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1. Introduction
Atmospheric aerosols are a major source of uncertainty in global climate predictions, especially naturally 
occurring aerosols in the marine boundary layer (Andreae & Rosenfeld, 2008). Sea salt aerosols (SSA) rep-
resent one of the most important types of aerosols in the marine boundary layer (Liao et al., 2006) and are 
estimated to account for the highest proportion of aerosol mass emissions worldwide (Textor et al., 2006). 
In addition, SSA absorb moisture and are a major (up to 65%) source of cloud condensation nuclei in the 
Southern Ocean (Murphy et al., 1998; Quinn et al., 2017). Moreover, SSA are both a source and sink for vari-
ous other active atmospheric substances, providing a chemical reaction site due to the large specific surface 
area of salt in alkaline environments (Alexander et al., 2005; Lawler et al., 2011). Therefore, SSA concentra-
tions influence the geochemical cycle of several elements (Quinn et al., 2001) and play a significant role in 
climate change (Murphy et al., 1998; Twomey, 1974).

Because of their key influence on the climate and atmospheric chemistry, research on SSA concentrations 
was performed as early as 40 years ago. Prospero  (1979) comprehensively studied the global concentra-
tion of minerals and SSA in various marine areas and found that compared to mineral aerosols, the SSA 
concentrations from one marine area to another were relatively constant, ranging from 3.5 to 11.3  μg/
m3. In addition, Heintzenberg et al. (2000) summarized physical and chemical marine aerosol data from 
over ∼30 years to derive global size-distribution parameters and inorganic particle compositions within a 
coarse 15° × 15° grid. Their results revealed that the average SSA concentrations in marine areas within 
the latitudinal ranges of 45°S–60°S and 45°N–75°N was the highest (∼14 μg/m3), and that the SSA con-
centrations within the latitudinal range of 45°S–45°N area was ∼10 μg/m3, while the SSA concentrations 

Abstract Global warming, increases in sea surface temperatures (SST), and reductions in sea ice may 
lead to changes in the distribution of global sea salt aerosol (SSA) concentrations, which may in turn affect 
the global climate. However, there are few global-scale observations of SSA over marine environments. 
Here, we report SSA mass concentrations observed along the cruise tracks of the Chinese Polar Research 
Expedition in summer 2008–2018. We found the following: (1) There are significant differences between 
SSA concentrations in sea areas at different latitudes, and that of the Arctic Ocean was significantly lower 
than other sea areas; (2) over the last 10 years, the SSA concentrations in the Bering Sea were significantly 
higher in 2016 than in 2012, and trends from the Arctic Ocean and Southern Ocean are similar, as both 
showed a minimum in 2014; (3) the sea-air temperature differences among the various marine regions 
studied may contribute to the different distribution of SSA concentrations; (4) sea ice fraction and SST are 
probably the main factors controlling the interannual changes in SSA concentrations in the Arctic Ocean 
and Bering Sea, respectively; and (5) The large sea-air temperature difference in the Southern Ocean may 
promote the emission of SSA. Therefore, the SST parameterization of GEOS Chem model in the low SST 
sea area (the Southern Ocean) may have an excessively large effect on suppressing SSA emission resulting 
in a significant underestimation of the GEOS-Chem model in the Southern Ocean (−62%).
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in high-latitude marine areas (>75°S or 75°N) was only ∼1 μg/m3. In the Antarctic, Hall and Wolff (1998) 
found that the average annual SSA concentrations were 162 ng/m3 at Halley, 850 ng/m3 at Neumayer station 
(WAGENBACH et al., 1988), and 3,900 ng/m3 over the Antarctic Peninsula (Savoie et al., 1993). However, 
there are very few studies of SSA mass concentrations in the Southern Ocean (>60°S) (Xu et al., 2013; Yan 
et al., 2020). In terms of the Arctic, Leck and Persson (1996), during an International Arctic Ocean Expedi-
tion cruise (IAOE-91), found that the Na+ concentration was 0.76 μg/m3 over the open ocean, and 0.025 μg/
m3 over the pack ice in the Arctic Greenland Sea - Fram Strait region. Subsequently, in 2008, the ICEALOT 
cruise measured Na+ in Arctic atmospheric aerosols, reporting an average concentration of 1.35 μg/m3. In 
addition, ACE-1 (1995), ACE-2 (1997), AEROSOLS99-INDOEX (1999), ACE-ASIA (2001) and other cruises 
have been conducted to measure the aerosol chemical composition of the marine atmospheric boundary 
layer, and these cruises were mainly concentrated in the Atlantic Ocean (Heintzenberg et al., 2000); howev-
er, measurements from the Arctic Ocean and Southern Ocean are less common. SSA measurements are still 
relatively sparse, and mostly measured by coastal monitoring stations; furthermore, most observation data 
are relatively outdated, and lack updates.

Many parameters of the air-sea interface could affect the emission of SSA, such as U10, SST, etc.,(Carslaw 
et  al.,  2010; Salter et  al.,  2014). In recent years, due to global warming, sea-surface temperatures (SST) 
have increased (approximately 0.11°C per decade from 1971 to 2010, IPCC, 2013), the area of Arctic sea ice 
has decreased (Perovich & Richter-Menge, 2009), global wave power has increased (Reguero et al., 2019). 
These factors may have had a very high impact on SSA concentrations. Wind speed is the main driver of 
SSA production (Monahan et al., 1986), and many studies have attempted to link aerosol concentration or 
production to the local wind speeds and apply the relationship in a numerical model (Grythe et al., 2014). In 
addition, the SST greatly affects the production of SSA (Martensson et al., 2003; Sellegri et al., 2006; Zabori 
et al., 2012b). The seawater temperature affects its surface tension, density, and viscosity, all of which affect 
bubble and wave-breaking processes and ultimately influence the production of SSA. Furthermore, SST 
may also affect the particle size of the SSA with a higher SST potentially producing a larger particle size of 
SSA (Saliba et al., 2019). Many subsequent studies have found that the SSA emission function, simulated by 
considering SST, produces SSA concentrations results that are more consistent with observations (Barthel 
et al., 2019; Jaeglé et al., 2011). Furthermore, the laboratory study shows that the relationship between SST 
and Np (sea spray aerosol particle number concentrations) is generally consistent with the ambient and 
physical constraints applied to the model (Forestieri et al., 2018). Therefore, the 10-m wind speed (U10) and 
SST are currently the main factors influencing SSA emissions. However, the sea-salt production mechanism 
at the polar ocean surface is more complicated because the SSA emission flux is not only directly related to 
the wind speed but it also depends on the occurrence of open water and seasonal changes in sea-ice cover 
characteristics (Aristarain & Delmas, 2002). Many studies have shown that the SSA concentration reaches 
a maximum during the polar winter, due to the source from wind-blown snow (Frey et al., 2020; Huang & 
Jaeglé, 2017), while during the polar summer, this SSA source contributes little and may even suppress SSA 
emissions (Struthers et al., 2011; Yan et al., 2020). Therefore, changes in these meteorological conditions 
will affect the generation of SSA.

