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Abstract

We evaluate the effects of rapidly changing Arctic sea ice conditions on sea salt aerosol (SSA) produced by oceanic wave-

breaking and the sublimation of wind-lofted salty blowing snow on sea ice. We use the GEOS-Chem chemical transport model

to assess the influence of changing extent of the open ocean, multi-year sea ice, first-year sea ice (FYI), and snow depths on SSA

emissions for 1980-2017. We combine snow depths from the Lagrangian snow-evolution model (SnowModel-LG) together with

an empirically-derived snow salinity function of snow depth to derive spatially and temporally varying snow surface salinity over

Arctic FYI. We find that snow surface salinity on Arctic sea ice is increasing at a rate of ˜30% decade-1 and SSA emissions are

increasing at a rate of 7-9% decade-1 during the cold season (November – April). As a result, simulated SSA mass concentrations

over the Arctic increased by 8-12% decade-1 in the cold season for 1980-2017. Blowing snow SSA accounts for more than 75%

of this increase. During the warm season (May – October), sea ice loss results in a 12-14% decade-1 increase in SSA emissions

due to increasing open ocean emissions. Observations of SSA mass concentrations at Alert, Canada display positive trends

during the cold season (10-12% decade-1), consistent with our pan-Arctic simulations. During fall, Alert observations show a

negative trend (-18% decade-1), due to locally decreasing wind speeds and thus lower open ocean emissions. These significant

changes in SSA concentrations could potentially affect past and future bromine explosions and Arctic climate feedbacks.
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Key Points: 19 

• Model predicts pan-Arctic increase in sea salt aerosol emissions by 7-14% decade-1 and 20 

concentrations by 8-12% decade-1 for 1980-2017. 21 

• These trends are due to increasing blowing snow emissions in winter-spring and 22 

increasing open ocean emissions in summer-fall. 23 

• Modeled trends are consistent with observed 10-12% decade-1 increases in sea salt 24 

concentrations at Alert, Canada during winter-spring.  25 
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Abstract 26 

We evaluate the effects of rapidly changing Arctic sea ice conditions on sea salt aerosol (SSA) 27 

produced by oceanic wave-breaking and the sublimation of wind-lofted salty blowing snow on 28 

sea ice. We use the GEOS-Chem chemical transport model to assess the influence of changing 29 

extent of the open ocean, multi-year sea ice, first-year sea ice (FYI), and snow depths on SSA 30 

emissions for 1980-2017. We combine snow depths from the Lagrangian snow-evolution model 31 

(SnowModel-LG) together with an empirically-derived snow salinity function of snow depth to 32 

derive spatially and temporally varying snow surface salinity over Arctic FYI. We find that snow 33 

surface salinity on Arctic sea ice is increasing at a rate of ~30% decade-1 and SSA emissions are 34 

increasing at a rate of 7-9% decade-1 during the cold season (November – April). As a result, 35 

simulated SSA mass concentrations over the Arctic increased by 8-12% decade-1 in the cold 36 

season for 1980-2017. Blowing snow SSA accounts for more than 60% of this increase. During 37 

the warm season (May – October), sea ice loss results in a 12-14% decade-1 increase in SSA 38 

emissions due to increasing open ocean emissions. Observations of SSA mass concentrations at 39 

Alert, Canada display positive trends during the cold season (10-12% decade-1), consistent with 40 

our pan-Arctic simulations. During fall, Alert observations show a negative trend (-18% decade-41 
1), due to locally decreasing wind speeds and thus lower open ocean emissions. These significant 42 

changes in SSA concentrations could potentially affect past and future bromine explosions and 43 

Arctic climate feedbacks.   44 

Plain Language Summary 45 

Suspended sea salt particles affect the climate and chemistry of the atmosphere. The main source 46 

of these particles is ocean wave breaking. In polar regions an additional source is the wind 47 

lofting of salty snow that is present on top of sea ice. Here we use model simulations to examine 48 

how changing Arctic conditions have impacted sea salt particles in the atmosphere.  Our 49 

simulations show that the concentrations of sea salt particles have increased by more than 8% per 50 

decade over the 1980-2017 period. During cold months, this increase is due to saltier blowing 51 

snow particles as older sea ice with less salty snow is being replaced by younger sea ice with 52 

more salty snow. During warmer months, this increase is the result of larger open ocean 53 

emissions as sea ice is melting. These changes in sea salt particles could potentially affect Arctic 54 

bromine activation and climate.  55 

1 Introduction 56 

Breaking waves over the open ocean are recognized as the main mechanism for the global 57 

production of sea salt aerosol (SSA) (e.g., de Leeuw et al., 2011; Lewis & Schwartz, 2004, and 58 

references therein). Additionally, sea ice and snow-sourced SSA have been proposed as 59 

significant regional sources of SSA via the sublimation of salty blowing snow on sea ice 60 

(Simpson et al., 2007; Yang et al., 2008) and highly saline frost flowers (Domine et al., 2004; 61 

Kaleschke et al., 2004; Rankin et al., 2002), as well as wind-driven wave breaking in open leads 62 

within the sea ice (May et al., 2016; Nilsson et al., 2001). The role of frost flowers as a direct 63 

source of SSA is uncertain; several field and laboratory experiments have demonstrated that frost 64 

flowers are difficult to break even under strong wind conditions (Alvarez-Aviles et al., 2008; 65 

Roscoe et al., 2011; Yang et al., 2017). Modeling studies including a blowing snow source have 66 

been successful in reproducing the cold season (November – April) SSA mass concentrations 67 

observed at multiple polar coastal sites, at ice core sites across Greenland, as well as during 68 
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Arctic and Antarctic cruises, finding that blowing snow is the dominant source of SSA in polar 69 

regions during winter and spring (Huang & Jaeglé, 2017; Rhodes et al., 2017; Yang et al., 2019). 70 

Recent field experiments have provided direct evidence of SSA production from blowing snow 71 

above sea ice (Frey et al., 2019; Giordano et al., 2018). Snow-sourced SSA likely plays an 72 

important role in polar tropospheric ozone and halogen chemistry through the release of active 73 

bromine in polar spring which contributes to ozone depletion events (ODEs) (e.g., Choi et al., 74 

2018; Huang et al., 2020; Kalnajs et al., 2013; Marelle et al., 2021; Swanson et al., 2022; Yang et 75 

al., 2010).  76 

 77 

Over polar regions, the cold season SSA emissions from blowing snow are strongly influenced 78 

by meteorological factors (wind speed, temperature, relative humidity) as well as properties of 79 

sea ice and snow on sea ice, in particular sea ice extent and snow surface salinity (Frey et al., 80 

2019; Yang et al., 2008). Snow surface salinity is influenced by many factors, including sea ice 81 

age and snow depth (Domine et al., 2004). When sea ice retreats during summer and fall, open 82 

ocean SSA emissions dominate and are influenced by sea ice extent as well as wind speed and 83 

sea surface temperatures (Struthers et al., 2011). Large changes in Arctic climate and sea ice 84 

properties have occurred over the last few decades and are expected to continue in the coming 85 

decades (Fox-Kemper et al., 2021; Kwok, 2018; Webster et al., 2014). The observed changes 86 

include increasing surface temperatures at a rate more than twice the global average, decreasing 87 

