
 1 

Blowing snow contributions to the Arctic snow-on-sea ice 1 

budget using ICESat-2 observations 2 
 3 
Joseph Robinson1, Lyatt Jaeglé1, Stephen P. Palm2,3, Glen E. Liston4 4 
 5 
1 Department of Atmospheric and Climate Science, University of Washington, Seattle, WA, USA 6 
2 Science Systems and Applications, Lanham, MD, USA 7 
3 NASA Goddard Space Flight Center, Greenbelt, MD, USA  8 
4 Cooperative Institute for Research in the Atmosphere (CIRA), Colorado State University, Fort Collins, CO, USA  9 
 10 
Correspondence to: Joseph Robinson (jrobin15@uw.edu) 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 



 2 

Abstract 47 
 48 
Blowing snow modulates the evolution of snow over Arctic sea ice through redistribution and 49 
sublimation. Here, we present the first multi-year pan-Arctic observational estimates of blowing 50 
snow occurrence, properties, and associated fluxes based on NASA Ice, Cloud and land 51 
Elevation Satellite 2 (ICESat-2) satellite observations for five cold seasons (November through 52 
April 2018-2023). On average, ICESat-2 detects blowing snow 19% of the time over sea ice, 53 
with localized frequencies reaching up to 35% in the Central Arctic, where blowing snow heights 54 
(optical depths) reach 150 m (0.20). We find that blowing snow occurrence shows strong 55 
interannual variability related to large-scale climate variability, particularly the Arctic Oscillation 56 
(AO). During positive AO phases, blowing snow occurrence increases substantially, with up to a 57 
two-fold increase in the Central Arctic. Blowing snow occurrence, height, and optical depth all 58 
exhibit a strong dependence on wind speed, increasing by more than five-fold between 4 and 15 59 
m s-1. ICESat-2 blowing snow sublimation estimates average 1.63 cm snow-water-equivalent 60 
(SWE) per cold season, thus removing 14% of pan-Arctic snowfall. In the Central Arctic, the 61 
offset is 18-24%. These values are consistent with simulations from the high-resolution 62 
SnowModel-LG (1.66 cm SWE) and a simpler, threshold-based model (2.07 cm SWE). 63 
Interannual variability in snowfall and sublimation can be 1-2 cm SWE, though not always in 64 
phase, resulting in snowfall removals that range from 9% to 20%. Critically, these findings 65 
provide satellite-based constraints on blowing snow processes over sea ice and underscore the 66 
importance of blowing snow sublimation in the Arctic snow budget. 67 
 68 
1 Introduction 69 
 70 
Snow cover on sea ice is a fundamental component of the Arctic climate system, influencing 71 
surface albedo, insulating the ocean from the atmosphere, and modulating the exchange of heat 72 
and moisture across the ocean-ice-atmosphere interface (Merkouriadi, Cheng, et al., 2017; 73 
Merkouriadi, Gallet, et al., 2017; Sturm et al., 2002; Webster et al., 2018). Its presence impacts 74 
not only the local energy balance but also broader climate feedbacks that affect both high- and 75 
mid-latitudes. As the Arctic undergoes rapid environmental change, including thinning sea ice 76 
(Kwok & Untersteiner, 2011; Stroeve & Notz, 2018), shifting precipitation patters (Bintanja, 77 
2018; Bintanja & Andry, 2017; McCrystall et al., 2021), and increasing temperatures (Rantanen 78 
et al., 2022), the need to accurately characterize the spatial and temporal variability of snow on 79 
sea ice has become increasingly urgent. Understanding how the snowpack and its properties 80 
evolve across a range of spatial and temporal scales and in response to dynamic atmospheric 81 
processes is essential for improving predictions of sea ice behavior, refining climate model 82 
simulations, and assessing implications for Arctic ecosystems, human activities, and global 83 
climate. 84 
 85 
While the snowpack on sea ice generally follows a seasonal cycle of winter accumulation and 86 
summer melt, shorter-term processes can alter characteristics and accumulation rates. One such 87 
process is blowing snow, which occurs when strong winds lift snow away from the surface. 88 
Numerous studies spanning several decades have underscored the role of blowing snow in 89 
modulating sea and land ice mass balance (Déry & Yau, 2002; Gallée et al., 2001; Palm et al., 90 
2017), altering radiative properties in polar regions (Lesins et al., 2009; Y. Yang et al., 2014), 91 
impacting chemical processes in the polar troposphere (Frey et al., 2020; Gong et al., 2023; 92 
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Huang et al., 2020; Huang & Jaeglé, 2017; Krnavek et al., 2012; X. Yang et al., 2008), and 93 
complicating the interpretation of physical and chemical ice core records (King et al., 2004; 94 
Rhodes et al., 2017). Yet, capturing the full spatial and temporal variability of blowing snow 95 
remains challenging due to the limited availability of sustained, regionally comprehensive 96 
observations (Déry & Yau, 2001; Mann et al., 2000; Nishimura & Nemoto, 2005). 97 
 98 
When lifted into the air, blowing snow particles are exposed to conditions that can promote their 99 
sublimation, making blowing snow sublimation a significant pathway for both snow removal and 100 
a source of atmospheric moisture. While sublimation can occur directly at the snow surface, it is 101 
far more efficient when particles are suspended aloft, where their full surface area interacts with 102 
the ambient air (Liston & Sturm, 2004; Schmidt, 1982). In addition, fragmentation within the 103 
saltation layer may generate smaller particles that are readily suspended, increasing mass flux 104 
and further enhancing sublimation rates (Huang et al., 2025). Model-based assessments suggest a 105 
substantial role for blowing snow sublimation in the Arctic hydrological cycle: J. Yang et al. 106 
(2010) estimated that over 27% of winter snowfall poleward of 70°N may be lost to blowing 107 
snow sublimation. However, other modeling studies (e.g., Chung et al., 2011; Déry & Yau, 108 
2002) have reported much lower estimates (6-7%), underscoring the considerable uncertainty 109 
that still surrounds blowing snow related processes. Narrowing these uncertainties and 110 
understanding the implications of sublimation-driven snow loss over sea ice remains a pressing 111 
scientific challenge. 112 
 113 
The time evolution of snow-water-equivalent (SWE) depth can be described by the mass balance 114 
equation: 115 
 116 
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 118 
where 𝜌! is the density of water, and the terms represent inputs from precipitation (P; kg m-2 s-1) 119 
and losses via melt (M, kg m-2 s-1) and sublimation (kg m-2 s-1), either from a static, non-blowing 120 
snow surface (Qss) or via blowing snow (Qbs). Erosion and deposition by blowing snow transport 121 
(Qt, kg m-2 s-1) can also play a role in shaping the local snowpack. While Eq. 1 represents key 122 
drivers of snowpack evolution, other processes, such as ice dynamics (e.g., creation and 123 
destruction of parcels through ice motion, divergence, and convergence), may also play 124 
important roles. 125 
 126 
Efforts to quantify the influence of blowing snow on SWE often rely on empirical 127 
parameterizations of snow transport and sublimation derived from sparse observations. These 128 
approaches typically use meteorological inputs such as windspeed, air temperature, and snow age 129 
to estimate thresholds for blowing snow initiation and subsequent sublimation (e.g., Gallée et al., 130 
2001, 2013; Lenaerts et al., 2010, 2012). In the Northern Hemisphere, model development has 131 
primarily focused on continental snowpacks (Déry & Yau, 2001, 2002; Pomeroy et al., 1997; J. 132 
Yang & Yau, 2007), where snow redistribution is critical to understand human relevant 133 
hydrology and impacts to infrastructure. Although several studies have extended these 134 
approaches to sea ice environments (Chung et al., 2011; Déry & Tremblay, 2004; Lecomte et al., 135 
2015; Liston et al., 2018, 2020; J. Yang et al., 2010), there remains a lack of direct, observation-136 
based constraints on pan-Arctic blowing snow processes over sea ice. 137 
 138 
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Spaceborne lidars offer a powerful means to address observational gaps and assess the 139 
occurrence and impacts of blowing snow across large spatial and temporal domains. Palm et al. 140 
(2011, 2017, 2018) developed a detection algorithm for the Cloud-Aerosol Lidar with 141 
Orthogonal Polarization (CALIOP) aboard NASA’s CALIPSO satellite (Winker et al., 2009), 142 
demonstrating that lidar backscatter measurements can be used to quantify key blowing snow 143 
characteristics over Antarctica, including frequency of occurrence, height, optical depth, and 144 
associated transport and sublimation fluxes. Building on this approach, a similar algorithm was 145 
later adapted for the NASA Ice, Cloud, and land Elevation Satellite-2 (ICESat-2; Markus et al., 146 
2017) by Palm et al. (2021) and Herzfeld et al. (2021). Both algorithms were tailored to detect 147 
blowing snow over the Antarctic continent. More recently, Robinson et al. (2025) optimized the 148 
ICESat-2 blowing snow detection algorithm for application over Arctic sea ice, where more 149 
frequent low-level cloud cover (Shupe et al., 2011; Zhang et al., 2019) increases the likelihood of 150 
both false positives (i.e., clouds misidentified as blowing snow) and false negatives (i.e., blowing 151 
snow misclassified as clear air) in lidar retrievals. Robinson et al. (2025) demonstrated that 152 
retrieval errors caused by cloud interference can be effectively corrected, enabling the 153 
development of a space-based blowing snow detection product specifically adapted for Arctic 154 
sea ice. 155 
 156 
In this study, our goal is to examine blowing snow occurrence and properties inferred from 157 
ICESat-2 over Arctic sea ice across five cold seasons (defined as November through April) 158 
between 2018 to 2023. We use ICESat-2 observations to infer blowing snow sublimation and its 159 
role in the snow-on-sea ice budget. We compare the ICESat-2 observations to blowing snow 160 
simulations from two models of varying complexity: a parameterization based on the PIEKTUK 161 
blowing snow model (DY2001; Déry & Yau, 1999, 2001; J. Yang & Yau, 2007) and the state-of-162 
the-art Lagrangian snow-evolution model SnowModel-LG (Liston et al., 2020).  163 
 164 
In Section 2 we provide details on the ICESat-2 blowing snow retrievals and inferred blowing 165 
snow properties, SnowModel-LG predictions, and the DY2001 blowing snow sublimation 166 
formulation. In Section 3 we present the ICESat-2 multi-year blowing snow occurrence 167 
frequency and properties, examining key drivers of their spatiotemporal distribution. The role of 168 
blowing snow in the snow-on-sea-ice budget is examined in Section 4 and conclusions are 169 
presented in Section 5. 170 
 171 
2 Datasets and Methods 172 
2.1 Satellite blowing snow retrievals from ICESat-2 173 
 174 
ICESat-2 was launched in 2018 in a precessing orbit with an altitude of ~ 500 km and inclination 175 
of 92o, which allows for measurements up to 88o N latitude with a 91-day orbital repeat cycle  176 
(Markus et al., 2017). ICESat-2 carries the Advanced Topographic Laser Altimeter System 177 
(ATLAS), which is a single wavelength (532 nm), high repetition rate (10 kHz) lidar system with 178 
photon counting detectors (Markus et al., 2017; Neumann et al., 2019). Each ATLAS laser pulse 179 
is split into 3 simultaneous beam pairs (one strong and one weak beam per pair) by a diffractive 180 
optical element. The 3 beam pairs are separated by about 3 km across track. Atmospheric 181 
backscatter is obtained by ATLAS using only the three strong beams, spanning from the surface 182 
to an altitude of 14 km, with an along-track resolution of approximately 280 m and a vertical 183 