Global warming (particularly changes in meteorological conditions such as SST and sea ice fraction) may 
bring about changes in SSA (Forestieri et al., 2018; Jaeglé et al., 2011; Paulot et al., 2020). However, there 
are very few studies on interannual changes in SSA concentrations. Weller et al. (2011) investigated the ion 
concentrations of particulate matter with an aerodynamic diameter less than 10 µm (PM10) at Neumayer 
Station on the Antarctic coast, from 1973 to 2007; they found that the Na+ concentration exhibited no sta-
tistically significant trends. Boreddy and Kawamura (2015) observed the total suspended particulate (TSP) 
aerosol ion concentrations over Chichijima Island, in the Pacific Northwest, over 12 years; although there 
was a notable seasonal change in the SSA concentrations, no obvious annual trend was found. More ob-
servational data are needed to improve our understanding of the relationship between SSA and factors like 
these in the context of the ocean and atmosphere. However, different models exhibit different sensitivities 
to the interaction between climate change and SSA concentrations (Jones et al., 2007; Korhonen et al., 2010; 
May et al., 2016; Soares et al., 2016). Therefore, in the actual marine boundary layer, the response of SSA to 
changes in meteorological conditions (wind, SST, etc.,) remains unclear. Moreover, the SSA concentrations 
simulated by models include uncertainties, that affect the estimation of the radiative forcing of sea salt; this 
has implications for global climate modeling under warming scenarios.
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In summary, although there is a close relationship between climate change (changes in meteorological 
conditions such as SST and sea ice fraction) and SSA, most observation data of SSA mass concentrations are 
relatively outdated, and subsequent updates are lacking. Moreover, there is also a lack of research on the 
scale of the interannual change in SSA concentrations, and an urgent need to better understand SSA feed-
backs within the context of global warming. As the global climate change continues, various environmental 
factors have also changed to differing degrees and in different directions. The dominant factors influencing 
SSA concentrations may differ within and between various marine regions, such that the response of the 
SSA concentrations to climatic conditions may differ among these regions. Different trends in the response 
of SSA to climatic conditions in various marine regions may also lead to a redistribution of global SSA 
concentrations resulting in a more complex feedback effect on changes in the global climate. Therefore, 
long-term SSA observation data for multiple areas are needed to evaluate the response of changes in SSA 
concentrations to changes in the meteorological conditions in the marine boundary layer. To address this, 
we collected atmospheric particulate samples during 13 summer cruises from the Arctic to the Antarctic, 
over the past 10 years. These cruises produced a large amount of valuable observations, which contributed 
to a greater understanding of the spatiotemporal variability of SSA. We examined the spatial and tempo-
ral distributions of SSA concentrations, in addition to the main factors impacting the variations in SSA 
concentrations between different marine regions and within the same region, and compared the observed 
SSA concentrations with the results of GEOS-Chem model simulation. We hoped to address the following 
questions: (1) Have the SSA concentrations increased or decreased significantly over the past decade? (2) 
Which meteorological factors may be the main factors driving the temporal and spatial distribution of SSA 
concentration? (3) Can the GEOS-Chem model reproduce the spatiotemporal variations in the observed 
SSA concentrations, and determine the possible causes of the deviations?

2. Materials and Methods
2.1. Sampling Information

The details of each cruise are summarized in Table S1. The samples were collected by the Chinese Research 
Vessel (R/V) Xuelong, which undertook eight Antarctic cruises and five Arctic cruises in summer between 
2008 and 2018; the sample points from each cruise are shown in Figures S1 and S2. Briefly, all cruises used 
a large-flow air sampler to collect TSP (total suspended particulates) samples as well as field blanks. To 
avoid contamination, the large flow samplers were placed on the top deck during all cruises. All samples 
were collected using the relevant filter at a flow rate of 1.05 m3/min for up to 57 h (most of them were for 
24h). After sampling, the samples were stored in a refrigerator at −4°C, prior to laboratory analysis (for 
more details see Text S1). In the following analysis, the samples were divided into seven marine regions: the 
Arctic Ocean, Bering Sea, northwest Pacific, the Southeast Asia, eastern Indian Ocean, western Pacific, and 
Southern Ocean (Figure 1). The number of samples in each sea area was greater than 24.

2.2. Ion Chromatography

A total of 467 samples were measured for ion concentrations (Text S2). Full methodological details are giv-
en in He et al. (2018). In summary, a punch sample of each filter was extracted via sonication and filtered 
through pre-washed 0.22-µm filters. Na+ in the samples was measured using ion chromatography (ICS-
2100; Thermo Fisher Scientific Inc., USA). Each test included at least two reagent blanks, two field blanks, 
and one for the recovery test. The recovery rate of all samples was between 90% and 110%. The typical ana-
lytical precision of the instrument was better than 10% relative standard deviation (RSD) for all ions (Chen 
et al., 2016). To allow comparison between the GEOS-Chem model and the observations, we converted the 
observed Na+ mass concentrations to SSA mass concentrations using a factor of 3.256; this was based on 
the mass ratio of Na+ in seawater (Riley & Chester, 1971). In an open ocean free of sea ice, the factor in 
seawater is relatively constant in different sea areas, with these variations leading to only small differences 
in calculated sea-salt fraction (Keene et al., 1986). However, for frost flowers and blowing snow, the factor 
is 3.237∼3.278 (Krnavek et al., 2012; Rankin et al., 2000). Therefore, as the two sources (frost flowers and 
blowing snow) contribute little to SSA in the polar summer (Huang & Jaeglé, 2017), the factor 3.256 was 
adopted.
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2.3. GEOS-Chem Model