Arctic sea ice extent at an accelerated rate, thinning sea ice accompanied by a shift to younger 88 

ice, and thinning snowpack on sea ice (Meredith et al., 2019 and references therein). There is 89 

thus a potential for a significant perturbation of Arctic SSA emissions in response to climate 90 

change (Abbatt et al., 2019; Schmale et al., 2021). A quantitative understanding of such changes 91 

in SSA is critical since SSA influences radiative forcing and therefore climate both directly by 92 

absorbing and scattering sunlight and indirectly by modifying the reflectivity, emissivity, 93 

lifetime, and extent of clouds (DeMott et al., 2016; O’Dowd et al., 1997; Struthers et al., 2011). 94 

 95 

Is there any evidence for changing SSA mass concentrations over the Arctic sea ice? Long-term 96 

observations at high northern latitude sites are scarce and have provided contradicting results so 97 

far. Sharma et al. (2019) found that in Alert, Nunavut, Canada sea salt derived Na+ and Cl- 98 

increased by 19% and 43%, respectively, between 1980 and 2013 during the winter (January-99 

March). These increases were based on the change in the long-term trend factor for the first 5 100 

years relative to the last 5 years and were significant at p<0.01. Schmale et al. (2022) examined 101 

long-term trends of observed Na+ concentrations at Alert (1980-2017), Barrow (1998-2014), 102 

Zeppelin (1992-2019), and Villum (1991-2017) for the mid-winter season (January-April) and 103 

the summer season (June-September) using the seasonal median values. They found no 104 

statistically significant trends at any of these sites. Heslin-Rees (2020) reported statistically 105 

significant trends in aerosol optical properties observed at Zeppelin Observatory over the past 2 106 

decades, with positive trends in particle light scattering coefficients (+2.6 to +2.9% yr-1) 107 

accompanied by negative trends in scattering Ångström exponent (-4.9 to -6.5% yr-1). They 108 

interpreted these trends as being caused by increasing transport of SSA from the open ocean to 109 

Zeppelin.  110 

 111 

A few modeling studies have examined the effect of melting Arctic sea ice on the open ocean 112 

source of SSA during summer, with calculated increases in SSA emissions ranging from factors 113 

of 1.7 to 10 (Browse et al., 2014; Gilgen et al., 2018; Struthers et al., 2011). For example, 114 
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Struthers et al. (2011) found a factor of 4 increase in SSA emissions in a nearly ice-free summer 115 

(2100) compared to year 2000. The resulting climate impact ranged from almost no effect 116 

(Browse et al., 2014), to a significant negative feedback on climate (Gilgen et al., 2018; Struthers 117 

et al., 2011).  118 

 119 

To our knowledge, the impact of changing cold season Arctic conditions on SSA emissions from 120 

blowing snow has not yet been examined. During the cold season, SSA can act as ice nuclei 121 

(DeMott et al., 2016; Wise et al., 2012). Thus, changes in SSA emissions from local sea ice 122 

sources could influence the formation, precipitation, and radiative forcing of mixed-phase and 123 

ice clouds and thus could influence downward longwave radiative forcing. Any potential 124 

changes in sea ice sources of SSA could also affect the occurrence of bromine explosions and 125 

ODEs. A recent satellite study by Bougoudis et al. (2020) found that tropospheric BrO columns 126 

over Arctic sea ice have been increasing at a rate of +15% decade-1 during polar spring. They 127 

inferred from comparisons and correlations with sea ice age that the reported changes in the 128 

extent and magnitude of tropospheric BrO columns were moderately related to the increase in 129 

FYI extent in the Arctic north of 70ºN both temporally and spatially.  130 

 131 

One of the key parameters controlling the magnitude of blowing snow-induced SSA emissions is 132 

the snow surface salinity. Brines are often present at the snow/sea ice interface and can travel 133 

upward through the snow through capillary forces (Geldsetzer et al., 2009; Perovich & Richter-134 

Menge, 1994). This upward migration of brine from the sea ice surface through the snowpack is 135 

the dominant source of salinity for snow over newly-formed and first year sea ice (FYI) 136 

(Massom et al., 2001; Nandan et al., 2017a; Peterson et al., 2019). Snow over FYI will generally 137 

be more saline than over older multi-year ice (MYI) as MYI is desalinated by brine drainage 138 

during summer melt cycles (Cox & Weeks, 1974; Krnavek et al., 2012). Other sources of snow 139 

salinity include contamination of snow by highly-saline frost flowers, atmospheric deposition of 140 

SSA, sea water spraying on the snow cover (especially in marginal ice zones), and sea water 141 

flooding caused by heavy snow loading (Abbatt et al., 2012; Domine et al., 2004; Yang et al., 142 

2008). The brine migration height from the sea ice surface through the snowpack has a strong 143 

influence on the salinity at the snow surface with thinner snow depths often leading to higher 144 

salinities at the surface (Domine et al., 2004; Frey et al., 2019; Massom et al., 2001). As snow 145 

depth increases, the salinity of snow decreases, and the influence of atmospheric deposition of 146 

SSA can become more important (Krnavek et al., 2012; Nandan et al., 2017b). Over older sea ice 147 

types such as second-year ice and MYI, atmospheric deposition of SSA has been proposed as a 148 

key main source of snow surface salinity (Huang et al., 2020; Peterson et al., 2019).  149 

 150 

Previous modeling of blowing snow SSA emissions assumed spatially and temporally uniform 151 

snow surface salinity on FYI and MYI (Frey et al., 2019; Huang et al., 2018, 2020; Huang & 152 

Jaeglé, 2017; Rhodes et al., 2017; Yang et al., 2008, 2010, 2019). In this study, we calculate 153 

spatially and temporally varying snow surface salinity by combining an empirically-derived 154 

snow depth-salinity function with snow depths from a Lagrangian snow‐evolution model, 155 

SnowModel‐LG. We then use the GEOS-Chem chemical transport model to conduct a 156 

simulation of SSA over a 38-year period (1980-2017) to quantify the variations in SSA 157 

emissions from blowing snow and the open ocean in the Arctic. 158 

 159 
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The purpose of this study is to understand the impact of decreasing sea ice extent, sea ice age, 160 

and snow depths on blowing snow and open ocean emissions of SSA and the resulting changes 161 

in SSA mass concentrations throughout the Arctic. The models and observations used in this 162 

study are described in Section 2. In Section 3, we examine the response of snow surface salinity 163 

to changing Arctic conditions. The resulting evolution of SSA emissions and mass 164 

concentrations are discussed in Section 4. We compare modeled trends in SSA mass 165 

concentrations to observations at Alert, Canada in Section 5. Conclusions are presented in 166 