resolution of 30 m. Each 280 m ICESat-2 atmospheric profile represents the aggregate of 400 184 
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individual ATLAS laser shots (Palm et al., 2021). In this study we use ICESat-2 strong beam 1 185 
observations from version 6 of the ATLAS/ICESat-2 Level 3A (ATL09) calibrated backscatter 186 
profile product (Palm et al., 2023).  187 
 188 
The algorithm used to detect blowing snow in ATLAS backscatter profiles is adapted from the 189 
CALIOP approach (Palm et al., 2011) and further detailed in Palm et al. (2021; 2022). When a 190 
surface return is identified and the 10 m wind speed from NASA’s GEOS-5 FP-IT analysis 191 
exceeds 4 m s-1, the algorithm compares the near-surface atmospheric backscatter to the expected 192 
molecular (Rayleigh) signal. If the observed signal exceeds a fixed multiple of the molecular 193 
scattering, the algorithm steps upward through each vertical bin until the backscatter drops below 194 
an adaptive threshold (typically ~ 2×10-5 m-1 sr-1). To be flagged as blowing snow, the detected 195 
feature must touch the ground and be shallower than 500 m. Retrievals deeper than 500m are 196 
classified as diamond dust, which can stretch for a km or more vertically and frequently reaches 197 
the ground (Intrieri & Shupe, 2004). Further, we use the version of the blowing snow algorithm 198 
described in Robinson et al. (2025) which includes modifications to help alleviate several 199 
challenges unique to the Arctic. These modifications serve to 1) minimize the misidentification 200 
of low clouds as blowing snow and 2) correct for the attenuation due to transmissive clouds. 201 
 202 
Once blowing snow is retrieved, its properties (geometric and optical depths) are logged. Optical 203 
depth (OD) is estimated as the sum of the backscatter within the blowing snow retrieval 204 
multiplied by the product of the bin depth (30 m) and the extinction to backscatter (lidar) ratio. A 205 
lidar ratio of 25 sr is used, which is a typical value for ice crystals in cirrus clouds (Chen et al., 206 
2002; Josset et al., 2012). To infer blowing snow particle number density, transport flux, and 207 
sublimation flux from the observed ICESsat-2 backscatter we follow the same approach as 208 
described in Palm et al. (2017) and Robinson et al. (2025), which relies on meteorological fields 209 
(10 m wind speed, 2 m temperature, and 2 m relative humidity over ice) from the NASA GEOS-210 
5 FP-IT analysis (run at 0.5o latitude × 0.625o longitude; Lucchesi et al., 2015) as well as 211 
assumptions about blowing snow particle size. As in Robinson et al. (2025) we use the 212 
formulation r(z)=5.05×10-5 z-0.085 to estimate the particle radius (r, meters) as a function of 213 
altitude (z, meters). This fit was constrained by observations of blowing snow particle sizes 214 
during the 2019-2020 Multidisciplinary drifting Observatory for the Study of Arctic Climate 215 
(MOSAiC) campaign. 216 
 217 
To improve signal-to-noise in sunlit conditions, we apply along-track averaging to the ICESat-2 218 
observations when the solar elevation angle exceeds -7°, a threshold beyond which background 219 
solar photons begin to significantly degrade sensitivity. Under these conditions, which affect late 220 
February through April (Fig. S1), increased solar background can reduce the detectability of low-221 
backscatter features such as blowing snow. To mitigate this, we average the native 25 Hz (280 222 
m) profiles to 1 Hz (∼7 km) resolution, effectively reducing solar background noise and 223 
enhancing the reliability of blowing snow retrievals. While this approach lowers spatial 224 
resolution, it reduces false positive detections and provides a more robust estimate of blowing 225 
snow properties under marginal lighting conditions without introducing significant biases in 226 
seasonal statistics. 227 
 228 
2.2 Blowing snow model simulations from SnowModel-LG 229 
 230 
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SnowModel-LG is a physics-based snow-on-sea ice model forced by atmospheric inputs of air 231 
temperature, RH, winds, and precipitation by the NASA Modern-Era Retrospective analysis for 232 
Research and Applications, version 2 (MERRA-2; Gelaro et al., 2017) as well as sea ice inputs 233 
of concentration and parcel motion (Tschudi et al., 2019, 2020). At each 3-hour timestep, 234 
SnowModel-LG performs mass-budget calculations (e.g., Eq. 1) where SWE depth evolution is 235 
accounted for by snow gains, losses, and sea ice dynamics (Liston et al., 2020). 236 
 237 
The MicroMet module (Liston & Elder, 2006) is used to time average (1-hourly to 3-hourly) and 238 
distribute the MERRA-2 fields (0.5o latitude × 0.625o longitude) to the sea ice parcels. As part of 239 
this procedure, the MERRA-2 water equivalent precipitation is bias corrected (as described in 240 
section 2.5 and Table 1 of Liston et al., (2020)) and partitioned into snowfall and rainfall based 241 
on environmental conditions (Dai, 2008). 242 
 243 
Blowing snow in SnowModel-LG is accounted for by SnowTran-3D (Liston et al., 2007, 2018; 244 
Liston & Sturm, 1998). The snow threshold friction velocity, u*t, is calculated as a function of 245 
snow density, ⍴s, which is related to snow strength and hardness. Snow density evolution 246 
includes the history of temperature, precipitation, and wind-transport. When the friction velocity 247 
exceeds the threshold value, snow begins to be lifted off the surface, first into the saltation layer 248 
(several cm thick) and then into the turbulent suspension layer (several m thick). The vertical 249 
mass concentration in the blowing snow profile is estimated following Liston & Sturm (1998) 250 
and is combined with the environmental conditions to calculate transport and sublimation fluxes. 251 
Mass transport is related to the windspeed and vertical mass concentration. SnowModel-LG’s 252 
blowing snow sublimation is calculated as a function of several factors, including the vertical 253 
mass concentration, temperature-dependent humidity gradients between the snow particles and 254 
the atmosphere, conductive and advective energy- and moisture-transfer mechanisms, particle 255 
size, and solar radiation. The SnowModel-LG blowing snow transport and sublimation fluxes 256 
represent column integrated values in units of kg m-1 s-1 and cm SWE d-1, respectively. 257 
SnowModel-LG variables are output as 3-hourly values on an EASE grid with a resolution of 25 258 
km.  259 
 260 
2.3 Blowing snow sublimation estimates from DY2001 261 
 262 
We also include estimates of the bulk blowing snow sublimation rate (Qbs in Eq. 1) using the 263 
approach described by Déry & Yau (1999, 2001) and subsequently J. Yang & Yau (2007). 264 
Throughout the analysis we refer to this approach as DY2001. We chose to include it because it 265 
is computationally efficient and has been widely applied in studies of blowing snow aerosol 266 
production over sea ice (e.g., Gong et al., 2023; Frey et al., 2020; Huang et al., 2020; Huang & 267 
Jaeglé, 2017; X. Yang et al., 2008, 2019). Sublimation depends on several factors including 268 
surface windspeed, temperature, and humidity deficit.  269 
 270 
Following X. Yang et al. (2008), sublimation is scaled by snow age A’ which accounts for the 271 
reduced ease of wind lofting as snow ages. For a full description of the sublimation calculation 272 
used here, we refer the reader to section 2.1.1 of X. Yang et al. (2008). In our calculations, we 273 
adopt a representative mean snow age of 3 days over Arctic sea ice (Huang & Jaeglé, 2017).  274 
 275 
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A key factor controlling blowing snow occurrence in DY2001 is the threshold windspeed, which 276 
follows Li & Pomeroy (1997a). The threshold windspeed (Ut = 6.975 + 0.0033[T2m + 27.27]2) is 277 
estimated from the 2 m surface air temperature (T2m) and has a minimum value of ~ 7 m s-1 at an 278 
air temperature of -27oC. At both higher and lower temperatures, the threshold wind speed will 279 
be larger (maximizing at ~ 10 m s-1 for temperatures near 0oC). We estimate the DY2001 280 
threshold windspeed and blowing snow sublimation using the same meteorology (10 m 281 
windspeed, 2 m temperature, and 2 m RHice) used to derive the ICESat-2 sublimation.  282 
 283 
2.4 ICESat-2 and model gridding procedure 284 
 285 
We aggregate the ICESat-2 observations to a National Snow and Ice Data Center (NSIDC) 286 
Equal-Area Scalable Earth (EASE) grid (Brodzik & Knowles, 2002) with a horizontal resolution 287 
of 100 km. This resolution balances spatial detail with observational coverage, ensuring 288 
sufficient ICESat-2 sampling within each grid cell while minimizing noise that would arise at 289 
finer resolutions due to the narrow swath of the lidar. Temporal resolution is determined by the 290 
duration of the binning period, allowing flexibility to examine daily, seasonal, or multi-year 291 
patterns. 292 
 293 
Within each 100 km grid cell, the ICESat-2 blowing snow occurrence for a specified time 294 
window is computed as the number of profiles with a blowing snow detection divided by the 295 
total number of valid profiles. A valid profile is defined as one where the surface return is clearly 296 
detected, which excludes profiles with optically thick cloud cover (optical depth > 3), where 297 
surface detection is unreliable or is not achieved. For blowing snow properties such as geometric 298 
and optical depths, only blowing snow retrievals are gridded. 299 
 300 
For comparison with model estimates, we extract values from the SnowModel-LG fields (25 km 301 
resolution) by sampling the nearest-neighbor grid point to each valid ICESat-2 profile location. 302 
These sampled values are then binned to the same 100 km EASE grid alongside the ICESat-2 303 
data. We apply the same procedure to the DY2001 estimates: values are first computed at the 304 
location of each valid ICESat-2 profile, and the resulting fields are aggregated onto the 100 km 305 
grid for direct comparison with both ICESat-2 observations and SnowModel-LG outputs. 306 
 307 
2.5 December 2022 example of observed and predicted blowing snow  308 
 309 
Figure 1 highlights a blowing snow storm which occurred over the Central Arctic on 10 310 
December 2022. During an orbit which transited from the Canadian Arctic Archipelago towards 311 
Svalbard, ICESat-2 retrieved blowing snow for roughly 1,200 km along track, with depths up to 312 
250 m and observed attenuated backscatter exceeding 1.50×10-4 m-1 sr-1 (Fig. 1a). In this region, 313 
MERRA-2 windspeeds ranged from 7.5 to 15 m s-1 (blue line, Fig. 1b) and SnowModel-LG 314 
predicted intense blowing snow, with mass fluxes peaking at 4 Mg m-1 d-1 (green line, Fig. 1b). 315 
The strongest ICESat-2 observed and SnowModel-LG predicted blowing snow occurred 316 
coincident with the strongest winds (middle of Fig. 1a,b). While ICESat-2 did retrieve blowing 317 
snow to the west of this maximum (left side, Fig. 1a) coincident with windspeeds > 8 m s-1, 318 
SnowModel-LG predicted only minimal blowing snow mass transport.  319 
 320 
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At the location of intense blowing snow, MERRA-2 air temperatures ranged from -25oC to -15oC 321 
(black line, Fig. 1c) and the air was subsaturated with respect to ice (85-95%; red line, Fig. 1c). 322 
This combination of meteorological factors resulted in substantial blowing snow sublimation 323 
inferred from ICESat-2 and predicted by SnowModel-LG (Fig. 1d). ICESat-2 sublimation 324 
maximized at 0.07 cm SWE d-1 coincident with the strongest winds and driest conditions 325 
(magenta line, Fig. 1d). In the same region SnowModel-LG sublimation reached 0.05 cm SWE  326 
d-1 (green line, Fig. 1d). 327 
 328 

