the sea 
surface, the Na+ concentration did not decrease. However, regardless of 
whether the decrease lasted for a long time, the concentrations of Na+, 
Cl− , Mg2+ and ss-SO4

2 decreased to their minimum values in the second 
half of the sea fog process and then remained at low concentrations until 
the end of the sea fog event. After the sea fog processes, the sea salt ion 
concentrations usually remained at low concentrations for several hours 
(as shown in Fig. 5b and c), except for another sea fog formation event 
which was influenced by the high wind speed processes or the 
long-range transport inputs (as shown in Fig. 5a). 

In contrast to Na+, Cl− , Mg2+ and ss-SO4
2-, nss-SO4

2- showed no 
obvious decrease during these sea fog processes. The nss-SO4

2- concen-
trations increased before SF1 occurred, continued to increase with the 
beginning of the sea fog event, reached a maximum value, then 
decreased slowly, and then remained above 200 ng m− 3 until the end of 
SF1. During SF2, the nss-SO4

2- concentrations first slightly decreased 
and then increased before the occurrence of SF2 and were maintained at 
approximately 200 ng m− 3 during the whole SF process, from the 
beginning to the end and even after the end of the SF2 process. During 
SF3, the nss-SO4

2- concentrations were almost the same before occur-
rence, during development and after the end of the event. The reasons 
for that behavior of nss-SO4

2- may be caused by their different size 
distribution and solubility. Mukherjee et al. (2021) reported that 
nss-SO4

2- over the Arctic Ocean predominately in fine-mode particle. 
Fine secondary nss-SO4

2- particles are not easy to nucleate and removed 
by the SF processes. Previous study by Sasakawa et al. (2003) also 
pointed out that sea salt particles served as condensation nuclei of sea 
fog droplets more efficiently than NH4

+ and nss-SO4
2- particles, while 

Yue et al. (2012) found that Na+, Cl− sea salt ions, rather than nss-SO4
2- 

secondary ions, were the main ions in sea fog and fog water and further 
verified the contribution of sea salt aerosols to sea fog condensation 
nuclei. Aikawa et al. (2007) reported that ion species such as Na+, Ca2+, 
Cl− and NO3

− were easily and effectively scavenged by fog water, while 
sulfur species such as SO4

2− (p) and SO2 (g) could not be easily and 
effectively scavenged by fog water because of the poor solubility of SO2 
(g). In addition to the above reasons, nss-SO4

2- during these three SF 
processes, may also include some aged and fine particles that formed 
through secondary transformations (the conversion of SO2/DMS to 
nss-SO4

2-) and underwent long transport processes and came with warm 
southerly humid air masses. Thus, unlike sea salt ions, the mass con-
centrations of nss-SO4

2- did not decrease but were maintained at their 
higher values during the SF processes; alternatively, nss-SO4

2- particles 
may not easily nucleate and are removed during the sea fog processes. 

Sasakawa and Uematsu (2005) reported that sea fog scavenges MSA 
more effectively than rain. In this study, the mass concentrations of 
MSA− were much lower than those of Na+, Cl− , Mg2+, ss-SO4

2, and 
nss-SO4

2-. Lower concentrations suggested a small biogenic contribution 
during this period. Fig. 5d, e and f show that MSA− underwent different 
variations during the 3 SF processes. It has been reported that MSA can 
participate in the nucleation and growth of aerosol particles, thereby 
affecting clouds and climate (Charlson et al., 1987; Lovelock et al., 
1972). However, MSA− did not show an obvious decrease during SF1 
and SF2, although similarly decreasing variation can be found in SF3. 
MSA− concentration first increased before SF events and for 2 h after SF 
began and then decreased with variations similar to those of Na+ ions. 
Different characteristics of MSA− during SF processes may be mainly 
caused by its biogenic source, which is different from generation pro-
cesses such as those that involve sea salt ions and secondary nss-SO4