Section 6. 167 

2 Models and Observations 168 

2.1 GEOS-Chem chemical transport model 169 

We use the GEOS-Chem (v13.0.2) global chemical transport model (Bey et al., 2001) driven by 170 

the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) 171 

assimilated meteorological fields (Gelaro et al., 2017), which have a native horizontal resolution 172 

of 0.5º latitude by 0.625º longitude with 72 vertical levels. SSA emissions are calculated at this 173 

native horizontal resolution using the Harmonized Emission Component (HEMCO) (Keller et 174 

al., 2014). For faster computation, we regridded the HEMCO SSA emissions and MERRA-2 175 

meteorological fields to a 2º × 2.5º horizontal resolution and 47 vertical levels with merged 176 

levels above 80 hPa to conduct the SSA simulations within GEOS-Chem.  177 

As wind-driven ocean waves break, they entrain air bubbles which rise to the ocean surface 178 

where they burst and generate SSA. The open-ocean emissions of SSA in GEOS-Chem are a 179 

function of wind speed and sea surface temperature (SST) as described in Jaeglé et al. (2011). 180 

We assume that SSA are emitted from open leads within the sea ice with the same efficiency as 181 

over the open ocean. Huang and Jaeglé (2017) implemented blowing snow SSA emissions in 182 

GEOS-Chem based on the parameterization of Yang et al. (2008, 2010). The SSA production 183 

from blowing snow is a function of relative humidity, temperature, age of snow, snow salinity, 184 

and wind speed. The Yang et al. (2008, 2010) parameterization was originally based on blowing-185 

snow measurements above ice sheets (Budd, 2013; Mann et al., 2000; Nishimura & Nemoto, 186 

2005) and the Canadian Prairies (Déry & Yau, 1999, and references therein) but have since been 187 

evaluated against direct observations of SSA production from blowing snow above sea ice (Frey 188 

et al., 2019). The minimum wind speed needed to saltate and suspend snow particles from the 189 

sea ice surface is temperature dependent. The size distribution of suspended blowing snow 190 

particles follows a two-parameter gamma distribution (Yang et al., 2008, and references therein). 191 

As in Huang and Jaeglé (2017), we assume a mean snow age of 3 days for the Arctic.  192 

 193 

In our previous work (Huang et al., 2018, Huang et al., 2020), we assumed a uniform salinity of 194 

0.1 practical salinity units (psu) for snow on FYI and 0.01-0.05 psu for snow on MYI in the 195 

Arctic. The MERRA-2 boundary conditions for sea ice concentrations are described in Gelaro et 196 

al. (2017) and are derived from the monthly 1o product from Taylor et al. (2000) prior to 1982, 197 

the daily 1/4o product from Reynolds et al. (2007) for 1982 until March 2006, and the daily 1/20o 198 

product from Donlon et al. (2012) after March 2006. In our previous work, we inferred the 199 

location of MYI sea ice based on the preceding summertime minimum sea ice extent from 200 

MERRA-2. The location of MYI was then assumed to be invariant until the next summer. We 201 

have updated this approach to instead use the EASE-Grid Sea Ice Age, Version 4 product 202 
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distributed at the National Snow & Ice Data Center (NSIDC, Tschudi et al., 2019). This dataset 203 

provides weekly Arctic sea ice age since January 1984 and is described in Tschudi et al. (2020). 204 

For years prior to 1984, we assign MYI extent based on the minimum sea ice extent from 205 

MERRA-2 at the end of summer of the previous year.   206 

Dry deposition of SSA over land follows the size-segregated scheme described in Zhang et al. 207 

(2001). The dry deposition velocity over the ocean is calculated based on the Slinn and Slinn 208 

(1980) deposition model for natural waters. Over snow and ice surfaces, Fisher et al., 2011 209 

implemented a dry deposition velocity of 0.03 cm s-1 based on the measurements of Nilsson et al. 210 

(2001). The wet deposition scheme includes convective updraft scavenging, rainout, and washout 211 

from precipitation (Liu et al., 2001), and snow scavenging (Wang et al., 2011). For this work, we 212 

track SSA mass in two size bins, submicron (rdry = 0.01–0.5 μm) and supermicron (rdry = 0.5–8 213 

μm), except in the comparison to in situ mass concentrations of SSA for which we use rdry = 214 

0.01–0.3 μm and rdry = 0.3–3 μm as described in Huang and Jaeglé (2017).  215 

2.2 SnowModel-LG 216 

SnowModel-LG is a prognostic Lagrangian ice-parcel tracking snow model that accounts for 217 

physical snow processes including rainfall, snowfall, sublimation from static surfaces and 218 

blowing snow, blowing snow redistribution, snow density evolution, and snowpack 219 

metamorphosis (Liston et al., 2020). In this application, the model was forced by precipitation, 2 220 

m air temperature, wind speed and direction from two reanalysis products (MERRA-2 and 221 

ERA5) and by weekly ice motion vectors (Tschudi et al., 2019; Tschudi et al., 2020).  222 

Within its Lagrangian framework, SnowModel-LG followed over 61,000 ice parcels in the 223 

Arctic and was used to produce daily, pan-Arctic, snow depth distribution on a 25x25 km grid 224 

from August 1980 through July 2018 (Liston et al., 2020). Stroeve et al. (2020) evaluated the 225 

SnowModel-LG simulation against several data sets including Operation IceBridge, ice mass 226 

balance buoys, MagnaProbes, and passive microwave estimates. They found the model captured 227 

observed spatial and seasonal variability in snow depth accumulation, while also showing 228 

statistically significant declines in snow depth since 1980 during the cold season. For application 229 

in our study, we use SnowModel-LG forced by MERRA-2 and regridded the SnowModel-LG 230 

daily snow depth to the native MERRA-2 resolution. 231 

2.3 Implementation of snow depth-dependent snow surface salinity 232 

We use in situ observations of snow salinity on Arctic sea ice reported in four different studies 233 

(Ewert et al., 2013; Krnavek et al., 2012; Nandan et al., 2017b; Peterson et al., 2019). More than 234 

half of the samples used in our work were collected during nine field campaigns in the Canadian 235 

Arctic (see Figure 1a) as summarized in Nandan et al. (2017b). These samples were taken in 236 

April-May between 2004 and 2017, on both undeformed and slightly deformed FYI. Ewert et al. 237 

(2013) collected snow salinity samples from landfast FYI near Utqiaġvik/Barrow, AK, during 238 

February 2010 and March 2011. Krnavek et al. (2012) collected snow surface samples during 239 

March and April in 2004, 2005, and 2007 on thin and thick FYI, as well as over MYI. Lastly, 240 

Peterson et al. (2019) collected snow samples over both FYI and MYI in regions across the 241 

Arctic Ocean accessed via aircraft in April-May 2013, February 2014, and April 2014. 242 
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 243 

Figure 1. (a) Locations of snow salinity observations (orange stars: (1) Ewert et al., 2013; (2) Krnavek et al., 244 

2012; (3) Nandan et al., 2017b; (4) Peterson et al., 2019) and of the surface stations with SSA mass 245 

concentrations observations (red stars: (a) Alert, (b) Barrow/Utqiaġvik, (c) Zeppelin, (d) Villum) used in this 246 

study. The blue region constitutes the Arctic region considered in this study. This region includes the Central 247 

Arctic as well as the Beaufort, Chukchi, East Siberian, Laptev, Kara, and Barents Seas. (b) In situ observations 248 

of snow salinity (filled grey circles) as a function of snow depth. These observations were collected on FYI. 0 249 

cm on the y-axis represents the snow/sea ice interface. The purple diamonds correspond to the medians of the 250 

observations separated into 2-5 cm snow thickness bins. Purple horizontal bars correspond to the 25th and 75th 251 

percentiles of each bin. The purple line is the fit to the binned median values (Equation 1). 252 