The GEOS-Chem global tropospheric chemistry model v12.2.6 (http://acmg.seas.harvard.edu/geos/) was 
used to simulate SSA concentrations with a spatial resolution of 2° × 2.5° at an hourly resolution (Text S3). 
Briefly, the model was driven by the Modern-Era Retrospective Analysis for Research and Applications-2 
(MERRA-2). The default SSA radius setting that is, an accumulation mode sea-salt (SALA) radius bin of 
approximately 0.01–0.50 µm and a coarse mode sea salt (SALC) radius bin of approximately 0.5–8.0 µm, 
was selected. As these samples were TSP samples, the sum of the SSA concentrations in these two particle 
size bins was compared with the observed SSA concentrations. SSA source functions in GEOS-Chem were 
based on the wind-speed-dependent source function of Gong (2003) and Monahan et al. (1986), with an 
empirical dependence on SST derived by Jaeglé et al. (2011). More details about SSA parametrization are 
given in Jaeglé et al. (2011). We simulated SSA concentrations every hour along the ship tracks using the 
meteorology for the same dates as the measurements, and an hourly mean output for grid boxes extracted 
to match the position of the ship. All the simulated values obtained during the sampling period (such as 
24 h) were calculated as arithmetic averages to obtain the final simulated SSA value for each sample; this 
was then compared with the observed value. As the samples collected in the study encompass a large area 
from low latitudes to polar regions, the terrain in the grid boxes corresponding to the sampling process may 
include land, sea ice, and land ice. To avoid the influence of the sea-land interface on the model-simulated 
SSA, the samples were divided into the categories: Open Ocean, Not Full Open Ocean, Full Sea Ice, and 
Coastal, according to the corresponding grid type specified in the model when compared with the simulated 
SSA concentrations (for further details about the classification method, see Text S4).

2.4. Auxiliary Data

The U10 data analyzed in this study were obtained using the meteorological detection system aboard the 
R/V Xuelong (33.5 m) during the Arctic and Antarctic cruises. We related the ship-measured wind speed 
to the U10 using the power law wind profile exponent in Hsu et al. (1994). Due to the lack of observational 
data of sea surface temperature (SST) and atmospheric temperature, and the sensor failed during part of 
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Figure 1. Spatial distribution of observations made during 13 Chinese Polar Research Expedition (CHINARE) cruises, each indicated by the colored symbols. 
Circles represent the Chinese National Arctic Research Expedition and triangles represent the Chinese National Antarctic Research Expedition. The dotted 
rectangles and ellipse indicate the approximate areas classified by the samples used in this study.
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the observation period, the data from the MERRA-2 meteorological field were selected. In order to verify 
whether the MERRA-2 meteorological field can reasonably replace the observations, two cruises with rela-
tively complete observation data were selected, and the SST and atmospheric temperature were compared 
with the data from the MERRA-2 meteorological field. It was found that MERRA-2 is in good agreement 
with the observations (Figure S3, r > 0.9), so we chose SST and T2M (temperature at 2 m in the atmosphere) 
from MERRA-2 as auxiliary data. Moreover, data on relative humidity (RH), sea ice fraction (FRESEAICE) 
acquired from the MERRA-2 meteorological field were also used in the GEOS-Chem model. The MERRA-2 
data used in this study were provided by the Global Modeling and Assimilation Office (GMAO) at the NASA 
Goddard Space Flight Center. More details about the MERRA-2 data are given in Molod et al. (2015).

2.5. Influence of Contamination from the Ship

To investigate the impact of contamination from the ship on the Na+ concentration, the concentrations of 
elemental carbon (EC) from one each of the Arctic cruises) and Antarctic cruises (CHINARE16 and CHIN-
ARE 13/14, respectively), were detected using Multiwavelength Carbon Analyzer (DRI Model 2015; Desert 
Research Institute, USA), a total of 84 samples. It was generally considered that an EC < 50 ng/m3 would in-
dicate a sample that was not impacted by contaminated from the ship (Gantt et al., 2011; Yoon et al., 2007). 
We found that the high value of Na+ concentrations were not controlled by EC, and the changes in the EC 
and Na+ values were not synchronized (Figure S4). Therefore, it was assumed that emissions from the ship 
had little effect on the Na+ concentration; thus, all measured samples were kept.

3. Results and Discussion
3.1. Spatial Distribution of SSA

The spatial distribution of the SSA concentrations obtained in this study are shown in Table 1. It should 
be noted that at the intersection of the Southwest Pacific and the Southeast Indian Ocean, there were four 
samples that cannot be judged to which ocean they belong. Therefore, their concentrations are shown in Ta-
ble 1 without further discussion. In these sea areas, the average SSA concentration was lowest in the Arctic 
Ocean at only 3.5 ± 4.4 μg/m3. Within the longitudinal range of 55°E − 134°E, the SSA concentration was 
only 0.5 ± 0.5 μg/m3, this is likely because relative to other areas, this central Arctic area had a greater sea 
ice fraction, which could suppress SSA emissions. The average SSA concentration in the Bering Sea was the 
second lowest (6.9 ± 4.7 μg/m3) among the sea areas considered. This may have been because the Bering 
Sea is connected to the Arctic Ocean and is affected by the cold currents of the Arctic Ocean. The northwest 
Pacific (including its marginal seas - Sea of Okhotsk, Sea of Japan, and East China Sea) had an average SSA 
concentration of 11.7 ± 9.5 μg/m3. The average SSA concentration in Southeast Asia was 13.6 ± 9.5 μg/m3. 
In the western Pacific Ocean, the average SSA concentration was 21.6 ± 11.7 μg/m3. In the eastern Indian 
Ocean, the average SSA concentration was 16.0 ± 13.6 μg/m3. In both the western Pacific Ocean and the 
eastern Indian Ocean, the SSA concentration near the equator were higher than those in the southern areas. 
In the Southern Ocean, the average SSA concentration was 9.0 ± 7.3 μg/m3. Generally, the distribution of 
SSA concentrations showed a decrease from low to high-latitude sea areas, and the average SSA concentra-
tions in the Southern Hemisphere were significantly higher than those in the Northern Hemisphere in this 
study (independent sample t test, p < 0.05).