 329 
 330 
Figure 1. Case study of a blowing snow event in the Central Arctic on 10 December 2022. (a) ICESat-2 attenuated 331 
backscatter (shading, units m-1 sr-1) along an orbit from the Canadian Arctic Archipelago towards north of Svalbard. 332 
The white line indicates the top of the blowing snow layer. (b) MERRA-2 windspeed (blue line, units m s-1) and 333 
SnowModel-LG blowing snow mass transport (green line, units Mg m-1 d-1) along the ICESat-2 orbit shown in panel 334 
a. (c) Near-surface MERRA-2 air temperature (black line, units oC) and relative humidity over ice (red line, units %) 335 
along the ICESat-2 orbit shown in panel a. (d) Blowing snow sublimation (units cm SWE d-1) inferred from ICESat-336 
2 (magenta line) and predicted by SnowModel-LG (green line) along the ICESat-2 orbit shown in panel a. To reduce 337 
noise, the ICESat-2 sublimation has been averaged with a moving 8 km along-track window. 338 
 339 
Winds in excess of 8 m s-1 covered much of the Central Arctic and coincided with tight sea-level 340 
pressure (SLP) gradients stretching from the Beaufort to Lincoln Sea (Fig. 2a). SnowModel-LG 341 
predicted blowing snow mass transport > 0.20 Mg m-1 d-1 over an area of 750,000 km2 (Fig. 2b), 342 
which is slightly larger in size than the state of Texas. Given a total Central Arctic area of 343 
roughly 3.2 million km2, this storm impacted about a quarter of the basin. 344 
 345 