 253 

Figure 1b shows all 1440 individual in situ snow salinity observations displayed as a function of 254 

snow depth. We only show observations collected over FYI. Very high salinity values occur 255 

within the first 4 cm above the sea ice surface, often exceeding 5 psu and reaching up to 35 psu, 256 

and then salinity rapidly decreases with increasing snow depth until 20 cm above the snow/ice 257 

interface. Above 20 cm salinities tend to be much lower, typically <0.05 psu, but sometimes 258 

reaching higher values. This overall behavior is consistent with upward migration of brine from 259 

the sea ice surface up to 20 cm (Domine et al., 2004; Geldsetzer et al., 2009; Nandan et al., 260 

2017a).  261 

 262 

We separate the salinity observations in ten snow depth bins and calculate the median salinity for 263 

each bin: 0-2 cm (11.9 psu, n=239 observations), 2-4 cm (7.1 psu, n=220), 4-6 cm (2.8 psu, 264 

n=222), 6-8 cm (1.5 psu, n=148), 8-10 cm (1.27 psu, n=104),10-12 cm (1 psu, n=88), 12-15 cm 265 

(0.2 psu, n=129), 15-20 cm (0.057 psu, n=65), 20-25 cm (0.036 psu, n=51), 25 cm and above 266 

(0.035 psu, n=35). The top two bins representing observations >20 cm have similar medians 267 

~0.035 psu and we use this value as our minimum salinity of surface snow over FYI. For the bins 268 

below 20 cm, we fit the median salinities with an exponential function of snow depth: 269 

salinity=16.47 exp(-0.312 z), where z is snow depth in cm. We use medians instead of means 270 

because the distribution of snow salinities is skewed towards high values. 271 

 272 
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 273 
Figure 2. Spatial distribution of (a) SnowModel-LG snow depth over sea ice, (b) snow surface salinity 274 

calculated with Equation 1, (c) fixed snow salinity assuming 0.1 psu on FYI and 0.035 psu on MYI, (d) 275 

blowing snow SSA emissions from the variable salinity simulation (MYI+varFYI), and (e) blowing snow SSA 276 

emissions from the fixed salinity simulation (MYI+FYI) for February-April 2005-2014. The mean snow 277 

salinity excludes areas where snow depths are below the snow holding depth of 8 cm (see discussion in Section 278 

2.3). The white contour represents mean MYI extent. 279 

 280 

We combine this empirical exponential function with daily snow depths from SnowModel-LG 281 

(Section 2.2) to calculate snow surface salinity. This expression leads to very high salinities for 282 

thin snow cover, which generally occurs over newly formed sea ice in the fall. Observations 283 

show that the surface of young sea ice is covered by a thin, highly saline liquidlike skim, thus the 284 

snow itself is highly saline but also contains large amounts of liquid brine (Drinkwater & 285 

Crocker, 1988). This slushy brine-wetted snow is unlikely to be lifted by winds. To account for 286 

this, we implement a snow-holding depth, which is the snow depth that must be exceeded before 287 

snow becomes available for wind transport (Liston & Sturm, 2002). We conducted sensitivity 288 

studies varying the snow-holding depth between 2 and 10 cm and evaluated our results against 289 

observations of SSA mass concentrations (section 2.5). Based on these sensitivity studies, we 290 

found that a snow-holding depth of 8 cm is most consistent with observations. We thus use this 8 291 

cm snow-holding depth to calculate blowing snow SSA emissions. We apply the following 292 

equation to derive spatially and temporally varying snow salinity over sea ice: 293 

 294 

 295 

𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝐹𝑌𝐼 = 16.47𝑒𝑥𝑝(−0.312 𝑧) 𝑝𝑠𝑢, 8 < 𝑧 < 20𝑐𝑚 296 

𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝐹𝑌𝐼 = 0.035 psu, 𝑧 ≥ 20 cm                                  Equation 1 297 

𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑀𝑌𝐼 = 0.035 𝑝𝑠𝑢 298 

 299 

 300 

(a) Snow Depth (b) MYI+varFYI Salinity (c) MYI+FYI Salinity

(d) MYI+varFYI Emissions (e) MYI+FYI Emissions

Figure 2
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where z is snow depth in cm. Observations of snow surface salinity over MYI are scarcer than 301 

for FYI. Krnavek et al. (2012) reported mean values of 0.01 psu, while Peterson et al. (2019) 302 

reported values ranging from 0.02 psu for snowpack deeper than 17 cm to 0.15 psu for shallower 303 

snowpack. Combining the observations from these two studies (61 samples), we find no clear 304 

dependence on snow depth. For simplicity, we assume a salinity of 0.035 psu on MYI, the same 305 

value as for deeper snowpack on FYI (Equation 1). Figure 2b shows the spatial distribution of 306 

snow surface salinities calculated by applying Equation 1 to snow depths from SnowModel-LG 307 

(Figure 2a) for February-April 2005-2014. The salinities displayed in this figure exclude areas 308 

where snow depths are below the snow holding depth of 8 cm, and thus reflect salinities that are 309 

relevant for blowing snow SSA emissions. The largest salinities (>0.5 psu) occur over FYI in 310 

regions with snow depths less than 15 cm located mainly in the Kara, Chukchi, and Laptev Seas. 311 

The resulting mean snow surface salinity over FYI is 0.18 psu. Figure 2c shows the mean salinity 312 

obtained for the same period if we assume a fixed salinity of 0.1 psu over FYI and a salinity of 313 

0.035 psu over MYI.  314 

2.4 Simulations conducted as part of this work 315 

We conduct four GEOS-Chem SSA simulations for 1980-2017 : (1) a baseline simulation in 316 

which the only source of SSA is from the open ocean and areas of open water within the sea ice 317 

(together referred to as “OO”); (2) a simulation that includes open ocean and blowing snow SSA 318 

sources on MYI (referred to as “OO+MYI”), where only MYI is a source of blowing snow, 319 

assuming a fixed salinity of 0.035 psu; (3) a simulation that includes open ocean and blowing 320 

snow SSA sources on both FYI and MYI (referred to as “OO+MYI+FYI”), for which we assume 321 

fixed snow surface salinity of 0.1 psu on FYI and 0.035 psu on MYI; (4) a simulation with open 322 

ocean and blowing snow SSA sources assuming spatially and temporally variable salinity on FYI 323 

(Section 2.3) and fixed salinity (0.035 psu) on MYI (“OO+MYI+varFYI”). Together, these 324 

simulations allow us to separate the individual impact of SSA emissions from the open ocean, 325 

MYI (by difference between “OO+MYI” and “OO”), FYI with fixed salinity (difference between 326 

“OO+MYI+FYI” and “OO+MYI”), and FYI with variable salinity (difference between 327 

“OO+MYI+varFYI” and “OO+MYI”).  328 

 329 

The simulations use the same assumptions for the blowing snow parameterization as in our 330 

previous work (Section 2.1), apart from snow surface salinity and the number of particles 331 

produced per snowflake (N). The value of N influences the size distribution SSA produced from 332 

blowing snow but does not change the total emissions. For the OO+MYI+FYI and OO+MYI 333 

simulations, we use N=5 as in Huang & Jaeglé (2017). This choice was based on comparisons to 334 

wintertime observations of submicron and supermicron SSA at Utqiaġvik/Barrow. The 335 