In order to compare whether there was a significant difference in SSA concentrations among the seven sea 
areas studied, one-way ANOVA test was used. We found that the SSA concentrations in the Arctic Ocean 
were significantly lower than those in the other areas (p < 0.05) and SSA concentrations in the Bering Sea 
were significantly lower than those in most of the other areas (included western Pacific, Southeast Asia, 
eastern India Ocean, p < 0.05). Moreover, the SSA concentrations in the western Pacific were significantly 
higher than those in the high latitude sea areas (the Arctic Ocean, Bering Sea, and Southern Ocean) and 
significantly higher than those in the northwest Pacific (p < 0.05).

Subsequently, the findings of this study were compared with those from previous studies to explore whether 
the spatial distribution of SSA has changed. It should be noted that seasonal changes (such as seasonality SST 
and precipitation), different sea areas and different particle sizes may cause comparative uncertainty. From 
numerous studies, we tried our best to find comparable studies. However, studies of SSA concentrations in 
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the same season, sea areas, and using the same particle sizes as this study were not available. Compared 
to the SSA concentrations (TSP, 6.47 μg/m3) detected in the Southeast Asia during April to May in 1975 by 
Prospero (1979), the average SSA concentration obtained in the present study (13.6 μg/m3) was much high-
er. Then, we compared the Na+ data and converted to SSA concentrations of the western Pacific in the ACE1 
cruise (1995/10–12, during austral spring, PM10, 15°S −55°S, 7.1 ± 4.3 μg/m3) and the northwest Pacific in 
the ACE-ASIA cruise (2001/3–4, during boreal spring, PM10, 8.9 ± 5.1 μg/m3) from NOAA PMEL (https://
saga.pmel.noaa.gov/data). No significant difference in the SSA concentrations of the two sea areas (p > 0.1) 
were found. However, this phenomenon was contrary to the observation of our study that the average SSA 
concentration in the Southwest Pacific (20.9 ± 9.0 μg/m3, during austral summer) was significantly higher 
than that in the northwest Pacific (11.7 ± 9.5 μg/m3, during boreal summer). Moreover, Prospero (1979) 
found that the sea salt concentrations from one area to another were relatively constant (including the 
Atlantic, Pacific, Mediterranean Sea, Indian Ocean, Malacca Straits, South China and Phillipine Seas), with 
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Sea area Location Time period Range (mean ± SD) N

Arctic Ocean 139°W∼146°E >66.5°N 2008∼2016 (summer) 0∼19.7 (3.3 ± 4.0) 87

55°E∼134°E >80°N 0∼1.2 (0.5 ± 0.5) 5

0∼33°E >66.5°N 0.9∼16.3 (5.4 ± 5.3) 14

Total >66.5°N 0∼19.7 (3.5 ± 4.4) 106

Bering Sea 175°W∼180°W; 
166°E∼180°E

55°N∼66.5°N 0.6∼24.5 (6.9 ± 4.7) 43

Northwest Pacific Sea of Okhotsk 145°E∼154°E 46.6°N∼49.7°N 2.6∼14.4 (6.7 ± 4.7) 5

Sea of Japan 131°E∼140°E 36°N∼45°N 4.3∼16.9 (8.6 ± 3.9) 11

East China Sea 122°E∼129°E 31°N∼34.2°N 1.6∼41.9 (21.5 ± 16.1) 7

Northwest Pacific 141°E∼173°E 41°N∼55.3°N 1.9∼28.1 (11.3 ± 7.8) 23

Total 122°E∼173°E 31°N∼55.3°N 1.6∼42.0 (11.7 ± 9.5) 46

Southeast Asia 92°E∼140°E 7°S∼23.9°N 2009∼2018 (summer) 0.1∼36.0 (13.6 ± 9.5) 30

Western Pacific Western Pacific near the 
equator

144°E∼165°E 23°S∼5°N 4.1∼48.3 (22.7 ± 15.4) 10

The Southwest Pacific 177°W∼180°W; 
150°E∼180°E

32°S∼58°S 6.0∼35.8 (20.9 ± 9.0) 15

Total 4.1∼48.3 (21.6 ± 11.7) 25

Junction of Indian Ocean and Pacific 142°E∼148°E 46°S∼59°S 6.5∼38.5 (17.2 ± 14.3) 4

Eastern Indian Ocean Eastern Indian Ocean near the 
equator

112°E∼114°E 11°S∼30°S 6.1∼52.3 (22.6 ± 16.1) 10

The Southeast Indian Ocean 73°E∼116°E 31°S∼60°S 0.7∼54.1 (13.2 ± 11.6) 27

Total 0.7∼54.1 (16.0 ± 13.6) 37

Southern Ocean Antarctic Peninsula 57°W∼68°W >54°S 2.7∼34.4 (11.8 ± 9.8) 12

Ross Sea 164°E∼175°E >70°S 0.7∼15.5 (4.9 ± 4.0) 18

Prydz Bay 72°E∼78°E >66°S 0.2∼19.5 (5.9 ± 5.3) 37

East Antarctica 1°E∼177°E >60°S 0∼32.7 (8.8 ± 7.3) 127

West Antarctica 5°W∼176°W >54°S 0∼34.4 (9.5 ± 7.4) 49

Total 5°W∼176°W; 1°E∼177°E >54°S 0∼34.4 (9.0 ± 7.3) 176

Southern Hemisphere 0∼90°S 0∼54.1 (11.4 ± 10.0) 247

Northern Hemisphere 0∼90°N 0∼41.9 (7.1 ± 7.7) 220

Note. In the top row of the table, “N” indicates the number of filter samples in the top row of table; in all other rows, it represents north latitude, “S” represents 
south latitude, “E” represents east longitude, and “W” represents west longitude. “∼” represents a range, for example, 139°W∼146°E means from 146°E∼180°W 
and 180°W to 139°W.

