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Interactions with environmental surfaces significantly affect the abundance and dis-
tribution of air pollutants. This influence of surface interactions on air pollutants may, in
turn, alter environmental and health effects caused by the resulting mix of air pollutants
in ways that are still poorly understood. Among the various types of environmental sur-
faces, snow and ice crystal surfaces have historically attracted comparatively less research
attention, in part due to the difficulties of conducting both laboratory and field studies at
subfreezing temperatures. However, snow and ice research has intensified during the last
few years thanks to newly developed experimental and field approaches. The research
activity in snow and ice pollution in the seasonally or permanently colder regions of the
world is rapidly increasing, especially in Canada, Chile, China, Denmark, Finland, France,
Iceland, Norway, Russia, Sweden, and the United States of America. It is now clear that
snow plays an important role in air pollutants’ fate, from exhaust-derived contaminants
to microplastics.

In this Special Issue of Atmosphere, we collected original research articles on the
forefront of scientific inquiry into the processes of air-pollution—snow interactions and the
impact of seasonality on air pollution. The articles report on the research into physical
and chemical processes taking place when air pollutants come in contact with snow and
the implications of the winter-specific environmental factors for ambient air pollution.
Field observation, laboratory-experimental, and modeling studies are included, along
with environmental monitoring and source apportionment research of local, regional, or
global relevance. The fieldwork covered in the articles was conducted in various types of
locations: urban sites (e.g., the cities of Chengdu, Gucheng [1], Helsinki [2], Montreal [3],
and Moscow [4]); small cities and rural areas (e.g., Yulin, Huimin, and Zhengzhou [1], Tien
Shan [5], Valday [6], and “36 sites on a 2800 km submeridional profile from the city of
Barnaul to Salekhard” [7]); industrial [6]; remote (e.g., the Arctic, Antarctic [8], and Tibetan
Plateau [9]); and other locations (e.g., along highways [10] and in the mountains [11]).

The articles collected in this Special Issue focus on the following aspects of the interac-
tion of air pollution with snow and the effects of seasonality: (1) the impact of deposited
air pollutants on the snow albedo [2,11,12], (2) the composition and properties of par-
ticulate and volatile air pollutants detected in snow [4,7,8,11], (3) links with the sources
and impact assessment, including, more specifically, seasonality of black carbon in the air
and snow [1,2,5,9,12], (4) metals and metalloids in snow [4,6], (5) radioactive isotopes in
snow [10], (6) snowpack pollution as an indicator of atmospheric pollution [1,6-8,10,12],
(7) photochemistry of compounds released due to interactions with anthropogenic particles
that became mixed with snow [3], and (8) the effect of snow on greenhouse gas fluxes from
the underlying peat [13].

Several articles in the Special Issue highlight the importance of different forms of
carbon in determining snow albedo and the potential effects on the climate and the cryo-
sphere. Meinander and colleagues [2] investigated the spatial and temporal variability
of atmospheric carbon deposition and the sampling, sample processing, and analysis
methodology for snow samples. The authors note that the results of such research will

Atmosphere 2021, 12, 490. https:/ /doi.org/10.3390/atmos12040490

https:/ /www.mdpi.com/journal /atmosphere


https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-8694-3373
https://orcid.org/0000-0001-5269-5017
https://doi.org/10.3390/atmos12040490
https://doi.org/10.3390/atmos12040490
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12040490
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12040490?type=check_update&version=1

Atmosphere 2021, 12, 490

2o0f4

allow measuring of atmospheric carbon deposition across time and space, including long-
term monitoring and source apportionment [2]. Beres and colleagues [12] concluded
that black carbon deposition in snow can be estimated from the snow albedo and vice
versa. Zhang and colleagues [5] and Wang and colleagues [9] explored the seasonality of
atmospheric black carbon concentrations and discuss the contributions of different sources
to black carbon air pollution across the seasons. They found correlations between black
carbon concentrations and meteorology, including wind speed. In their exploration of
the seasonality of black carbon concentrations in the ambient air, Guo and colleagues [1]
studied the seasonal correlation between black carbon in the aerosol phase and black carbon
in the snow. Duan and colleagues [14] explored the seasonality of PM; 5, including its
chemical speciation, and discussed the changes in PM; 5 and individual chemical species
within PMj 5 depending on the traced source location and seasons.