OO+MYI+varFYI simulation results in higher mean salinities and thus a shift of blowing snow 336 

SSA to larger sizes. In order to reproduce the wintertime observations of submicron and 337 

supermicron SSA at Barrow, we increase N to a value of 10 for that simulation. 338 

Table 1 summarizes the annual mean budgets for individual SSA sources as calculated in GEOS-339 

Chem for 2005-2014 for the Arctic region defined in Figure 1a. The total (0.01–8 μm) blowing 340 

snow source is 0.3 Tg/yr for MYI, 1.5 Tg/yr for MYI+FYI and 2.5 Tg/yr for MYI+varFYI. 341 

Blowing snow emissions from the MYI+varFYI simulation (Figure 2d) are enhanced in regions 342 

with higher salinity values (Figure 2b). The salinity also affects the size distribution of the 343 

blowing snow SSA emissions, with larger SSA at higher salinities (see equation 7 in Yang et al., 344 
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2018). Indeed, the ratio between submicron and supermicron SSA emissions decreases from 1.0 345 

for the MYI simulation, to 0.75 for the MYI+FYI simulation, and 0.47 for the MYI+varFYI 346 

simulation (Table 1). The open ocean accounts for most of the emissions and surface mass 347 

concentrations of supermicron SSA over the Arctic (OO: 13.5 Tg/yr and 1.4 μg/m3; MYI+FYI: 348 

0.9 Tg/yr and 0.2 μg/m3; MYI+varFYI: 1.7 Tg/yr and 0.4 μg/m3), however submicron SSA are 349 

dominated by blowing snow (OO: 0.2 Tg/yr and 0.2 μg/m3; MYI+FYI: 0.6 Tg/yr and 0.6 μg/m3; 350 

MYI+varFYI: 0.8 Tg/yr and 0.8 μg/m3).  351 

Table 1. Annual mean Arctic (region defined in Figure 1a) SSA budgets for submicron (0.01-0.5 μm) and 352 

supermicron (0.5-8 μm) SSA originating from the open ocean (OO), blowing snow over MYI (MYI), blowing 353 

snow over both MYI and FYI with fixed salinity (MYI+FYI), and blowing over MYI and FYI with variable 354 

salinity (MYI+varFYI) for 2005-2014. 355 

 356 
 357 

2.5 Model evaluation with in situ observations of SSA mass concentrations at Arctic sites 358 

 359 

Figure 3 compares our model simulations to in situ observations of SSA mass concentrations at 360 

four Arctic sites: Alert, Nunavut, Canada (Sharma et al., 2019); Villum Research Station, 361 

Greenland (Tøseth et al., 2012); Barrow/Utqiaġvik, Alaska, USA (Quinn et al., 2002) and 362 

Zeppelin Observatory, Svalbard, Norway (Tørseth et al., 2012). The location of these sites is 363 

indicated in Figure 1a (red stars). To conduct our evaluation, we use observations for 2005–364 

2014, except for Villum, which only has observations starting in 2008. At Barrow/Utqiaġvik Na+ 365 

mass concentrations are available for both submicron and supermicron aerosol, while all the 366 

other sites measure total mass concentrations. The aerosol sampling frequency ranges from daily 367 

(Zeppelin, submicron at Barrow/Utqiaġvik), to weekly (Alert, Villum). The Barrow/Utqiaġvik 368 

supermicron Na+ observations have variable sampling times (1-4 weeks). In the winter months, 369 

the coastlines near these sites are mostly covered by sea ice. For comparison between the GEOS-370 

Chem model and the observations, we convert observed Na+ mass concentrations to SSA mass 371 

concentrations using a factor of 3.256 based on the mass ratio of Na+ in seawater (Riley and 372 

Chester, 1971). This factor is similar to the ratios of 3.24-3.278 reported by Krnavek et al. (2012) 373 

for snow on FYI.   374 

 375 

Observations at all four sites display a similar seasonal cycle, with enhanced SSA mass 376 

concentrations (1-1.5 μg m-3) during the cold season (November – April), and lower 377 

concentrations (< 0.5 μg m-3) during the warm season (May – October) (Figure 3). The OO 378 

simulation underestimates the wintertime maximum at Barrow/Utqiaġvik, Alert and Villum by 379 

factors of 3-10 but reproduces concentrations during the warm season. At Zeppelin, the OO 380 

simulations overestimates the observations during the cold season. When a blowing snow source 381 

is added to GEOS-Chem (OO+MYI+FYI and OO+MYI+varFYI), the model can successfully 382 

reproduce the seasonal cycle and agreement with observations is improved at Barrow/Utqiaġvik, 383 

Alert and Villum. However, at Zeppelin the blowing snow source leads to a larger overestimate 384 

of the observations. The higher elevation of Zeppelin (475 m above sea level) results in more 385 
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influence from the free troposphere and aerosol-cloud interactions (Freud et al., 2017), which 386 

together with the complex nearby topography might not be captured by the model. Overall, both 387 

blowing snow simulations capture the observed SSA seasonal cycle reasonably well. The 388 

addition of temporally and spatially varying salinity on FYI increases the modeled 389 

concentrations during the cold season by 0.1-0.3 μg m-3. None of these stations are located close 390 

to the high salinity areas Figure 2b) predicted by our empirical salinity-snow depth model in the 391 

Eastern Arctic, and thus the modeled influence of variable salinity is relatively small at these 392 

four locations. Overall, our finding of a strong source of SSA from blowing snow during cold 393 

months at these sites is consistent with the backtrajectory analysis of Moschos et al. (2022) 394 

showing that SSA at these sites originates from the sea ice covered Beaufort, Kara, Laptev, and 395 

Chukchi Seas as well as the Arctic Ocean. 396 

 397 

Figure 3. Monthly mean mass concentrations of SSA at: a) Alert, b) Villum, c) Barrow/Utqiaġvik, d) 398 

Zeppelin. All observations and model results are for 2005–2014 (except for Villum, where observations are 399 

available starting in 2008). The observed SSA concentrations are indicated with filled black circles. The black 400 

vertical lines correspond to the standard deviations of monthly means observations. The four GEOS-Chem 401 

simulations are shown with solid lines (OO: blue; OO+MYI: green, OO+MYI+FYI: orange; 402 

OO+MYI+varFYI: red). For each individual panel, the legend lists mean concentrations and standard 403 

deviations, as well as the correlation coefficient between model and observations. 404 

 2.6 Trend and significance calculations 405 

 406 

We calculate trends in snow depth, snow surface salinity, SSA emissions, and SSA mass 407 

concentrations using the Theil-Sen slope from the non-parametric Mann-Kendall test. The test 408 

has been widely used with environmental data including Arctic data sets (Collaud Coen, 2020ab; 409 