2-. A 
similar change trend to sea salt ions in SF3 may be due to MSA−

adsorption, because MSA is easily adsorbed on sea salt particles during 
its generation processes (Yan et al., 2020b). Because it is favorable for 

alkaline sea salt particles to absorb acidic atmospheric gases, promoting 
the formation of acidic compounds on sea salt particles, MSA (an acidic 
species) is easily absorbed by sea salt particles to form particulate MSA. 
Additionally, the presence of halogen radicals on sea salt particle sur-
faces enhances the oxidative reactive uptake of DMS on those particles 
to form particulate MSA (Laskin et al., 2003; Read et al., 2008). High 
uptake rates of MSA-Na and MSA-Mg particles have been observed in the 
polynya regions of the Ross Sea, Antarctica (Yan et al., 2020b). There-
fore, MSA may combine with sea salts, which nucleate particles that are 
removed by sea fog. 

3.4. Interactions between aerosols and sea fog in the sea ice regions of the 
Arctic Ocean 

Previous studies have been carried out on the meteorological and 
physical processes of sea fog (Wang et al., 1985; Gilson et al., 2018; Yang 
and Gao, 2020). They have shown that the formation of sea fog requires 
two processes: condensation of water vapor and accumulation of water 
droplets at low altitude. During these two processes, two conditions 
must be met. First, the water droplets must be suspended in the offshore 
surface layer to reduce horizontal visibility. Second, there must be 
condensation nuclei, such as aerosol dust particles, present during 
condensation. During the observation period, the RH was almost 100% 
most of the time (as shown in Fig. 2), and the water vapors were satu-
rated or nearly saturated (as shown in Fig. S3). The air temperature must 
drop below the dew point as a necessary condition for water vapor 
condensation, and the difference between these two temperatures in-
dicates the degree of saturation of water vapor in the air. Except for 
several hours on August 5, 6, 7 and 9, most of the air temperatures were 
the same as the dew point temperature, and the air temperature-dew 
point difference was 0 ◦C (Fig. S3), indicating that the water vapor in 
the air was saturated. This provided favorable conditions for the for-
mation of sea fog. However, sea fog was not formed at all the times when 
the water vapor was saturated because of the second condition 
mentioned above, i.e., condensation nuclei must be present. 

The correlation between WSIs and meteorological data during the SF 
and NSF periods (Table 3) showed that sea slat ions, such as Na+, Cl− , 
Mg2+ and ss-SO4

2- exhibited statistically significant positive correlation 
coefficients with wind speed. This confirmed that continually strong 
winds may have produced many coarse hydrophilic sea salt particles 
such as Na+, Cl− , Mg2+ and ss-SO4

2 particles, which were likely to serve 
as fog condensation nuclei, forming and generating sea fog. Some dif-
ferences were also found during the SF and NSF periods (Table 3). Fig. 6 
showed the wind direction and wind speed frequencies, and correlation 
between sea salt ions with wind speed and wind direction during the SF 
period and NSF period. During the NSF period, the wind came mainly 
from the northwest, west and southwest with high speeds (as shown in 
Fig. 6b). Under these conditions, Na+, Cl− , Mg2+ and ss-SO4

2- sea salt 
ions seemed increased with western/northwestern winds from the ocean 
and higher wind speeds (as shown in Fig. 6d). In addition, during the 
NSF periods, sea salt ions, such as Na+, Cl− , Mg2+ and ss-SO4

2-, exhibited 
statistically significant positive correlations only with wind speed, while 
nss-SO4

2- showed negative correlation coefficients, suggesting that 
during this period, wind direction and wind speed may be important 
factors influencing the WSIs. During SF periods, the winds were mainly 
from the southeast, south and southwest (as shown in Fig. 6a), and sea 
salt ions, such as Na+, Mg2+ and ss-SO4

2-, exhibited a significant positive 
correlation with only wind speed. From Fig. 6c, it can be seen that higher 
concentrations of sea salts were found at higher wind speeds with 
southeast and northwest wind direction, which different from the situ-
ation during NSF periods.t In addition to this, unlike the NSF periods, 
during the SF events, Na+, Cl− and ss-SO4