(a)

(b)MERRA-2 Windspeed
SnowModel-LG Flux

Blowing Snow Case: 10 December 2022

ICESat-2 Backscatter
m-1 sr-1

(c)

(d)ICESat-2 Sublimation
SnowModel-LG Sublimation

MERRA-2 Relative Humidity (ice)
MERRA-2 Air Temperature
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To examine the spatial distribution of ICESat-2 profiles, we first gridded the ICESat-2 orbits to 346 
the 100 km grid (Section 2.4) and then assigned each grid cell to one of four categories: blowing 347 
snow, mixed, clear air, or cloud attenuated. If more than 70% of all profiles were attenuated due 348 
to clouds, the grid cell was labeled as cloud attenuated. We assigned the other three categories 349 
based on the occurrence of blowing snow: blowing snow if more than 50% of profiles were 350 
blowing snow, mixed if 15-50% of profiles were blowing snow, and clear air if less than 15% of 351 
profiles were blowing snow. ICESat-2 grid cells in the western Central Arctic were consistently 352 
classified as blowing snow (magenta colors, Fig. 2c), coinciding with the strongest winds and the 353 
highest SnowModel-LG predicted transport. The total area of ICESat-2 grid cells labeled as 354 
blowing snow was 740,000 km2, closely matching the SnowModel-LG predictions and 355 
confirming that the blowing snow was synoptic in scale, covering much of the Central Arctic. 356 
 357 

 358 
Figure 2. Arctic-wide spatial structure of the 10 December 2022 blowing snow event. (a) Spatial distribution of 359 
MERRA-2 windspeed (shading, units m s-1) with sea-level pressure contours (black, 4 hPa intervals). (b) Spatial 360 
distribution of SnowModel-LG blowing snow mass transport (shading, units Mg m-1 d-1). (c) ICESat-2 361 
classifications at 100 km resolution: blowing snow (magenta), mixed (green), clear air (orange), or cloud attenuated 362 
(blue) as described in Section 2.5. In panels a-c, the cyan line marks the 15% sea ice contour, while the white line 363 
shows the track of ICESat-2 from Figure 1a. 364 
 365 
3 Blowing snow occurrence frequency and properties from ICESat-2 366 
3.1 Spatiotemporal variability and drivers of blowing snow occurrence  367 
 368 
Figure 3 shows the mean multi-year blowing snow occurrence and properties derived from the 369 
ICESat-2 observations for November through April 2018-2023. To generate the average maps, 370 
we grid each cold season independently (following Section 2.4) and then average the five cold 371 
seasons together. We found a significant fraction of the central Arctic experiences blowing snow 372 
frequencies > 25%, with maxima of near 35% in the Fram Strait region (Fig. 3a). This is 373 
consistent with several previous studies which showed these regions have consistent influence (> 374 
15% of the time) from storms entering the Arctic (e.g., Clancy et al., 2022; Valkonen et al., 375 
2021). This is also evident in the spatial distribution of MERRA-2 windspeeds (Fig. 3d), where 376 
the region of high blowing snow occurrence frequency is collocated with average windspeeds > 377 
6.5 m s-1.  378 
 379 
The delineation between first- and multi-year sea ice (Tschudi et al., 2020) lies north of the Fram 380 
Strait and visibly bifurcates the region of elevated ICESat-2 derived blowing snow occurrence 381 
(Fig. 3a). In a recent study focused on Svalbard, Li et al. (2025) found that observed increases in 382 

MERRA-2 winds SnowModel-LG flux ICESat-2 labels
Blowing Snow
Mixed
Clear Air
Cloud Attenuated
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tropospheric bromine were correlated with air mass contact over sea ice under strong winds, and 383 
that boundary layer air masses reaching Svalbard spent more time over multi-year sea ice 384 
compared to first-year sea ice. The spatial pattern shown in Fig. 3a is consistent with these 385 
findings, where storms entering the Arctic drive strong north-northwesterly winds that 386 
preferentially advect air masses across the multi-year ice zone towards Svalbard. 387 
 388 