Heslin-Rees et al., 2020; Lam et al., 2022; Skov et al., 2020; Tunved & Ström, 2019). We define 410 
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a trend to be significant if the p-value is less than or equal to 0.05. We express the trends in % 411 

decade-1, relative to the 1980-2017 mean.  412 

These trends are calculated for the means of each season, which we define in this paper based on 413 

the seasonality of observed SSA mass concentrations in the Arctic (Figure 3): winter (November, 414 

December, January: NDJ), spring (February, March, April: FMA), summer (May, June, July: 415 

MJJ) and fall (August, September, October: ASO). We acknowledge that there are different 416 

definitions of seasons in the Arctic, which can vary depending on the perspective chosen (e.g., 417 

polar day/night, temperature, sea ice evolution, haze transport). For example, Sharma et al. 418 

(2019) define winter as JFM and spring as AM. Given our focus on SSA and its sources in the 419 

Arctic, here we choose to group months based on the seasonal cycle of SSA observations. 420 

3 Response of snow surface salinity to changing Arctic sea ice conditions for 1980-2017 421 

Figure 4a shows the 1980-2017 timeseries of MERRA-2 monthly mean sea ice area in the Arctic 422 

(region defined in Figure 1a). It highlights the accelerated decline of the annual sea ice minimum 423 

and the major melting events that took place in 2007 and 2012 (Parkinson & Comiso, 2013). 424 

Most notably, the figure shows the rapid decline of MYI. During cold months, when blowing 425 

snow emissions constitute a significant source of SSA, sea ice area has declined slightly but 426 

more importantly, FYI has increased, replacing older MYI. Figure 4b shows the snow depths 427 

over FYI predicted by SnowModel-LG. These thinning snow depths are due to the delayed onset 428 

of sea ice formation in fall reducing snow accumulation as snow falls in the ocean instead of on 429 

sea ice (Mallett et al., 2021; Markus et al., 2009; Stroeve et al., 2020; Stroeve & Notz, 2018; 430 

Webster et al., 2014). We find that snow salinity is increasing in both the MYI+FYI and 431 

MYI+varFYI blowing snow simulations (Figure 4c). The increase in salinity in the MYI+FYI 432 

simulation is due to the replacement of older, less saline MYI with FYI. The increase is much 433 

stronger in the MYI+varFYI simulation because of the added effect of thinning snowpack on 434 

FYI. In the MYI+varFYI simulation, salinity is highest in late fall when FYI begins to freeze, 435 

and the snowpack is thin. Salinity then decreases throughout the cold season as the snowpack 436 

becomes thicker.  437 

 438 

Figure 4. Monthly mean Arctic (a) sea ice area in units of 106 km2, (b) snow depth over FYI in units of cm, 439 

and (c) snow surface salinity in units of psu for 1980-2017. The Arctic region is defined in Figure 1a. Panel (a) 440 

includes total sea ice area (black), FYI area (light blue), and MYI area (green). Panel (c) shows snow surface 441 

salinity for the fixed salinity (MYI+FYI) simulation (orange) and variable salinity (MYI+varFYI) simulation 442 

(red). Note that the MYI+varFYI salinity only includes regions with snow depth above the snow-holding depth 443 

of 8 cm (Section 2.3). 444 

 445 

MYI+varFYI 

MYI+FYI

MYI+varFYI 

MYI+FYI

MYI+varFYI 

MYI+FYI
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Figure 5 shows the spatial and temporal evolution of seasonally averaged snow depths for 1980-446 

2017. We focus on winter (NDJ) and spring (FMA) months, which are the most relevant for 447 

blowing snow SSA emissions. At the beginning of the time period (1980-1984, Figure 5ab) most 448 

of the Arctic sea ice is dominated by snow depths greater than 15-20 cm in winter (>25 cm in 449 

spring). At the end of the period (2013-2017) these deeper snow depths are limited to the central 450 

Arctic, with thinner snow depths (<15 cm) occurring in the East Siberian, Laptev, Chukchi, and 451 

Beaufort Seas, mostly constrained to FYI. We find that mean Arctic snow depths over sea ice 452 

have decreased at a rate of -0.79 cm decade-1 (-4% decade-1) in winter (Figure 5d) and -0.98 cm 453 

decade-1 (-3.5% decade-1) in spring (Figure 5h). The largest negative trends (-4 to -6 cm decade-454 
1) occur in areas where FYI has replaced MYI (Figure 5c,g), in the Beaufort, Chukchi, East 455 

Siberian, and Laptev Seas. In some regions, such as the Central Arctic, snow depth trends are 456 

positive but are not statistically significant. These trends in snow depths from SnowModel-LG 457 

are discussed in more detail in Stroeve et al. (2020) and are consistent with Webster et al. (2014). 458 

 459 

Figure 5. Seasonally averaged SnowModel-LG snow depths for winter (NDJ; top row) and spring (FMA; 460 

bottom row). Average snow depth for (a, e) 1980-1984 and (b, f) 2013-2017. (c, g) Spatial distribution of 461 

trends (cm decade-1) for 1980-2017. Black dots indicate statistically significant trends. The white contours on 462 

(a, b, e, f) show the mean extent of MYI. (d, h) Timeseries of Arctic snow depth over all sea ice (solid blue 463 

line) and FYI only (dashed blue line). The legend lists the trend in cm decade-1 and % decade-1. Statistically 464 

significant trends are indicated in bold in the legend.  465 

 466 

Figure 6 shows the spatial and temporal evolution of snow salinity. Over the 1980-2017 period, 467 

we find that winter snow surface salinity in the MYI+varFYI simulation increases by 36% 468 

decade-1 (0.027 psu decade-1) while the salinity in the MYI+FYI simulation increases by 11% 469 

decade-1 (0.0047 psu decade-1, Figure 6d), with similar trends in spring. These trends are 470 

statistically significant. The largest increases in snow surface salinity occur in regions where FYI 471 

has replaced MYI and where snow depths are thinning, such as the East Siberian, Laptev, Kara, 472 

and Barents Seas (Figure 6c, g). By comparison between the salinity predicted in the MYI+FYI 473 
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and MYI+varFYI simulations, we infer that 1/3 of the increase in the MYI+varFYI salinity is 474 

due to FYI replacing MYI, with the remaining 2/3 due to thinning snow depths on FYI.  475 

476 
Figure 6. Seasonally averaged Arctic snow surface salinity on sea ice for winter (top row) and spring (bottom 477 

row) for the variable salinity simulation (MYI+varFYI). Average snow surface salinity for (a, e) 1980-1984 478 

and (b, f) 2013-2017. The white contours on (a, b, e, f) show the mean extent of MYI. (c, g) Spatial 479 

distribution of trends in snow surface salinity (psu decade-1) for 1980-2017. Black dots indicate statistically 480 

significant trends. (d,h) Timeseries of Arctic snow salinity for the variable salinity (MYI+varFYI, red line) and 481 

fixed salinity (MYI+FYI, orange line) simulations. The legend lists the trend in psu decade-1 and % decade-1. 482 

Statistically significant trends are indicated in bold in the legend.   483 

4 Changing Arctic SSA emissions and surface mass concentrations 484 

 485 

Figure 7 (a, b and e, f) contrasts the winter and spring OO+MYI+varFYI SSA emissions for 486 

1980-1984 and 2013-2017. Large increases in SSA emissions are predicted by the model over 487 

regions with increasing FYI. The spatial distribution of trends in SSA emissions for 1980-2017 488 