2- exhibited significant positive 
correlation coefficients with air temperature (T-air), sea surface tem-
perature (T-sw) and dew point temperature (Td); Mg2+ and Ca2+

exhibited significant positive correlation coefficients with T-sw. These 
results suggested that over the sea ice regions of the Arctic Ocean, the 
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origination of sea salt ions increased with the air temperature dew point 
temperature and sea surface temperature increase. Previous studies re-
ported that during the daytime, the oxidation of DMS occurred mainly 
through two reactions: one addition reaction with OH produced dime-
thylsulfoixide (DMSO) and MSA, and the other abstraction reaction with 
OH produced mainly SO2 and ultimately sulfuric acid (H2SO4); both 
reactions have a significant dependence on temperature (Hynes et al., 
1986; Barnes et al., 2006; Albu et al., 2006; Castebrunet et al., 2009); the 
former reaction is favored at − 42 ◦C, and the other reaction is favored at 
approximately 17 ◦C. As shown in Fig. 2 and Fig. S3, after the 

appearance of ice floes on August 2 at 00:00, most of the air temperature 
measurements were below 0 ◦C. Significant positive correlation co-
efficients between MSA− and T-air, nss-SO4

2- and T-air-like sea salt ions, 
indicate that during this period, MSA− and nss-SO4

2- increased with the 
air temperature. 

Chen et al. (2021) reported that with high RH, sea salt particles can 
uptake water or be activated to form cloud droplets (>critical super-
saturation ratio) that enhance aqueous phase reactions. The significant 
water content can promote sea salt particles to undergo further chemical 
reactions. In this study, sea salt ions, such as Na+, Cl− , Mg2+ and 

Table 3 
Correlation between ions and meteorological data.  

Meteorological data Ions T-air T-sw Td WS RH Vis 

Sea fog period 
Na+ 0.477** 0.489** 0.474** 0.311** − 0.212 0.191 
K+ − 0.215 − 0.137 − 0.219 0.380** − 0.114 0.227 
Mg2+ 0.233 0.424** 0.236 0.427** − 0.349** 0.240 
Ca2+ − 0.092 0.464** − 0.093 0.261* − 0.124 0.127 
MSA- 0.746** 0.143 0.743** 0.087 0.141 − 0.305* 
Cl− 0.618** 0.549** 0.615** 0.270* − 0.079 0.041 
NO3

− 0.058 − 0.094 0.056 − 0.025 0.035 0.308* 
ss-SO4

2- 0.478** 0.489** 0.475** 0.323** − 0.211 0.197 
nss-SO4

2- 0.660** 0.268 0.662** − 0.170 0.227 − 0.071 

Non sea fog period  
T-air T-sw Td WS RH Vis 

Na+ − 0.024 0.215 − 0.056 0.605** − 0.078 0.100 
K+ − 0.064 − 0.013 − 0.078 0.115 − 0.071 0.136 
Mg2+ − 0.056 0.030 − 0.084 0.557** − 0.098 0.098 
Ca2+ 0.042 − 0.176 0.041 0.075 0.004 0.032 
MSA- 0.203** − 0.194 0.222** 0.304** 0.100 0.203** 
Cl− − 0.042 0.112 − 0.058 0.586** − 0.047 0.146* 
NO3

− 0.183 − 0.053 0.166 0.108 − 0.034 − 0.172 
ss-SO4

2- − 0.027 0.223 − 0.06 0.605** − 0.081 0.099 
nss-SO4

2- 0.036 0.085 0.054 ¡0.318** 0.053 − 0.060  

Fig. 6. Wind direction and wind speed frequencies during the a) SF and b) NSF period; and the correlation between sea salt ions with wind speed and wind direction 
during the s) SF and d) NSF period. 
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ss-SO4
2-, were likely to serve as fog condensation nuclei and then be 

scavenged by fog droplets. To estimate the fog scavenging effects on 
aerosol particles, the scavenging ratio of a WSI was calculated by Si = (1- 
Ci-b/Ci-e)*100 according to the previous studies (Hallberg and Orgen, 
1992; Gilardoni et al., 2014; Heintzenberg et al., 2016), where Si 
represent the scavenging ratio of ion i (one of the WSIs), Ci-b represents 
the mass concentration of ion i 1 h before sea fog generation, and Ci-e 
represents the mass concentrations of ion i at the final hour during the 
sea fog processes. Fig. 7 shows that the scavenging ratios of Na+, Cl− , 
and ss-SO4