 389 
Figure 3. Mean ICESat-2 blowing snow properties during the cold season (November-April, 2018-2023): (a) 390 
occurrence frequency, (b) blowing snow geometrical depth, (c) optical depth, and (d) MERRA-2 10 m wind speed. 391 
The cyan line marks the 15% sea ice contour and the black line delineates regions of first- and multi-year sea ice 392 
(defined as multi-year ice constituting more than half of the total sea ice concentration). Numbers in the bottom right 393 
of each panel correspond to the mean and standard deviation for values over sea ice.  394 
 395 
The ICESat-2 occurrence frequency does not include shallow (< 30 m thick) blowing snow 396 
layers, since these cannot be reliably detected at the vertical resolution of the atmospheric 397 
backscatter profiles. In addition, ICESat-2 cannot sample conditions where optically thick clouds 398 
prevent the surface from being detected. Regions of the Kara, Barents, and Greenland Seas are 399 
particularly susceptible to this under sampling, where the ICESat-2 cloud attenuated occurrence 400 
(% of all profiles where the surface cannot be detected) can exceed 50% across much of the cold 401 
season (Fig. S2).  402 
 403 
The multi-year cold season ICESat-2 retrievals show blowing snow layers averaging ~ 100 m in 404 
depth, ranging from ~ 50 m up to 160 m (Fig. 3b). Our previous analysis of ICESat-2 405 
observations near the 2019-2020 MOSAiC campaign demonstrated that low level turbulence 406 
often mixes blowing snow to the top of the surface inversion (Robinson et al., 2025), suggesting 407 
that blowing snow layer depth may serve as a useful indicator of Arctic inversion depth. Blowing 408 
snow optical depths average 0.12 across the Arctic, with maxima near 0.20 in the Fram Strait and 409 
southern Baffin Bay (Fig. 3c). These regions also experience thicker blowing snow layers on 410 
average. Figure 3 further shows that regions of deeper, optically thicker blowing snow are co-411 
located with areas of high occurrence frequency and stronger winds.  412 
 413 
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 414 
 415 
Figure 4. Interannual spatial variability of blowing snow occurrence frequency (units %) from ICESat-2 416 
observations during the 2018-2023 cold seasons. Each panel shows the average pan-Arctic occurrence and standard 417 
deviation (lower right). The cyan line marks the 15% sea ice concentration contour. 418 
 419 
Figure 4 shows that the ICESat-2 pan-Arctic blowing snow occurrence frequencies are consistent 420 
from year-to-year at 18-20%. The spatial pattern of occurrence also remains fairly consistent, 421 
with the Central Arctic and Fram Strait displaying the highest frequencies and only moderate 422 
shifts in location. Despite this, the Central Arctic can display substantial year-to-year variability. 423 
For example, the highest (2019-2020) and lowest (2020-2021) pan-Arctic frequencies were 424 
observed in consecutive cold seasons. 425 
 426 
The contrast between these two cold seasons appears closely aligned with large scale climate and 427 
atmospheric circulation patterns, particularly the Beaufort High and the Arctic Oscillation (AO). 428 
In early 2020, a record positive AO phase (+3.5, top row Fig. S3) coincided with a collapse of 429 
the Beaufort High, enhanced cyclone activity (Ballinger et al., 2021; Rinke et al., 2021), and 430 
widespread blowing snow. From January to March 2020, MERRA-2 sea-level pressure (SLP) 431 
and windspeed featured an elongated region of consistently low pressure (< 1,000 hPa) extending 432 
from Iceland into the ice-covered Kara and Barents Seas (Fig. 5a). Over these regions and the 433 
Central Arctic, mean windspeeds reached 7-9 m s-1 (Fig. 5b). During this period, ICESat-2 434 
observed several intense blowing snow episodes covering more than 25% of sea ice area 435 
(blowing snow > 1×106 km2; Fig. S4), with mean pan-Arctic blowing snow frequencies of 436 
21.8%, reaching up to 50% in the Central Arctic (Fig. 5c).  437 
 438 
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 439 
 440 
Figure 5. Comparison of (a,d) MERRA-2 sea-level pressure (hPa), (b,e) MERRA-2 wind speed (m s-1), and (c,f) 441 
ICESat-2 observed blowing snow occurrence frequency (%) for January 2020 – March 2020 (a-c) and December 442 
2020 – February 2021 (d-f). (g,h) Composite ICESat-2 blowing snow occurrence frequency for months with (g) 443 
positive and (h) negative Arctic Oscillation phases during the 2018-2023 cold seasons. 444 
 445 
In contrast, the 2020-2021 season was marked by a strong negative AO (-2.4, top row Fig. S3) 446 
and a persistent Beaufort High (mean MERRA-2 SLP > 1,020 hPa across most of the Arctic 447 
basin, Fig. 5d), conditions known to suppress storm activity (Kenigson & Timmermans, 2021; 448 
Serreze & Barrett, 2011). Consistent with this pattern, MERRA-2 windspeeds were on average ~ 449 
2 m s-1 lower relative to January-March 2020 (Fig. 5e). From December 2020 to February 2021 450 
ICESat-2 detected substantially less blowing snow (47% lower relative to Jan-Mar 2020), with 451 
frequencies in the Central Arctic maximizing at only ~ 25% (Fig. 5f). Across all months, we find 452 
a moderately strong correlation between AO phase and ICESat-2 blowing snow occurrence (r = 453 
0.62; Fig. S3c). Composites highlight this relationship: positive AO months (N=18; Fig. 5g) 454 
exhibit 20% more blowing snow than negative AO months (N=12, Fig. 5h), with particularly 455 
large differences (up to a factor of two) in the Fram Strait and Central Arctic. 456 
 457 
3.2 Relationship between windspeed and blowing snow 458 
 459 
In the following section we focus on the Central Arctic region during January-March, the region 460 
most well-sampled by ICESat-2 and months least affected by optically thick clouds (Fig. S2). To 461 
examine relationships between meteorological factors and blowing snow, we use daily 100 km 462 
grid-cell averages. Although this lowers the total number of samples compared to a profile-based 463 
approach, averaging helps to reduce noise. 464 
 465 

Jan 2020 – Mar 2020 (+AO)

Dec 2020 – Feb 2021 (-AO) All -AO Months (N=12)

All +AO Months (N=18)
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 466 
 467 
Figure 6. Top row: Dependence of blowing snow occurrence frequency on windspeed and temperature for (a) 468 
ICESat-2, (b) SnowModel-LG (blowing snow transport fluxes > 0.20 Mg m-1 d-1), and (c) Li & Pomeroy (1997b) 469 
(mean snow age = 72 hours). White stippling represents conditions with no blowing snow; the black dashed line 470 
shows the DY2001 threshold windspeed. Bottom row: Dependence of blowing snow occurrence frequency on 471 
windspeed for all temperatures (black), and for different temperature ranges (< -30oC; -30o to -25oC; -25o to -20oC;  472 
-20o to -15oC; -15o to -10oC; > -10oC) for (d) ICESat-2, (e) SnowModel-LG, and (f) Li & Pomeroy (1997b). 473 
 474 
Figure 6 compares the blowing snow occurrence as a function of windspeed and temperature. 475 
For comparison to ICESat-2 and SnowModel-LG, the blowing snow occurrence from Li & 476 
Pomeroy (1997b) is also shown (see their Eq. 7). The blowing snow occurrence from Li & 477 
Pomeroy (1997b) is based on a statistical analysis of observations for 16 stations on the prairies 478 
of western Canada and is a function of windspeed, temperature, and snow age (assumed in our 479 
analysis to be 72 hours). It is also in contrast to DY2001, where the threshold windspeed 480 
essentially acts as an on-off switch for blowing snow. ICESat-2 retrievals indicate a 10-40% 481 
blowing snow occurrence below the DY2001 threshold of ~ 7 m s-1 (black dashed line, Fig. 6a), 482 
with a much stronger dependence on windspeed than on temperature (Fig. 6a). For example, at 8 483 
m s-1, the ICESat-2 occurrence is 50-60% across all temperatures, while at -25 oC it rises from 484 
10-15% at 4 m s-1 to > 80% at 15 m s-1. SnowModel-LG predictions (defined as blowing snow 485 
transport > 0.20 Mg m-1 d-1) display frequencies ~10% larger than ICESat-2 on average but 486 
capture similar features (Fig. 6b). The occurrence of blowing snow predicted from Li & Pomeroy 487 
(1997b) displays a narrower transition region, increasing sharply from < 20% to > 60% over the 488 
8-10 m s-1 range (Fig. 6c).  489 
 490 
The one-dimensional distributions (Fig. 6d-f) further emphasize the dominant control of 491 
windspeed, with all three datasets showing increasing occurrence with stronger winds. ICESat-2 492 
and SnowModel-LG show a weak temperature dependence, with slightly lower occurrence at 493 
higher temperatures, especially for stronger winds, consistent with enhanced snow cohesion and 494 
bonding resistance (Fig. 6d,e). The Li & Pomeroy (1997b) formulation shows a stronger 495 
temperature sensitivity, ranging from 75% at T < -30 oC to 20% at T > -5 oC for a 10 m s-1 496 
windspeed (Fig. 6e). The temperature dependence is likely stronger because of our assumption of 497 