Shevchenko and colleagues [7] investigated the morphology and sources of biogenic,
lithogenic, and anthropogenic particles in snow and their correlations with proximity to
cities and areas of active hydrocarbon production. They note sharp differences in the
mineralogical composition of particulate matter in snow and explore its association with
geography. Nemirovskaya and colleagues [8] investigated the organic chemical speciation
of air pollutants in the snow and ice of high-latitude areas of the Arctic and the Antarctic.
They highlight the high degree of preservation of the mineral, biogenic, and anthropogenic
particles in the upper layer of ice in these regions. Nemirovskaya and colleagues [8] also
demonstrated the possibility of source apportionment for organic air pollutants based
on their distribution in the snow and ice. They discuss the effects of topography, the
phenomena associated with the oases in the regions, and meteorology, particularly winds,
the importance of which was also noted by Zhang and colleagues [5] and Wang and
colleagues [9].

The topic of source apportionment, in the context of metal and metalloid pollutants in
urban snow, was investigated by Vlasov and colleagues [4]. In addition to finding a broad
range of toxic metals in urban snow, Vlasov and colleagues found specific associations of
metal and metalloid co-occurrence clusters with urban sources such as road dust and wind
blowing of soil particles, the wear of metal parts of cars, the abrasion of tires and roadway
surfaces, vehicle exhaust, and heat power plants. Dinu and colleagues [6] identified a range
of geochemical, biological, and anthropogenic factors impacting the accumulation of heavy
metal pollutants and selected anions in snow. They discuss the impact of vegetation on the
underlying snow cover pollution. As shipping, mining, and industry develop in the Arctic
in the future, Vlasov and colleagues’ and Dinu and colleagues’ methodologies could also
become valuable for environmental pollution research in remote high-latitude regions.

Pey and colleagues [11] explored the aerosol deposition from the atmosphere to the
snowpack in the Spanish Pyrenees and examined its impact on the optical properties
of snow and the snow melting processes. They found the impact on the snow albedo
significant enough to be considered in modeling distributed energy balance and snowmelt
predictions. Viru and colleagues [13] investigated the impact of snow cover on the green-
house gas emissions from hemiboreal drained peatlands. As the winters are becoming
milder in the northern regions, understanding the impact of snow cover on greenhouse gas
emissions from various underlying systems is emerging as a critical topic of future research.

Hall and colleagues [3] explored the source and seasonality of photolabile chlorine
species (e.g., Cly, HOCI, CINO;, CINOj3, and BrCl) and the impact of salt application
during snow removal operations on the presence of photolabile chlorine species in the
ambient air. They examined the association of the photolabile chlorine species in the
ambient air with the abundance of chloride ions in PM; 5 particles based on a decadal
analysis (2010-2019) in the city of Montreal. Their field observations were confirmed in
laboratory photochemical experiments. Hall and colleagues showed that anthropogenic salt
application to paved surfaces for snow and ice removal produces atmospheric photoactive
chlorine species. This newly discovered phenomenon has implications for future modeling
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of atmospheric photochemical oxidation processes and snow-air interactions to achieve a
better understanding of boundary layer meteorology.

Finally, Mezina and colleagues [10] investigated the deposition of three radioactive
isotopes ("Be, 2Pb,m, and 137Cs) in the snow as indicators of precipitation and atmo-
spheric aerosol deposition across seasons. They found that the distribution of radioactive
isotopes across different size fractions of particulate matter in the snow is important for
determining the degree of regional anthropogenic impact.