(Figure 7c and g) show that during winter and spring, SSA trends exceed 5% decade-1 in regions 489 

where FYI has replaced MYI, with larger trends (>10-20% decade-1) occurring over areas with 490 

the largest decreases in snow depth and increases in snow salinity.  491 

Averaged over the Arctic region, winter and spring open ocean (OO) SSA emissions are 492 

increasing at a rate of +8.7 and +6.5% decade-1 (0.11 and 0.15 Tg decade-1), respectively (Figure 493 

7d, h). This is due to an increase in open water area. The OO+MYI simulation displays a weaker 494 

trend (7.5-5.1% decade-1), indicating that blowing snow SSA emissions from MYI are 495 

decreasing. Adding blowing snow SSA emissions from FYI, the model predicts that total SSA 496 

emissions increase at a rate of 9.6-7.5 % decade-1 during winter-spring in the OO+MYI+varFYI 497 

simulation and 8.6-6.2% decade-1 in the OO+MYI+FYI simulation (Figure 7d, h). During winter, 498 

a large fraction of the increase in SSA emissions in the OO+MYI+varFYI (0.15 Tg decade-1) is 499 

due to OO (0.11 Tg decade-1), which account for 73% of SSA emissions increase. Similarly, 500 

during spring OO accounts for 62% of the increase. This is because OO emissions dominate 501 

supermicron SSA emissions (Table 1). Focusing on submicron SSA emissions, OO emissions 502 
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only account for 40% of the SSA emission increase in winter and 16% of the emission increase 503 

in spring (Figure S1). During winter and spring over the Canadian Archipelago SSA emissions 504 

are decreasing at a rate of 5-30% decade-1 (Figure 7c, g). In our simulation, this is driven by 505 

decreasing MERRA-2 10-meter wind speeds in that region (Figure S2). Other reanalyses also 506 

predict decreasing 10-meter wind speeds in the Canadian Archipelago (e.g., Spreen et al., 2011). 507 

508 
Figure 7. Seasonally averaged SSA emissions for winter (a-d), spring (e-h), summer (i-l), and fall (m-p) for 509 

the OO+MYI+varFYI simulation. The first two columns from the left indicate SSA emissions for 1980-1984 510 

and 2013-2017. Panels c, g, k, o: Spatial distribution of 1980-2017 trends (% decade-1). Black dots indicate 511 

statistically significant trends. Rightmost column (panels d, h, l, p): 1980-2017 timeseries of seasonally 512 

averaged SSA emissions over the Arctic for four simulations: OO (blue line), OO+MYI (green line), 513 

OO+MYI+FYI (orange line), OO+MYI+varFYI (red line). Note that y-axis limits differ between panels. 514 

Statistically significant trends are indicated in bold in the legend.   515 

 516 
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During the warm season, we also find that SSA emissions are increasing (Figure 7 bottom two 517 

rows), at a rate of 14% decade-1 in summer (MJJ) and 12% decade-1 in fall (ASO). In our 518 

simulations, these trends are driven by increasing open ocean emissions as MYI sea ice extent 519 

decreases.  520 

521 
Figure 8. Same as Figure 7 but for SSA mass concentrations at the surface.  522 

The pan-Arctic increase in SSA emissions in the OO+MYI+varFYI simulation results in 523 

statistically significant positive trends in surface SSA mass concentrations ranging from 7.4% 524 

decade-1 in summer to 12% decade-1 in winter (Figure 8 d, h, l, p). During winter, statistically 525 

significant trends exceeding 10% decade-1 cover most of the Arctic (Figure 8c). While the 526 

Central Arctic is dominated by MYI, trends > 5% decade-1 are widespread due to the transport of 527 

SSA originating from blowing snow over FYI. During spring, statistically significant trends are 528 

restricted to the central Arctic and Chukchi Sea (Figure 8g). The warm season trends are located 529 
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over regions with decreasing sea ice extent and exceed 20% decade-1 over many areas in fall 530 

(Figure 8o).  531 

During winter, SSA mass concentrations due to open ocean (OO) emissions show a positive 532 

trend of 12% decade-1 (0.13 μg m-3 decade-1, Figure 8d). This trend is driven by increased ocean 533 

area from decreasing MYI and delayed freeze up of FYI (Figure 4a). This positive trend 534 

counteracts the negative trend of MYI SSA surface mass concentrations in the winter, leading to 535 

nearly constant SSA from OO+MYI. During spring, when delayed freeze up of sea ice no longer 536 

impacts OO emissions, there is a much smaller trend (2.9% decade-1). This results in a 537 

statistically significant negative trend in MYI+OO due to decreasing MYI emissions (Figure 8h). 538 

Thus, during both winter and spring, the positive trend in SSA mass concentrations is dominated 539 

by increasing SSA originating from blowing snow over FYI. Overall, we find that cold season 540 

(November-April) increases in blowing snow SSA account for 64-90% of the total increase in 541 

surface mass concentrations for the OO+MYI+varFYI simulation and ~54-85% in the 542 

OO+MYI+FYI simulation. During the warm season (May-October), increasing OO emissions 543 

account for more than 90% of the increase in SSA mass concentrations (Figure 8l, p).    544 

5 Observed long-term trends in SSA mass concentrations at Alert 545 

 546 

Alert is the only Arctic site with SSA mass concentration observations over the entire 1980-2017 547 

period, allowing us to compare observed and simulated trends. We find that observations at Alert 548 

display positive trends of +12% decade-1 (+0.11 μg m-3 decade-1) in winter and +9.6% decade-1 549 

(+0.07 μg m-3 decade-1) in spring (Figure 9a, b). These trends are significant (winter p=0.005, 550 

spring p=0.03). When sampling GEOS-Chem at Alert, both the OO+MYI+FYI and 551 

OO+MYI+varFYI simulations capture the observed interannual variability reasonably well 552 

(OO+MYI+varFYI winter r=0.7, spring r=0.59; OO+MYI+FYI winter r=0.61, spring r=0.64). 553 

These simulations predict increasing SSA mass concentrations, but the magnitude of the trends is 554 

a factor of 3-4 smaller than observed and not statistically significant. When examining the 555 

broader region surrounding Alert (Figure 8c, g), simulated trends are higher (10-15% decade-1) 556 

and more consistent with observations. The weaker trends in the model at Alert relative to the 557 

modeled trends in the broader region surrounding Alert could be due to local topography effects 558 

in the model and/or the coarse horizontal resolution of the model.   559 

During summer, observations show no trends, while the GEOS-Chem model displays weak 560 

increasing trends (<3.5%) that are not significant (Figure 9c). Fall observations display a 561 

statistically significant decreasing trend of -18% decade-1 (-0.036 μg m-3 decade-1). The model 562 

simulation also predicts a decreasing trend in fall, however, it is weaker (–6% decade -1 to –7.5% 563 

decade-1) and not significant. Figure 8o shows that in fall the model predicts that Alert is in a 564 

region of decreasing trends that extends from the Queen Elizabeth Islands to the north of 565 

Greenland, with trends ranging from -5 to -15% decade -1. We find that this can be explained by 566 

statistically significant negative trends in surface winds (Figure S2) which results in decreasing 567 