Table 1 
Summary of SSA Average Concentration (μg/m3) in Different Sea Areas
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means ranging from 3.5 μg/m3 to 11.2 μg/m3. In the present study, the SSA mean concentration in various 
marine regions ranged from 3.5 μg/m3 to 22.7 μg/m3. Furthermore, the results of a global study of SSA con-
centrations (Heintzenberg et al., 2000) showed that the SSA concentrations in the Northern Hemisphere 
were similar to those in the Southern Hemisphere (Figure 5 of their study). Although there were many 
uncertainties in our observations compared to research from many years ago, our observations suggest that 
the distribution of the SSA concentrations in different marine regions may have changed compared with 
decades ago, and the differences in SSA concentrations among them may have increased. Of course, further 
research is needed to confirm this conclusion.

3.2. Temporal Distribution of SSA

Regardless of the marine region, no obvious increase or decrease in the SSA concentrations was detected in 
this study during the past 10 years. In Arctic cruises, the CHINARE 2012 cruise included the area near the 
Norwegian Sea and the central area of the Arctic Ocean, which the other Arctic cruises did not. As discussed 
in Section 3.1, the SSA concentrations near the central Arctic Ocean were extremely low. Therefore, avoid-
ing the possible differences in the SSA concentrations caused by locally distinct marine areas, these samples 
were excluded from Figure 2a. Furthermore, although the SSA concentrations in the Arctic Ocean fluctu-
ated from 2008 to 2016, they were the lowest in 2014, at an average of 1.4 μg/m3 (Table S2), and highest in 
2016 at 5.3 μg/m3 (Table 2); this was also significantly higher (p < 0.01) than the concentration in 2014. It is 
conceivable that, the environmental conditions in the Arctic Ocean may have been very different from 2014 
to 2016, resulting in a four-fold change in the SSA concentrations. The trend of the SSA concentrations in 
the Bering Sea (Figure 2b) showed that they first decreased and then increased. The average SSA concentra-
tions reached their lowest value in 2012 (Table S2, 5.6 μg/m3) and highest value in 2016 (Table S2, 8.7 μg/
m3); there was a significant difference between them (p < 0.05). We also determined that although the SSA 
concentrations in the Arctic Ocean were at their lowest in 2014, the concentrations in the Bering Sea were 
high and fluctuated greatly during the same year (Figures 2a and 2b); this indicates that although the two 
areas are adjacent, the temporal changes in their SSA concentrations were not synchronous.

In the northwest Pacific Ocean, the trend in the SSA concentrations was same as in Bering Sea (Figures 2b 
and 2c). However, there are three marginal seas in the northwest Pacific, and an uneven distribution of 
annual samples in these marginal seas. The trends for this region were highly uncertain. In Southeast Asia, 
there was a slight increasing trend in the SSA concentrations (Figure 2e). In the western Pacific and eastern 
Indian Ocean, the SSA concentrations were widely dispersed with no overall pattern in annual variation 
(Figures 2d and 2f). However, it should be noted that for these sea areas, in some years, the sample size 
was low (such as Southeast Asia sea area in 2014) and sampling time span was larger, which may cause an 
uncertainty in our temporal analysis. More observational studies will be needed in the future to verify the 
phenomena observed in this study.

In the Southern Ocean, the SSA concentrations over the past decade showed a similar trend to the Arctic 
Ocean in this study, with a fluctuating trend from 2009 to 2018. Moreover, the average SSA concentration 
was the lowest from November 2013 to April 2014 (Figure  2g, 5.3  μg/m3), and significantly lower than 
from December 2017 to March 2018 (11.2 μg/m3, p < 0.01). The period with the lowest SSA concentrations 
around the Antarctic was essentially the same as that in the Arctic (namely 2014), but the period with the 
lowest SSA concentrations in the Southern Ocean lasted from December 2013 to March 2014 (the southern 
summer), and that in the Arctic Ocean was from July 2014 to September 2014 (the northern summer). In 
terms of timing, the extremely low SSA concentrations occurred earlier in the Antarctic than in the Arctic. 
In the same year, we found that the SSA concentrations in the eastern Indian Ocean adjacent to the South-
ern Ocean fluctuated sharply (Figure 2f). This phenomenon was similar to that which occurred in the Arc-
tic Ocean and Bering Sea in the Northern Hemisphere. Thus, the temporal variations in the SSA of adjacent 
marine areas were not consistent, and during the period when the SSA concentrations in the polar ocean 
was low, there were great fluctuations in the SSA concentrations of adjacent marine areas.

Overall, our results indicated that the SSA concentrations had not changed significantly in the past 10 years, 
but in 2014 SSA concentrations in both the Southern Ocean and the Arctic Ocean appeared significantly 
lower than the concentration recently observed in this study. And in 2012, the SSA concentrations in the 
Bering Sea were significantly lower than those from 2016. However, some results were limited by the small 
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sample size and the large sampling period, more observations are needed to verify some of the conclusions 
of this study.

3.3. Potential Factors Influencing SSA

There are many factors that may affect the concentration of SSA, besides U10, SST, sea ice fraction which 
were included in this study. Other factors could also influence the SSA concentrations, such as the wave 
state, air mass history and deposition (Forestieri et al., 2018; Fossum et al., 2018; Ovadnevaite et al., 2014; 
Veron, 2015; Yan et al., 2020). These factors can jointly affect the concentration of SSA and they are not in-
dependent variables. For example, the wave state not only relates to the actual wind speed but also to wind 
history (Ovadnevaite et al., 2014). Therefore, in addition to the factors analyzed in this section, it is possible 
that the SSA concentrations were affected by other factors.

3.3.1. Influence of Sea-Air Temperature Differences on the Spatial Distribution of SSA

In this section, all the samples were subdivided by marine region and the regional average SSA concentra-
tions were summarized to detect factors that could possibly have affected the differences in SSA concentra-
tion distribution. Reference to Table 2 shows that the average U10 values ranged between ∼7.00 m/s and 
8.68 m/s and that there are no significant differences among the various marine regions. Therefore, U10 is 
probably not the main factor controlling the differences in the spatial distribution of the SSA concentrations 
in summer. The submicron SSA particles could have remained entrained within the boundary layer for sev-
eral days (Ovadnevaite et al., 2014). There is likely to be a hidden variability within the SSA mass concentra-
tions based on air mass history. However, when the size of SSA particles is greater than 1 μm or even greater 
than 0.5 μm, the residence time of the SSA is rapidly reduced to several hours (Huang & Jaeglé, 2017; Jaeglé 
et al., 2011). Notwithstanding, this study aimed to explore the differences in SSA concentration distribution 
across several sea areas, so the impact of air history is considered less important than individual submicron 
particle of samples.