The articles in this Special Issue have not explored the impact of air-pollution-snow
interactions and seasonality on health effects. However, air pollution has been shown to
cause a broad range of adverse environmental and health effects [15,16]. The alteration of
air pollution due to snow interactions and seasonality is believed to influence the health
impact of air pollution. Numerous studies have linked air pollution exposure not only
with cardiovascular and pulmonary disease [17,18] but also neurological disorders [19],
reduced IQ [20], impaired athletic performance [21], diabetes [22], and carcinogenesis [23].
Therefore, understanding the physical and chemical processes involved in the snow-air-
pollutant interactions will help us determine how the presence of snow and seasonality
impacts the harm of air pollution to human health.

Air pollutants in gaseous and particulate forms can undergo various physical and
chemical transformations between the time when air pollutants are released and when ex-
posure occurs. Air pollutants interact with environmental surfaces such as vegetation, soil,
exposed rock, water surfaces, and snow. Snow specifically is an important determiner of air
pollutants” fate. The interactions of some air pollutants with snow lead to their temporary
or permanent extraction from the atmosphere. Conversely, snow-air-pollutant interactions
also result in the introduction of pollutants into the air. The time scale, conditions and the
nature of this two-way air pollutant flux present a significant knowledge gap.

Upon melting, refreezing, evaporation, and sublimation, snow pollutants can be
transformed and transferred to the atmosphere, the hydrosphere, the lithosphere, and the
biosphere. Such transformation processes may alter the chemical nature and distribution of
air pollutants across the gas and particulate phases within a broad range of aerosol particle
sizes [24-26]. A new research field dedicated to investigating these transformations is
emerging. This future research should address the remaining knowledge gaps in our under-
standing of snow-air-pollutant interactions and their impacts, which preclude answering
multiple questions regarding the impact of snow and seasonality on gas-phase atmospheric
chemistry, cold temperature photochemistry, photochemical and photophysical processes
in snow and ice, snow-ice—air-water—soil interactions, aerosol dynamics, and the resulting
alterations of the environmental and health impact of air pollutants. We hope that the
selected phenomena explored by the authors of the articles in this Special Issue and the
findings inspire and inform future research into snow-air-pollution interactions and the
impact of seasonality on air pollution.

Author Contributions: Writing—original draft preparation, Y.N.; writing—review and editing,
P.A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The editors would like to thank the authors from Australia, Austria, Canada,
Chile, China, Estonia, Finland, France, Russia, Spain, and the United States of America for their con-
tributions to this Special Issue. We thank the reviewers for their constructive and helpful comments
that helped evaluate the integrity and the quality of the manuscript submissions we received and
improved the accepted manuscripts. The editors are especially grateful to Alicia Wang, with MDPI,
for her hard and meticulous editorial and technical work over a period of more than one year to
coordinate the authors and reviewers’ invitations and the peer-review process.

Conflicts of Interest: The authors declare no conflict of interest.



Atmosphere 2021, 12, 490 4 of 4

References

1.  Guo, B;; Wang, Y.; Zhang, X.; Che, H.; Ming, J.; Yi, Z. Long-Term Variation of Black Carbon Aerosol in China Based on Revised
Aethalometer Monitoring Data. Atmosphere 2020, 11, 684. [CrossRef]

2. Meinander, O.; Heikkinen, E.; Aurela, M.; Hyvérinen, A. Sampling, Filtering, and Analysis Protocols to Detect Black Carbon,
Organic Carbon, and Total Carbon in Seasonal Surface Snow in an Urban Background and Arctic Finland (>60° N). Atmosphere
2020, 11, 923. [CrossRef]

3. Hall, R;; Nepotchatykh, O.; Nepotchatykh, E.; Ariya, P. Anthropogenic Photolabile Chlorine in the Cold-Climate City of Montreal.
Atmosphere 2020, 11, 812. [CrossRef]

4. Vlasov, D,; Vasil’'Chuk, J.; Kosheleva, N.; Kasimov, N. Dissolved and Suspended Forms of Metals and Metalloids in Snow Cover
of Megacity: Partitioning and Deposition Rates in Western Moscow. Atmosphere 2020, 11, 907. [CrossRef]