ICESat-2 SnowModel-LG Li & Pomeroy (1997b)
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a fixed snow age of 72 hours. Snow age also influences bonding and cohesion, with older snow 498 
being more resistant to erosion. Because SnowModel-LG and ICESat-2 sample a range of snow 499 
ages, their apparent temperature dependence is likely weaker. 500 
 501 
ICESat-2 blowing snow properties also show a strong dependence on windspeed (Fig. 7a). 502 
Median blowing snow layer height increases from 30 m at windspeeds of ~ 4 m s-1 to more than 503 
150 m at windspeeds > 14 m s-1. Optical depth exhibits a similar relationship, rising from 0.02 to 504 
0.26 over the same windspeed range. The spread in both height and optical depth (shading, Fig. 505 
7a) also widens with increasing windspeed, which we attribute to increased noise from fewer 506 
observations in the highest windspeed bins (Fig. 7b).  507 
 508 

 509 
 510 
Figure 7. Dependence of ICESat-2 blowing snow height and optical depth on windspeed. (a) Median (circles with 511 
line) and interquartile range (shading) of ICESat-2 retrieved blowing snow geometric depth (blue) and optical depth 512 
(orange) as a function of 10 m windspeed, using 0.5 m s-1 bins. (b) Number of grid cells (in thousands) in each 513 
windspeed bin from panel a. (c) Mean blowing snow extinction profiles (units Mm-1) from ICESat-2 retrievals in 514 
February 2022 (N = 678,914), grouped in 1 m s-1 wide windspeed bins. 515 
 516 
The increase in blowing snow optical depth reflects a combination of increased blowing snow 517 
height and stronger backscatter signal (Fig. 7c). Across nearly 700,000 ICESat-2 retrievals in 518 
February 2022, near-surface blowing snow extinction increased by 40% from 1.5×103 Mm-1 at 4 519 
m s-1 to 2.1×103 Mm-1 at 14 m s-1. The enhancement is even larger aloft (a factor of 2-3). 520 
Together, these results indicate that stronger winds loft more blowing snow higher into the 521 
atmosphere, consistent with previous studies (Palm et al., 2011, 2018; Robinson et al., 2025). 522 
 523 
4 Contribution of blowing snow to the Arctic snow-on-sea ice budget 524 
 525 
In this section we examine the contribution of blowing snow to the Arctic cold season snow-on-526 
sea-ice budget. We focus on column integrated blowing snow mass transport (Qt in Eq. 1) and 527 
sublimation (Qbs in Eq. 1) fluxes, placing them in the context of one another and comparing them 528 
to accumulated snowfall. When interpreting the magnitude of the ICESat-2 estimates, we note 529 
that they depend on assumptions inherent to the backscatter-to-flux conversions (Palm et al., 530 
2017; Robinson et al., 2025), including prescribed blowing snow particle sizes and the use of 531 
modeled meteorological fields to represent near-surface windspeed, temperature, and humidity 532 
(section 2.1). Blowing snow particle sizes are assumed to decrease exponentially with height, 533 
while sublimation rates increase with higher temperatures and lower humidities. 534 
 535 
 536 
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4.1 Blowing snow transport from ICESat-2 and SnowModel-LG 537 
 538 
Figure 8 shows the spatial distribution of blowing snow transport flux inferred from ICESat-2. 539 
The flux is calculated by combining the ICESat-2 derived mass concentrations with the vertical 540 
profile of windspeed, integrated over the depth of the blowing snow layer. The pan-Arctic mean 541 
transport flux observed by ICESat-2 is 74 Mg m-1, with maxima > 160 Mg m-1 in the Central 542 
Arctic, co-located with regions of frequent and intense blowing snow (Fig. 3). SnowModel-LG 543 
produces a similar spatial distribution but yields transport fluxes that are 2-3 times lower. This 544 
discrepancy likely arises because SnowModel-LG confines blowing snow to the lowest several 545 
meters of the atmosphere, where winds are weaker. In contrast, ICESat-2 detects blowing snow 546 
layers extending several hundred meters above the surface (Fig. 3b, 7a), where stronger winds 547 
enhance snow transport. To support this interpretation, we examined the pan-Arctic blowing 548 
snow burdens (mass per square meter; Fig. S5) and found that they agree to within about 20% 549 
between ICESat-2 (0.17 g m-2) and SnowModel-LG (0.14 g m-2). In the Central Arctic regions of 550 
enhanced transport, both datasets have mean blowing snow burdens of up to 0.40 g m-2. 551 
 552 

 553 
 554 
Figure 8. Mean 2018-2023 cold season blowing snow transport flux (Mg m-1) from (a) ICESat-2 and (b) 555 
SnowModel-LG. Note the color scale for SnowModel-LG is different than for ICESat-2. (c) Divergence of blowing 556 
snow transport inferred from ICESat-2 (mm SWE).  557 
 558 
Although the spatial pattern of transport broadly agrees, our seasonal values are smaller than 559 
those reported by J. Yang et al. (2010). Their simulations for December 2006 – February 2007 560 
suggested transport fluxes up to 800 Mg m-1 in the Central Arctic and > 1,000 Mg m-1 along 561 
Greenland’s east coast. These higher values could reflect methodological differences: their 562 
model did not explicitly account for variable snowpack conditions, which could lead to an 563 
overestimate in blowing snow occurrence and transport, and was run at finer spatial (18 km) and 564 
temporal (5 s) resolutions, which could capture small-scale wind gradients and localized 565 
enhancements in snow redistribution. Despite these differences, both our results and those of J. 566 
Yang et al. (2010) indicate that blowing snow transport plays a relatively minor role in the basin-567 
scale snow budget. For example, the divergence of ICESat-2 transport (Fig. 8c) is limited to a 568 
few tenths of mm SWE, with localized maxima near 1 mm SWE in regions of frequent blowing 569 
snow. We further examined the divergence separately for each cold season (Fig. S6), finding that 570 
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basin-wide averages remain < 10-3 mm SWE. The divergence exhibits interannual variability 571 
which is largely tied to prevailing meteorological conditions and blowing snow occurrence. For 572 
example, we find substantially greater ICESat-2 inferred divergence during 2019-2020 compared 573 
to 2020-2021, consistent with the AO-phase dependence of blowing snow discussed above (Fig. 574 
5). 575 
 576 
4.2 Multi-year estimates of blowing snow sublimation 577 
  578 
Figure 9 shows the mean total annual blowing snow sublimation and snowfall for the 2018-2023 579 
cold seasons. Pan-Arctic blowing snow sublimation totals from ICESat-2 (1.63 cm SWE) are in 580 
close agreement with SnowModel-LG (1.66 cm SWE) and within 30% of DY2001 (2.07 cm 581 
SWE). All three estimates are broadly consistent with previous modeling studies (Chung et al., 582 
2011; Liston et al., 2020; J. Yang et al., 2010). In the Central Arctic near Svalbard, ICESat-2 583 
indicates the highest values of sublimation (3-4 cm SWE). A secondary maximum (> 3 cm SWE) 584 
occurs in the Barents Sea, where blowing snow is retrieved half as often. This reflects the 585 
sensitivity of sublimation to temperature and humidity, because the marginal seas are generally 586 
warmer than the Central Arctic (Fig. S7). Thus, the reduced occurrence of blowing snow is offset 587 
by higher temperatures and lower humidity, which enhance sublimation. 588 
 589 
The average blowing snow sublimation derived from ICESat-2 over first-year sea ice is 1.47 cm 590 
SWE (SnowModel-LG: 1.66 cm SWE; DY2001: 2.02 cm SWE), compared to 2.06 cm SWE 591 
over multi-year ice (SnowModel-LG: 1.81 cm SWE; DY2001: 2.21 cm SWE). While multi-year 592 
ice constitutes only 25% of our study area, it accounts for 30-35% of the seasonal blowing snow 593 
sublimation. This disproportionate contribution is consistent with the spatial pattern of blowing 594 
snow shown above (Fig. 3), where the region of elevated winds and occurrence is split by the 595 
transition between first- and multi-year ice. 596 
 597 
We compare blowing snow sublimation to total MERRA-2 snowfall over the cold season (12.41 598 
cm SWE, Fig. 9d). On average, we find that blowing snow removes 13.6% (ICESat-2), 14.1% 599 
(SnowModel-LG), and 16.9% (DY2001) of snowfall. The regional impact, however, varies 600 
strongly (Figs. 9e-g). In the Kara and Barents Seas, where snowfall is highest, sublimation 601 
removes only 5-10% of snowfall. In the Central Arctic losses increase to 18-24%, while in 602 
regions with more moderate snowfall, such as the Beaufort Sea, sublimation losses can exceed 603 
30% (e.g., 2-3 cm SWE of sublimation compared to 8-10 cm SWE of snowfall). 604 
 605 
The fraction of snowfall removed by blowing snow sublimation inferred from ICESat-2 reaches 606 
30% in the Beaufort Sea north of the Canadian Arctic Archipelago (Fig. 9e). SnowModel-LG 607 
and DY2001 show a similar enhanced offset, though their maxima are shifted southeastward 608 
along the coast of Alaska (Fig. 9f,g). The 2018-2023 period was marked by several strong 609 
Beaufort High episodes, such as the 2020-2021 event highlighted in Fig. 5, which are typically 610 
associated with calm, dry conditions. Under such conditions, ICESat-2 retrievals may 611 
occasionally overestimate blowing snow. False positives could arise when low-level ice crystals 612 
(ice clouds or diamond dust) mix with blowing snow, leading the entire ICESat-2 backscatter 613 
signal to misattributed to blowing snow. This effect was most pronounced during winter 2021-614 
2022, when exceptionally warm (T > -20oC) and dry (RHice < 90%) conditions prevailed north of 615 
the Canadian Arctic Archipelago (Fig. S8).  616 
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 617 
The fraction of snowfall removed by blowing snow sublimation, as inferred from ICESat-2, also 618 
varies by ice type. On average, values over multi-year ice (15-22%) are 1.6 times larger than 619 
over first-year ice (9-14%). The enhanced offsets reflects both stronger sublimation and overall 620 
lower snowfall over multi-year ice (11.43 cm SWE) compared to first-year ice (12.64 cm SWE). 621 
 622 