Because of the differences in the SST in the various regions, we conducted a linear correlation analysis 
of the SST and SSA concentrations in each region and observed a good correlation (Figure 3a, r = 0.68). 
The SSA concentrations were high in regions with high SST. The production of SSA increases as the SST 
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Figure 2. SSA concentrations plotted for each cruise in different marine regions. (a) Arctic Ocean, (b) Bering Sea, (c) Northwest Pacific, (d) Western Pacific, 
(e) Southeast Asia, (f) Eastern Indian Ocean, (g) Southern Ocean. For each box plot, the median is the 50th percentile and error bars extend from the 75th 
percentile to the maximum value (upper) and from the 25th percentile to the minimum value (lower). The small circle in each box represents the mean value. * 
represents the 5% significance level (p < 0.05), and ** represents the 1% significance level (p < 0.01).

 21698996, 2021, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020JD

033892 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

increases, as shown by the high SSA concentrations observed at low latitudes (Grythe et al., 2014; Jaeglé 
et al., 2011). However, it is very difficult to isolate single factors to investigate their impact on SSA. Many 
laboratory studies have examined the relationship between SST and SSA concentrations, but have reached 
different conclusions regarding the dependence of SSA production on SST. For example, Salter et al., 2014 
demonstrated that the particle number concentration decreased with increasing seawater temperature (to 
∼9°C). This is consistent with previous laboratory results (Zabori et al., 2012a) but inconsistent with the 
observed phenomenon (Grythe et al., 2014; Jaeglé et al., 2011; Ovadnevaite et al., 2014). However, a more 
recent laboratory study found that particle number concentration increased monotonically with water tem-
perature (Forestieri et al.,  2018). These comparisons suggest that other factors may have influenced the 
results of the laboratory experiments.

Our results show that (based on the analysis of average SSA concentrations in different sea areas), com-
pared to SST, the sea-air temperature difference (SST-T2M) is more representative of the difference in the 
global distribution of SSA concentrations (r = 0.94, p < 0.01, Figure 3b). Reference to Figure 3b shows 
that the greater the SST-T2M value is, the higher the SSA concentrations are. This may be because the 
difference between air and sea temperatures is the primary determinant of atmospheric stability and the 
relative importance of convective and mechanical mixing of air over the ocean (Lewis and Schwartz, 2004). 
Moreover, atmospheric stability affects the SSA production process itself and thus the interfacial SSA pro-
duction flux by influencing the sea state, wave breaking, and the processes of whitecap formation (Lewis 
and Schwartz,  2004). Hence, the sea-air temperature difference affects the upward entrainment of SSA 
particles into the atmosphere and causes the differences in the SSA concentrations (Harb & Foroutan, 2019; 
Lewis and Schwartz, 2004). Second, sea-air temperature difference is also a key factor in sea fog formation 
(Koračin et al., 2014). In regions where the value of SST-T2M is near zero (the air temperature is slightly 
lower than the water temperature), fog formation could be more common (Koračin et  al.,  2014; Kuma 
et al., 2020). This process could scavenge SSA masses from the boundary layer and potentially explain the 
phenomenon observed (Figure 3b). Therefore, the sea-air temperature difference in different sea areas may 
be a factor affecting the pattern in SSA concentration distribution. This phenomenon may be significant for 
the abovementioned contradictory conclusions of previous laboratory studies on the relationship between 
the SSA concentrations and SST: that is, despite the same SST during the experiments, the differences in 
atmospheric temperature and water-air temperature gradient could contribute to inter-study differences. 
The specific reasons need to be further confirmed by follow-up research.

In summary, we found that the sea-air temperature difference is probably a factor influencing the distri-
bution of the SSA concentrations. Notably, when the sea-air temperature difference in the various marine 
regions increases by 1°C on average, the differences in the SSA concentrations among the regions increase 
by 11.98 ± 1.97 μg/m3, which is substantial. As discussed in Section 3.1, compared to the distribution of 
SSA concentrations 40 years ago, the SSA concentrations exhibited larger differences between the marine 
regions studied herein. We speculate that this may have been caused by the further increase in the sea-air 
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Figure 3. Relationship between SSA concentrations and SST (a) and SST-T2M (b). The error bars represent standard deviation. r represents the Pearson 
correlation coefficient. An ANOVA was performed to test whether the slopes were significantly different from 0.
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temperature difference among them. Moreover, this may have been driven by the background of global 
warming, which requires careful attention because the change in the distribution of the SSA concentrations 
may affect a series of atmospheric circulation processes and have consequences for the climate.

3.3.2. Influence of Meteorological Factors on Temporal Variations in SSA

To investigate the possible factors responsible for the changes in SSA concentrations in each marine region 
in summer, we compared the changes in the summer annual average SSA concentrations in each region 
with the changes in the potential influencing factors. However, only the changes in the SSA concentrations 
and sea ice fraction in the Arctic Ocean were synchronous (Figure 4a). As noted in Section 3.2, the SSA con-
centrations in the Arctic Ocean were the lowest during the CHINARE 2014 cruise, which may be a result of 
the occurrence of the highest sea-ice cover (0.56) during the sampling period, which would suppress SSA 
emissions. We also found that U10 and SST were both at their lowest levels (Table S2) in 2014, which may 
explain the extremely low SSA concentrations recorded in the Arctic Ocean during this cruise. However, 
although the SST was at its highest, and the sea ice fraction was at its lowest during CHINARE 2012 cruise, 
the SSA concentrations were not their highest at this time; they were in fact lower than those recorded dur-
ing the CHINARE 2016 cruise. This may be due to the sea ice fraction of 0.32 in 2016 (Table S2), showing 
the phenomenon that in drifting sea ice region (during southern summer), the collision between sea water 
and sea ice could enhance SSA generation (Yan et al., 2020). Therefore, it is possible that the influence of 
sea ice on SSA was not linear. For the Southern Ocean, we were unable to determine a possible cause of 
the temporal change in SSA concentrations, where the factors influencing them in the Southern Ocean are 
evidently complicated. However, during summer in both the Arctic Ocean and Southern Ocean, when sea 
ice fraction was from 0.2 to 0.6, the SSA concentrations showed some high value (up to 14 μg/m3 for the 
Southern Ocean and 7 μg/m3 for the Arctic Ocean, Figure S5), which probably indicated that the sea ice 
fraction may have multiple effects on SSA.