5. Zhang, X,; Li, Z.; Ming, ].; Wang, F. One-Year Measurements of Equivalent Black Carbon, Optical Properties, and Sources in the
Urumgi River Valley, Tien Shan, China. Atmosphere 2020, 11, 478. [CrossRef]

6.  Dinu, M.; Moiseenko, T.; Baranov, D. Snowpack as Indicators of Atmospheric Pollution: The Valday Upland. Atmosphere 2020,
11, 462. [CrossRef]

7. Shevchenko, V.P,; Vorobyev, S.N.; Krickov, I.V.; Boev, A.G.; Lim, A.G.; Novigatsky, A.N.; Starodymova, D.P.; Pokrovsky, O.S.
Insoluble Particles in the Snowpack of the Ob River Basin (Western Siberia) a 2800 km Submeridional Profile. Atmosphere 2020,
11, 1184. [CrossRef]

8. Nemirovskaya, I.; Shevchenko, V. Organic Compounds and Suspended Particulate Matter in Snow of High Latitude Areas (Arctic
and Antarctic). Atmosphere 2020, 11, 928. [CrossRef]

9. Wang, E; Zhang, X; Yue, X,; Song, M.; Zhang, G.; Ming, ]. Black Carbon: The Concentration and Sources Study at the Nam Co
Lake, the Tibetan Plateau from 2015 to 2016. Atmosphere 2020, 11, 624. [CrossRef]

10. Mezina, K.; Melgunov, M.; Belyanin, D. 7Be, 210Pbatm and 137Cs in Snow Deposits in the Arctic Part of Western Siberia
(Yamal-Nenets Autonomous District). Atmosphere 2020, 11, 825. [CrossRef]

11.  Pey,].; Revuelto, J.; Moreno, N.; Alonso-Gonzélez, E.; Bartolomé, M.; Reyes, J.; Gascoin, S.; Lépez-Moreno, J. Snow Impurities
in the Central Pyrenees: From Their Geochemical and Mineralogical Composition towards Their Impacts on Snow Albedo.
Atmosphere 2020, 11, 937. [CrossRef]

12.  Beres, N.; Lapuerta, M.; Cereceda-Balic, F.; Moosmiiller, H. Snow Surface Albedo Sensitivity to Black Carbon: Radiative Transfer
Modelling. Atmosphere 2020, 11, 1077. [CrossRef]

13.  Viru, B,; Veber, G.; Jaagus, J.; Kull, A.; Maddison, M.; Muhel, M.; Espenberg, M.; Teemusk, A.; Mander, U. Wintertime Greenhouse
Gas Fluxes in Hemiboreal Drained Peatlands. Atmosphere 2020, 11, 731. [CrossRef]

14. Duan, L,; Yan, L,; Xiu, G. Online Measurement of PMj 5 at an Air Monitoring Supersite in Yangtze River Delta: Temporal Variation
and Source Identification. Atmosphere 2020, 11, 789. [CrossRef]

15. Vallero, D. Fundamentals of Air Pollution; Elsevier: Amsterdam, The Netherlands, 2014.

16. DPriiss-Ustiin, A.; Wolf, ].; Corvalan, C.; Bos, R.; Neira, M. Preventing Disease through Healthy Environments: A Global Assessment of
the Burden of Disease from Environmental Risks. A Global Assessment of the Burden of Disease from Environmental Risks; World Health
Organization: Geneva, Switzerland, 2016.

17.  Scott, H.A.; Michelle, LN.; Umme, S.A.; Neeraj, R.; Bruce, U.; Frances, S.S.; Chow, C.-W.; Evans, G.J.; Scott, ].S. Comparative
cardiopulmonary effects of size-fractionated airborne particulate matter. Inhal. Toxicol. 2012, 24, 161-171.