 623 
Figure 9. Spatial distribution of blowing snow sublimation, total snowfall, and the contribution of blowing snow 624 
sublimation to snowfall offset over Arctic sea ice during 2018-2023. (a-c) Total blowing snow sublimation (cm 625 
SWE) inferred from (a) ICESat-2, (b) SnowModel-LG, and (c) DY2001. (d) Total MERRA-2 snowfall (cm SWE). 626 
(e-g) Percent of snowfall removed by blowing snow sublimation (= 100 × [sublimation / snowfall]) from (e) ICESat-627 
2, (f) SnowModel-LG, and (g) DY2001. The cyan line marks the 15% sea ice concentration contour and the black 628 
line delineates regions of first- and multi-year sea ice. 629 
 630 
Along Greenland’s east coast, DY2001 predicts much higher sublimation fluxes (4-5 cm SWE, > 631 
70% of snowfall) than either ICESat-2 and SnowModel-LG (2-3 cm SWE, 20-30% of snowfall). 632 
This discrepancy likely reflects DY2001’s simple threshold-based parameterization, which tends 633 
to overpredict blowing snow at the typical windspeeds in this region (6-8 m s-1, Fig. 3). Warmer 634 
and drier conditions in this region (Fig. S7) further amplify the sublimation predicted by 635 
DY2001. 636 
 637 
Daily pan-Arctic time series (Fig. 10) show that blowing snow sublimation is nearly continuous 638 
throughout the cold season, punctuated by sharp peaks during major storm events. The most 639 
intense episodes (> 0.04 cm SWE d⁻¹ averaged over sea ice) occur only a few times per season 640 
and correspond to widespread blowing snow detected by ICESat-2 (Fig. S4). These storms 641 
contribute disproportionately to the seasonal total, with individual events removing up to 60% of 642 
daily snowfall (Fig. S9). Between storms, sublimation persists at lower but steady rates (0.01-643 
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0.02 cm SWE d-1) and these background losses accumulate to a substantial share (35-40%) of the 644 
seasonal total. 645 
 646 