In addition, the SSA concentrations during 2014 and 2016 were higher than those during 2008–2012 in 
Bering Sea (during northern summer), these changes may be due to the fact that the SST was higher in 2014 
(Table S2, 8.8°C) and 2016 (Table S2, 10.3°C) than they had been before (Figure 4b, <7.8°C). Moreover, 
Walsh et al. (2018) showed that human-induced climate change has increased the likelihood of anomalous 
ocean warming, leading to peaks in sea surface temperature of the Bering Sea in 2015–2016. Therefore, we 
suggest that the possible reason why the SSA concentrations during the CHINARE 2014 and 2016 cruises 
were higher than those during the other three cruises was the increase in the SST.

In general, different factors may have different degrees of influence on the SSA concentration in various sea 
areas, with the potential dominant factors in each sea area possibly also being different, which may lead to 
distinct interannual variations in the SSA concentrations, even in adjacent areas. In this study, we found 
that sea-ice cover is the main factor controlling SSA concentrations in the Arctic Ocean and that the SST is 
probably the main factor controlling SSA concentrations in the Bering Sea during the summer.

3.4. Comparison of the Results with GEOS-Chem Model Simulations

We compared the observed SSA concentrations with those simulated by the GEOS-Chem. Given that we 
do not have high-resolution latitude and longitude data for CHINARE 2008, the corresponding simulated 
SSA concentrations were not output from the model. Figure S6 shows that the model failed to reproduce 
the relatively high SSA values observed. The area near the surf zone produced more SSA compared to the 
open ocean (de Leeuw et al., 2000), and thus measurements from near the coast may not have been repre-
sentative of concentrations over the open ocean (Jaeglé et al., 2011). To evaluate the model, all the samples 
were divided into four groups: Open Ocean, Not Full Open Ocean, Coastal, and Full Sea Ice (see Text S4 for 
details of the classification method), to distinguish samples affected by land or sea ice during the sampling 
process. The GEOS-Chem model systematically underestimated the observed SSA concentrations in each 
of the four groups (Figure S7a). Even for the Open Ocean samples, which were very unlikely to have been 
affected by coastal and land ice, the model still underestimated the observed SSA concentrations by 49%. 
For the Not Fully Open Ocean samples, which may have been affected by the coast, the model underesti-
mated the observed values by as much as 61%. For the Full Sea Ice samples, which were taken from areas 
almost completely covered by sea ice, the model simulation results (−32%) were better than those for the 
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Open Ocean samples (−49%). For the Coastal samples, it was likely that the observed SSA concentrations 
were affected by the coast, as the model underestimated the observed SSA concentrations by up to 91%. We 
then evaluated the simulation results for the various marine regions (Figures S7b–S7h). We found that in 
areas with complex topography, such as the Bering Sea, Southeast Asia, and the northwest Pacific, the sea-
land interface had a substantial impact on the simulated SSA concentrations, whereas for the open ocean, 
such as the western Pacific, eastern Indian Ocean, and the Southern Ocean, it had little impact. To exclude 
the influence of coastal regions on the SSA concentrations, we analyzed only Open Ocean samples. The 
model results agreed well with the observed SSA concentrations in the Arctic Ocean (−31%) and Bering Sea 
(−29%), but the model failed to reproduce the highest observed SSA values at the mid-low latitudes (areas of 
high SST), and the Southern Ocean made the largest contribution to the underestimation of the simulated 
SSA concentrations (−62%).

The greatest uncertainty in the simulated SSA concentrations came from the SSA source function in the 
model (Ovadnevaite et al., 2014). In this study, the SSA source function within GEOS-Chem incorporates 
an SST function in the SSA source function, as outlined by Jaeglé et al. (2011). This significantly reduces 
model overestimation for low SST and underestimation of SSA for high SST (Jaeglé et al., 2011). However, 
the present study demonstrated that this source function still results in an underestimation of the SSA 
concentrations, especially in the Southern Ocean (by ∼62%). Reference to Figure 5a shows that the ratio of 
observed to simulated SSA concentrations (Cobs/Cmodel0, Cmodel0: SSA source function excluding SST) has a 
polynomial relationship with SST (excluding samples from the Southern Ocean). The Cobs/Cmodel0 ratio fitted 
in this study is termed F(SST), whereas that fitted following Jaeglé et al. (2011) is termed f (SST). The two 
relationships (F(SST) and f (SST)) approximately coincide in the Arctic Ocean, whereas F(SST) is signifi-
cantly higher than f (SST) for high SST values. The fitted relationship between Cobs/Cmodel0 and SST (F(SST)) 
reveals that the parameterized deviation of SST at least partially accounts for the model underestimation.

Notably, the sampling points from the Southern Ocean lie outside the relationship described by the third-or-
der polynomial (Figure 5a) that is higher than f (SST). Therefore, the SST scale in the SSA source function 
suppresses the SSA emissions in the Southern Ocean (low SST sea area) to a great extent, leading to the 
underestimation by the model. However, we found that Cobs/Cmodel and Cobs/Cmodel0 have a strong linear 
relationship in this area (r = 0.66, p < 0.001), given the difference between SST and T2M. The greater the 
difference between SST and T2M, the greater the degree of underestimation by the model (Figure 5b). This 
may have been the result of the effect of sea-air temperature differences on atmospheric stability. As men-
tioned in Section 3.3.1, the atmospheric stability affects the SSA production process itself, and hence the 
interfacial SSA production flux, by influencing the sea state, wave breaking, and whitecap formation (Lewis 
et al., 2004). Therefore, a large sea-air temperature difference can produce more SSA and probably promotes 
SSA emissions rather than inhibits SSA emissions in Southern Ocean, although the SST is low. Conversely, 
for the Arctic Ocean, the sea-air temperature difference in the Arctic was small (Table S3, 0.07). There-
fore, the effect of the sea-air temperature difference on the Arctic is unlike the Southern Ocean. Instead, a 
more stable boundary layer may result in a lack of entrainment of SSA fluxes (Lewis and Schwartz, 2004). 
Furthermore, the RH is higher in the Arctic Ocean (Table S3, 93.47) than in Southern Ocean (Table S3, 
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Figure 4. Comparison of the variation of average SSA concentrations and sea ice fraction in the Arctic Ocean (a) and SST in the Bering Sea (b).