SSA emissions from the open ocean (Figure 7o) in that region. 568 

In contrast with our results, Schmale et al. (2022) analyzed observations of Na+ from Alert but 569 

found no statistically significant trends (p>0.1) for the 1980-2017 period. While we use the same 570 

statistical method (Mann–Kendall Theil–Sen method) to calculate trends, our studies differ in the 571 

periods examined: Schmale et al. (2022) divided the year into the haze season (JFMA) and the 572 
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summer season (JJAS). The definition of these two periods follows previous studies contrasting 573 

aerosols derived from anthropogenic pollution transported to the Arctic with aerosol of a more 574 

local origin (e.g., Quinn et al., 2009). For SSA in the Arctic, our choice of four seasons aligns 575 

better with the seasonality of blowing snow and open ocean sources (Figure 3). Furthermore, 576 

Schmale et al. (2022) used seasonal median values, while we use seasonal mean values for our 577 

four seasons. We reproduce their results if we use the same seasons and medians. 578 

 579 

Figure 9. Seasonally averaged SSA surface mass concentrations at Alert, Canada in (a) winter (NDJ), (b) 580 

spring (FMA), (c) summer (MJJ), and (d) fall (ASO). Observations (black) and model simulations for the OO 581 

(blue line), OO+MYI (green line), OO+MYI+FYI (orange line), OO+MYI+varFYI (red line) are shown. For 582 

each panel, the legend lists the trend in μg m-3 (low, high) slope, and percent per decade, as well as the 583 

statistical significance (numbers in bold). For the model simulations, we include the correlation coefficient (r) 584 

and normalized mean bias (NMB) compared to observations.  585 

6 Conclusions 586 

We evaluated the effects of decreasing sea ice extent, age, and snow depth in the Arctic on SSA 587 

emissions and concentrations for the 1980-2017 period using the GEOS-Chem model. We 588 

conducted simulations separating the effects of SSA emissions originating from the open ocean, 589 

blowing snow on MYI, and blowing snow on FYI. For blowing snow emissions, we contrasted 590 

two simulations, one assuming fixed salinity of 0.1 psu on FYI (OO+MYI+FYI) and the other 591 

using spatially and temporally varying snow surface salinity based on an empirical salinity-snow 592 

depth relationship (OO+MYI+varFYI). Both simulations were generally successful in 593 

reproducing the observed seasonal cycle and cold season enhancement of SSA mass 594 

concentrations at four Arctic sites. However, the observations of SSA mass concentrations are 595 

Figure 9
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limited to areas where the OO+MYI+FYI and OO+MYI+varFYI simulations are quite similar 596 

and lack observations in areas where the simulations differ. Therefore, we cannot conclude if one 597 

simulation performs better Arctic wide. The contrast in SSA emissions between these two 598 

simulations is largest in the East Siberian, Laptev, and Kara Seas (Figure 2d, e). Thus, SSA 599 

observations in these regions would be valuable in helping to differentiate between them.   600 

 601 

For the OO+MYI+varFYI simulation, we find that cold season pan-Arctic SSA emissions are 602 

increasing at a rate of +9.6% decade-1 in winter and +7.5% decade-1 in spring. The respective 603 

trends are +8.6% decade-1 and +6.2% decade-1 for the OO+MYI+FYI simulation. These trends in 604 

emissions are driven by a combination of decreasing sea ice extent (increasing open ocean 605 

emissions), replacement of less saline snow on MYI with more saline snow on FYI and 606 

decreasing snow depths on FYI. Our empirical snow depth-dependent salinity combined with 607 

snow depth trends from SnowModel-LG predicts a +36% decade-1 (0.03 psu decade-1) increase 608 

in snow surface salinity during winter (+31% decade-1 in spring), with the largest trends in the 609 

East Siberian, Laptev, Chukchi, and Beaufort Seas. We attribute one third of this increase to the 610 

shift from MYI to FYI and the remaining two thirds to decreasing snow depths on FYI. 611 

 612 

As a result of these increasing SSA emissions during the cold season, the OO+MYI+varFYI 613 

simulation predicts that pan-Arctic SSA surface mass concentrations have increased at a rate of 614 

+12% decade-1 in winter and +8.2% decade-1 in spring over the 1980-2017 period. The trends 615 

predicted by the OO+MYI+FYI simulation are similar (winter: +12% decade-1; spring +6% 616 

decade-1). These increases are driven by increasing SSA emissions from blowing snow on FYI.    617 

 618 

We find that warm season Arctic SSA emissions are increasing at a rate of 14% decade-1 619 

(summer) and 12% decade-1 (fall). These increases are driven by sea ice loss and the resulting 620 

increase in SSA emissions from the ice-free Arctic Ocean. Our simulations predict that SSA 621 

surface mass concentrations have increased at a rate of +7.4% decade-1 (summer) and 11% 622 

decade-1 (fall) as a result.  623 

 624 

Observations of SSA mass concentrations at Alert for 1980-2017 display statistically significant 625 

positive trends that are of very similar magnitude to our pan-Arctic model predictions for winter 626 

(observations: +12% decade-1; model: 12% decade-1) and spring (observations: +9.6% decade-1; 627 

model: 6-8.2% decade-1). When we sample the model directly at Alert, the model underestimates 628 

the magnitude of the observed trend, potentially due to the local topography and/ or model 629 

resolution, but can reproduce the sign of the trend and the inter-annual variability. During fall, 630 

Alert observations show a negative trend of -18% decade-1, which is captured by the model in the 631 

region near Alert and is driven in the model by decreasing winds speeds and thus lower SSA 632 

emissions from the open ocean.  633 

 634 

Our finding of an increasing trend in springtime SSA concentrations over the Arctic could 635 

provide a potential explanation for the observed increase in tropospheric BrO columns over 636 

Arctic sea ice reported by Bougoudis et al. (2020). Indeed, SSA can act to release active bromine 637 

to the atmosphere, but also maintain high levels of BrO by allowing the fast recycling of sea salt 638 

bromide to reactive bromine (Abbatt et al., 2012; Fan & Jacob, 1992; Lehrer et al., 2004). 639 

Furthermore, the increasing salinity of surface snow could enhance the activation of bromine 640 

from the snowpack (Simpson et al., 2005; Pratt et al., 2013). Further studies will be needed to 641 
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quantitatively evaluate the impact of increasing SSA concentrations and snow surface salinity on 642 

Arctic bromine activation and climate.  643 
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Introduction  

Figure S1 shows the seasonally averaged timeseries of Arctic emissions of SSA, 

separating submicron and supermicron SSA. Figure S2 shows the trends in MERRA-2 

10m surface windspeed cubed (u10m
3) for 1980-2017. 
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Figure S1. Seasonally averaged 1980-2017 timeseries of Arctic emissions for total (top 

row), submicron (middle row), and supermicron (bottom row) SSA for winter, spring, 

summer and fall. Four simulations are shown: OO (blue line), OO+MYI (green line), 

OO+MYI+FYI (orange line), OO+MYI+varFYI (red line).   
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Figure S2. Trends in MERRA-2 10m windspeed cubed (u10m
3) for 1980-2017. Black dots 

indicate statistically significant trends. 
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