 647 
 648 
Figure 10. Timeseries of blowing snow sublimation across five Arctic cold seasons. (top row) Daily blowing snow 649 
sublimation (cm SWE d-1) inferred from ICESat-2 (magenta line) and predicted by SnowModel-LG (green line) and 650 
DY2001 (orange line). (bottom row) Cumulative daily blowing snow sublimation (cm SWE). The red lines in the 651 
bottom row represent the cumulative static surface (non-blowing snow) sublimation predicted by SnowModel-LG. 652 
 653 
The ICESat-2 inferred sublimation ranges from 1.4 to 2.4 cm SWE across the five cold seasons 654 
(Fig. 10, bottom row), corresponding to a 11-20% offset of seasonal snowfall. Both snowfall and 655 
blowing snow sublimation vary by 1-2 cm SWE year to year, but the two do not always covary. 656 
For example, the 2021-2022 cold season had the lowest snowfall (11.9 cm SWE) yet the highest 657 
ICESat-2 sublimation (2.4 cm SWE, 20% offset). Conversely, 2018-2019 featured higher 658 
snowfall (12.9 cm SWE) but relatively low sublimation (1.4 cm SWE, 11% offset). These 659 
interannual differences highlight that sublimation depends not only on storm frequency and 660 
strength (which also drive snowfall) but also on atmospheric conditions which regulate blowing 661 
snow occurrence and sublimation efficiency. SnowModel-LG and DY2001 generally agree with 662 
the ICESat-2 sublimation, though DY2001 tends to predict slightly higher values. 663 
 664 
Blowing snow sublimation exceeds surface sublimation by a factor of 4-5, underscoring the 665 
dominant role of blowing snow in sublimation-driven snow loss during much of the cold season. 666 
The cumulative surface sublimation timeseries (Qss in Eq. 1) predicted by SnowModel‑LG is 667 
shown in Fig. 10 (red lines, bottom row). Seasonal total surface sublimation averages only 0.3-668 
0.5 cm SWE, with nearly all of it occurring from late February through April, when solar 669 
radiation increases, near-surface air warms, and RHice decreases. These values are lower than the 670 
1-2 cm SWE reported by Déry and Yau (2002), likely because their annual means included the 671 
warmer spring and summer months. Consistent with this, SnowModel-LG calculates an Arctic-672 
wide annual mean surface sublimation of ~ 1 cm SWE. 673 
 674 
ICESat-2 likely underestimates blowing snow sublimation because it cannot observe blowing 675 
snow beneath optically thick clouds. These conditions are most frequent during winter storms, 676 
when strong winds can drive intense sublimation. To assess this sampling bias, we examine the 677 
2018-2023 SnowModel-LG and DY2001 predictions under all conditions (i.e., regardless of 678 
whether ICESat-2 detected the surface). The all-conditions maps (Fig. S10) show patterns similar 679 
to Fig. 9 but with magnitudes 16-25% larger. Pan-Arctic blowing snow sublimation totals 680 
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increase to 2.1 cm SWE for SnowModel-LG and 2.4 cm SWE for DY2001. Comparing these 681 
values to the seasonal snowfall from Fig. 9 (12.4 cm SWE) yields offsets of 17% for 682 
SnowModel-LG and 19% for DY2001. This comparison suggests that ICESat-2 captures the 683 
spatial pattern and temporal variability of blowing snow sublimation well but underestimates the 684 
total by roughly 20% due to this sampling bias. 685 
 686 
5 Summary and conclusions 687 
 688 
We presented the first multi-year pan-Arctic estimates of blowing snow derived from ICESat-2 689 
satellite observations, extending our earlier single-year analysis (Robinson et al., 2025) to five 690 
cold seasons (November through April, 2018-2023). ICESat-2 retrievals allowed us to 691 
characterize blowing snow occurrence and properties (geometric and optical depths), and, when 692 
combined with assumptions about particle sizes and meteorology from reanalysis, to infer 693 
blowing snow sublimation and evaluate its contribution to the Arctic snow-on-sea ice budget. 694 
 695 
Over the five seasons analyzed, ICESat-2 retrievals indicate a mean pan-Arctic blowing snow 696 
occurrence of 19%, with maxima exceeding 30% in the Central Arctic and Atlantic sector, 697 
regions frequently impacted by storms arriving from lower latitudes. Retrieved blowing snow 698 
geometric and optical depths also maximize in these regions. Interannual variability of blowing 699 
snow occurrence is substantial and is driven by the Arctic Oscillation (AO). We find that positive 700 
AO periods have lower SLP and higher winds, and ~ 50% more blowing snow than negative AO 701 
periods. In the Central Arctic, blowing snow occurrence during the positive AO phase was more 702 
than twice that of the negative phase, a pattern consistent across all five seasons. 703 
 704 
ICESat-2 observations confirm that windspeed is the primary driver of blowing snow 705 
occurrence, with temperature acting as a secondary modulating factor. Blowing snow occurrence 706 
increases with windspeed across all temperatures, exceeding 80% at 12 m s-1. The physics-based 707 
threshold windspeed in SnowModel-LG (4-5 m s-1) is 2-3 m s-1 lower than in DY2001 (~ 7 m s-1) 708 
and aligns more closely with the windspeeds at which ICESat-2 reliably detects blowing snow. 709 
Both ICESat-2 and SnowModel-LG suggest blowing snow occurrence frequencies of 10-40% at 710 
windspeeds 4-7 m s-1, where DY2001 predicts no blowing snow. Windspeed also strongly 711 
controls blowing snow height and optical depth: blowing snow heights increase from 30 m at 4 712 
m s-1 to almost 200 m at 15 m s-1, while optical depths rise from 0.02 to 0.26 over the same 713 
range, driven by enhanced backscatter over deeper heights. 714 
 715 
Maximum mass transport fluxes peak were blowing snow is most frequent, with seasonal means 716 
of 74 Mg m-1 for ICESat-2 and 21 Mg m-1 for SnowModel-LG. This factor of three difference 717 
reflects SnowModel-LG’s confinement of blowing snow to the lowest few meters, where winds 718 
are weaker, while ICESat-2 detects layers extending to several hundreds of meters, where 719 
stronger winds drive greater transport. Yet, pan-Arctic burdens agree within ~20% (0.17 g m-2 720 
for ICESat-2 vs. 0.14 g m-2 for SnowModel-LG), underscoring that while the vertical extent is 721 
different, the overall mass is consistent. Despite high transport, divergence in ICESat-2 inferred 722 
mass flux contributes minimally to the snow budget (maximum of 1 mm SWE). 723 
 724 
We find that blowing  snow sublimation plays an important role in the Arctic snow-on-sea-ice 725 
budget, reaching up to 5 cm SWE in the Central Arctic, and averaging 1.63-2.07 cm SWE over 726 
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all sea ice. This is equivalent to a 13.6-16.9% removal of seasonal snowfall on average, with as 727 
much as 30% removal in some regions such as the Beaufort Sea. Blowing snow sublimation 728 
derived from ICESat-2 is consistently larger over multi-year sea ice (2.06 cm SWE) than first-729 
year sea ice (1.47 cm SWE), corresponding to a 1.6 times larger fraction of snowfall removed 730 
(15-22% vs. 9-14%). The pan-Arctic ICESat-2 inferred blowing snow sublimation ranged from 731 
1.4 to 2.4 cm SWE (11-20% snowfall offset) across the five cold seasons, with similar estimates 732 
from SnowModel-LG (1.2-2.4 cm SWE) and DY2001 (1.3-2.3 cm SWE). SnowModel-LG and 733 
DY2001 predictions under all conditions (i.e., including those without ICESat-2 observations 734 
due to sampling or clouds) suggest pan-Arctic blowing snow sublimation could be ~20% larger 735 
(2.1-2.4 cm SWE) than was found using ICESat-2, resulting in a larger snowfall removal of 17-736 
19%. SnowModel-LG indicates that sublimation from blowing snow is up to a factor of five 737 
larger than surface sublimation, which offsets only an additional 2-4% of snowfall. 738 
 739 
Our analysis is limited by a number of factors, including the sampling pattern of ICESat-2. 740 
While the high resolution of atmospheric backscatter allows unprecedented detail into blowing 741 
snow, the narrow spatial sampling requires temporal and spatial averaging, such as binning the 742 
ICESat-2 profiles to a 100 km grid, to generate meaningful statistics. This approach improves 743 
coverage but smooths fine-scale variability and may underrepresent short-lived or localized 744 
blowing snow events. Moreover, the blowing snow algorithm cannot detect blowing snow layers 745 
thinner than 20-30 m. Such thin drifting and blowing snow layers are often predicted by 746 
SnowModel-LG and DY2001. Nevertheless, these discrepancies in vertical resolution and 747 
sampling appear to have a minimal net effect on the overall estimates of blowing snow fluxes, 748 
which are similar for all three methods. Our transport and sublimation flux estimates rely on 749 
reanalysis meteorology, which has been shown to have biases, particularly at high latitudes (e.g., 750 
Jonassen et al., 2019; Marshall et al., 2018), and currently does not include feedbacks from 751 
blowing snow on the temperature and moisture fields. Such feedbacks would tend to suppress 752 
sublimation by increasing humidity and cooling the near-surface atmosphere, potentially leading 753 
to overestimation of sublimation in our analysis. However, work done on Antarctic blowing 754 
snow processes indicates that the entrainment of warmer and drier air present above the blowing 755 
snow and surface temperature inversion can reduce or even eliminate this sublimation-humidity 756 
feedback (Palm et al., 2018). Incorporating these processes into coupled models would improve 757 
the realism of both meteorological forcing and snow-atmosphere interactions. 758 
 759 
Beyond its role in the snow-on-sea-ice budget, blowing snow sublimation also acts as a 760 
significant source of moisture and a sink of heat for the atmosphere. The fate of this moisture 761 
remains poorly constrained and warrants further study. Blowing snow sublimation over sea ice is 762 
also a recognized source of sea salt aerosols (e.g., Frey et al., 2020; Gong et al., 2023; Huang & 763 
Jaeglé, 2017; Ranjithkumar et al., 2025). Taken together, these points highlight that blowing 764 
snow has the potential to impact a range of polar processes including boundary layer structure, 765 
cloud formation and lifetime, atmospheric chemistry, and the surface energy balance. Recent 766 
modeling efforts are beginning to account for these processes (e.g., Hofer et al., 2021; Luo et al., 767 
2021), offering new opportunities to improve predictions of Arctic composition, weather, and 768 
climate. Such advancements will require robust observational constraints to ensure realism and 769 
guide a process-based understanding of the coupled Arctic system. By capturing the vertical and 770 
horizontal structure of blowing snow at unprecedented scales, our study demonstrates that 771 
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spaceborne lidar is a key tool for bridging the gap between observations and models, and for 772 
advancing our understanding of the rapidly changing Arctic environment. 773 
 774 
 775 
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