 21698996, 2021, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020JD

033892 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

80.69). It seems likely that oceanic fog would have had an impact on the 
Arctic Ocean samples in addition to sea ice. Although both the Arctic 
Ocean and Southern Ocean are a low SST sea area, there are differences 
in atmospheric stability between them. If the same SST function is used 
in all regions, this may cause the model to underestimate the Southern 
Ocean SSA.

Furthermore, the sea-air temperature difference in some middle and low 
latitude sea areas may also be quite high (Table S2). However, due to the 
high SST in these sea areas, the SST function of the model does not have a 
great suppression of SSA emissions. In addition, Kuma et al. (2020) found 
that the unique environmental conditions of the summertime Southern 
Ocean (sub-zero temperatures of the near-surface atmosphere and the 
near-zero sea surface temperature) make the near-sea-surface unstable. 
Therefore, the atmospheric instability caused by the sea-air temperature 
difference may be particularly obvious in the Southern Ocean. Of course, 
it is conceivable that there are other factors that may cause the model to 
be inaccurate in the Southern Ocean simulation. The study of Hartery 
et al.  (2020) showed that variations in sea surface temperature did not 
explain further variability within the temperature range studied in the 
Southern Ocean. They thought that swell changes with latitude (swell 
rarely occurs in the tropics where fluxes are expected to be higher, and 
are frequently present at high latitudes where fluxes are expected to be 
lower) may also be implicit in the correction curve of Jaeglé et al. (2011).

4. Conclusions
We measured the global distribution of SSA concentrations from the 
Arctic to the Antarctic, during a total of 13 cruises (2008–2018 summer). 
The samples were divided into those from the Arctic Ocean, Bering Sea, 
northwest Pacific, the Southeast Asia, western Pacific, eastern Indian 
Ocean, and Southern Ocean, to allow investigation of the spatial and tem-
poral distribution of SSA concentrations, potential controlling factors, 
and model-measurement comparisons using GEOS-Chem.

We found that the distribution of SSA concentrations differed significant-
ly between sea areas at different latitudes, such as the SSA concentration 
in the Arctic Ocean was significantly lower than other sea areas. Com-
pared with 40  years ago, the difference in SSA concentration between 
different sea areas may have increased. Our results suggest that one factor 
that caused the difference in SSA concentration between different sea ar-
eas may be the sea-air temperature difference. Subsequent investigations 
of the temporal distribution of SSA in the different marine areas suggest-
ed that the SSA concentrations had no obvious sustained increasing or 
decreasing trend during 2008–2018 summer, and that the Arctic Ocean 
and Southern Ocean both had extremely low SSA concentrations in 2014. 
The dominant factor influencing interannual changes in the SSA con-
centrations in the Arctic Ocean in summer was the sea-ice cover. We also 
found that the SSA concentrations in the Bering Sea were significantly 
higher in 2016 than in 2012, which was consistent with changes in the 
SST in summer. Therefore, we suggest that SST is the key factor influ-

encing the SSA concentrations in the Bering Sea. Finally, the GEOS-Chem model systematically under-
estimated SSA in the Southern Ocean by 60%, but the model results agreed well with observations in the 
Arctic Ocean. This was probably due to the parameterization of SST in the SSA source function restraining 
the SSA emissions in the Southern Ocean too much (although the SST is low, the large sea-air temperature 
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Figure 5. Relationship between the ratio of temperature and 
SSA concentrations ratio. (a) Ratio of observed to modeled 
SSA mass concentrations (Cobs/Cmodel0) as a function of the 
modeled sea-surface temperature (SST). The red lines are the 
least squares fits of the points to a third-order polynomial: Cobs/
Cmodel0 = 0.36855 + 0.11082 × SST−0.00704 × SST2 + 0.00027 × SST3, 
expressed as F(SST). This result excludes samples 
from the Southern Ocean. The black line is Cobs/
Cmodel0 = 0.3 + 0.1 × SST−0.0076 × SST2 + 0.00021 × SST3, fitted according 
to Jaeglé et al., 2011 and expressed as f (SST). Cmodel0 indicates that the SSA 
concentrations were simulated using the GEOS-Chem standard model 
(Cmodel) and then divided by the f (SST) function (Jaeglé et al., 2011). (b) 
Ratio of observed to modeled SSA mass concentrations (Cobs/Cmodel and 
Cobs/Cmodel0) as a function of the temperature differences between the 
ocean and the air (SST-T2M) in the Southern Ocean. The black line is the 
linear fit: Cobs/Cmodel = 2.06 × (SST−T2M) + 1.81, and the red line is the 
linear fit: Cobs/Cmodel = 0.62 × (SST−T2M) + 0.59, where r is the Pearson 
correlation coefficient.
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difference promotes SSA emissions). Therefore, using the same SST function to correct for SSA emissions 
in both the Arctic Ocean and Southern Ocean may not be appropriate. These results may have implications 
for understanding the response of SSA concentrations to climate change. Verification of this hypothesis will 
require more work in the future.

Data Availability Statement
This study complies with AGU data policy. The data is available in the Mendeley Data repository (http://dx-
.doi.org/10.17632/49wmksx7pr.1). ICEALOT and ACE-ASIA cruises observations are available from NOAA 
PMEL (https://saga.pmel.noaa.gov/data).
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Sea area U10 m/s Sea ice fraction SST °C T2M °C SST-T2M °C SSA μg/m3 N

Arctic Ocean Average 7.91 0.35 1.13 1.19 −0.05 3.47 106

SD 3.61 0.34 3.32 3.13 0.66 4.18

Bering Sea Average 8.76 0.00 8.57 8.35 0.22 6.77 43
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Southern Ocean Average 7.70 0.12 −2.46 −3.06 0.60 8.97 176

SD 3.13 0.18 4.43 4.24 1.22 7.30

Table 2 
U10, SST, Sea Ice Fraction, T2M, and SSA Concentrations in Different Marine Regions
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