2- during SF1 and SF2 were more than 80%, while those 
during SF3 were approximately 30%. During SF1 and SF2, the scav-
enging ratios of Mg2+ and Ca2+ were more than 60%. During SF1, the 
scavenging ratios of some secondary ions, such as nss-SO4

2-, was less 
than 10%, and the scavenging ratio for MSA− was approximately 50%. 
However, during SF2 and SF3, the mass concentrations of these two ions 
did not decrease but increased before sea fog generation; the negative 
values are not listed in Fig. 7. A similar situation was found for NO3

−

during SF2 and SF3, and some data collected during SF1 are missing; 
thus, NO3

− is not listed in Fig. 7. Chen et al. (2021) reported that larger 
particles have higher fog scavenging removal efficiencies, while smaller 
particles continue to grow through gas-to-aqueous solution partitioning. 
As discussed in Section 3.3, the higher scavenging ratios of sea salt ions 
may be due to their larger size and the curvature effect; coarse particles 
are more likely to serve as fog condensation nuclei and can be removed 
effectively by sea-fog (Sasakawa et al., 2003; Fahey et al., 2005), while 
secondary smaller particles such as NO3

− and nss-SO4
2- may continue to 

grow during sea fog processes; thus, their scavenge ratios were small and 
even increased. The results were different from those of the previous 
study by Sasakawa et al. (2003). They found that during a sea fog pro-
cess over the northwestern North Pacific Ocean, concentrations of 
nss-SO4

2- and NO3
− , which originate from anthropogenic activity, 

decreased as sea fog formed, while as sea salt was continuously supplied 
from the sea surface, the Na+ concentration did not decrease (Sasakawa 
et al., 2003). The differences may be caused by several reasons. First, the 
sea fog processes were complicated, and although the sea fog had a 

similar pattern, there were still many different situations. Thus, the fog 
condensation and scavenging ratio were not the same. Second, different 
ocean areas may have different characteristics. In this study, MSA− , 
nss-SO4

2- and NO3
− did not seem to decrease obviously, while sea salt 

ions were scavenged suddenly with sea fog formation. The variations in 
sea salt ion concentrations over time from sea fog formation during the 
three sea fog processes are shown in Fig. 8. The rates of decrease WSIs 
were calculated as described by Sasakawa et al. (2003). The decrease 
rates of Na+, Cl− , and ss-SO4

2- were 0.19, 0.19 and 0.18 during SF1 and 
3.83, 1.95, and 3.52 during SF2, respectively, but fitting the from 
SF3was unsuccessful. The difference in the decrease rate between Na+

and Cl− , may be caused by the Cl depletion, that NaCl may reacts with 
other ions to form HCl, resulting in a loss of Cl in the particles (Yao et al., 
2003; Yu et al., 2021). Condensation may be the primary factor leading 
to the reduction of sea salt ions during the sea fog periods, while other 
factors like the presence of dense sea ice and long-range transport input 
may also affect the decreasing rate. Except for the condensation, dif-
ferences between these three sea fog processes and the higher rate of 
decrease during SF2 may be due to spatial variations and the presence of 
dense sea ice. From the relative humidity profile in the open sea area, it 
can be seen that the entire boundary layer atmosphere was saturated, 
and the low visibility caused by the sea fog did not change much with 
altitude, while in the region of dense ice floes, there was a strong inverse 
moisture layer at the bottom of the boundary layer, indicating that the 
sea fog was thin close to the ice and snow surface, and it increased 
rapidly in thickness as the altitude increased. This is because sea ice 
isolates water vapor transport at the sea-air interface, and the water 
vapor in the boundary layer comes mainly from advection transport 
(Chen et al., 2019). SF1 occurred over the zone without sea ice, while 
SF2 and SF3 occurred over the dense sea ice regions. In addition to 
isolating the water vapor transport at the sea-air interface, dense sea ice 
separates the exchange at the sea-air interface; thus, sea salts may not be 
supplied continuously from the sea surface over ice floe areas, and the 
decreasing rate during SF2 seemed higher than that during SF1. 
Different characteristics during SF3 may be also influenced by its 