18.  Yu, O.; Sheppard, L.; Lumley, T.; Koenig, ].Q.; Shapiro, G.G. Effects of ambient air pollution on symptoms of asthma in Seattle-area
children enrolled in the CAMP study. Environ. Health Perspect. 2000, 108, 1209-1214. [CrossRef] [PubMed]

19. Li, W,; Bertisch, S.M.; Mostofsky, E.; Buettner, C.; Mittleman, M.A. Weather, ambient air pollution, and risk of migraine headache
onset among patients with migraine. Environ. Int. 2019, 132, 105100. [CrossRef]

20. Perera, EP; Li, Z.; Whyatt, R.; Hoepner, L.; Wang, S.; Camann, D.; Rauh, V. Prenatal Airborne Polycyclic Aromatic Hydrocarbon
Exposure and Child IQ at Age 5 Years. Pediatrics 2009, 124, €195-€202. [CrossRef]

21. Rundell, K.W. Effect of air pollution on athlete health and performance. Br. |. Sports Med. 2012, 46, 407-412. [CrossRef] [PubMed]

22.  Ramlochansingh, C.; Thiering, E.; Heinrich, J. P I—1-6 Ambient air pollution and diabetes—A systematic review. Occup. Environ.
Med. 2018, 75, A31.

23.  World Health Organization (WHO). Outdoor Air Pollution a Leading Environmental Cause of Cancer Deaths. Available
online: http:/ /www.euro.who.int/en/health-topics/environment-and-health /urban-health /news/news/2013/10/outdoor-
air-pollution-a-leading-environmental-cause-of-cancer-deaths (accessed on 28 September 2015).

24. Nazarenko, Y.; Kurien, U.; Nepotchatykh, O.; Rangelalvarado, R.B.; Ariya, P.A. Role of snow and cold environment in the fate
and effects of nanoparticles and select organic pollutants from gasoline engine exhaust. Environ. Sci. Process. Impacts 2015, 18,
190-199. [CrossRef] [PubMed]

25. Nazarenko, Y.; Fournier, S.; Kurien, U.; Rangel-Alvarado, R.B.; Nepotchatykh, O.; Seers, P.; Ariya, P.A. Role of snow in the fate
of gaseous and particulate exhaust pollutants from gasoline-powered vehicles. Environ. Pollut. 2017, 223, 665-675. [CrossRef]
[PubMed]

26. Ariya, PA,; Dastoor, A.; Nazarenko, Y.; Amyot, M. Do snow and ice alter urban air quality? Atmos. Environ. 2018, 186, 266-268.

[CrossRef]


http://doi.org/10.3390/atmos11070684
http://doi.org/10.3390/atmos11090923
http://doi.org/10.3390/atmos11080812
http://doi.org/10.3390/atmos11090907
http://doi.org/10.3390/atmos11050478
http://doi.org/10.3390/atmos11050462
http://doi.org/10.3390/atmos11111184
http://doi.org/10.3390/atmos11090928
http://doi.org/10.3390/atmos11060624
http://doi.org/10.3390/atmos11080825
http://doi.org/10.3390/atmos11090937
http://doi.org/10.3390/atmos11101077
http://doi.org/10.3390/atmos11070731
http://doi.org/10.3390/atmos11080789
http://doi.org/10.1289/ehp.001081209
http://www.ncbi.nlm.nih.gov/pubmed/11133403
http://doi.org/10.1016/j.envint.2019.105100
http://doi.org/10.1542/peds.2008-3506
http://doi.org/10.1136/bjsports-2011-090823
http://www.ncbi.nlm.nih.gov/pubmed/22267572
http://www.euro.who.int/en/health-topics/environment-and-health/urban-health/news/news/2013/10/outdoor-air-pollution-a-leading-environmental-cause-of-cancer-deaths
http://www.euro.who.int/en/health-topics/environment-and-health/urban-health/news/news/2013/10/outdoor-air-pollution-a-leading-environmental-cause-of-cancer-deaths
http://doi.org/10.1039/C5EM00616C
http://www.ncbi.nlm.nih.gov/pubmed/26758961
http://doi.org/10.1016/j.envpol.2017.01.082
http://www.ncbi.nlm.nih.gov/pubmed/28190686
http://doi.org/10.1016/j.atmosenv.2018.05.028

	References