Fig. 7. Scavenge ratio of WSIs during three sea fog processes.  
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different originating air masses, and continuous supply from the western 
ocean area may input some sea salts 2 h after sea fog was generated. In 
addition, higher relative humidity in the planetary boundary layer 
(PBL), together with the direct effect of aerosols, caused stronger wet 
deposition that greatly exceeded their production by aqueous phase 
chemistry (Jung et al., 2021). During SF3, there was a strong inverse 
moisture layer at the bottom of the boundary layer, indicating that the 
sea fog was thinner close to the sea ice surface, and it increased rapidly 
in thickness as the altitude increased. The unstable stratification in the 
lower part of the boundary layer and the instability of the convection 
induced by wind speed shear caused the air to rise and condense, which 
further increased the thickness and maintained the sea fog in the upper 
part of the boundary layer (Chen et al., 2019). 

4. Conclusions 

Sea fog and aerosol chemistry were studied during the 8th Chinese 
National Arctic Research Expedition (CHINARE). We used the results of 
sea fog characterizations by Chen et al. (2019) to study the interactions 
between sea fog processes and aerosol chemistry. High-resolution 
time-resolved in situ online measurements of water-soluble ions in 
aerosols were performed over the Arctic Ocean ice floe regions from 
August 1 to 12, 2017, when sea fog was frequently observed. The results 
showed statistically significant differences for concentrations of Na+, 
Cl− , Mg2+, MSA− , ss-SO4

2 and nss-SO4
2- ions between sea fog and 

non-sea fog processes, whereas there were no statistically significant 
differences for NO3

− , K+ and Ca2+ had. This result suggests that the sea 
fog processes obviously influenced Na+, Cl− , Mg2+, MSA− , ss-SO4

2 and 
nss-SO4

2- ions and may have had little or no impact on NO3
− , K+ and 

Ca2+ ions. The average mass concentrations of Na+, K+, Mg2+, Ca2+, Cl−

and ss-SO4
2- during the sea fog processes were obviously lower than 

those during the non-sea fog periods, while nss-SO4
2- concentrations 

during sea fog processes were higher than those in the non-sea fog pe-
riods. This may be caused by the removal of those sea salt ions by sea 
fog. Although the mass concentrations of sea salt ions, such as Na+, Cl− , 
Mg2+ and ss-SO4

2-, obviously increased before the occurrence of sea fog 
and then continued to increase with the beginning of sea fog formation, 
Na+, Cl− , Mg2+ and ss-SO4

2 decreased significantly in a short time and 
remained at lower concentrations until the end of the sea fog event. The 
nss-SO4

2- concentration showed a small decrease at the beginning of sea 
fog formation and remained at a high concentration during sea fog 
processes. MSA− , which showed a strong correlation with sea salt ions, 
exhibited a similar decreasing pattern during sea fog events. These re-
sults suggest that sea salt ions, such as Na+, Cl− , Mg2+ and ss-SO4

2-, were 
more likely to serve as fog condensation nuclei and could be removed by 
sea fog more effectively than nss-SO4

2-. MSA− combined with sea salt 
particles, which were likely to nucleate and be removed by sea fog. 
Different scavenging characteristics could be found during the same type 
of sea fog processes, which supports previous studies that reported that 
sea fog processes were very complicated (Gultepe et al., 2007; Biswas 
et al., 2008; Li et al., 2011). Air masses, wind speeds, and dense sea ice 
over the Arctic Ocean may be the factors influencing the changes in WSIs 
during the observation period in sea ice regions of the Arctic Ocean; 
while condensation may be the primary factor leading to the reduction 
of sea salt ions during the sea fog periods, and other factors like the 
presence of dense sea ice and long-range transport input may also affect 
the decreasing rate. 
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